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ABSTRACT

Transposable genetic elements are genetic units able to insert themselves in other
regions of the genomes they inhabit, and are present in almost all eukaryotes analyzed. The interest of transposable element analysis, it is not only because
its consideration as intragenomic parasites. Transposable elements are an enormous source of variability for the genomes of their hosts, and are therefore key
to understanding its evolution. In this work we addressed the analysis of Drosophila buzzatii transposable elements from two different approaches, the detailed
study of one family of transposable elements and global analysis of all elements
present in the genome. The study of chromosomal inversions in D. buzzatii led
to the description of the non-autonomous transposable element, BuT5, which
was later found to cause polymorphic chromosomal inversions in D. mojavensis
and D. uniseta. In this work we have characterized the transposable element
BuT5 and we have described its master element. BuT5 is found in 38 species of
the group of species D. repleta. The autonomous element that mobilizes BuT5
is a P element, we described three partial copies in the sequenced genome of
D. mojavensis and a complete copy in D. buzzatii. The full-length and putatively
active copy has 3386 base pairs and encodes a transposase of 822 residues in
seven exons. Moreover we have annotated, classiﬁed and compared the transposable elements present in the genomes of two strains of D. buzzatii, st-1 and
j-19, recently sequenced with next-generation sequencing technology, and in the
D. mojavensis, the phylogenetically closest species sequenced, in this case with
Sanger technology. Transposable elements make up for 8.43%, the 4.15% and
15.35% of the assemblies of the genomes of D. buzzatii st-1, j-19 and it D . mojavensis respectively. Additionally, we have detected a bias in the transposable
elements content of genomes sequenced using next-generation sequencing technology, compared with the content in genomes sequenced with Sanger technology. We have developed a method based on the coverage that allowed us to correct this bias in the genome of D. buzzatii st-1 and have more realistic estimates
of the content in transposable elements. Using this method we have determined
that the transposable element content in D. buzzatii st-1 is between 10.85% and
11.16%. Additionally, the estimates allowed us to infer that the Helitrons order
has undergone multiple cycles of activity and that the superfamily Gypsy and
BelPao have recently been active in D. buzzatii.

iii

RESUMEN

Los elementos transponibles son unidades genéticas capaces de insertarse en
otras regiones de los genomas en los que habitan y están presentes en casi
todas las especies eucariotas estudiadas. El interés del análisis de los elementos transponibles no se debe únicamente a su consideración de parásitos intragenómicos. Los elementos transponibles suponen una enorme fuente de variabilidad para los genomas de sus hospedadores, y son por lo tanto claves para
comprender su evolución. En este trabajo hemos abordado el análisis de los
elementos transponibles de Drosophila buzzatii desde dos enfoques distintos, el
estudio detallado de una única familia de elementos transponibles y el análisis
global de todos los elementos presentes en el genoma. El estudio de inversiones
cromosómicas en D. buzzatii llevó a la descripción del elemento transponible no
autónomo, BuT5, que posteriormente se descubrió como elemento causante de
inversiones polimórﬁcas en D. mojavensis y D. uniseta. En este trabajo hemos
caracterizado el elemento transponible BuT5 y hemos descrito su elemento maestro. BuT5 se encuentra en 38 especies del grupo de especies de D. repleta. El
elemento autónomo que moviliza a BuT5 es un elemento P, del que hemos descrito 3 copias parciales en el genoma secuenciado de D. mojavensis y una copia
completa en D. buzzatii. La copia completa y putativamente activa tiene 3386
pares de bases y codiﬁca una transposasa de 822 residuos en siete exones. Por
otra parte hemos anotado, clasiﬁcado y comparado los elementos transponibles
presentes en los genomas de dos cepas de D. buzzatii, st-1 y j-19, secuenciadas
recientemente con tecnologı́a de nueva generación, y en el de D. mojavensis, la
especie ﬁlogenéticamente más cercana secuenciada, en este caso mediante tecnologı́a Sanger. Los elementos transponibles representan el 8.43%, el 4.15% y el
15.35% de los ensamblajes de los genomas de D. buzzatii st-1, j-19 y D. mojavensis respectivamente. Adicionalmente hemos detectado un sesgo en el contenido
de elementos transponibles de los genomas secuenciados mediante tecnologı́a
de nueva generación, comparado con el contenido en los genomas secuenciados
con tecnologı́a Sanger. Hemos desarrollado un método basado en la cobertura
que nos ha permitido corregir este sesgo en el genoma de D. buzzatii st-1 y contar
con estimas mas realistas del contenido en elementos transponibles. Ası́ hemos
determinado que el contenido en elementos transponibles en D. buzzatii st-1 es
de entre el 10.85% y el 11.16% del genoma. Adicionalmente las estimas nos han
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Resumen

permitido inferir que el orden de los Helitrones ha experimentado múltiples ciclos de actividad y que las superfamilias Gypsy y BelPao han sido recientemente
activas en D. buzzatii.
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1
INTRODUCTION

1.1

TRANSPOSABLE ELEMENTS

Transposable elements (TEs) are genetic units able to make copies of themselves
that insert elsewhere within a host genome. They are almost ubiquitous; all
eukaryotic genomes sequenced to date, except for Plasmodium falciparum (Gardner et al., 2002), have TE sequences within them. Moreover, TEs are capable of
spreading within genomes, populations or species (Feschotte and Pritham, 2007;
Rebollo et al., 2012).
The work of Barbara McClintock in chromosome breakage in maize during
the 1940s and 1950s lead her to the discovery of mutable genes that could
change its position within or between chromosomes. She named them “controlling elements” for their potential to regulate gene expression in precise ways.
Furthermore, her ﬁndings challenged the concept that genes were static units
arranged linearly in chromosomes (McClintock, 1983), an idea that, thanks to
linkage maps, was just becoming to be accepted by the scientiﬁc community. In
1950, McClintock proposed that these mutable loci were responsible for variegation not only in maize but also in Drosophila (McClintock, 1950). McClintock’s
ideas take on greater signiﬁcance if we consider that they roughly coincided in
time with Watson and Crick’s double-helical model for the structure of DNA
(Watson and Crick, 1953). However, it was not until the 1970s that her ﬁndings
were conﬁrmed in other organisms and the implications of the mobile nature of
vastly widespread genetic entities were recognized (Fedoroff, 2012). McClintock
was credited with several honors including the Nobel Prize in Physiology or
Medicine in 1983 (McClintock, 1983).
Reassociation kinetics experiments, performed during the late 1960s and 1970s,
showed that middle-repetitive sequences made up a signiﬁcant part of most
species genomes (Britten and Kohne, 1968). Interspersed repeats, a fraction of
the middle-repetitive sequences, were corroborated to occupy different loci in
different strains and several researchers termed them mobile elements and other
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names no longer in use like nomadic DNA (Young, 1979). TE abundance and
persistence in a wide range of species in the absence of an evident beneﬁcial role
at the level of individual organism made them to be considered as selﬁsh and
junk DNA. The term of selﬁsh DNA, deﬁned as a sequence capable of rising
its numbers without making a speciﬁc contribution to the phenotype, was used
in 1980 by Orgel and Crick (Orgel and Crick, 1980), and speciﬁcally applied to
mobile DNA by Doolittle and Sapienza (Doolittle and Sapienza, 1980). TEs were
considered henceforth parasites of genomes that remained in them because of a
replicative advantage over the host sequences (Hardman, 1986).
However, the current opinion on TEs may be changing again. Even though TEs
are known for their deleterious effects interrupting host sequences, the examples
of TEs exapted by their hosts to play a cellular function are more common than
it was anticipated. TEs bear regulatory sequences that can multiply and spread
across a genome, conferring the ability to lay the groundwork for regulatory
networks (Casacuberta and González, 2013; Feschotte, 2008; Hua-Van et al., 2011;
Kidwell and Lisch, 2001; Rebollo et al., 2012).

1.1.1

T R A N S P O S A B L E E L E M E N T C L A S S I F I C AT I O N

The discovery of new transposable elements and the similarities and differences
between them made necessary to develop a classiﬁcation system. The ﬁrst classiﬁcation system was proposed by Finnegan in 1989, and distinguished two classes
of TEs, depending on the transposition intermediate (Finnegan, 1989). Class I, or
retrotransposons, transposed via an RNA intermediate, while class II elements
used a DNA intermediate. Over the following years many groups of TEs were
described and placed within Finnegan’s classes. These groups, superfamilies
and families responded to a common origin, inferred from their sequence, structural, and transposition mechanism similarities.
In 2007 after the release of new genomes and the foreseeable increase in the
number of sequenced genomes that would follow, two review articles were published with updated TE classiﬁcation systems (Jurka et al., 2007; Wicker et al.,
2007). Wicker and collaborators published a more comprehensive classiﬁcation
system made to help non-TE-experts to annotate new genomes and maintain TE
classiﬁcation coherence (Figure 1). They used Finnegan’s class denomination,
and names that were already in use in the TE community, like families and superfamilies. TEs were classiﬁed in six hierarchical levels: class, subclass, order,
superfamily, family and subfamily.
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Figure 1.: Proposed TE classiﬁcation. Taken from Wicker et al. (2007).

In Wicker’s classiﬁcation, like in Finnegan’s system, classes distinguish between the presence or absence of an RNA transposition intermediate, Class I and
Class II, respectively. Within a class, subclasses divide elements that remain in
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their position and transpose a copy of themselves, and those elements that leave
the donor site to insert elsewhere in the genome. Class I only has one subclass,
as all TEs remain in the donor site and are transcribed into an RNA intermediate
which is then retro-transcribed by a TE-encoded reverse transcriptase. Class I,
and subclass 1, are divided in ﬁve orders, according to major differences in the
insertion mechanisms (LTR, DIRS, PLE, LINE, and SINE). Class II is divided in
two subclasses. Elements in subclass 1, which comprehends two orders, TIR elements and Crypton, require the cleavage of both DNA strands to transpose. In
addition, elements in subclass 2, comprising two orders, Helitron and Polinton
(or Maverick), require the displacement of one strand. It is important to note
that this classiﬁcation based on the presence or absence of RNA intermediates,
or the number of strands cut during transposition does not necessarily imply
phylogenetic relationship.
The TIR elements order, classically known as cut-and-paste transposons, is
characterized by the presence of Terminal Inverted Repeats (TIRs) at their terminal ends. Besides this repeats of variable length between superfamilies, other
inner repeats can be present. Most of TIR elements encode a single gene with
transpose activity; PiF-Harbinger and CACTA superfamilies encode a second
ORF (DeMarco et al., 2006; Wicker et al., 2003). An extensive analysis of TIR
transposases determined the evolutionary relationships among superfamilies
and revealed that all of them have a DDE/D motif (two aspartic acid (D) residues
and a glutamic acid (E) residue or a third D) (Yuan and Wessler, 2011).
Orders are divided into superfamilies, which are formed by TEs with similarities at the protein level and in structural features like target site duplication (TSD)
presence and size. According to Wicker and collaborators (Wicker et al., 2007),
in 2007, nine superfamilies belonged to the TIR order, while 13 were proposed
by Jurka and collaborators in 2007. However, this number is growing fast and
some authors consider that the TIR order comprises 17 to 19 superfamilies (Bao
et al., 2009; Yuan and Wessler, 2011). This ﬁgure is expected to keep growing
as new genomes are being sequenced and annotated. Families, the next hierarchical level, comprehend TEs that have high similarity at the protein level and
also similarity at the nucleotide level in the coding and terminal regions. The
subfamily division differentiates phylogenetically close clades within a family,
or in some cases autonomous and non-autonomous members of a family.
Complete canonical TEs encode the elements necessary to transpose into another genomic location, hence being autonomous elements and displaying the
traits needed to be recognized by the transposition machinery. This does not
apply to SINEs (Short Interspersed Repetitive Elements), which are not deletion
derivatives of other elements, are naturally non-autonomous and rely on LINEs
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(Long Interspersed Repetitive Elements) to transpose. During the “life” of a mobile element it can suffer point mutations and small insertions and deletions,
which partially or completely remove the protein domains. These defective or
deleted copies consequently become non-autonomous elements, however, and
as long as they keep the features recognized by the transposition machinery will
be active if an autonomous copy is present in the genome (Wicker et al., 2007).
Within non-autonomous elements there is a special group, called MITEs (Miniature Inverted-Repeat TEs), which stands out for their capacity to reach much
higher numbers than the canonical elements relying on autonomous copies to
transpose. Tourist and Stowaway, the ﬁrst MITEs described (Bureau and Wessler,
1992, 1994), where found in plants as 100 to 500 bp sequences, with a similar insertion preference, and structural similarities, although they had no signiﬁcant
sequence similarities to known TEs. The term MITE was created to avoid a
starting confusion between these new, short, abundant, and orphan elements
and SINEs. Over the years MITEs have been found in more species and have
been linked to TIR transposons, revealing complex relationships among different elements. MITEs most likely are deletion derivatives of full-length elements,
although other mechanisms may be involved in their formation (Wallau et al.,
2014). They have conserved terminal regions, especially the TIRs, and do not
have coding capacity (Feschotte et al., 2002). The MITEs found in Drosophila
(Rossato et al., 2014; de Freitas Ortiz et al., 2010; Holyoake and Kidwell, 2003)
are somewhat longer and have a lower copy number than those found in plants.

1.1.2

TES IN THEIR HOST GENOMES

The “life cycle” of a TE has been divided in three states, invasion, maturity, and
senescence (Figure 2). When a TE invades a genome it starts a proliferation or
dynamic replication phase with new insertions and occasional mutations that
yield some inactive copies. The second phase, maturity is characterized by the
increase of copy inactivation due to mutations. During this phase the number
of new insertion matches the number of inactive copies. Finally, the degradation
or senescence arrives when there are no active copies able to transpose. This
phase can last for millions of years while the inactive copies can be lost from the
population, deleted or remain in the host genome until the remnants accumulate
enough mutations to become unrecognizable (Kidwell and Lisch, 2001).
Nevertheless, that previous view was a simpliﬁcation and the relationship
between TEs and their hosts is far more complex (Le Rouzic et al., 2007). TEs
are not just parasites that increase their activity until their disappearance of the
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Figure 2.: General features of the life cycle of a Class II transposable element. Taken
from Kidwell and Lisch (2001).

genomes they inhabit. Contrary to that, we now know that TEs can experience
several waves of activity, as genome conditions change (Ray et al., 2008; Yang
and Barbash, 2008), and that they can contribute in multiple ways to the host
genome evolution (Casacuberta and González, 2013).
Even though TEs are not just parasites their presence and activity can be
detrimental for the host ﬁtness. As a result, organisms have developed several pathways to repress TE activity, such as the piwi-interacting RNA or piRNA
mechanism. This pathway is enriched in animal gonads, including Drosophila,
were transposition is more sensitive. piRNAs are non-coding RNAs processed
from single-stranded (ss) RNA into pieces of 24 to 35 nucleotides in length. The
majority of piRNAs are translated from piRNA clusters or active transposons,
but are antisense to transposon transcripts, being able to pair with them. piRNA
and PIWI proteins form piRNA-induced silencing complexes (piRISCs) and once
double stranded (ds) RNA is formed with TE transcripts those are lead to their
destruction preventing transposition (Siomi et al., 2011; Hirakata and Siomi,
2015).
However, TEs are not linked to a unique host lineage and its fate. Horizontal gene transfer is a phenomenon by which sequences are transmitted from
one species to another not via vertical or parental transfer, and TEs by its mo-
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bile nature seem especially prone to horizontal transfer (HT) (Schaack et al.,
2010; Wallau et al., 2012). Since the classical description in 1990 of a HT event
that let a P element from D. willistonicross the species barrier and invade all D.
melanogaster population in approximately 50 years (Daniels et al., 1990) more
cases have been published, and HT does not seem an exceptional event (Bartolomé et al., 2009; Wallau et al., 2012).
Probably to understand the interactions between TEs and their hosts it is
important to consider the following four factors. First, TEs are an incredibly
large source of variability, ranging from small scale mutations, to large rearrangements or epigenetic changes that TEs can leave behind even after their
excision or loss. Second, TEs and the mutations they induce are subject to natural selection, that would tend to remove deleterious insertions, and neutral or
advantageous may be maintained in the populations. Additionally, as any other
genome component, TEs are affected by other evolutionary forces like genetic
drift or migration. Third, TEs can increase their copy number independently
of the genome, which allows TEs to evolve independently of the fate of the
genome to a certain degree. Lastly, TEs are not merely genome parasites; both
actors have contributed to their mutual transformation becoming an essential
part to understand their evolution (Hua-Van et al., 2011).

1.1.3

THE P ELEMENT

The P element is one of the best studied eukaryotic transposable elements. It was
discovered in D. melanogasteras the cause of hybrid dysgenesis, which involved
high rate of sterility, mutations, chromosomal abnormalities, rearrangements,
and male recombination. Males carrying P elements (P for paternally contributing strains) that mated with females lacking autonomous P elements resulted
in progeny with genetic instability not observed in the reciprocal crosses. The
molecular analysis led to the isolation and cloning of P elements (Bingham et al.,
1981; Rubin et al., 1982), which were later used as vectors for germ line gene
transfer in Drosophila (Rio, 2002).
D. melanogaster strains founded with individuals collected before the mid1960s in America and 1974 in the URSS, were devoid of P elements , while they
were present in younger strains. P elements were absent in the rest of the studied
species of the melanogaster subgroup and an invasion of D. melanogaster population was proposed (Anxolabéhère et al., 1988). In 1990, Daniels and collaborators
showed that D. willistoniP element was the closest relative to the D. melanogaster el-
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ement, only differing in one nucleotide out of 2.9 kb, proving evidence for the
horizontal transference of a TE between eukaryotes (Daniels et al., 1990).
As I mentioned before, P elements colonized all D. melanogaster populations in
historical times (approximately 50 years ago). It is in this species where most of
the P element traits were studied. The canonical D. melanogaster P element is 2.9
kb long, has 31-bp terminal inverted repeats (TIRs) and 11-bp internal inverted
repeats located about 100 bp from the ends. P elements generate an 8-bp target
site duplication (TSD) upon insertion. Autonomous copies have a four-exon
gene that encodes a 751-aa transposase (Rio, 2002).
Active P element transposase is only expressed in the germ line cells of D.
melanogaster, where the splicing of the three introns occurs, and the mRNA is
translated into an 87 kDa protein. Thus, new insertions may be passed to offspring. In somatic cells and in part of the germ line, the third intron (IVS3) is
retained and the mRNA, with a premature stop codon, is translated into a 66
kDa protein that acts as a repressor of transposition, named a type I repressor.
Other truncated variants of the transposases have been described to also act as
repressors in D. melanogaster (KP/type II repressors). Different patterns of splicing, producing both putatively active transposase and repressors, have also been
described in other species like D. bifasciata, D. helvetica , and Scaptomyza pallida
(Haring et al., 1998; Pinsker et al., 2001).

1.2

DROSOPHILA AS A MODEL ORGANISM

D. melanogaster was ﬁrst used as a genetic model by Thomas Morgan in 1908,
who studied the inheritance of mutations. Many traits made D. melanogaster a
suitable species for studding genetics in the ﬁrst place, it needs little space even
for large cultures, its maintenance cost is low, it has a short generation time (10
days at room temperature), high fecundity (100 eggs per day), and it is easy
to manipulate once anesthesiated. Morgan’s work, led him and his students
to the understanding of major biology breakthroughs. The analysis of multiple
mutant ﬂies were key to the modern interpretation of Mendelism, the linear
disposition of genes, or dosage compensation, all discovered in a small ﬂy and
with repercussions in all species’ research (Green, 2010).
However, beyond the species adequacy to become a model species in the ﬁrst
place, the knowledge and resources that had been built upon over a century of
studies had an important in role in making D. melanogaster the excellent model
to study eukaryotes genetics that it is today (Matthews et al., 2005). In the 1970s
and 1980s tools like balancer chromosomes, or banding techniques in the gi-
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ant polytene chromosomes guaranteed D. melanogaster a privileged place among
model organisms. Additionally, these advances helped to classify phylogenetically a great deal of the more than 2000 species that form the Drosophila genus,
particularly in the Sophophora subgenus, where D. melanogaster belongs, but also
in the Drosophila subgenus. The knowledge of the phylogenetic relationships
within the genus, allowed to these species to become a model system in which
to study species evolution.

1.2.1

D . B U Z Z A T I I A N D T H E D . R E P L E TA S P E C I E S G R O U P

D. buzzatii is a Drosophila subgenus species originally from South America, which
feeds on decaying cladodes of Opuntia cacti and on the rotting stems of some
columnar cacti (Hasson et al., 1992). Since Argentinian ports opened in the
mid-1800s (Wasserman, 1992), D. buzzatii has spread through four of the six
major biogeographical regions, South America, the South of Europe, North and
Equatorial Africa, and Australia becoming a sub-cosmopolitan species (David
and Tsacas, 1981).
Within the subgenus Drosophila, D. buzzatii belongs to the repleta group, mulleri subgroup and to the buzzatii complex (Ruiz and Wasserman, 1993). The
polytene chromosome banding pattern analysis performed on repleta group
species revealed more than 296 inversions, some of them shared between close
species, helping to depict their phylogenetic relationships (Wasserman, 1992).
The research on D. buzzatii chromosomal rearrangements led to the discovery
of the ﬁrst natural chromosomal inversion caused by a TE (Cáceres et al., 1999).
The recombination between two copies of the element Galileo, a TIR transposon
of the P superfamily (Marzo et al., 2008), generated the 2j inversion in chromosome 2. Subsequently, Galileo was found to be the cause of two additional
polymorphic inversions in D. buzzatii (Casals et al., 2003; Delprat et al., 2009).
Inversion breakpoints were secondarily colonized by other TEs in part because
of the reduced recombination in these regions (Cáceres et al., 2001; Delprat et al.,
2009). Other ﬁxed inversions within the repleta group had been proven to be
caused by another TE. The inversions 2s of D. mojavensis (Guillén and Ruiz, 2012)
and 2x3 of D. uniseta (Prada, 2010) were both caused by the non-autonomous element BuT5. This element does not encode a transposase and has remained
unclassiﬁed for more than a decade. Consequently, the analysis of TEs in D.
buzzatii and the species from repleta group have gained interest.
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1.3

GENOMICS

In 2000 the genome of Drosophila melanogaster was published (Adams et al.,
2000) in a joint effort to assess the viability of sequencing a complex eukaryotic genome before scaling up to the human genome and after the release of
Caenorhabditis elegans (C. elegans Sequencing Consortium, 1998). At the same
time, the genome provided an excellent resource, not just to learn to unravel
the mysteries of a genome, but to contribute to the research in a useful model
organism (Adams et al., 2000).

1.3.1

GENOMICS IN DROSOPHILA

D. melanogaster has become the gold standard for all the genomes sequenced
after it. The ﬁrst assembly was made with Whole Genome Shotgun (WGS) strategy (Myers et al., 2000), sequencing plasmid and Bacterial Artiﬁcial Chromosomes (BAC) paired-ends. That was a bold strategy at the time for a complex
genome, instead of the clone-based more time-consuming approach. The ﬁrst
release of D. melanogaster genome combined that ﬁrst assembly with a second
draft genome with clone-based strategy and using 825 P1 and Bacterial Artiﬁcial
Chromosomes (BAC) clones sequenced with Sanger technology (Adams et al.,
2000).
Subsequent releases corrected the order and orientation of some scaffolds,
closed gaps in the sequence, improved low quality regions, like the Y chromosome, and extended the assembly at the telomeric and centromeric ends of
the chromosomes (Ashburner and Bergman, 2005; Celniker et al., 2002; Hoskins
et al., 2015). In a similar manner, the functional annotation has become one of
the more accurate among eukaryotes genomes in collaboration with the FlyBase
team (Drysdale et al., 2005; Matthews et al., 2015). Additionally, the Drosophila
Heterochomatin Genome Project has contributed to take D. melanogaster genome
to a higher level (Hoskins et al., 2002, 2007). The annotation of transposable elements in the reference genome has not been left behind, improving after every
release, including new TEs, or reﬁning the small copy and TE nest annotations
(Bergman et al., 2006; Kaminker et al., 2002).
In 2005, the genome of a second Drosophila species, D. pseudoobscura, was
published, allowing comparative analysis between the two Drosophila species
(Richards et al., 2005). Seven years after the publication of the ﬁrst release of
D. melanogaster genome, the drosophilist community took another leap into the
comparative genomic era with the publication of the genomes of ten new Droso-
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phila species and the comparative genomic studies between the twelve species
(Drosophila 12 Genomes Consortium, 2007). These 12 genomes (D. melanogaster,
D. simulans, D. sechellia, D. erecta, D. yakuba, D. pseudoobscura, D. persimilis, D.
willistoni, D. virilis, D. mojavensis and D. grimshawi) were all sequenced with
WGS and Sanger technology, although there were differences in the depth of
coverage of each species.

The Drosophila 12 Genomes Consortium (2007) reported a preliminary analysis of the mobile fraction of the 12 Drosophila species. Even though several
analysis of particular TE families and their presence in the 12 genomes have
been published (Casola et al., 2007; de Freitas Ortiz and Loreto, 2009; Marzo
et al., 2008), there are few comparative studies beyond those contained in the
ﬁrst publication (Feschotte et al., 2009).

In the last years, the development of Next-Generation Sequencing (NGS) techniques have drastically reduced the cost of sequencing, allowing small research
groups to sequence the genomes of non-model organisms to answer particular
questions. This revolution has impacted the Drosophila genus, with the sequencing of 16 new Drosophila genomes. Eight of those genomes, all belonging to
the melanogaster group, have been jointly sequenced: D. biarmipes, D. bipectinata, D. elegans, D. eugracilis, D. ﬁcusphila, D. kikkawai, D. rhopaloa, and D. takahashii (Chen et al., 2014). Two species, D. albomicans (Zhou et al., 2012) and D.
miranda (Zhou and Bachtrog, 2012) have been sequenced to shed light into neo
sex and B chromosome evolution. The genome of D. suzukii, has been sequenced
by two independent groups because of the economical impact of this species as
a fruit pest (Chiu et al., 2013; Ometto et al., 2013). Two strains of D. americana,
H5 and W11, (Fonseca et al., 2013) and two strains of D. buzzatii , st-1 (Guillén
et al., 2015) (see Appendix C) and j-19 (Rius et al submitted; see Section 3.2) have
been sequenced to perform comparative analysis. Finally, the resequencing of D.
simulans genome (Hu et al., 2013), previously sequenced by the Drosophila 12
Genomes Consortium Drosophila 12 Genomes Consortium (2007), was done to
amend quality issues with the ﬁrst assembly allowing lineage divergence studies.
These 16 genomes have been sequenced with a combination of NGS (Illumina
and/or 454 technologies) and in some cases with the addition of some Sanger
sequences.
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1.4

T E A N N O TAT I O N A N D C L A S S I F I C AT I O N I N S E Q U E N C E D
GENOMES

Multiple challenges have arisen after the wave of new genomes recently sequenced. The efforts of many research groups were behind the sequencing
and annotation of the ﬁrst genomes. The more recent ones, on the other hand,
are usually carried out by smaller groups without expertise in all the ﬁelds involved. The availability of ready-to-use TE annotation software is crucial for
these smaller groups, as it is the software needed for the rest of the genome
assembly and annotation process. Several authors have published reviews classifying and benchmarking the myriad of TE annotation programs available, providing a guide to chose them according to the knowledge of the genome and
its repetitive fraction (Bergman and Quesneville, 2007; Lerat, 2010; Saha et al.,
2008).
The annotation and classiﬁcation of TEs in eukaryotic genomes requires a degree of automation to accomplish a vast and meticulous task, while at the same
time manual curation is highly desirable. The D. melanogaster TE annotation
had the advantage of an extensive TE collection maintained by FlyBase and as I
mentioned above the effort of many TE experts (Bergman et al., 2006; Kaminker
et al., 2002).
To analyze the TE content on the 12 genomes, as the previous knowledge of
the repeat content in each of them was different, more complex strategies had to
be developed. Six different combinations of TE detection methods and libraries
were applied. The libraries were either previously built libraries or collections
of sequences harvested from each genome. PILER (Edgar and Myers, 2005) and
ReAs (Li et al., 2005) were used to build the de novo libraries, the last one using
the unassembled reads. The already built libraries were: TE collection of Berkeley Drosophila Genome Project (BDGP), a library made with PILER scanning the
12 genomes plus the Anopheles gambiae genome, and the Repbase Update library
(Jurka et al., 2005) without the Drosophila repeats. To annotate the TE fraction, the TE detection programs, RepeatMasker (Smit et al., 1996), BLASTER-tx,
and RepeatRunner (http://www.yandell-lab.org/repeat_runner/index.html)
were fed with these libraries and the scaffolds longer than 200 kb, the TE detection software CompTE, which do not require a library, was also used in each
genome. All these strategies yielded six different results (Figure 3) and two of
them (BLASTER-tx + PILER and RepeatMasker + ReAS) were ﬁnally averaged
to obtain a unique ﬁgure (Drosophila 12 Genomes Consortium, 2007).
The analysis of the repetitive fraction of the genomes sequenced in the last
years has not been as extensive. The two genomes with a more detailed TE
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Figure 3.: Repeat and TE content of the 12 Drosophila genomes. Fraction of each genome
covered by repeats based on different methods of repeat and TE annotation.
Taken from Drosophila 12 Genomes Consortium (2007).

analysis are probably the two genomes of D. suzukii (Chiu et al., 2013; Ometto
et al., 2013). Ometto and collaborators simply used RepeatMasker and Repbase
library to analyze all the D. suzukii scaffolds. They also applied the same method
and library to the rest of genomes sequenced at the publication (Figure 4). Chiu
and collaborators used a less automated strategy based on BLAST (Altschul et al.,
1997) searches using TEs detected in D. melanogaster reference genome and two
TEs from D. suzukii.
For the de novo annotation of the 12 Drosophila genomes, as I mentioned above,
two broad strategies were independently used; homology-based searches, that
rely on libraries of already described elements from the studied species or close
ones, and de novo strategies, that scan the genome looking for TE-like structures
and repetitiveness. Nevertheless, better results are achieved if both strategies are
combined, using TE detection software, like RepeatMasker, with an enhanced
library, containing already known repeats, like the ones in Repbase Update, but
also a custom collection made with sequences from the genome studied (Buisine
et al., 2008).

13

Chapter 1. Introduction

Figure 4.: Repeated elements in Drosophila sequenced genomes. Taken from Ometto
et al. (2013).

Annotation pipelines like REPET (Flutre et al., 2011), Repclass (Feschotte et al.,
2009), and RepeatModeler (Smit and Hubley, 2008) are able to build these custom libraries using programs that look for repetitive patterns in the genome,
create groups with those repeated sequences and classify them within TE families based on homology and structural features.
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BuT5 was initially described as a secondary colonizer element in the proximal
breakpoint of the 2j D. buzzatii polimorphic inversion, caused by ectopic recombination between two copies of the transposon Galileo. BuT5 was tentatively
classiﬁed as a class II element, and named along with four other D. buzzatii
transposons (BuT1, BuT2, BuT3, and BuT4), all except BuT5 belonging to the hAT
superfamily. More BuT5 copies were found in the D. buzzatii polimorphic inversions 2q7 and 2z3 , also the result of recombination between Galileo copies. However, neither of the new BuT5 copies helped with its classiﬁcation. Hidridization
analyses revealed BuT5 high abundance in different D. buzzatii strains. However,
when the recombination between BuT5 copies was found to be the cause of the
ﬁxed inversions 2s in D. mojavensis and 2q3 in D. uniseta BuT5 classiﬁcation gain
interest. At the same time, the project to sequence D. buzzatii st-1 genome lead
to the opportunity to analyze the whole TE content of the species where two
class II TEs causing chromosomal inversions, were described. During that process, the sequencing of the genome of another D. buzzatii strain, j-19, offered the
opportunity to compare the TE content of both strains.
The objectives of this thesis are brieﬂy described below
1. To study the distribution of BuT5 in the D. repleta using both bioinformatic
and experimental methods.
2. To isolate a copy of the autonomous element that mobilized BuT5.
3. To classify BuT5 and its master TE.
4. To identify and classify the transposable elements presents in D. buzzatii
genome.
5. To estimate the abundance of D. buzzatii transposable elements and compare it to that in other genomes, in particular D. mojavensis, the phylogenetically closest species with a sequenced genome.
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6. To analyze the transposable element distribution in D. buzzatii among chromosomes and within chromosomal regions.
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3
R E S U LT S
In Section 3.1, I describe the work done to characterize BuT5, a MITE, and its
master element, the P element, in several Drosophila species.
In Section 3.2, I present the analysis of the transposable elements in D. buzzatii
sequenced genomes.
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3.1

A D I V E R G E N T P E L E M E N T A N D I T S A S S O C I AT E D M I T E ,
BUT5

3.1.1

A D I V E R G E N T P E L E M E N T A N D I T S A S S O C I AT E D M I T E ,
B U T 5 , G E N E R AT E C H R O M O S O M A L I N V E R S I O N S A N D
A R E W I D E S P R E A D W I T H I N T H E D R O S O P H I L A R E P L E TA
SPECIES GROUP

This Section is composed by the research article entitled ”A divergent P element and its associated MITE, BuT5, generate chromosomal inversions and are
widespread within the Drosophila repleta species group” published in the journal
Genome Biology and Evolution on 2013.
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*Corresponding author: E-mail: Alfredo.Ruiz@uab.cat; Alfredo.Ruiz@uab.es.
Accepted: May 12, 2013
Data deposition: This project has been deposited at GenBank under the accession numbers KC690049–KC690135.

Abstract
The transposon BuT5 caused two chromosomal inversions ﬁxed in two Drosophila species of the repleta group, D. mojavensis and
D. uniseta. BuT5 copies are approximately 1-kb long, lack any coding capacity, and do not resemble any other transposable element
(TE). Because of its elusive features, BuT5 has remained unclassiﬁed to date. To fully characterize BuT5, we carried out bioinformatic
similarity searches in available sequenced genomes, including 21 Drosophila species. Signiﬁcant hits were only recovered for
D. mojavensis genome, where 48 copies were retrieved, 22 of them approximately 1-kb long. Polymerase chain reaction (PCR)
and dot blot analyses on 54 Drosophila species showed that BuT5 is homogeneous in size and has a widespread distribution within the
repleta group. Thus, BuT5 can be considered as a miniature inverted-repeat TE. A detailed analysis of the BuT5 hits in D. mojavensis
revealed three partial copies of a transposon with ends very similar to BuT5 and a P-element-like transposase-encoding region
in between. A putatively autonomous copy of this P element was isolated by PCR from D. buzzatii. This copy is 3,386-bp long
and possesses a seven-exon gene coding for an 822-aa transposase. Exon–intron boundaries were conﬁrmed by reverse transcriptase-PCR experiments. A phylogenetic tree built with insect P superfamily transposases showed that the D. buzzatii P element belongs
to an early diverging lineage within the P-element family. This divergent P element is likely the master transposon mobilizing BuT5. The
BuT5/P element partnership probably dates back approximately 16 Ma and is the ultimate responsible for the generation of the two
chromosomal inversions in the Drosophila repleta species group.
Key words: transposon, MITE, inversions, Drosophila, transposase, expression.

Introduction
Transposable elements (TEs) are DNA sequences able to proliferate and move to multiple sites in the genome. As a
consequence of their mobility, TEs are a source of variation
in gene and genome structure as well as size and organization of genomes (Kidwell and Lisch 2002). Therefore, the
study of TEs can shed light on their ability to impact the
genomes they inhabit (Kazazian 2004; Jurka et al. 2007;
Fedoroff 2012). TEs that mobilize via an RNA intermediate
are classiﬁed within class I and those which transpose directly, leaving the donor site, or via a DNA intermediate,
within class II (Wicker et al. 2007; see also Kapitonov and
Jurka 2008). Class II, or DNA transposons, is divided in two
subclasses and subclass 1 comprises two orders, terminal
inverted repeat (TIR) and Crypton. Canonical (autonomous)

TIR transposons have TIRs and contain usually one (less often
two) gene encoding the transposase, the protein that catalyzes their mobilization via a cut-and-paste mechanism. The
numerous TIR transposon families have been grouped into
9–19 superfamilies based not only on phylogenetic relationships inferred from the transposase but also on TIR and
target site duplication (TSD) features (Jurka et al. 2005,
2007; Feschotte and Pritham 2007; Wicker et al. 2007;
Kapitonov and Jurka 2008; Bao et al. 2009; Yuan and
Wessler 2011). The P superfamily comprises three transposons: P element (O’Hare and Rubin 1983), 1360 (also known
as Hoppel or ProtoP) (Kapitonov and Jurka 2003; Reiss et al.
2003), and Galileo (Marzo et al. 2008).
The P element is a TIR transposon ﬁrst discovered in
Drosophila melanogaster (Bingham et al. 1982; Rubin et al.

ß The Author(s) 2013. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
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1982) as the cause of the odd phenomenon of P-M hybrid
dysgenesis (Kidwell and Novy 1979). The D. melanogaster
P element is not only one of the ﬁrst eukaryotic TEs to be
discovered and molecularly characterized but also one of the
most thoroughly studied (Rio 1991, 2002; Kidwell 1994;
Engels 1996; Pinsker et al. 2001). The canonical P element
of D. melanogaster is 2.9 kb in length and has 31-bp TIRs
and a gene with four exons that encodes a 751 residues
transposase. It also contains 11-bp sub-TIRs that act as transpositional enhancers and generates 8-bp TSD upon insertion
(Rio 2002).
P-like elements are known to exist in a broad range of taxa,
including protozoans such as Trichomona vaginalis (Kapitonov
and Jurka 2009), several Dipterans (Perkins and Howells 1992;
Lee et al. 1999; Sarkar et al. 2003), urochordata such as Ciona
intestinalis (Kimbacher et al. 2009), and vertebrates (Hammer
et al. 2005). In addition, P element has been repeatedly domesticated to generate cellular genes (Quesneville et al. 2005).
For instance, the human genome contains 12 THAP-domain
containing genes, and one of them (THAP9) has been recently
shown to encode an active P-element transposase (Majumdar
et al. 2013). In Drosophila, P element is widespread within the
Sophophora subgenus (Daniels et al. 1990; Hagemann et al.
1992, 1994, 1996a, 1996b; Clark and Kidwell 1997) but
seems much more scarce in the Drosophila subgenus
(Loreto et al. 2001, 2012). An almost complete copy was
isolated from D. mediopunctata in the tripunctata species
group (Loreto et al. 2001), whereas relatively short fragments
have been ampliﬁed by polymerase chain reaction (PCR) in
other species of the tripunctata and cardini species groups
(Loreto et al. 2012). The D. mediopunctata P element is
96.5% identical to that of D. melanogaster, and it has been
suggested that it is the result of a horizontal transfer event
(Loreto et al. 2001).
Miniature inverted-repeat TEs (MITEs) are small nonautonomous class II elements of a few dozen to a few hundred base
pairs and ﬂanked by TIRs. Their high copy numbers, homogeneous size, and high similarity within MITE families distinguish
them from the typical defective nonautonomous transposons,
which are usually unique copies (Feschotte et al. 2002;
Guermonprez et al. 2008). Although MITEs were discovered
in plants (Bureau and Wessler 1992, 1994), they have been
found in a variety of organisms, including Drosophila (Smit
and Riggs 1996; Tu 2000; Holyoake and Kidwell 2003; de
Freitas Ortiz et al. 2010). Some MITEs have been found to
be internal deletion derivatives of its autonomous partners
and are likely to be mobilized by them (Feschotte and
Mouchès 2000; Zhang et al. 2001). In other cases, however,
MITEs share their terminal sequences with canonical elements,
but their internal sequence does not have similarity to the
master copy. The origin of these MITEs is obscure; they
are the result of either profound changes in the original transposon sequence or the recruitment of unrelated sequences.
As20
nonautonomous elements, MITEs depend on transposases

encoded by canonical elements, but surprisingly MITEs can
achieve higher copy numbers than their master transposons.
The ampliﬁcation success of MITEs has been attributed to
different causes such as their promiscuity binding a range of
related transposases, the gain of transposition enhancers, and
loss of repressors when compared with autonomous TEs
(Yang et al. 2009).
BuT5 was ﬁrst described in the proximal breakpoint of a
naturally segregating D. buzzatii inversion and tentatively
classiﬁed as a class II TE (Cáceres et al. 2001). The reported
copy was 1,039-bp long with 3-bp TIRs and imperfect 17-bp
sub-TIRs and no coding capacity. Subsequently, similar BuT5
copies were observed at the breakpoints of two other polymorphic D. buzzatii inversions (Casals et al. 2003; Delprat
et al. 2009). The three inversions were caused by ectopic
recombination between copies of Galileo, a P-superfamily
transposon (Marzo et al. 2008), and BuT5 was a secondary
colonizer of the inversion breakpoints. The secondary colonization of breakpoints in recent polymorphic inversions
(Casals et al. 2003; Delprat et al. 2009) and the relatively
high abundance of BuT5 in different D. buzzatii strains
(Casals et al. 2006) indicate current or recent transpositional
activity of BuT5 in D. buzzatii. Furthermore, recent works
in our group have revealed that BuT5 generated two recently ﬁxed inversions in two repleta group species, 2s in
D. mojavensis (Guillén and Ruiz 2012), and 2x3 in D. uniseta
(Prada 2010). In both cases, each breakpoint harbors a copy
of BuT5 and the exchanged TSDs between copies of
the two breakpoints denote ectopic recombination as the
generation mechanism (ﬁg. 1). Therefore, BuT5 has had a
signiﬁcant role in the chromosomal evolution of the repleta
group.
Despite BuT5 signiﬁcance as a genome reshaping force and
its recent transpositional activity, this element has not been
classiﬁed to date. Consequently, its phylogenetic distribution,
how it mobilizes or whether it is a MITE, a deletion derivative
of a known DNA transposon, or a new type of TE is still
unknown. To ﬁll this gap, our objectives were to 1) study
the interspeciﬁc distribution of BuT5 using both bioinformatic
and experimental methods; 2) isolate a copy of the autonomous element that mobilizes BuT5; and 3) classify BuT5 and
its master TE.

Materials and Methods
Bioinformatic Searches
BuT5 bioinformatic searches were carried out using BlastN
(Altschul et al. 1997) against all National Center for
Biotechnology Information (NCBI) available databases
(December 2012). Searches were also made using CENSOR
tool (Jurka et al. 1996) and TEs deposited in Repbase Update
(Jurka et al. 2005). Default parameters were used in these
searches. The ﬁrst copy described BuT5_1 (Cáceres et al.
2001), from D. buzzatii, was used as a query. Basic Local
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D. mojavensis

2s
AAGGCAAGT

ACTTGCCTT

CTGTATAAT

ATTATACAG

14.2 kb

D. uniseta

GATTTGCG

EloA

CG34135

CG10214

CG9801

2x
CAAGACAAT

3

CGCAACTC

RpA70-a

CG10375

ATTGTCTTG

CG5073

CG8116

FIG. 1.—Molecular structure of breakpoint regions in two inversions generated by the transposon BuT5, 2s in Drosophila mojavensis (Guillén and Ruiz
2012), and 2x3 in D. uniseta (Prada 2010). BuT5 copies (blue rectangles) bounded by exchanged 8-bp or 9-bp TSD are found at the two breakpoints of each
inversion, indicating ectopic recombination as the generating mechanism.

Alignment Search Tool (Blast) results in other species were also
used as queries in their genomes, performing species-speciﬁc
searches. Signiﬁcance thresholds used to retrieve sequences
for analysis were an E value  1010 for results from species
different of the query and 1025 for results from the same
species of the query.

Experimental Searches
Primers
BuT5 and P-element primers BL, BR, P3, and P13 were designed based on sequences obtained by bioinformatic
searches (from D. buzzatii and D. mojavensis). PriFi
(Fredslund et al. 2005) was used to ﬁnd the best regions to
place the primers on multiple alignments. The rest of the
primers were designed based on D. buzzatii P element
(BU-73 strain). All primers were designed with Primer
Designer v.1.01 (Scientiﬁc and Educational Software) and
produced by Sigma-Aldrich, Inc. Sequences of primers used
are provided in supplementary table S1, Supplementary
Material online.

BuT5 Analysis in the Repleta Group
To detect BuT5, 85 Drosophila DNA samples of 41 species
(supplementary table S2, Supplementary Material online)
were screened by PCR with primers BL and BR (supplementary table S1, Supplementary Material online). PCRs were
carried out in a volume of 26.5 ml including 50–100 ng of
DNA, 0.83 U of DNA Taq polymerase (Roche), 0.04 mM of
each dNTP, and 0.33 mM of both primers. Ampliﬁcation conditions were 94  C for 4 min, 30 cycles at 94  C for 30 s,
53  C for 30 s, and 72  C for 1 min followed by a ﬁnal extension step at 72  C for 7 min. These PCR products were

puriﬁed with the NucleoSpin Extract II (Macherey-Nagel) and
were cloned using either the pGEM-T Easy Vector Kit
(Promega) or the StrataClone Kit (Agilent Technologies).
Approximately four clones per sample were selected and
PCR ampliﬁed with primers SP6 and T7 (pGEM-T) or T3
and T7 (StrataClone). The PCR products presenting different
electrophoresis mobility were puriﬁed with the Nucleospin
Extract II Kit and sequenced by Macrogen Inc (Seoul, Korea)
using universal primers. We also analyzed by dot blot
35 DNA samples from 29 species, speciﬁed in supplementary table S2, Supplementary Material online. Denatured
DNA (200 ng) was transferred onto a nylon membrane
(Roche) by using a Bio Dot apparatus (Bio-Rad) according
to manufacturer’s speciﬁcations. The DNA was cross-linked
by exposure to short-wavelength ultraviolet light. A D. mojavensis BuT5 clone (G035_2) was used as probe. It was labeled by PCR with digoxigenin-11-dUTP (PCR DIG Labeling
Mix, Roche). Final reaction volume was 50 ml, including
2.5 U of Taq DNA polymerase (Roche) and its buffer,
0.2 mM of dNTP labeling mixture, 0.5 mM of primers BL
and BR, and 50–100 ng of linearized DNA. Membrane prehybridization was done in DIG Easy Hyb (Roche) and 50 ng/
ml of denatured DNA, MB grade from ﬁsh sperm (Roche) at
37  C during 1 h. Denatured probe (10 ml) was added into
3.5 ml of fresh DIG Easy Hyb, and the hybridization was
performed at 37  C for 16 h. Then two washes were done
with 2 SSC and 0.1% sodium dodecyl sulphate (SDS) at
room temperature and two with 0.5 SSC and 0.1% SDS
at 45  C. DIG Wash and Block Buffer Set (Roche) was used
for washing and blocking incubations according to manufacturer’s instructions, and detection was made with CDPStar (Roche) also following the instructions. Membrane
signals were quantiﬁed by Laboratori d’Anàlisi
21 i
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Fotodocumentació, d’Electroforesis, Autoradiograﬁes i
Luminiscència of the Universitat Autònoma de Barcelona
with ChemiDoc XRS (BioRad) and Quantity ONE 4.7 software (BioRad).

P-Element Sequence in D. buzzatii
P-element ampliﬁcations, with primers BL + P13, P3 + BR,
and P1 + P15 were performed with Expand Long Template
in 50 ml including 50–100 ng of DNA, 1 U of Enzyme mix,
0.02 mM of each dNTP, and 0.20 mM of both primers.
Ampliﬁcation conditions were established following manufacturer’s instructions. The BL + P13 2.8-kb band was identiﬁed and excised from a 1% agarose gel and cleaned up
with the NucleoSpin Extract II Kit. The products of P3 + BR
and P1 + P15 ampliﬁcations were directly cleaned up with
the NucleoSpin Extract II Kit. PCR products were cloned with
the StrataClone Kit (Agilent Technologies) following the
manufacturer’s instructions. DNA of three clones per cloning
reaction was retrieved using the GeneJET Plasmid Miniprep
Kit (Thermo Scientiﬁc) and ﬁnally was sequenced by
Macrogen Inc (Seoul, Korea) using primers T3 and T7. The
50 - and 30 -ends of the P element were isolated by inverse
PCR (iPCR) from D. buzzatii strain BU-73. Digestion (HindIII)
and ligation were performed following Berkeley Drosophila
Genome Project iPCR protocol (available from http://www.
fruitﬂy.org/about/methods, last accessed June 2, 2013). PCR
was carried out with primers InvL and InvR (supplementary
table S1, Supplementary Material online) under conditions
similar to those described earlier for BL + P13, P3 + BR, and
P1 + P15 ampliﬁcations. A single band was identiﬁed by
electrophoresis in a 1% agarose gel. The DNA was cleaned
up with the NucleoSpin Extract II Kit, and cloned with the
StrataClone Kit (Agilent Technologies). Minipreps of
22 clones were performed with GeneJET Plasmid Miniprep
Kit (Thermo Scientiﬁc). The plasmids were used as template
for PCRs with primers BL and InvR, and the clones that
yielded PCR products of different length were sequenced
using primers T3 and T7 by Macrogen Inc (Seoul, Korea).

Transposase Gene Exon–Intron Boundaries
Total RNA was extracted from D. buzzatii adult females of
strain BU-73 (Berna, Argentina). Forty-ﬁve female heads and
90 ovaries were extracted in physiological solution, and RNA
was obtained for each part with the High Pure RNA tissue kit
(Roche) according to the manufacturer’s instructions. Reverse
transcriptase (RT)-PCRs were performed with the Transcriptor
First-strand cDNA synthesis Kit (Roche) following the manufacturer’s instructions. To favor ampliﬁcation of P element
over other transcripts, P-element-speciﬁc primers, P15 or P4
(supplementary table S3, Supplementary Material online),
were used in two separate retrotranscription reactions. After
obtaining the cDNA, ﬁve experiments, each one with two
nested
22 PCR reactions, were done to increase the amount of

speciﬁc product. The combination of primers used for these
PCR reactions is detailed in supplementary table S3,
Supplementary Material online. These ampliﬁcations were
performed in a volume of 100 ml and using 10 ml of a 1:10
dilution of the previous reaction as template, 2.5 U of DNA
Taq polymerase (Roche), 0.02 mM of each dNTP, and 0.20 mM
of both primers. Products of the second PCRs were cloned
with the StrataClone Kit (Agilent Technologies). Screening
analyses were done with Miniprep or PCR (using primers T3
and T7) on 3–47 clones per cloning reaction. Plasmids containing fragments with different electrophoretic mobility were
recovered using the GeneJET Plasmid Miniprep Kit (Thermo
Scientiﬁc) and sequenced by Macrogen Inc (Seoul, Korea) with
T3 and T7 primers.

Sequence Analysis
Sequence analysis was performed with Geneious v5.1.3
(Biomatters Ltd.), and alignments were done with MUSCLE
(Edgar 2004) through Geneious. Search for open reading
frames (ORFs) with a minimum size of 100 bp was made
with Geneious software. Predicted ORFs were subsequently
used in BlastX searches against NCBI nonredundant protein
sequences database. Gblocks (Castresana 2000) was used to
select the conserved bocks of the alignment of BuT5 sequences over 800 bp, keeping 87% of the original alignment
length. To use less stringent condition, parameters were set as
follows: minimum number of sequence for a ﬂank position:
44, maximum number of contiguous nonconserved positions:
8, minimum length of a block: 5, and allowed gap position:
“with half.” MEGA 5 software (Tamura et al. 2011) was used
to reconstruct BuT5 phylogeny using maximum likelihood
method and the best ﬁt model according to jModelTest
(Posada 2008), general time reversible model with a discrete
gamma distribution (four discrete categories). Bootstrap test
was performed with 1,000 replicates. The phylogeny of the P
superfamily transposases was based on 31 putatively complete protein sequences from insects and the human THAP9
(NM_024672) and aligned with MUSCLE. P-like, Galileo, and
1360 sequences were taken from Repbase (Jurka et al. 2005)
and Marzo et al. (2008). The alignment, with 1,192 positions,
was used to conduct phylogenetic analyses with neighbor
joining and maximum likelihood methods on MEGA 5.
Bootstrap test was performed with 1,000 replicates.
P-element transposase gene introns were manually predicted using BlastX and NCBI Conserved Domains search.
BlastX alignment of D. buzzatii P-element complete copy
with D. bifasciata O-type P-element transposase (AAB31526,
E value ¼ 8e-91) revealed discontinuities coincident with stop
codons and frameshift mutations. NCBI Conserved Domains
search tool (Marchler-Bauer et al. 2011) provided information
regarding which virtually translated residues were part of
transposase domains. BlastN searches were also used to reﬁne
the ﬁrst predictions by comparing the transposase generated
with other P-element transposases.
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are particularly conserved between D. mojavensis and
D. buzzatii copies.

Results
BuT5 Bioinformatic Searches
We carried out BlastN (Altschul et al. 1997) searches using
as query BuT5-1 (Cáceres et al. 2001) against all NCBI nucleotide databases (including 2,428 bacterial, 122 archaeal,
and 426 eukaryotic genomes). We retrieved 36 previously
published D. buzzatii BuT5 sequences (supplementary table
S4, Supplementary Material online) plus 48 new BuT5 sequences from the genome of D. mojavensis (supplementary
table S5, Supplementary Material online), a relative of
D. buzzatii that belongs to the repleta group (Drosophila
subgenus). No hits were signiﬁcant in any of the other
Drosophila genomes or the other genomes searched. In addition, no results were recovered from searches in Repbase
Update (Jurka et al. 2005).
Only two other sequences from D. buzzatii had a size
similar to that of BuT5-1 (1,039 bp), the rest being fragments less than 800-bp long likely resulting from deletions.
The three longest copies have 3-bp TIRs, imperfect (two
mismatches) 17-bp sub-TIRs (ﬁg. 2), and TSD 8-bp or 9-bp
long (Cáceres et al. 2001; Casals et al. 2003; Delprat et al.
2009). Twenty-two out of the 49 BuT5 copies retrieved from
the D. mojavensis genome were over 800-bp long
(mean þ standard deviation [SD] ¼ 1,017.4 þ 23.2) and had
a pairwise identity of 93.2%. Fifteen of them had both
3-bp TIRs, and 14 had 16-bp imperfect (two mismatches)
sub-TIRs (ﬁg. 2). Seventeen D. mojavensis BuT5 copies were
ﬂanked by TSDs: 4 8-bp long and 13 9-bp long (one has
two mismatches). The BuT5 consensus sequence of D. mojavensis, built with the 22 longer copies, has 67.3% pairwise
identity to the BuT5 consensus sequence of D. buzzatii, built
with the three longer copies previously isolated. However,
the identity between BuT5 consensuses of both species is
higher at the terminal regions (ﬁg. 2), where the ﬁrst 65 bp
shows 90.8% identity and the last 32 bp, 90.6%. This
suggests that the size and the terminal features of BuT5

BuT5 Experimental Searches
A pair of degenerated primers, BR and BL, was designed
to match BuT5 ends, which are conserved between
D. buzzatii and D. mojavensis, to increase the chances
of successful interspeciﬁc ampliﬁcation. PCR screening
was done with 85 DNA samples of 41 species from the
Drosophila repleta species group (supplementary table S2,
Supplementary Material online). PCR products were cloned
and sequenced and 86 clones from 26 species were conﬁrmed as BuT5 copies. However, as the primers were
inside the element, some features such as TIRs or TSDs
could not be retrieved from these copies. Sequences over
800 bp (61 from 19 species) had a mean size (þSD) of
959.2 bp (þ46.8) that amounts to 1,014.2 bp if the unsequenced element ends are taken into account. To complement the PCR search, a dot blot analysis was carried
out with 20 PCR-negative repleta group samples (15 species) plus samples from D. nannoptera and D. wassermani,
two species in the cactophilic nannoptera species group
(Pitnick and Heed 1994), and samples from D. buzzatii
and 12 species with available genome sequences as controls (supplementary table S2, Supplementary Material
online). Dot blot conﬁrmed as negative three species of
the repleta group (D. hydei, D. nigrospiracula, and
D. pegasa) but yielded positive for the other 12 PCR-negative species. Results were also negative for the two species of the nannoptera group and for all species with
sequenced genome except D. mojavensis.
In summary, BuT5 was detected, either by PCR or dot blot,
in 38 of the initial 41 species of repleta group, belonging
to four of the six described subgroups (samples were not
available for subgroups fasciola and inca) (ﬁg. 3). BuT5 is present in most lineages, including the most basal branch of the
repleta group (D. eremophila and D. mettleri), estimated to

16-17bp
subTIRs

3bp
TIRs
D.
D.
D.
D.
D.
D.
D.
D.

buzzatii\BuT5 5'
buzzatii\BuT5 3'
buzzatii\P-element 5'
buzzatii\P-element 3'
mojavensis\BuT5 5'
mojavensis\BuT5 3'
mojavensis\P-element 5'
mojavensis\P-element 3'

D. melanogaster\P-element 5'
D. melanogaster\P-element 3'

CACTGTTAAAAGACTCAGTAGGTTACGCAAAGAGCAGTTCCGTTACTT
CACGATTGAGTAA--CACTAGGTTATGCAAAGCGGTCTGTTAAGTTAA
CACTGTTAAAAGACTCAGTAGGTTACGCAAAGAGC AGTACCGTTACTT
CACGATTGAGTAA--CACTAGGTTATGCAAAGCGGTCTGTTAAGTTAA
CACTGTTAAAAGACACAGTAGGTTGCGCAAAGAGCAGTCCCGTTACTT
CACGATTGAGTGA--TAGTAGGTTATGCAAAGCGAACAGCTGATTTGA
CACTGTTAAAAGACACAGTAGGTTGCGCAAAGAGCAGTCCCGTTACTT
TAGT-GGTTATGCAAAGCGAACAGCTGATTTAA
CATGATGAAATAACATAAGGTGGTCCCGTCGAAAGCCGAAGCTTACCG
CATGATGAAATAACATAAGGTGGTCCCGTCGGCAAGAGACATCCACTT

31bp TIRs
FIG. 2.—Alignment of the 50 - and 30 -terminal regions of BuT5 and P element from Drosophila buzzatti and D. mojavensis. For comparison, the
D. melanogaster P-element terminal sequences are included but not aligned. The red box indicates BuT5 and P-element TIRs, the orange box BuT5 and
P-element sub-TIRs, and the pink box the D. melanogaster P-element TIRs. Green arrows indicate the primers BL (dark green) and BR (light green).
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D. aldrichi

have shared their last common ancestor 16 Ma (Oliveira
et al. 2012).

D. wheeleri
D. nigrodumosa
D. mulleri
D. huaylasi
D. mojavensis

Analysis of BuT5 Sequences

D. mojavensis_baja
D. arizonae
D. navojoa
D. parisiena
D. straubae
D. mayaguana
D. huckinsi
D. huichole
D. propachuca
D. longicornis
D. pachuca
D. mainlandi
D. ritae
D. spenceri
D. hexastigma
D. sonorae
D. hamatofila
D. borborema
D. serido
D. koepferae
D. buzzatii
D. richardsoni
D. stalkeri
D. venezolana
D. starmeri
D. uniseta
D. martensis
D. meridiana_rioensis
D. meridiana
D. meridionalis

repleta group

As a result of the bioinformatic and experimental searches,
we retrieved 86 BuT5 sequences over 800-bp long from
19 species. These were used to build a phylogenetic tree
using maximum likelihood methods (ﬁg. 4). The BuT5
sequence recovered from D. nigricruria was used to root the
tree because this species is the most distant one and does
not belong to the mulleri, longicornis, or buzzatii complexes.
The BuT5 phylogenetic tree (ﬁg. 4) is broadly concordant with
that of the host species (ﬁg. 3) and mirrors the relationship
between the mulleri, longicornis, and buzzatii complexes
(Wasserman 1992; Ruiz and Wasserman 1993; Oliveira
et al. 2005), yet sequences of the longicornis complex
do not form a monophyletic cluster. Consequently, BuT5
has been vertically transmitted, and no clear-cut evidence
for horizontal transfer was found.
We estimated the age of the BuT5 copies in D. mojavensis
with the formula t ¼ K/r (Kapitonov and Jurka 1996), where
K is the average divergence of the copies from their consensus
sequence and r the neutral substitution rate (0.0111 substitutions per bp per Myr; Tamura 2004). For the 22 most complete
BuT5 copies isolated from the D. mojavensis genome,
K ¼ 0.0267 and t ¼ 2.4 Myr. However, there is evidence for
more recent transposition events. For a subset of ﬁve closely
related copies, K ¼ 0.004 and t ¼ 0.36 Myr.
We searched putative ORFs in all BuT5 copies by several
methods. ORF longer than 100 bp showed no similarity to
previously described proteins, corroborating that BuT5 has
no coding capacity (Cáceres et al. 2001). Furthermore, most
BuT5 copies had a size similar to that of the original BuT5-1
copy (~1 kb) or were smaller (partial copies). The TIR, lack of
coding capacity, abundance, and homogeneous size of BuT5
allow us to consider it tentatively as a MITE.
On the other hand, similarity searches with BuT5 in the
D. mojavensis genome revealed two nearby signiﬁcant
hits in scaffold_6541 spaced by approximately 3 kb. When
the intervening sequence was explored using BlastX against
protein databases, we found a signiﬁcant similarity to the
transposase of P element (O-type) from D. bifasciata
(AAB31526.1, amino acid identity 47%, E value: 3e-91).
The total sequence, including the terminal segments similar
to BuT5, was 3,221-bp long. This sequence was used to
search against the D. mojavensis genome with BlastN, ﬁnding
two other sequences with similarity to the P element (supplementary table S6, Supplementary Material online). The consensus of the three copies has a size of 3,254 bp and shows
similarity to the BuT5 ends only (ﬁg. 5). We hypothesized that
this P element could represent the autonomous transposon
family
24 mobilizing BuT5.

D. pegasa
D. neorepleta
D. canapalpa
D. limensis
D. repleta
D. fulvimacula
D. fulvimacula_flavorepleta
D. fulvimaculoides
D. peninsularis

14Myr

D. mercatorum_pararepleta
D. mercatorum
D. paranaensis
D. nigricruria
D. nigrospiracula
D. anceps
D. leonis
D. fascioloides
D. ellisoni
D. moju
D. hydei

16Myr

D. eohydei
D. guayllabambae
D. bifurca
D. mettleri
D. micromettleri
D. eremophila
D. canalinea
D. pavani
D. camargoi
D. aracataca
D. acanthoptera
D. nannoptera
D. wassermani
D. pachea
D. virilis

FIG. 3.—Distribution of the transposon BuT5 plotted onto the
repleta group phylogeny (taken from Oliveira et al. 2012). Green dots
denote species with BuT5 sequences recovered by PCR; blue squares
and red triangles indicate positive and negative results for dot blot,
respectively.
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P-element
260 bp
96.5%

96 bp
99%

D. buzzatii

BuT5
P-element

98 bp
99%

D. mojavensis

263 bp
90.9%

BuT5

FIG. 5.—A comparison of P element and BuT5 structures in Drosophila
buzzatii and D. mojavensis. In both cases, the two elements show high
similarity at both ends (green) but no similarity in the interior segment
(purple or blue). Red and orange triangles denote the TIRs and sub-TIRs,
respectively.

Isolation and Characterization of P Element in D. buzzatii

FIG. 4.—Maximum likelihood phylogenetic tree built with 86 BuT5
sequences longer than 800 bp, recovered by PCR (sample code, clone
number, and species name) or bioinformatic searches (boldface; copy
number, species name and TSD length) from 19 species of the repleta
group. Bootstrap values over 80 are shown at nodes.

To test the hypothesis that the P element detected in D. mojavensis represents the master copy mobilizing BuT5, we
searched for similar elements in 42 strains of D. buzzatii
from different geographical origins, 7 strains of D. mojavensis,
and 1 strain of D. uniseta. Two overlapping PCR reactions
were carried out with primers BL + P13 and P3 + BR (ﬁg. 6),
because primers BL + BR placed at the ends of BuT5 retrieve
only copies of this MITE (see earlier). Only one D. buzzatii strain
(BU-73 from Berna, Argentina) produced positive results
for both reactions. The two sequences were 2,694-bp and
2,389-bp long and overlapped 1,755 bp. An additional PCR
with primers P1 + P15 (ﬁg. 6) generated a 2,583-bp product
that covers the central part of the element. Finally, both ends
of the P element were isolated by iPCR with primers
InvL + InvR (ﬁg. 6). Only one band, approximately 6.3-kb
long, was observed. The retrieved sequences overlap 362
bp at the 50 -end and 637 bp at the 30 -end with the other
P-element sequences and are 100% identical to them in the
overlapping segments. The complete P element in D. buzzatii
is 3,386-bp long and is ﬂanked by 9-bp TSDs (CTAGTAGGT).
This P element and D. buzzatii BuT5 consensus sequence show
99% identity over the ﬁrst 96 bp at the 50 -end and 96.5%
over the last 260 bp at the 30 -end (ﬁg. 5).
On the other hand, only one strain of D. mojavensis (G091)
was positive for one of the reactions (BL + P13). We built a
consensus sequence of 3,260 bp for D. mojavensis P element
using the three copies from the sequenced genome (supplementary table S6, Supplementary Material online) and
the 2,686-bp sequence recovered by PCR. This consensus
sequence has 99% identity to BuT5 D. mojavensis consensus
over 98 bp at the 50 -end and 90.9% over 263 bp at the 30 -end
(ﬁg. 5). The highly congruent observations in D. buzzatii and
D. mojavensis support our hypothesis.
A BlastX search with the D. buzzatii P element against
the NCBI protein database corroborated the similarity with
D. bifasciata O-type P-element transposase (AAB31526,
amino acid identity 34%, E value ¼ 8e-91), but the BlastX
alignment showed clear-cut discontinuities. A tentative
25
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FIG. 6.—Comparison of the transposase gene in Drosophila buzzatii P element (bottom) with that of the D. melanogaster canonical P element (top).
The exon–intron structure of the D. buzzatii gene was corroborated by RT-PCR experiments using the primers shown below the gene. The structure of
the protein is also shown with the DNA-binding THAP domain (Roussigne et al. 2003; Clouaire et al. 2005) and the catalytic motives DDE and D(2)H (Yuan
and Wessler 2011) highlighted in each case.

manual annotation using BlastX hits and the results of a search
against NCBI Conserved Domain Database predicted a transposase-coding gene comprising eight exons and seven introns
that encoded a protein of 761 residues. The subsequent expression experiments (see later) corroborated six of the seven
introns (but with modiﬁcations) and rejected one of them (that
keeps the reading frame and does not contain STOP codons).
Therefore, the transposase gene of the D. buzzatii P element
comprises seven exons and encodes an 822-aa protein.

Expression Analysis
RT-PCR experiments using diverse primers (ﬁg. 6) were carried
out to assess the expression of the P element and test the
manual annotation of the transposase gene. Ovaries and
female heads were used to extract total RNA. Then singlestranded cDNA was generated from the two RNA samples
using one of two P-element-speciﬁc primers (P4 or P15).
Finally, ﬁve ampliﬁcation reactions were performed to amplify
several TE fragments enclosing the predicted exon–intron
junctions (supplementary table S3, Supplementary Material
online). These PCRs were carried out in two consecutive
rounds with the primers of the 2nd round designed within
the product of the 1st round. PCR products were cloned,
and a screening of the clones was performed through
PCR or Miniprep. Those clones with a different electrophoretic mobility were sequenced (supplementary table S3,
Supplementary Material online).
Positive expression results were produced in heads in four
of 26
the ﬁve ampliﬁcation reactions. Two different products,

with and without intron 1, were recovered from the ﬁrst
PCR with primers P2 + P4 (ﬁg. 6). In the second PCR with
primers P5 + P12, both located in exon–exon junctions, a
product with introns 2, 3, 4, 5, and 6 spliced was produced
(ﬁg. 6). The third PCR with primers P7 + P12 gave rise to three
differently spliced products, one keeping introns 4 and 5, one
without introns 4 and 5, and one without intron 4 and a
30 alternatively spliced intron 5. The fourth PCR with primers
P9 + P12 was negative in heads (but positive in ovaries,
see later). Finally, the ﬁfth PCR with primers P11 + P14 gave
a single product retaining intron 6.
In ovaries, positive expression results were produced in
three of the ﬁve ampliﬁcation reactions. A single product
was obtained in the ﬁrst PCR (P2 + P4) that kept intron 1.
For the second PCR (P5 + P12), no products were obtained
from ovarian samples. The third PCR (P7 + P12) did not
produce any products. In the fourth PCR (P9 + P12), only
one product with intron 5 present and intron 6 spliced was
obtained. The fourth reaction (P11 + P14), in ovaries, gave
rise to two different forms, one retaining exon 6 and the
other without this last intron.
In other words, we have detected splicing of all six introns
in heads (somatic tissue) but not in ovaries (somatic and
germline cells), where only the splicing of the last intron was
detected.

Phylogenetic Analysis
To place our D. buzzatii P element in the context of other
P elements from Drosophila and other Dipterans, an
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alignment was made with the nucleotide sequences of the
P-element fragments generated by Clark and Kidwell (1997)
and Loreto et al. (2012). The nucleotide identity between our
P element and those previously isolated from Drosophila,
Scaptomyza, Lordiphosa, and Lucilia genera is very low,
and the alignment was not very reliable. When a phylogenetic
tree (not shown) was generated with these sequences, the
D. buzzatii P-element branch diverged early and was well
separated from all other P-element sequences. Given the
high nucleotide divergence observed, we turned to the protein phylogeny to compare our P element with all members of
the P superfamily.
The complete 822-aa predicted transposase from the
P element of D. buzzatii was used in a phylogenetic analysis
that included 30 other P-like transposase sequences from
insects (Drosophila, Aedes, Anopheles, Acyrthosiphon, and
Scaptomyza genera), and the human THAP9 protein
(Majumdar et al. 2013) was used as outgroup. The alignment
of the 32 transposases is provided in supplementary ﬁgure S1,
Supplementary Material online. Phylogenetic trees with
the same topology were generated both with the neighbor
joining method (ﬁg. 7) and the maximum likelihood
method (not shown). The tree presents three major monophyletic clades, grouping each of the families described in the
P superfamily, namely Galileo, 1360, and P element. The predicted transposase for D. buzzatii falls into the well-supported
P family clade, unambiguously placing our TE within this
family.

Discussion
A Divergent P Element in the D. repleta Species Group
We have identiﬁed and fully characterized a P element in
D. buzzatii, a member of the repleta species group of the
subgenus Drosophila. This element has also been found (but
only partially characterized) in D. mojavensis, another member
of the same species group. These two species diverged
approximately 12 Ma (Oliveira et al. 2012) suggesting
that this transposon is widespread within the repleta
group (see later). The P element that we have characterized
is very divergent from all the previously detected P elements
in Drosophila, but phylogenetic analyses (ﬁg. 7) indicate
that it should be placed in this family rather than in the
other two closely related families (1360 and Galileo) of
the P superfamily. This ﬁnding suggests that P elements
may be more widespread within the Drosophila genus
than previously thought and have gone undetected in
previous bioinformatic or experimental searches due to their
divergence from canonical D. melanogaster P element (Loreto
et al. 2012).
The D. buzzatii P element is divergent from other
Drosophila P elements in three regards: 1) nucleotide and
protein sequence; 2) transposase-encoding gene structure;
and 3) expression pattern.

The nucleotide sequence of D. buzzatii P element is quite
dissimilar from that of D. melanogaster P element and all
the previously described P elements in Drosophila. In DNA
transposons, terminal regions bear important features for
their mobilization and are accordingly evolutionarily conserved. Drosophila melanogaster P element has TIRs of
31-bp and sub-TIRs of 11-bp (that overlap the THAP-domain-binding sites). The TIRs of P elements in D. bifasciata
(M and O types) and Scaptomyza pallida are 31- or 32-bp
long, respectively (Hagemann et al. 1994). Similarly, the TIRs
of Anopheles gambiae autonomous P element range from 27
to 31 bp (Quesneville et al. 2006). In contrast, the D. buzzatii
and D. mojavensis P elements have 3-bp TIRs and 16–17 bp
sub-TIRs (ﬁg. 2). The distance between the beginning of
the TIR and the end of the sub-TIR in repleta group P elements
is 32 bp at the 50 -end and 30 bp at the 30 -end. Therefore, it
seems that this segment is equivalent to the 31 bp of D. melanogaster P-element TIRs. We did not ﬁnd an equivalent for
the D. melanogaster P-element 11-bp sub-TIRs in the repleta
group P element.
The D. buzzatii P element encodes a transposase with 822
residues. This transposase shows a 34.8% identity with that
of the D. melanogaster P element and comparable identity
values with other Drosophila P-element transposases. The
highest identity seems to be that with the Aedes aegypti
P-1 element transposase (36.9%). These data emphasize
the high divergence between the repleta P element and all
other described P elements. However, the repleta P-element
transposase contains the typical protein domains of P-transposases, N-terminal DNA-binding domain, and C-terminal
catalytic domain (ﬁg. 6). The D. melanogaster P-element
transposase contains a zinc-dependent DNA-binding
domain evolutionarily conserved in an array of different
cellular proteins and named THAP domain (Roussigne et al.
2003; Clouaire et al. 2005). It includes a metal-coordinating
C2CH signature plus four other residues (P, W, F, and P) that
are very conserved as well as eight residues that make contact
with the double-helix major groove (M, Y, L, H, N, and Q) and
the minor groove (R and R) (Sabogal et al. 2010). We
searched in the D. buzzatii P-element transposase for domains
using conserved domains search (Marchler-Bauer et al. 2011)
and found a signiﬁcant match (3.4E-21) with the THAP
domain (PF05485) in the N-terminus (positions 1–91). The
D. buzzatii P-element THAP domain contains the eight
conserved residues in positions C3, C8, P23, W32, C51,
H54, F55, and P82. However, only three of the eight residues
that make contact with the double-helix seem to be present
(M1, N47, and R72). This is not unexpected because there is
variability in the residue composition of the THAP domain
(Sabogal et al. 2010). The D. buzzatii P-element transposase
contains also a putative catalytic domain in the C-terminus
with the DDE triad and D(2)H motif (Yuan and Wessler 2011)
conserved in positions D313/D386/E610 and D419(2)H422,
respectively (ﬁg. 6).
27
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FIG. 7.—Neighbor joining phylogeny built with an alignment of 31 P-element transposases from insects and the human THAP9 protein as outgroup.
Galileo family is highlighted in red, 1360 in green, and P element in blue. Bootstrap values over 80 are shown.

The THAP domain of D. melanogaster P-element transposase can bind to four experimentally veriﬁed binding sites
within the P-element sequence, two in the 50 -end, and two
in the 30 -end (table 1). Seemingly, the transposase THAP
domain is able to recognize one binding site on each side,
whereas the repressor THAP domain can recognize the four
THAP-domain-binding sites (Kaufman et al. 1989; Lee et al.
1996).
28 Because the D. buzzatii transposon belongs to the

P-element family, and its transposase encodes a THAP
domain, we searched for THAP-domain-binding sites in the
P-element terminal regions similar to the consensus for THAPdomain-binding sites (Sabogal et al. 2010). We found in the
D. buzzatii P element two sequences (one on each end)
identical to two of the D. melanogaster P-element-binding
sites, although they are placed in reverse orientation (table 1).
We did not ﬁnd any other putative THAP-domain-binding
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Table 1
Transposase-Binding Sites in P Element
Start

THAP Domain Binding Site

End

TE

Region

D. melanogaster
TAAGTGTA
61
TAAGTGGA
2,859
136
TAAGGGTT
2,763
TAAGGGTT

54
2,866
129
2,777

P
P
P
P

element
element
element
element

50 -end
30 -end
50 -end
30 -end

D. buzzatii
90
3,185
90
841

97
3,178
97
834

P element
P element
BuT5
BuT5

50 -end
30 -end
50 -end
30 -end

TAAGTGTA
TAAGGGTT
TAAGTGTg
TAAGGGTT

NOTE.—Four experimentally veriﬁed naturally occurring binding sites for the
P-element transposase in Drosophila melanogaster (Kaufman et al. 1989; Lee et al.
1996; Sabogal et al. 2010). Putative binding sites observed in D. buzzatii P element
and BuT5. Each of the D. buzzatii sequences is identical to one of the D. melanogaster-binding sites except for a mismatch in the last nucleotide of the BuT5
50 -end binding site (lowercase). Coordinates are given in 50 !30 orientation for
D. melanogaster P element (O’Hare and Rubin 1983) and for D. buzzatii P element
(this work) and BuT5 (Cáceres et al. 2001).

sites, and therefore, if there are other binding sites in the
D. buzzatii P element, they must be divergent from the
D. melanogaster consensus.
The structure of the transposase encoding gene in the
repleta P element is quite unusual, with seven exons (0–6)
and six introns (1–6). The transposase-encoding gene in
D. melanogaster P element has four exons (0–3) and three
introns (IVS1-3). This structure seems conserved in other
Drosophila P elements (Haring et al. 1998). Anopheles gambiae P elements seem to have three or four exons different
from those in D. melanogaster (Quesneville et al. 2006). The
locations of the repleta P-element introns along the transposase sequence are different from those of the D. melanogaster
P-element introns (i.e., none of them coincide; see ﬁg. 6) and
also different from those of A. gambiae. Thus, they seem
evolutionarily independent. Because Galileo and 1360, the
other two members of the P superfamily (ﬁg. 7), do not contain introns (Marzo et al. 2008), it seems reasonable to assume
that the ancestor of the P superfamily transposons was an
intronless element that has acquired different introns along
the several branches of the P-element phylogeny (ﬁg. 7).
Introns can be acquired via several different mechanisms although “intron duplication” has long been favored as the
most likely source of new spliceosomal intron positions
(Rodrı́guez-Trelles et al. 2006).
P-element expression has been extensively studied, and
several regulatory mechanisms have been described (for
reviews see Rio 1991; Castro and Carareto 2004). In
D. melanogaster, transposase is only produced in the germline. In the somatic tissue, the P-element transcripts are not
completely spliced, retaining the third intron (IVS3), which
possess a termination codon in the ﬁrst 9 bp. The resultant
truncated protein of 66 kDa acts as a repressor of the transposase excision activity. This form was also found in other

species (Haring et al. 1998) and proposed to occur irrespective
of the P-element type and host species. However, this regulation mechanism, or a similar one based on the retention
of speciﬁc introns, is not applicable to D. buzzatii P element.
Drosophila buzzatii P elements not only have a different exonic
structure but we have also detected splicing of all introns in
the somatic tissue (head). Thus, seven-exon P element shows
differences to the other Drosophila P elements also regarding
regulation.

BuT5 Is a MITE Associated with the P Element
MITEs are short nonautonomous elements with TIRs, no
coding capacity, and capable of reaching high copy numbers
in plant genomes (Feschotte et al. 2002). Similar to nonautonomous elements, MITEs transpose using transposases
encoded by autonomous elements. A distinctive feature of
MITEs is their homogeneity in size and sequence, which differentiates them from typical nonautonomous elements,
which are usually unique defective copies (Guermonprez
et al. 2008). Moreover, some MITEs are not just deletion
derivatives of complete transposons and unlike other nonautonomous TEs have internal sequences unrelated to their
master copies (Feschotte et al. 2003). BuT5 is a relatively
short repetitive sequence without coding capacity; it has
very short TIRs and is ﬂanked by TSDs. Given this and
the remarkably high identity between BuT5 and the repleta
P element at the 50 - and 30 -ends and the lack of similarity of
the internal sequences (ﬁg. 5), it is reasonable to consider
BuT5 as a MITE, probably mobilized by the P-element
transposase.
The size of BuT5 copies seems fairly homogeneous. In the
genome of D. mojavensis, we retrieved 22 BuT5 copies with a
mean size of approximately 1 kb and a 93.2% pairwise identity. The rest of copies were smaller and likely to bear partial
deletions. The size of BuT5 in D. buzzatii is similar, as it is that
of copies isolated from other species of the repleta group (see
earlier). BuT5 is also quite abundant. In D. buzzatii, BuT5 was
found (using in situ hybridization to polytene chromosomes)
to be the most abundant of a set of seven transposons, with a
basal density of 102 copies per genome and chromosomal
band (Casals et al. 2006). BuT5 is particularly abundant as
secondary colonizer of the inversion breakpoints, indicating
that it is (or has been until very recently) transpositionally
active (Delprat et al. 2009). It is true that these copy numbers
are not close to the thousands of MITEs detected in plant
genomes (Feschotte et al. 2002). However, in Drosophila,
MITEs are not as abundant as in plants (Holyoake and
Kidwell 2003; Dias and Carareto 2011; Depra et al. 2012),
possibly because the genome size is considerably smaller and
autonomous TEs are not as abundant either (Bartolomé et al.
2002; Tenaillon et al. 2010).
The terminal sequences of BuT5 and P element show high
nucleotide identity (>90%), whereas their internal sequences
do not have any similarity (ﬁgs. 2 and 5). Similarity between
29
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terminal sequences of a transposon and a MITE has been
previously found and seemingly indicates that the autonomous element is responsible for the MITE origin and ampliﬁcation because these sequences are known to be important
for transposition (Turcotte et al. 2001; Feschotte et al. 2002,
2003). Thus, we can hypothesize that the P element is the
autonomous transposon responsible for BuT5 mobilization.
If BuT5 were mobilized by the P-element transposase, we
would expect that it contains THAP-domain-binding sites.
We searched for such motifs in the three D. buzzatii BuT5
longest sequences (copies 1, 6, and 9 in supplementary
table S4, Supplementary Material online). All three contain
in the 30 -end an identical sequence and in the 50 -end a
nearly identical one (one mismatch) to one of the D. melanogaster THAP-domain-binding sites (table 1). Signiﬁcantly,
in the D. buzzatii P element, the putative 50 -THAP-domainbinding site is located in the limit of the segment conserved
between BuT5 and P element, whereas the 30 -binding site
is embedded within the conserved segment (ﬁg. 5). That is,
the similarity of BuT5 and P element in the 50 -end is lost
precisely after the putative THAP-domain-binding site. These
observations provide strong support for our hypothesis.
The size of the TSDs is a function of the transposase
that catalyzes the element mobilization (Craig 2002) and is
one of the key features that characterize each superfamily, yet
several superfamilies have variable TSD size (Wicker et al.
2007). The D. melanogaster P element generates 8-bp TSDs
(O’Hare and Rubin 1983) and the other two families of the
P superfamily, 1360 (Kapitonov and Jurka 2003; Reiss et al.
2003), and Galileo (Cáceres et al. 1999), generate 7-bp TSDs.
In D. melanogaster, the length of P-element TSDs is highly
conserved; only 2% of TSDs from natural insertions were
not 8-bp long (Liao et al. 2000; Linheiro and Bergman
2008, 2012). In contrast, a great number of P-element insertions have been studied, and the conservation of the TSDs and
target site motives sequence (TSMs), although signiﬁcant, is
low when compared with consensuses for TSDs and TSMs of
other TE families.
Two different lengths of BuT5 TSDs (8 and 9 bp) were previously recovered from D. buzzatii (Cáceres et al. 2001;
Delprat et al. 2009) and now have been detected ﬂanking
highly similar copies in the D. mojavensis genome (4 are
8 bp and 13 are 9 bp). The only P-element copy isolated
from D. buzzatii is ﬂanked by 9-bp TSDs (CTAGTAGGT).
Although some superfamilies have variable TSD size, each
element family usually has a single TSD size. However, there
are exceptions. For instance, both the prokaryotic insertion
sequence ISRm3 and the maize element Popin show TSDs
of 8 or 9-bp (Wheatcroft and Laberge 1991; Rhee et al.
2009). We consider the two sizes of TSDs are more likely
the product of transposase ﬂexibility in the staggered
double-strand break (DSB) rather than the result of crossmobilization events (Yang et al. 2009) that would imply the
maintenance
of BuT5 and two transposases over at least
30

12 Myr. Because 9-bp TSDs are shared between BuT5 and
D. buzzatii P element, we consider these results as consistent
with the notion that P element mobilizes BuT5.
Evidence has been provided supporting BuT5 recent mobilization and the implication of P-element transposase in
this process. The ﬁnding of a putatively complete P-element
copy in D. buzzatii that is transcribed and spliced suggests
P-element activity. However, an autonomous transposon will
need to transpose in the germline, and we found splicing of all
six introns in female heads but not in ovaries. This observation
does not necessarily imply that P element is not active in
D. buzzatii as transposition could be restricted to the male
germline or to other developmental stages different from
those we studied here. A more thorough expression analysis
is required to solve this question.

BuT5 and the P Element, 16 Myr Partnership
We have found that the MITE BuT5 is widespread in the
Drosophila repleta species group (ﬁg. 3) and has most likely
been vertically transmitted (ﬁg. 4). A recent and comprehensive analysis proposed that diversiﬁcation of the main repleta
group lineages occurred approximately 16 Ma (Oliveira et al.
2012). Therefore, BuT5 would be at least 16 Myr old. In previous works, BuT5 was detected as a secondary colonizer in
very recent chromosomal inversion breakpoints (Delprat et al.
2009). Additionally, in this work, we have found BuT5 copies
from the D. mojavensis sequenced genome with noteworthy
similarity (99.3%). Both ﬁndings reveal that BuT5 has been
recently active in two species that diverged approximately
12 Ma (Oliveira et al. 2012). Because BuT5 is a nonautonomous element that cannot move by itself but requires the
transposase of the P element, we can infer that the P element
has been recently active in these two species, D. buzzatii and
D. mojavensis. Similarly, the presence and conservation of
BuT5 ends in many species of the repleta group indicates a
widespread distribution of the P element within this species
group. Most likely, the partnership of BuT5 and P-element
traces back to at least 16 Ma.
BuT5 has been found to be the transposon directly responsible for inversions 2s in D. mojavensis (Guillén and Ruiz
2012) and 2x3 in D. uniseta (Prada 2010) that were generated by ectopic recombination between copies inserted in
opposite orientation at two chromosomal sites (ﬁg. 1).
However, BuT5 is a nonautonomous element that does
not encode for a transposase and thus requires the P-element transposase for its mobilization. Thus, if BuT5 is the
main actor, P element must be considered as a necessary
accomplice. P element is not only necessary for BuT5 mobilization, that is, for the insertion of the two BuT5 copies in
their chromosomal sites, but it is also likely to have taken
part in the ectopic recombination event. Ectopic recombination begins with the generation of a DSB followed by the
DNA ends searching for homologous sequences for DSB
repair. P-element transpose by a cut-and-paste mechanism

1138 Genome Biol. Evol. 5(6):1127–1141. doi:10.1093/gbe/evt076 Advance Access publication May 16, 2013

GBE

A Divergent P Element and Its Associated MITE, BuT5

that involves the binding of the transposase to the element
TIRs and the excision of the element generating a DSB at the
donor site followed by the integration of the element into a
different chromosomal site (Beall and Rio 1997; Tang et al.
2007). Hence, DSBs produced during normal or aberrant
transposition events may provide the required initial step
for ectopic recombination events.
The P element is well known for its potential to induce
chromosomal rearrangements in the laboratory D. melanogaster (Berg et al. 1980; Engels and Preston 1981, 1984; Gray
2000). In contrast, no direct evidence has been found so far
for the generation of natural chromosomal inversions by
P elements. None of the eight inversions that are polymorphic
in natural populations of D. melanogaster were seemingly
generated by TEs (Corbett-Detig et al. 2012). In D. willistoni,
a species with a rich inversion polymorphism, P-element
hybridization sites in the polytene chromosomes often coincide with inversion breakpoints (Regner et al. 1996), but this
provides only circumstantial evidence as TEs can be secondary
colonizers of inversions breakpoints (Cáceres et al. 2001;
Delprat et al. 2009). We have shown that BuT5 and its
master transposon P element generated two inversions
recently ﬁxed in D. mojavensis and D. uniseta, two species
of the repleta group (ﬁg. 1). Therefore, this is the ﬁrst unequivocal demonstration of the role of P elements in Drosophila
chromosomal evolution.

Supplementary Material
Supplementary tables S1–S6 and ﬁgure S1 are available at
Genome Biology and Evolution online (http://www.gbe.
oxfordjournals.org/).
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Supplementary information is available at the Genome Biology and Evolution
website (http://gbe.oxfordjournals.org/content/5/6/1127/suppl/DC1) and in
the appedix section A.
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This Section contains the manuscript ”Exploration of the D. buzzatii transposable
element content suggests underestimation of repeats in Drosophila genomes”
that has been recently completed and is presently under review.
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3.2.1

ABSTRACT

Background
Many new Drosophila genomes have been sequenced in recent years using newgeneration sequencing platforms and assembly methods. Transposable elements
(TEs), as repetitive sequences, are often misassembled, especially in the genomes
sequenced with short reads. Consequently, the mobile fraction of many of the
new genomes has not been analyzed in detail or compared with that of other
genomes sequenced with different methods, which could shed light into the
understanding of genome and TE evolution. Here we compare the TE content
of three genomes D. buzzatii st-1, j-19, and D. mojavensis.

Results
We have sequenced a new D. buzzatii genome (j-19) that complements the D.
buzzatii reference genome (st-1) already published, and compared their TE content with that of D. mojavensis. We found an underestimation of TE sequences
in Drosophila genus NGS-genomes when compared to Sanger-genomes. To be
able to compare genomes sequenced with different technologies, we developed
a coverage-based method and applied it to D. buzzatii st-1 genome. Between
10.85 and 11.16% of D. buzzatii genome are made up by TEs, while TEs are a
15.35% of D. mojavensis genome. Helitrons are the most abundant order in both
species.

Conclusions
TEs in D. buzzatii are less abundant than in D. mojavensis, as expected according to the genome size and TE content positive correlation. However, TEs alone
does not explain the genome size difference. TEs accumulate in the dot chromosomes and proximal regions of D. buzzatii and D. mojavensis chromosomes. We
also report a signiﬁcantly higher TE density in D. buzzatii and D. mojavensis X
chromosome, which is not expected under the current models. Our easy-to-use
correction method allowed us to identify recently active families in D. buzzatii
st-1 belonging to the LTR-retrotransposon superfamily Gypsy.
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3.2.2

BACKGROUND

Transposable elements (TEs) are mobile DNA sequences present in virtually all
the eukaryote genomes sequenced and are accountable for variable fractions of
the genomes they inhabit. TEs are important not only because of their abundance but also because they are active components of the genomes, inducing
structural rearrangements, inactivating or duplicating genes and adding or removing regulatory regions (Akagi et al., 2013).
There are two classes of TEs, those that mobilize via an RNA intermediate
belong to class I and those which transpose directly, leaving the donor site, or
via a DNA intermediate, to class II (Wicker et al., 2007; Kapitonov and Jurka,
2008). Further divisions in this classiﬁcation comprehend orders that distinguish
TEs with different insertion mechanisms, and superfamilies that are composed
by TEs with similar domain structures and protein sequence similarity.
Progress in all aspects of genome sequencing and assembly has driven a revolution in the ﬁeld. After D. melanogaster (Adams et al., 2000) and D. pseudoobscura (Richards et al., 2005) were sequenced, joint efforts provided the research
community with ten new species genomes that allowed multiple species comparisons (Drosophila 12 Genomes Consortium, 2007). After those, six de novo
genomes were published individually (Zhou et al., 2012; Zhou and Bachtrog,
2012; Ometto et al., 2013; Chiu et al., 2013; Fonseca et al., 2013; Guillén et al.,
2015), and eight more were recently published (Chen et al., 2014).
The production of new genomes seems unstoppable and the comparisons and
the knowledge drawn from them limitless. However, the information contained
in some de novo draft genomes sequenced with Next-Generation Sequencing
(NGS) is not fully accurate (Salzberg and Yorke, 2005; Narzisi and Mishra, 2011).
TEs, because of their repetitive nature, are in the root of most of these problems causing misassemblies (Ricker et al., 2012; Salzberg et al., 2012). Hence,
contextualization and comparison of the TE fraction of genomes sequenced and
annotated separately is difﬁcult and scarce. Advances in sequencing technology
(English et al., 2012; Huddleston et al., 2014) and standardization in annotation
methods (McCoy et al., 2014) arrive with the promise to solve this issue, but
meanwhile, already sequenced genomes keep piling up.
In this article, we analyze in detail the TE content of the D. buzzatii reference
(st-1) genome (Guillén et al., 2015), and compare it to that of a second D. buzzatii
strain (j-19), described here, and that of D. mojavensis, another member of the
repleta group (Drosophila 12 Genomes Consortium, 2007). We also compare the
TE fraction in all available Drosophila genus genomes to test whether there are
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differences between NGS and Sanger-sequenced genomes, propose a method to
correct such differences, and apply it to D. buzzatii reference genome.

3.2.3

METHODS

Genomes
The genomes used in this work were all freely available online except the genome
of D. buzzatii strain j-19, which is described here and it is available through
http://dbuz.uab.cat.
Strain j-19 was isolated from ﬂies collected in Ticucho (Argentina) using the
balanced-lethal stock Antp/Δ5 (Piccinali et al., 2007). Individuals of the j-19
strain are homozygous for the chromosome arrangement 2j (Cáceres et al., 2001).
DNA was extracted from male and female adults using the sodium dodecyl
sulfate (SDS) method (Milligan, 1998) or the method described by Piñol and
colleagues (Piñol et al., 1988) for isolating high molecular weight DNA. Three
Illumina HiSeq Paired End (PE) libraries were prepared and sequenced at CNAG
(Centro Nacional de Análisis Genómico) with an insert size of 500 bp and a
mean read length of 102 bp. SOAPdenovo (Li et al., 2010) version 1.05 was used
to assembly the genome of j-19 strain. We fed the assembler with 251,719,776
ﬁltered reads setting the assembler with kmer size k=31. The ﬁnal assembly
contains 10529 scaffolds over 3 kb (total size = 153,440,896 bp). The N50 index
is 1666, and the N50 length 24268 bp, the N90 index is 6825, and the N90 length
5747 bp.
Publicly available genomes from Drosophila genus were downloaded from FlyBase (D. ananassae r1.3, D. erecta r1.3, D. grimshawi r1.3, D. melanogaster r6.05, D.
mojavensis r1.3, D. persimilis r1.3, D. pseudoobscura r 3.2, D. sechellia r1.3, D. simulans r1.3 and r2.01 (Hu et al., 2013), D. virilis r1.2, D. willistoni r1.3, and D. yakuba
r1.3 (Drosophila 12 Genomes Consortium, 2007)), NCBI (D. albomicans (Zhou
et al., 2012), D. biarmipes, D. bipectinata, D. elegans, D. eugracilis, D. ﬁcusphila, D.
kikkawai, D. miranda (Zhou and Bachtrog, 2012), D. rhopaloa, D. suzukii (Chiu
et al., 2013), and D. takahashii (Chen et al., 2014)) or project web sites (D. americana H5 (http://cracs.fc.up.pt/~nf/dame/index.html) (Fonseca et al., 2013)
and D. buzzatii st-1 (http://dbuz.uab.cat) (Guillén et al., 2015)).
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Transposable element library
We built a custom library to annotate and classify the mobile elements in D. buzzatii and D. mojavensis genomes. The library comprised already known repeats
(FlyBase and Repbase) and de novo elements found in D. buzzatii st-1 genome (RepeatModeler and Repclass). FlyBase canonical set of TEs (http://flybase.org/)
were blasted (Altschul et al., 1997) against an early assembly of the D. buzzatii
st-1 genome. For each query, signiﬁcant hits were manually inspected in order
to recover the most complete copy. Repbase (Jurka et al., 2005) repeats from Insecta species were added to the library. RepeatModeler (version 1.0.4) (Smit and
Hubley, 2008) was used with RepeatScout (Price et al., 2005) and Recon (Bao
and Eddy, 2002) to identify repeats, and RMBlast engine and Repbase database
to classify them. Repclass (Feschotte et al., 2009) was used to classify repeats
identiﬁed by RepeatScout. Elements classiﬁed by Repclass without identity to
previously identiﬁed repeats or being more complete were added to the library.
Sequences classiﬁed as simple repeats, satellite or low complexity, were removed
from the library. Additionally, a blast analysis was performed to ﬁlter non-TE
related sequences. Sequences with signiﬁcant hits (e-value blast < 1e-25) with
D. mojavensis coding sequences (cds) and at the same time with no signiﬁcant
similarity to repeats deposited in Repbase were removed.

Repeat annotation
To compare the three genomes of the two Drosophila repleta group species (D.
buzzatii st-1, D. buzzatii j-19 and D. mojavensis), we masked them with RepeatMasker (Smit et al., 1996) (version 4.0.5) and RMBlast (version 2.2.27+) and the
D. buzzatii custom library using the default options except for cut off (score value
250), nolow and norna. We used the RepeatMasker output ﬁles *.out to estimate
the amount of nucleotides of each order and superfamily. We also used RepeatMasker, with cut off 250, nolow, and norna, to assess the TE content of the 26
available Drosophila genomes, from 25 species. To reduce library bias factor we
used the RepBase Insecta library. The assembly size was used, in each case, to
compute the percentage of transposable elements.

Chromosomal analysis
We analyzed the TE distribution along the chromosomes of D. buzzatii st-1 and
D. mojavensis. We used the information of the previously mapped and oriented
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scaffolds, the 158 N90 scaffolds (145 Mb) of D. buzzatii (Guillén et al., 2015),
and the 11 N80 scaffolds (156 Mb) of D. mojavensis (Schaeffer et al., 2008). The
scaffolds were broken down into 50 kb non-overlapping windows using bedtools
(makewindows) and the TE nucleotides in each window were calculated using
also bedtools (intersect). We plotted the TE density (TE bp/window length) for
all windows, including those smaller than 50 kb from the tip of each scaffold, in
the reported order.
To assess the TE-density in every chromosome, in the proximal regions and
in the rest of the chromosome independently, another set of windows was made
with the D. buzzatii and D. mojavensis mapped scaffolds previously mentioned.
The most proximal 3 Mb of chromosomes X, 2, 3, 4 and 5 (∼ 10% of the chromosome) were divided in 50 kb windows as well as the remaining ∼90% of
the chromosomes, and the entire chromosome 6. Only whole windows (50 kb)
were taken into account. For each chromosome and region, we computed the
mean TE-density and standard deviation and plotted the TE-density window
distribution. Additionally, differences among these distributions (whole chromosome, proximal and central+distal regions) were tested with the two samples
Kolmogorov-Smirnov test.

Correction

We mapped the reads used in the genome pre-assembly of D. buzzatii st-1 (21924977
reads from 454, Illumina, and Sanger) (Guillén et al., 2015) with GS Reference
Mapper (v2.9) (http://454.com/products/analysis-software) to the ﬁnal D.
buzzatii assembly using default options. GS Reference Mapper aligned 95.3% of
the reads (20422434 reads), 20270 reads less than those used by gs-Assembler
to build the pre-assembly. Every read base pair that mapped in a TE-annotated
position was added up to know the coverage of that position. The corrected
value for each TE order and superfamily is the sum of read base pairs annotated
as part of an order or superfamily, divided by the average coverage of single
copy genes. Single copy gene average coverage, 22.37x, was calculated with the
same procedure used for TEs, but with 13657 single copy genes identiﬁed in D.
buzzatii st-1 genome (Guillén et al., 2015).
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Figure 5.: Percentage of transposable element orders relative to the mobile fraction of
the genomes of D. buzzatii st-1, j-19, and D. mojavensis.

3.2.4

R E S U LT S

TE content in D. buzzatii and D. mojavensis

In D. buzzatii st-1 TEs account for 8.43% of the genome, about twice the value
of TEs in D. buzzatii j-19 (4.15%), but almost half of the value of D. mojavensis
(15.35%). In order to make a fair comparison, we also considered only 3-kb or
longer scaffolds for D. mojavensis, 2419 (187.4 Mb) out of 6841 scaffolds (193.8
Mb). However, the TE fraction in D. mojavensis genome is still higher (14.35%)
than the fraction in both D. buzzatii strains. Henceforth, the complete D. mojavensis genome was used for the subsequent analyses.
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Table 1.: Contribution of every order and superfamily (kb) to the D. buzzatii (st-1, st-1
after the correction and j-19) and D. mojavensis genomes 1 .
D. buz

Superfamily
st-1
2366.44

4693.31

1243.43

9953.02

(26.03 %)

(19.54 %)

(33.46 %)

BelPao

435.35

1025.76

198.65

2255.95

Copia

309.80

522.62

162.75

718.71

ERVK

10.92

9.97

8.09

18.06

Gypsy
LINE Total
CR1
I

1610.37

3134.95

873.94

6960.30

2541.65

3401.72

1551.05

5977.29

(18.66 %)

(18.87 %)

(24.37 %)

(20.09 %)

396.35

761.48

117.39

947.96

74.63

136.15

20.19

110.53

478.24

600.72

246.54

765.64

L1

6.71

6.01

6.70

8.08

L2

191.37

213.18

145.73

395.99

1.18

1.31

0.82

1.95

Jockey

LOA
R1

1383.35

1663.22

1011.77

3721.30

R2

1.49

9.30

0.51

23.03

R4

1.57

0.80

0.70

1.37

RTE
TIR Total
hAT
Mutator

6.76

9.55

0.69

1.43

2016.98

2476.88

919.50

2747.83

(14.81 %)

(13.74 %)

(14.46 %)

(9.24 %)

563.03

661.13

239.06

654.13

21.00

16.32

16.14

22.73

17.35

16.43

11.89

16.15

590.70

830.17

216.28

752.39

3.81

9.71

2.21

7.82

PiggyBack

18.67

9.46

5.38

77.21

Tc1Mariner

407.93

507.35

186.38

534.42

TIR other

113.23

310.35

69.75

55.43

Transib

281.27

115.97

172.40

627.54

Novosib
P
PIFHarbinger

Helitron
Maverick
Others
Unknown
Total
1

j-19

(17.38 %)

LTR Total
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D. moj

5531.01

6331.89

1950.81

10083.94

(40.61 %)

(35.12 %)

(30.65 %)

(33.90 %)

189.27

129.44

118.57

263.81

(1.39 %)

(0.72 %)

(1.86 %)

(0.89 %)

0.24

0.11

0.67

0.19

(0 %)

(0 %)

(0 %)

(0 %)

973.76

994.61

580.02

721.26

(7.15 %)

(5.52 %)

(9.11 %)

(2.42 %)

13619.34

18027.96

6364.04

29747.33

Order constributions, relative to the total TE fraction, are given
in percentages
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The contribution of the different orders, defﬁned by Wicker et al. (2007), to the
total amount of TEs (Figure 5 and Table 1), is similar between the two D. buzzatii
genomes (Helitrons, LINEs, LTR-retrotransposons, TIR-transposons, and Mavericks/Polintons), and differs from the one of D. mojavensis. Even though, there are
some signiﬁcant differences. Although Helitrons are the most abundant order
in the three genomes, they are more abundant in D. buzzatii st-1 genome (40.61%
of the TEs content) than in the other two genomes (30.65% in D. buzzatii j-19 and
33.90% in D. mojavensis). LTR-retrotransposons are the second most abundant
order in D. mojavensis (33.46%), but not in D. buzzatii (17.38% in st-1 and 19.54%
in j-19) where in both strains LINEs are the second order in genome contribution. TIR-transposons are more frequent in D. buzzatii genomes (14.81% in st-1
and 14.46% in j-19) than in D. mojavensis (9.24%), like the unclassiﬁed repeats
that are more abundant in D. buzzatii (7.15% in st-1 and 9.11% in j-19) than in D.
mojavensis (2.42%).

Chromosomal distribution
The TE distribution along D. buzzatii N90 mapped scaffolds and D. mojavensis
N80 mapped scaffolds, see Figure 6, shows that TE density in all chromosomes
rises when closer to the centromere. The results also show an increase in D.
buzzatii and D. mojavensis X chromosomes when compared to the autosomes
(Figure 6). The density of the main orders plotted individually (Supplementary
Fig. 1, a-h) reveals the prevalence of Helitrons in D. buzzatii proximal regions,
specially the 3 Mb closest to the centromere.
We compared the abundance of TEs annotated in D. buzzatii and D. mojavensis,
speciﬁcally the distribution of TE density in 50 kb windows, for whole chromosomes (the N90 mapped scaffolds of D. buzzatii and the N80 mapped scaffolds of
D. mojavensis), for proximal regions (3 Mb), and for central and distal regions (Table 2). It is important to note that only the largest scaffolds are being considered,
and that 10 and 20% of D. buzzatii and D. mojavensis assemblies respectively,
contained in the smallest and typically TE-enriched scaffolds, were discarded
from this analysis. This explains the differences between the annotation of the
whole assembly and the mean values of the mapped scaffolds. The smaller and
TE-richer scaffolds are likely located in proximal regions, as the centromeric regions have the higher TE-density and more nested TEs. However, all recent TE
insertions are susceptible to misassemblies and small scaffolds could be between
mapped scaffolds.
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Table 2.: TE fraction in D. buzzatii and D. mojavensis computed in 50 kb nonoverlapping windows 1 .

Chr

X

2

3

4

5

6

Species

44

Cent+Dist

Total

TE (%)

N

TE (%)

N

TE (%)

N

D. buzzatii

16.13

57

7.44

505

8.32

562

D. mojavensis

42.24

59

8.71

579

11.81

638

D. buzzatii

13.91

59

4.77

638

5.54

697

D. mojavensis

38.68

60

5.11

622

8.06

682

D. buzzatii

12.96

58

4.12

522

5.01

580

D. mojavensis

60.52

60

5.60

586

10.70

646

D. buzzatii

12.50

58

3.77

434

4.80

492

D. mojavensis

39.24

60

4.31

486

8.14

546

D. buzzatii

14.98

58

4.06

462

5.87

520

D. mojavensis

21.47

60

4.11

476

6.06

536

D. buzzatii

41.22

28

-

-

41.22

28

D. mojavensis

50.65

60

14.22

8

46.30

68

16.51 318

4.87

2561

5.86

2879

42.13 359

5.68

2757

8.87

3116

Total D. buzzatii
D. mojavensis
1

Proximal

Proximal regions corresponds to the 3 most proximal Mb; Central+ Distal to the rest of the chromosome and Total to both parts.
N stands for number of windows. Only mapped and oriented
scaffolds are present, N90 for D. buzzatii, and N80 for D. mojavensis.
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Figure 6.: Density of transposable elements in 50 kb non-overlapping windows, starting
(left) from the telomere. Only mapped and oriented scaffolds are included,
N90 for D. buzzatii st-1, and N80 for D. mojavensis. Telomere is on the right
and centromere on the left. Changes in dot colors denote scaffold changes and
the red lines mark the most proximal 3 Mb of each chromosome.

D. mojavensis chromosomes, as a whole, or any of their parts, have a higher TE
fraction than D. buzzatii chromosomes. The biggest differences are in the proximal regions, and fade in the central and distal regions. Chromosome 6 (Muller
element F) is the TE-richest chromosome in both species, 41.22% in D. buzzatii
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and 46.30% in D. mojavensis. In D. buzzatii, 8.32% of chromosome X (Muller
element A) sequence is made up by TEs, followed by the other chromosomes
with values between 4.80% and 5.86%. In D. mojavensis, the X chromosome has
11.81% of TEs, chromosome 3 10.70% and the rest of the chromosomes have
values comprised between 8.14% and 6.06%. D. buzzatii chromosomes 6 and
X, when analyzed as a whole, are the only ones with TE density distributions
signiﬁcantly different (Two samples Kolmogorov-Smirnov test p < 0.001) from
all other chromosomes, whereas in D. mojavensis are chromosomes 6, X, and 3
(Supplementary Tables 1-4). If we discard the 3 most proximal Mb and chromosome 6, chromosome X of both species is the only with signiﬁcantly different TE
density distribution from all the other chromosomes (Supplementary Tables 5-8).
When the pericentromeric regions are compared, in D. buzzatii there are not signiﬁcant differences among chromosomes, while among D. mojavensis proximal
regions, chromosome 3 TE density is signiﬁcantly different from the rest of the
chromosomes (Supplementary Tables 9-12). Consequently, in both species chromosomes 6 and X display a signiﬁcantly different TE distribution pattern from
the rest of the chromosomes.

Impact of the sequencing method in Drosophila genus
Because the genomes of D. mojavensis, D. buzzatii st-1 and j-19 strains were sequenced with different platforms and assembly strategies (see Methods), the differences in TE content between these genomes could be related to the methodologies used. More speciﬁcally, the Sanger sequenced D. mojavensis genome
(Drosophila 12 Genomes Consortium, 2007) shows a higher TE content than the
D. buzzatii reference (st-1) genome sequenced with 454, Illumina and Sanger
(Guillén et al., 2015), which itself has a higher TE content than the D. buzzatii
j-19 genome sequenced only with Illumina. Therefore it seems that NGS yields
a smaller repeat content than Sanger sequencing (Alkan et al., 2011).
In order to test this hypothesis, we widened our scope to include all the available genomes of Drosophila genus (Table 3). As in the cases of D. mojavensis and
D. buzzatii there is a difference in the mobile fraction depending on the sequencing method. The mean of TE percentage in 12 genomes sequenced with Sanger
technology is 19.31%, whereas that in 15 newly sequenced genomes chieﬂy with
NGS is 10.98%. It is possible that the species sequenced with Sanger technology
have per se more TEs than those sequenced with NGS, and sequencing or assembly methods do not inﬂuence the assemblies TE fraction. However, when species
belonging to the same subgroup are compared, the Sanger-sequenced genomes
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Table 3.: Percentage of TEs annotated with Repeat Masker and RepBase Insecta library
on every available genomes of Drosophila genus.

Species

Subgenus

Group

Subgroup

Seq method

TEs

D. albomicans

Drosophila

immigrans

nasuta

NGS

2.73

D. buzzatii st-1

Drosophila

repleta

mulleri

NGS

5.99

D. buzzatii j-19

Drosophila

repleta

mulleri

NGS

2.40

D. mojavensis

Drosophila

repleta

mulleri

Sanger

D. americana

Drosophila

virilis

virilis

NGS

D. virilis

Drosophila

virilis

virilis

Sanger

17.51

D. grimshawi

Hawaian

grimshawi

grimshawi

Sanger

15.86

D. ananassae

Sophophora melanogaster ananassae

Sanger

30.33

D. bipectinata

Sophophora melanogaster ananassae

NGS

16.94

D. elegans

Sophophora melanogaster elegans

NGS

12.05

D. eugracilis

Sophophora melanogaster eugracilis

NGS

13.67

D. ﬁcusphila

Sophophora melanogaster ﬁcusphila

NGS

9.45

D. erecta

Sophophora melanogaster melanogaster Sanger

14.41

D. melanogaster

Sophophora melanogaster melanogaster Sanger

21.67

D. sechellia

Sophophora melanogaster melanogaster Sanger

20.90

D. simulans

Sophophora melanogaster melanogaster Sanger

11.85

D. simulans

Sophophora melanogaster melanogaster NGS

D. yakuba

Sophophora melanogaster melanogaster Sanger

21.98

D. kikkawai

Sophophora melanogaster montium

NGS

11.95

D. rhopaloa

Sophophora melanogaster rhopaloa

NGS

18.62

D. biarmipes

Sophophora melanogaster suzukii

NGS

14.48

D. suzukii

Sophophora melanogaster suzukii

NGS

18.70

D. takahashii

Sophophora melanogaster takahashii

NGS

14.68

D. miranda

Sophophora obscura

obscura

NGS

5.47

D. persimilis

Sophophora obscura

obscura

Sanger

23.97

D. pseudoobscura Sophophora obscura

obscura

Sanger

12.68

willistoni

Sanger

24.39

D. willistoni

Sophophora willistoni

16.14
9.11

8.44
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show a consistently higher percentage of TEs. The mulleri subgroup species, D.
buzzatii and D. mojavensis, have different values than those yielded by our custom library but the pattern is the same. More examples (Table 3) are in virilis,
ananassae or obscura subgroups, where the species sequenced with shorter reads
have a lower percentage of mobile elements. Two genomes from the virilis subgroup have been sequenced, D. virilis with Sanger and D. americana with NGS,
and have 17.51% and 9.11% of TEs respectively. D. ananassae sequenced with
Sanger has 30.33% of TEs, D. bipectinata sequenced with NGS has 16.94%. Similarly, D. persimilis and D. pseudoobscura, sequenced with Sanger technology, have
23.91% and 12.68% respectively, whereas D. miranda, sequenced with NGS, has
5.47% of TEs in its genome. Moreover, the case of the same species sequenced
by both technologies further supports the trend. D. simulans has been recently
resequenced with NGS and old Sanger sequences to amend signiﬁcant problems
with the previous Sanger project. Our results show that the newly sequenced
genome has 8.44% of TEs (6.85% according to Hu et al. (2013), the authors of the
latter assembly) while the old assembly has 11.85%. Although various methodologies of repeat detection render various results, the use of the same procedure
on Sanger and primarily NGS genomes gives consistently higher values of repeats in Sanger genomes. Hence, to accurately compare the results of D. buzzatii
genome to other Sanger genomes like D. mojavensis, we thought it was necessary
to correct our previous estimates of D. buzzatii st-1 TE fraction.

Correction of TE estimation by coverage
We found 403.3 Mb of reads, out of 3609 Mb, mapping to regions annotated as
TEs in D. buzzatii st-1 assembly, corresponding to 11.16% of all reads mapped.
After dividing this 403.3 Mb by the average gene coverage (22.37x) we got the
corrected value of TEs of D. buzzatii, 18 Mb. Therefore there is a 1.32 fold underestimation (4.4 Mb) with respect to the 13.6 Mb initially annotated with RepeatMasker. If we keep considering the assembly size as the genome size, and
assume the extra 4.4 Mb belong to the gaps within scaffolds (15 Mb) the initial
estimate of TEs in the genome of 8.43% increases to 11.16%. On the other hand,
if we add the 4.4 new Mb to the assembly size, we get 165.9 Mb genome size,
and the TE fraction is 10.85%. We conclude that the TE fraction in D. buzzatii is
between 10.85% and 11.16%.
Consequently, the orders and superfamilies with a higher correction factor are
the ones with copies missing in the assembly. The results (Figure 7 and Table 1)
show that LTR-retrotransposons are the most underestimated order by a factor
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Figure 7.: Main order contribution (kb) to D. buzzatii genome, before (blue) and after
(red) the coverage-based correction.

of 1.98. At the superfamily level (Figure 8), Gypsy and BelPao are the most underestimated, increasing after the correction by a factor of more than two fold.
Consequently, both species TE proﬁles are more similar after the correction as
D. buzzatii LTR-retrotransposons have now overtaken LINEs as the second most
frequent order. LINEs are underrepresented in the genome annotation by 1.34
fold. The superfamilies CR1 and R1 increase 365 kb and 280 kb respectively after
the correction. R2 superfamily represents a singular case, since it is not relevant
in absolute value (1.5 kb annotated), but the correction factor is the highest of
all superfamilies (6.24 fold) and after the correction 9.3 kb are found to belong
to R2 superfamily. TIR-transposons are underestimated in the annotation by a
1.23 factor, with most superfamilies with a fair representation (correction factor
close to one), but due to its large size, this small factor correction represent a substantial change in the base count. After the correction, P superfamily sequence
has been increased in 239 kb (1.41 fold), Tc1/mariner cover 99 new kb (1.24
fold) and hAT 98 kb (1.17 fold). Helitrons are underestimated by a 1.15 factor,
but like TIR-transposons, their abundance in the genome prior to the correction
(5.5 annotated Mb) translates into a remarkable increase, 800 kb absent from the
annotation. These superfamilies are likely to include highly similar insertions
probably recently transposed.
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Figure 8.: Superfamilies contribution (kb) to D. buzzatii st-1 genome before (blue) and
after (red) the coverage-based correction.

3.2.5

DISCUSSION

We have shown that D. buzzatii st-1 and j-19 genomes have a lower TE percentage
than D. mojavensis. We have also reported that there is an underestimation of
the mobile fraction of genomes sequenced with Next Generation Sequencing,
possibly due to sequencing and assembly methods that affect D. buzzatii st-1
genome, and probably j-19 as well.
We have proposed a method based on read coverage to assess the magnitude
of the bias, and used it to correct the D. buzzatii st-1 TE estimate. In D. buzzatii st1 the correction revealed another 4.4 Mb of TEs and increased the TE percentage
to 11%. Thus, although the TE content in D. buzzatii genome increased with the
correction, it is still lower than that of D. mojavensis genome. Our methodology
does not allow us to locate the TEs absent from the assembly. However, we
consider it is important to describe the TEs present in the published assembly
for several reasons. The differences while affecting particularly some orders and
superfamilies have a small effect in others. Moreover, D. buzzatii uncorrected
TE chromosomal distribution shows the same trends than those we observed
in D. mojavensis. Finally, the published assembly should be analyzed and its
limitations assessed in order to become a useful resource.
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D. buzzatii and D. mojavensis TE content
Our results show that TEs in D. buzzatii genome are less abundant than in D.
mojavensis genome, even after taking into account the bias correction. The size
of the two genomes have been estimated by Feulgen Image Analysis Densitometry and the D. buzzatii genome estimates are between 21% (st-1) and 25% (j-19)
smaller than those for D. mojavensis. Thus, our results agree with the well known
positive correlation between genome size and transposable element fraction (Kidwell, 2002; Boulesteix et al., 2006; Feschotte and Pritham, 2007). However, the
difference in TE content does not explain the difference in size between the two
genomes. Interestingly, after the coverage-based correction, D. buzzatii st-1 and
D. mojavensis have a TEs order composition relative to the TE fraction very similar, suggesting that the changes that lead to the differences affected every order
in a uniform manner.
There are several non-mutually excluding explanations for the wide diversity in genome sizes and the forces driving its variation. The mutational explanation, ascribe part of such diversity to differences in insertion and deletion
rates among species (Petrov et al., 2000; Gregory, 2004); other authors suggest that non-adaptative forces have diminished the efﬁciency of selection, explaining genomes expansions (Lynch, 2007); positive natural selection proposes
that genome size constraints may be different depending of the lineage history
(Charlesworth and Barton, 2004). And according to Charlesworth and Barton
(2004), having a larger genome size may be advantageous, or at least not as
strongly selected against, in some scenarios. Genome size has been reported to
be negatively correlated with developmental rate, which is also negatively correlated with body size (Pagel and Johnstone, 1992; Wyngaard et al., 2005). Hence,
species without a constrain on developmental time and favored by a larger body
size may have accumulated more repetitive sequences than closer species with
developmental time constraints.
This is possibly the case of D. buzzatii, which generally lay its eggs in rotting
tissues of several Opuntia cacti, although it can occasionally use columnar cacti
(Hasson et al., 1992; Ruiz et al., 2000; Oliveira et al., 2012); while D. mojavensis
primarily uses larger rotting columnar or barrel cacti (Stenocereus gummosus and
Stenocereus thurberi, and Ferocactus cylindraceous), except for the Santa Catalina
Island population that uses Opuntia (Fellows and Heed, 1972; Heed and Mangan, 1986; Ruiz and Heed, 1988; Etges et al., 1999). In other words, D. buzzatii
individuals mainly live in smaller cacti which dry faster, consequently a more
ephemeral resource than those used by D. mojavensis. The selective pressure to
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keep a faster development in D. buzzatii, or the relaxation of this pressure in D.
mojavensis could be behind their different genome size and TE contribution.

Chromosomal distribution of TEs
TEs in D. melanogaster have been reported to accumulate in the proximal regions
of the chromosomes, the transition between euchromatin and heterochromatin,
where the recombination rate drops.The dot chromosome, which has a recombination rate considered null (Comeron et al., 2012), has the highest TE density of
all chromosomes (Kaminker et al., 2002; Rizzon et al., 2002). Moreover, recent
analyses of several D. melanogaster populations have found a negative correlation
between recombination rate and TE population frequency (Petrov et al., 2011;
Koﬂer et al., 2012).
TE dynamics has been extensively studied; however there is not a consensus
about why some regions have a higher TE density. The transposition-selection
balance model comprehends three non-mutually excluding hypotheses, which
explain how TE insertions can be selected against: gene-disruption, deleterious
TE-product expression, and ectopic recombination. According to the ectopic
recombination hypothesis, the decrease in the recombination rates weakens the
selection against TE insertions by reducing the crossing-over events between
non-homologous TE copies (Comeron et al., 2012; Mackay et al., 2012). On the
other hand, an alternative to ectopic recombination hypothesis, the transposition
bursts model does not assume a constant transposition rate, instead it assumes
that TEs undergo periods of high transposition activity. Although bursts are
known to occur, ectopic recombination is so far the only explanation for the
correlation between recombination rate and TE frequency (for review see (Barrón
et al., 2014)).
Accumulation of speciﬁc transposable elements in D. buzzatii centromeric regions was previously noticed using in situ hybridization (Casals et al., 2005,
2006). Additionally D. mojavensis dot chromosome TE density is approximately
50%, higher than those of D. melanogaster, D. erecta and D. grimshawi (Leung et al.,
2015). We are now reporting TE accumulations in the dot chromosomes and in
the proximal regions of the rest of the chromosomes of D. buzzatii st-1 and D.
mojavensis. The available linkage maps for D. buzzatii and D. mojavensis (Schafer
et al., 1993; Staten et al., 2004) are not very detailed; even so, we can assume that
like in D. melanogaster these regions have a reduced recombination rate.
The X chromosome poses a challenge when trying to explain its TE dynamics. Because the X has a higher recombination rate than the autosomes, and
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mutations are directly exposed to selection in hemizygous males, deleterious insertions should be removed more efﬁciently in the X chromosome than in the
autosomes. An early analysis of the D. melanogaster reference genome showed a
reduced accumulation of TEs in the D. melanogaster X chromosome (Bartolomé
et al., 2002). However, recent analyses have surveyed several D. melanogaster
populations and have not found evidence of a lower TE presence in the X chromosome, and some have even reported a higher abundance (Cridland et al., 2013;
Petrov et al., 2011; Koﬂer et al., 2012). Our observations show that in D. buzzatii and D. mojavensis the X chromosome has a signiﬁcantly higher TE density
than the autosomes, except for the dot. And this difference remains even when
the most proximal 3 Mb are discarded. Interestingly, the increase is sustained
throughout the whole length of chromosome X in both species (Fig. 2). The X
higher TE density is observed not only in D. buzzatii but also in D. mojavensis.
Consequently, the assembly problem, that could have more impact on chromosome X as using males and female ﬂies implies a lower coverage, does not seem
to explain our results. The argument that some families with an insertion preference for the X have recently suffered an expansion in D. melanogaster (Cridland
et al., 2013) is interesting and may suggest that D. buzzatii and D. mojavensis
TEs are actively transposing. However, there are possibly other factors, besides
recombination, needed to understand the unpredicted TE abundance in the X
chromosome.

TEs and NGS
Issues with the NGS genomes repeats have been reported before (Alkan et al.,
2011) suggesting that stringent assembly strategies and shorter reads do not produce an accurate representation of the repeats in a speciﬁc locus but a consensus
built with sequences from other loci (Natali et al., 2013). Although dealing with
different technologies, it resembles the case of D. melanogaster Release 3 (Celniker
et al., 2002), where after extensive experimental efforts, most of the repetitive sequences of the previous release were found to be composite sequences of the
newly sequenced TEs. Consequently, comparing the mobile fraction of the two
strains of D. buzzatii between them (st-1 sequenced with a mixture of Sanger,
Illumina and 454 reads and j-19 sequenced solely with Illumina reads) and to
D. mojavensis genome (sequenced with Sanger reads) raised questions about the
reliability of such comparisons.
To ﬁnd out if the sequencing technology, and potentially the assembly methods, implied major differences in TE annotation, we look at published genomes
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and their analyses of TE fractions. Two dozens of genomes of different Drosophila
genus species have been released since D. melanogaster reference genome. Nevertheless, the mobile fraction of most of the recently published genomes has not
been analyzed or has only been analyzed superﬁcially (Zhou et al., 2012; Zhou
and Bachtrog, 2012; Ometto et al., 2013; Fonseca et al., 2013) yet there are some
exceptions (Chiu et al., 2013). At least two analyses comparing some of these
genomes in a uniform manner have been published (Drosophila 12 Genomes
Consortium, 2007; Ometto et al., 2013) but they yielded very different values.
The main reasons seem to be the use of different annotation methods and updates in the TE libraries. The discrepancies between estimations compelled us to
analyze all the Drosophila genus genomes available simultaneously, in the most
homogeneous way possible and trying to reduce the unavoidable bias of library
speciﬁcity. The values differ from previous studies but the comparisons should
be more consistent. We found that genomes sequenced with Sanger technology
have a higher TE percentage than those sequenced mainly with Illumina and 454
technologies. Because the data is not phylogenetically independent it is possible
that species sequenced with one technology have actually a higher TE fraction
than the ones sequenced with the other. However, from all the species from
the same subgroup, sequenced with different technologies, the ones sequenced
with Sanger show the highest TE percentage, suggesting that there is indeed an
impact from the sequencing technology.

Correction in D. buzzatii st-1
We mapped the reads used in the D. buzzatii st-1 pre-assembly to the ﬁnal assembly, following the lead of several projects that used high quality reference
genomes and re-sequenced data from different individuals to accurately identify TE insertions (Fiston-Lavier et al., 2011; Petrov et al., 2011; Koﬂer et al., 2012;
Jiang et al., 2015). The mapping showed how some regions annotated as TE insertions had a TE coverage depth much higher than the surrounding regions. We
also noticed that some gaps had TE annotations from the same family on each
side, suggesting that the gap should be ﬁlled with TE sequence. In order to obtain a reliable estimate and account for the problems related to NGS (see above),
we directly counted how many read nucleotides belonged to TEs. One could
argue that some of those reads may belong to the heterochromatin, were casted
aside during the pre-assembly, and have been aligned now to euchromatin repeats. However, GS Reference Mapper aligned 20270 reads less in this process
than those used by GS Reference Assembler. After mapping and dividing by
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gene average coverage, we pulled the data for every order and superfamily together.
Sequence similarity among TE family copies is related to its transpositional
activity. TE families which have recently transposed will contain highly similar copies and will be the most affected by the assembly problems mentioned
before. Therefore, our correction method is expected to have a higher impact
on these families. Our results show that LTR-retrotransposons were the most
affected order. Their recent activity and their double repetitive nature, as not
only LTR-retrotransposon copies will generate similar reads, but the LTRs from
a single copy can produce reads susceptible to be assembled together are likely
explanations. Additionally, LTR-retrotransposons are the longest TEs in Drosophila genomes, thus suffering more than other orders the artiﬁcial fragmentation
by identiﬁcation software (Feschotte et al., 2009) and assembly problems due to
reads that do not span the lenght of the insertions. Osvaldo and Isis elements,
from the Gypsy superfamily, were reported to be active in D. buzzatii (Labrador
and Fontdevila, 1994; Garcı́a Guerreiro and Fontdevila, 2007), which agrees with
our ours results as Gypsy is the LTR-retrotransposon superfamily with a higher
correction rate. The LINEs superfamilies R1 and R2 are nested within ribosomal
regions, typically poorly assembled, explaining their underestimation in D. buzzatii st-1 genome (Xiong et al., 1988; Jakubczak et al., 1992). Helitrons presence
in insects have been known for over a decade and are remarkably abundant in D.
melanogaster genome (Locke et al., 1999; Kapitonov and Jurka, 2003). Yang and
Barbash (Yang and Barbash, 2008) carried out and extensive analysis of DINE-1
on the ﬁrsts 12 Drosophila genomes sequenced. Their analyses revealed that D.
mojavensis is the second in number of DINE-1 copies, than those copies had probably undergone multiple rounds of transposition and silencing, and some had
been recently transposed. Previous studies have already identiﬁed several families of Helitrons in D. buzzatii named ISBu (for Insertion Sequence of D. buzzatii)
in chromosomal inversion breakpoints (Cáceres et al., 2001; Delprat et al., 2009).
We have now detected that over 800 kb of Helitrons were incorrectly assembled
in D. buzzatii st-1, suggesting that 12.65% of the Helitrons have been recently
transposed, while 5531 kb of Helitrons are either sequenced in reads with other
regions, that allowed the assembler to map them, or are not as similar to confound the assembler. Hence, like in D. mojavensis, Helitrons, the most abundant
order in D. buzzatii st-1, also seem to have undergone several rounds of activity.
Our methods has drawbacks; the correction does not inform of where the repeats are in the genome, or their speciﬁc sequence, an information that may not
be precise in a NGS genome (see above). However, it is a method easy to apply that provides more acurate estimates of the abundance of each order and
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superfamily. Therefore, our strategy facilitates comparisons among the wealth
of already sequenced genomes and deepens our understanding of genome evolution.
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3.2.6

S U P P L E M E N TA R Y M AT E R I A L

Supplementary information is available in the Appendix Section B.
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DISCUSSION

The two Result Sections, 3.1 and 3.2, take two different approaches to TE analysis in genomes. The case described in ”A divergent P element and its associated
MITE, BuT5, generate chromosomal inversions and are widespread within the
Drosophila repleta species group” deals with the in-depth analysis of a previously
unclassiﬁed element, and with the detailed process to understand how, when,
and to where it moved. A different approach was taken for the second section,
”Exploration of the D. buzzatii transposable element content suggests underestimation of repeats in Drosophila genomes” where a bioinformatic survey of the
TE content in a sequenced genome was carried out. The widened scope needed
to answer the question of this later section, inevitably results in the loss of the
detailed analysis that was achieved on the ﬁrst.
In the Results, both the published paper and the submitted manuscript include
a section where our ﬁndings are discussed with some detail. Thus, in this section
I will only extend the discussion on those points that were brieﬂy mentioned or
not covered before.

4.1

MITES IN DROSOPHILA GENUS GENOMES

MITEs (Miniature Inverted-Repeat TEs) are short non-autonomous TIR elementderivatives with some characteristic features that set them apart from standard
defective class II elements (see Introduction). In Section 3.1 of the Results the
non-coding TE, BuT5, is classiﬁed as a MITE, and its autonomous counterpart,
the P-element, is identiﬁed and described. BuT5 gathers all the requisites to be
called a MITE: presence of TIRs, short length, no evidence of protein-coding capacity, and high copy number (Feschotte et al., 2002). Nevertheless, it is worth
mentioning that Drosophila MITEs seem to have some differences when compared to MITEs in other species (particularly plants). First, most of Drosophila
genus MITEs described so far are around 700 to 1000 bp (Holyoake and Kid-
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well, 2003; Fonseca et al., 2012; Rossato et al., 2014; Wallau et al., 2014), unlike
MITEs in other species that are usually under or around 500 bp. Second, MITE
copy number in Drosophila is also smaller than in other species, were hundreds
of MITEs copies can be found in a single genome (Feschotte et al., 2002; Quesneville et al., 2006; Yang et al., 2013).
The ﬁrsts true MITEs discovered in Drosophila genus, Vege and Mar, found
in D. willistoni, were both assigned to the hAT superfamiliy, although no hAT
autonomous element was recovered (Holyoake and Kidwell, 2003). Vege is 884
bp long and 6 to 8 copies per genome were detected; Mar is 610 bp long and only
one copy was retrieved. Holyoake and Kidwell (2003) argued that Drosophila
has fewer TIR transposons than other species, which would explain its low number of MITEs. In D. willistoni sequenced genome, 93 new Mar copies, likely mobilized by the hAT Buster family, were found. Additionally, four partial copies of a
Buster element were recovered from D. willistoni genome, and an undetermined
number from D. tropicalis (Deprá et al., 2012). BuT5 case resembles Mar and
other MITE examples where few or no elements able to supply the transposase
were found (Holyoake and Kidwell, 2003; Fonseca et al., 2012). This seems to
be in the line of the analysis reporting that only 22% of D. melanogaster genome
transposons are full-length (Bartolomé et al., 2002). In D. mojavensis genome only
three partial copies of the autonomous element were found, compared to the 48
partial and complete copies of BuT5. It is then possible that the lower number
of TIR transposons in Drosophila provided few occasions for derivatives to appear (Kidwell, 2002; Feschotte and Pritham, 2007). However, as these examples
show the scarcity of available transposase may also be accountable for Drosophila low number of MITEs. Both factors can be the result of Drosophila low TE
fraction in general. TE abundance is positively correlated with genome size (Kidwell, 2002). Hence, the genome size of Drosophila species, smaller than those
of others organisms where MITEs are frequent, such as mosquitoes and plants,
would explain MITEs paucity (Casacuberta and Santiago, 2003; Jiang et al., 2004;
Boulesteix and Biémont, 2005; Goubert et al., 2015).
Nevertheless, the shortage of TIR transposons, either as raw material for MITEs
formation or as transposase suppliers, is not necessarily the only cause of Drosophila genus MITE patterns. Mariner-related MITEs found recently in the new
Drosophila sequenced genomes (Wallau et al., 2014) were able to shed some light
on the copy number differences. Wallau and collaborators found 724 copies of
Mariner-related MITEs, most of them between 900 and 1000 bp, except for four
lineages or subfamilies with approximately 460-560 bp. Interestingly the most
successful were the shortest ones, reaching 314 copies in D. eugracilis genome.
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Nevertheless, the reasons why Drosophila genus MITEs are generally longer
than other species MITEs remains unknown.

4.2

T H E L I F E S PA N O F A M I T E

The transposition selection equilibrium, previously seen as a common mechanism by which TEs were maintained in a population (Kidwell and Lisch, 2001;
Le Rouzic and Deceliere, 2005) is now regarded as an uncommon state (Le Rouzic
et al., 2007). Population genetics models challenged the idea of long-term stable
equilibrium, and cycles of transposition activity were proposed as a mechanism
to explain persistent TE invasions, particularly for short non-autonomous elements as SINEs and MITEs (Le Rouzic and Capy, 2006).
The idea that MITEs, as compact elements, can be more transpositionally successful than the full-length elements that originated them has been previously
discussed (Feschotte et al., 2002). Several reasons have been argued to explain
the abundance of MITEs. MITEs shortness may help them to evade epigenetic silencing, to which would also contribute their preferential insertion close to genes.
Elimination through recombination would be less effective on shorter sequences.
Additionally, the proximity of the TIRs could increase their transposition chances
(Yaakov et al., 2013). The capacity of MITEs to use the transposases of different
TE families can also explain its success (Fattash et al., 2013; Yang et al., 2009). Regardless of these factors, there are not predictions of population genetic models
or enough examples of long-term transmitted MITEs to know how long MITEs
can survive in a lineage.
BuT5 is present in 38 species of the repleta group with its last common ancestor
approximately 16 million years ago (Mya). Although horizontal transfer (HT)
events involving P elements have been described in several occasions (Clark et al.,
1994, 1995; Clark and Kidwell, 1997; Silva and Kidwell, 2000) there is no evidence
of BuT5 being horizontally transferred within the repleta group. According to
the phylogenetic reconstruction ((Rius et al., 2013), Figure 4), BuT5 has been
likely vertically transmitted in three species complexes (mulleri, longicornis, and
buzzatii) that shared a common ancestor 14 Mya (Oliveira et al., 2012).
The P elements present in D. buzzatii and in D. mojavensis seem the only possible elements capable to share its transposase with BuT5. We detected a putatively autonomous copy in D. buzzatii. In vitro transposition experiments to test
whether the P element transposase is able to mobilize BuT5 were not performed.
Even though, there are strong evidences supporting the P element and BuT5
partnership, such as the highly similar terminal regions and the conservation of
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THAP domain binding sites in both the MITEs, and the autonomous elements
of D. buzzatii and D. mojavensis (Section 3.1 Figure 2 and Table 1). Additionally, the recent transposition of BuT5 is supported by its presence as secondary
colonizer of young inversions in Drosophila (Casals et al., 2003; Delprat et al.,
2009) and by the similarity of the copies in D. mojavensis genome (Section 3.1
Figure 4). Consequently, we found a partnership between an autonomous and
a non-autonomous element maintained for at least 14 million years. There is
only one example of the approximate lifespan of a MITE in Drosophila genus,
the Mar element that has been probably active for 5.7 million years (Deprá et al.,
2012). Becoming the BuT5 and P element partnership the longest described in
Drosophila.

4.3

T H E I M P O R TA N C E O F T H O R O U G H A N D D E TA I L E D
A N A LY S I S I N T H E G E N O M I C E R A

Genome sequencing has radically changed genetics research. The possibility
to study a particular aspect of the biology of a species, population, individual
or tissue, viewing the whole genome, or genomes, at the greatest resolution,
the nucleotide, has opened an enormous ﬁeld of possibilities with countless
advantages. However, this new game-changing technology has some drawbacks
or limitations.
The case of BuT5 presented in Section 3.1 is an example of how despite of
the advantages of analyzing multiple genomes simultaneously, detailed manual
analysis is still valuable to discover the genome TE diversity. The P element
described there belongs undoubtedly to the P element superfamily and family,
according to the transposase analysis (Results, Section 3.1, Figure 7). However,
it is fairly divergent from the rest of Drosophila genus P elements, in nucleotide
sequence, transposase structure, and expression. Not long before the publication
of the article included in Section 3.1, an automated search for P elements in the
12 Drosophila genomes sequenced at the time missed to ﬁnd the partial copies
of the P element in D. mojavensis (Loreto et al., 2012). Indeed, the similarity
to other P elements is restricted to the transposase, and it is only signiﬁcant
when both nucleotide sequences are translated (tBLASTx). However, it is not
difﬁcult to imagine that if D. mojavensis P element was undetected by a wide
genome search, biased by the prior knowledge of how a P element should look
like, there may exist other unnoticed elements in the sequenced genomes. This
case is somehow similar to the discovery of DINE-1 in D. melanogaster reference
genome, where it is the most abundant TE family, and yet was detected only

62

4.3. The importance of thorough and detailed

analysis in the genomic era

after the ﬁrst TE annotation was published (Kapitonov and Jurka, 2003). These
two examples reveal the importance of manual and detailed analysis to unveil
the TE diversity of new genomes that automated and wide-range strategies can
overlook.
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5
CONCLUSIONS
1. In D. mojavensis sequenced genome BuT5 complete insertions are on average 1014 bp, have 3-bp TIRs, 16-bp subTIRs, and no coding capacity.
2. BuT5 is present in 38 species of the D. repleta group.
3. In 19 species of mulleri, longicornis, and buzzatii complexes BuT5 has been
likely vertically transmitted.
4. Partial copies of the P element are present in D. mojavensis.
5. The putative complete copy of P element in D. buzzatii is 3386 bp long, has
3-bp TIRs, 17-bp subTIRs as is ﬂanked by a 9-bp TSD.
6. The D. buzzatii P element encodes a transposase with 822 residues in seven
exons.
7. The D. buzzatii P element transposase has a THAP DNA binding domain
in the N-terminus and a putative catalitic domain in the C-terminus with
a DDE triad and a D(2)H motif.
8. The D. mojavensis consensus sequences of P element and BuT5 have 99%
identity over 98 bp at the 5’ end, and 90.9% identity over 263 bp at the 3’
end.
9. The D. buzzatii P element and the D. buzzatii BuT5 consensus sequence have
99% identity over the ﬁrst 96 bp at the 5’ end, and a 96.5% identity over
the last 260 bp at the 3’ end.
10. In D. buzzatii P element and BuT5 have two P element transposase binding
sites (THAP domain binding sites) (8 bp), one at each end.
11. The P element present in D. buzzatii and D. mojavensis is likely BuT5 master
element.
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12. In D. buzzatii head tissue all introns of the P element transposas are spliced,
while in ovarian tissue only the last intron is spliced.
13. TEs account for the 8.43% of D. buzzatii st-1 genome assembly and for 4.15%
of D. buzzatii j-19 genome assembly.
14. In D. buzzatii st-1 and in D. mojavensis chromosomes, considering only the
mapped scaffolds, TE density follows similar pattern and increases at the
chromosomes proximal end.
15. In D. buzzatii st-1 and in D. mojavensis, considering only the mapped scaffolds, chromosome 6 (dot) has a 41.22% and 46.30% of TEs respectively
and a TE density window distribution signiﬁcantly different from the rest
of the chromosomes.
16. In D. buzzatii st-1 and in D. mojavensis, considering only the mapped scaffolds, chromosome X has a 8.32% and 11.81% of TEs respectively and a
TE density window distribution signiﬁcantly different from the rest of the
chromosomes, except for the dot. The difference is maintained after discarding the three most proximal Mb.
17. Drosophila genus genomes sequenced with Sanger have a mean TE fraction
of 19.31%. Drosophila genus genomes sequenced chieﬂy with NGS have a
mean TE fraction of 10.98%.
18. According to our coverage-based correction method, the TE fraction of D.
buzzatii st-1 genome is between 10.85% and 11.16%.
19. The LTR-retrotransposons are the most underestimated order in D. buzzatii
st-1 annotation and have probably been active recently.
20. The abundance of TE orders follow the same order in D. buzzatii st-1 and
in D. mojavensis. Helitrons are the most abundant order and had probably
undergone several activity periods in D. buzzatii.
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S U P P L E M E N TA R Y M AT E R I A L O F T E A N A LY S E S I N
D R O S O P H I L A B U Z Z AT I I G E N O M E S

b.1

T E D E N S I T Y I N D . B U Z Z A T I I A N D D . M O J AV E N S I S C H R O MOSOMES

Figure 9.: Chromosomal LTR density in D. buzzatii . LTR order density in 50 kb nonoverlapping windows. Only mapped and oriented scaffolds are present, N90
for D. buzzatii st-1. Changes in dot colors denote scaffold changes.
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Figure 10.: Chromosomal LINE density in D. buzzatii . LINE order density in 50 kb nonoverlapping windows. Only mapped and oriented scaffolds are present, N90
for D. buzzatii st-1. Changes in dot colors denote scaffold changes.

Figure 11.: Chromosomal TIR density in D. buzzatii . TIR order density in 50 kb nonoverlapping windows. Only mapped and oriented scaffolds are present, N90
for D. buzzatii st-1. Changes in dot colors denote scaffold changes.
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Figure 12.: Chromosomal Helitron density in D. buzzatii . Helitron order density in 50 kb
non-overlapping windows. Only mapped and oriented scaffolds are present,
N90 for D. buzzatii st-1. Changes in dot colors denote scaffold changes.

Figure 13.: Chromosomal TE density in D. mojavensis . LTR order density in 50 kb nonoverlapping windows. Only mapped and oriented scaffolds are present, N80
for D. mojavensis. Changes in dot colors denote scaffold changes.

b.2

S U P P L E M E N TA R Y TA B L E S

4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14,15
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Figure 14.: Chromosomal TE density in D. mojavensis . LINE order density in 50 kb nonoverlapping windows. Only mapped and oriented scaffolds are present, N80
for D. mojavensis. Changes in dot colors denote scaffold changes.

Figure 15.: Chromosomal TE density in D. mojavensis . TIR order density in 50 kb nonoverlapping windows. Only mapped and oriented scaffolds are present, N80
for D. mojavensis. Changes in dot colors denote scaffold changes

112

B.2. Supplementary tables

Figure 16.: Chromosomal TE density in D. mojavensis . Helitron order density in 50 kb
non-overlapping windows. Only mapped and oriented scaffolds are present,
N80 for D. mojavensis. Changes in dot colors denote scaffold changes

Table 4.: D statistics of two samples Kolmogorov-Smirnov tests comparing the distributions of TE densities of the pairs D. buzzatii Proximal

Centromeric

D. buzzatii

D-value

Chr2

Chr3

Chr4

Chr5

ChrX

0.138

0.171

0.158

0.151

Chr2

-

0.179

0.128

0.227

Chr3

-

-

0.121

0.207

Chr4

-

-

-

0.224
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Table 5.: D statistics of two samples Kolmogorov-Smirnov tests comparing the distributions of TE densities of the pairs D. buzzatii Distal + Central

Distal + Central

D. buzzatii

D-value

Chr2

Chr3

Chr4

Chr5

ChrX

0.354

0.431

0.474

0.404

Chr2

-

0.095

0.144

0.080

Chr3

-

-

0.059

0.053

Chr4

-

-

-

0.080

Table 6.: D statistics of two samples Kolmogorov-Smirnov tests comparing the distributions of TE densities of the pairs D. buzzatii total

Total

114

D. buzzatii

D-value

Chr2

Chr3

Chr4

Chr5

Chr6

ChrX

0.335

0.402

0.423

0.372

0.930

Chr2

-

0.085

0.117

0.063

0.947

Chr3

-

-

0.042

0.056

0.944

Chr4

-

-

-

0.064

0.946

Chr5

-

-

-

-

0.941

B.2. Supplementary tables

Table 7.: D statistics of two samples Kolmogorov-Smirnov tests comparing the distributions of TE densities of the pairs D. mojavensis Proximal

Centromeric

D. mojavensis

D-value

Chr2

Chr3

Chr4

Chr5

ChrX

0.297

0.412

0.166

0.480

Chr2

-

0.417

0.183

0.317

Chr3

-

-

0.400

0.683

Chr4

-

-

-

0.383

Table 8.: D statistics of two samples Kolmogorov-Smirnov tests comparing the distributions of TE densities of the pairs D. mojavensis Central + Distal

Distal + Central

D. mojavensis

D-value

Chr2

Chr3

Chr4

Chr5

ChrX

0.420

0.362

0.507

0.520

Chr2

-

0.088

0.111

0.117

Chr3

-

-

0.158

0.168

Chr4

-

-

-

0.047
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Table 9.: D statistics of two samples Kolmogorov-Smirnov tests comparing the distributions of TE densities of the pairs D. mojavensis total

Total

D. mojavensis

D-value

Chr2

Chr3

Chr4

Chr5

Chr6

ChrX

0.394

0.328

0.460

0.485

0.789

Chr2

-

0.087

0.083

0.103

0.837

Chr3

-

-

0.145

0.165

0.807

Chr4

-

-

-

0.051

0.822

Chr5

-

-

-

-

0.863

Table 10.: p-values of two samples Kolmogorov-Smirnov tests comparing the distributions of TE densities of the pairs D. buzzatii Proximal

Centromeric

116

D. buzzatii

p-value

Chr2

Chr3

Chr4

Chr5

ChrX

0.609

0.337

0.437

0.498

Chr2

-

0.280

0.694

0.083

Chr3

-

-

0.765

0.146

Chr4

-

-

-

0.093

B.2. Supplementary tables

Table 11.: p-values of two samples Kolmogorov-Smirnov tests comparing the distributions of TE densities of the pairs D. buzzatii Distal + Central

Distal + Central

D. buzzatii

p-value

Chr2

Chr3

Chr4

Chr5

ChrX

0.000

0.000

0.000

0.000

Chr2

-

0.011

0.000

0.063

Chr3

-

-

0.365

0.494

Chr4

-

-

-

0.106

Table 12.: p-values of two samples Kolmogorov-Smirnov tests comparing the distributions of TE densities of the pairs D. buzzatii total

Total

D. buzzatii

p-value

Chr2

Chr3

Chr4

Chr5

Chr6

ChrX

0.000

0.000

0.000

0.000

0.000

Chr2

-

0.019

0.001

0.187

0.000

Chr3

-

-

0.734

0.353

0.000

Chr4

-

-

-

0.247

0.000

Chr5

-

-

-

-

0.000
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Table 13.: p-values of two samples Kolmogorov-Smirnov tests comparing the distributions of TE densities of the pairs D. mojavensis Proximal

Centromeric

D. mojavensis

p-value

Chr2

Chr3

Chr4

Chr5

ChrX

0.008

0.000

0.356

0.000

Chr2

-

0.000

0.239

0.004

Chr3

-

-

0.000

0.000

Chr4

-

-

-

0.000

Table 14.: p-values of two samples Kolmogorov-Smirnov tests comparing the distributions of TE densities of the pairs D. mojavensis Distal + Central

Distal + Central
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D. mojavensis

p-value

Chr2

Chr3

Chr4

Chr5

ChrX

0.000

0.000

0.000

0.000

Chr2

-

0.018

0.002

0.001

Chr3

-

-

0.000

0.000

Chr4

-

-

-

0.645

B.2. Supplementary tables

Table 15.: p-values of two samples Kolmogorov-Smirnov tests comparing the distributions of TE densities of the pairs D. mojavensis total

Total

D. mojavensis

p-value

Chr2

Chr3

Chr4

Chr5

Chr6

ChrX

0.000

0.000

0.000

0.000

0.000

Chr2

-

0.012

0.028

0.003

0.000

Chr3

-

-

0.000

0.000

0.000

Chr4

-

-

-

0.467

0.000

Chr5

-

-

-

-

0.000
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R E S E A R C H A RT I C L E

In this Appendix the research article describing the D. buzzatii st-1 genome is
included

c.1
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Abstract
Cactophilic Drosophila species provide a valuable model to study gene–environment interactions and ecological adaptation.
Drosophila buzzatii and Drosophila mojavensis are two cactophilic species that belong to the repleta group, but have very different
geographical distributions and primary host plants. To investigate the genomic basis of ecological adaptation, we sequenced the
genome and developmental transcriptome of D. buzzatii and compared its gene content with that of D. mojavensis and two other
noncactophilic Drosophila species in the same subgenus. The newly sequenced D. buzzatii genome (161.5 Mb) comprises 826
scaffolds (>3 kb) and contains 13,657 annotated protein-coding genes. Using RNA sequencing data of ﬁve life-stages we found
expression of 15,026 genes, 80% protein-coding genes, and 20% noncoding RNA genes. In total, we detected 1,294 genes
putatively under positive selection. Interestingly, among genes under positive selection in the D. mojavensis lineage, there is an
excess of genes involved in metabolism of heterocyclic compounds that are abundant in Stenocereus cacti and toxic to nonresident
Drosophila species. We found 117 orphan genes in the shared D. buzzatii–D. mojavensis lineage. In addition, gene duplication analysis
identiﬁed lineage-speciﬁc expanded families with functional annotations associated with proteolysis, zinc ion binding, chitin binding,
sensory perception, ethanol tolerance, immunity, physiology, and reproduction. In summary, we identiﬁed genetic signatures of
adaptation in the shared D. buzzatii–D. mojavensis lineage, and in the two separate D. buzzatii and D. mojavensis lineages. Many of
the novel lineage-speciﬁc genomic features are promising candidates for explaining the adaptation of these species to their distinct
ecological niches.
Key words: cactophilic Drosophila, genome sequence, ecological adaptation, positive selection, orphan genes, gene
duplication.
ß The Author(s) 2014. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.
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GBE

Guillén et al.

Introduction

Materials and Methods
We sequenced the genome of a highly inbreed D. buzzatii
strain, st-1 (Betran et al. 1998). DNA was extracted from
male and female adults (Piñol et al. 1988; Milligan 1998).
Reads were generated with three different sequencing platforms (supplementary ﬁg. S2 and table S12, Supplementary
Material online). The assembly of the genome was performed
in three stages (supplementary table S13, Supplementary
Material online): Preassembly (Margulies et al. 2005), scaffolding (Boetzer et al. 2011), and gapﬁlling (Nadalin et al. 2012). In
each step, a few chimeric scaffolds were identiﬁed and split.
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Drosophila species are saprophagous insects that feed and
breed on a variety of fermenting plant materials, chieﬂy
fruits, ﬂowers, slime ﬂuxes, decaying bark, leaves and stems,
cactus necroses, and fungi (Carson 1971). These substrates
include bacteria and yeasts that decompose the plant tissues
and contribute to the nutrition of larvae and adults (Starmer
1981; Begon 1982). Only two species groups use cacti as their
primary breeding site: repleta (Oliveira et al. 2012) and nannoptera (Lang et al. 2014). Both species groups originated at
the virilis–repleta radiation, 20–30 Ma (Throckmorton 1975;
Morales-Hojas and Vieira 2012; Oliveira et al. 2012) but
adapted independently to the cactus niche. The “cactusyeast-Drosophila system” in arid zones provides a valuable
model to investigate gene–environment interactions and ecological adaptation from genetic and evolutionary perspectives
(Barker and Starmer 1982; Barker et al. 1990). Rotting cacti
provide relatively abundant, predictable, and long-lasting resources that can sustain very large Drosophila populations. For
instance, a single saguaro rot may weigh up to several tons,
last for many months, and sustain millions of Drosophila larvae
and adults (Breitmeyer and Markow 1998). On the other
hand, cacti are usually found in arid climates with middle to
high temperatures that may impose desiccation and thermal
stresses (Loeschcke et al. 1997; Hoffmann et al. 2003;
Rajpurohit et al. 2013). Finally, some cacti may contain allelochemicals that can be toxic for Drosophila (see below). Thus,
adaptation to use cacti as breeding sites must have entailed a
fairly large number of changes in reproductive biology, behavior, physiology, and biochemistry (Markow and O’Grady
2008).
We have sequenced the genome and developmental transcriptome of Drosophila buzzatii to carry out a comparative
analysis with those of Drosophila mojavensis, Drosophila virilis,
and Drosophila grimshawi (Drosophila 12 Genomes
Consortium et al. 2007). Drosophila buzzatii and D. mojavensis are both cactophilic species that belong to the mulleri subgroup of the repleta group (Wasserman 1992; Oliveira et al.
2012), although they have very different geographical distributions and host plants (ﬁg. 1). Drosophila buzzatii is a subcosmopolitan species which is found in four of the six major
biogeographic regions (David and Tsacas 1980). This species is
originally from Argentina and Bolivia but now has a wide geographical distribution that includes other regions of South
America, the Old World, and Australia (Carson and
Wasserman 1965; Fontdevila et al. 1981; Hasson et al.
1995; Manfrin and Sene 2006). It chieﬂy feeds and breeds
in rotting tissues of several Opuntia cacti but can also occasionally use columnar cacti (Hasson et al. 1992; Ruiz et al.
2000; Oliveira et al. 2012). The geographical dispersal of
Opuntia by humans in historical times is considered the
main driver of the world-wide expansion of D. buzzatii
(Fontdevila et al. 1981; Hasson et al. 1995).

On the other hand, D. mojavensis is endemic to the deserts
of Southwestern United States and Northwestern Mexico. Its
primary host plants are Stenocereus gummosus (pitaya agria)
in Baja California and Stenocereus thurberi (organ pipe) in
Arizona and Sonora, but uses also Ferocactus cylindraceous
(California barrel) in Southern California and Opuntia sp. in
Santa Catalina Island (Fellows and Heed 1972; Heed and
Mangan 1986; Ruiz and Heed 1988; Etges et al. 1999). The
ecological conditions of the Sonoran Desert are extreme (dry,
arid, and hot), as attested by the fact that only four Drosophila
species are endemic (Heed and Mangan 1986). In addition,
D. mojavensis chief host plants, pitaya agria and organ pipe,
are chemically complex and contain large quantities of triterpene glycosides, unusual medium-chain fatty acids, and sterol
diols (Kircher 1982; Fogleman and Danielson 2001). These
allelochemicals are toxic to nonresident Drosophila species,
decreasing signiﬁcantly larval performance (Fogleman and
Kircher 1986; Ruiz and Heed 1988; Fogleman and
Armstrong 1989; Frank and Fogleman 1992). In addition,
host plant chemistry and fermentation byproducts affect
adult epicuticular hydrocarbons and mating behavior
(Havens and Etges 2013) as well as expression of hundreds
of genes (Matzkin et al. 2006; Etges et al. 2015; Matzkin
2014).
As a ﬁrst step to understand the genetic bases of ecological
adaptation, here we compare the genomes of the two cactophilic species with those of two noncactophilic species of the
Drosophila subgenus: D. virilis that belongs to the virilis species
group and D. grimshawi that belongs to the picture wing
group of Hawaiian Drosophila (ﬁg. 1). The lineage leading to
the common ancestor of D. buzzatii and D. mojavensis after
diverging from D. virilis (#3 in ﬁg. 1) represents the lineage that
adapted to the cactus niche (likely Opuntia; Oliveira et al.
2012), whereas the lineages leading to D. buzzatii (#1) and
D. mojavensis (#2) adapted to the speciﬁc niche of each species. We carried out a genome-wide scan for 1) genes under
positive selection, 2) lineage-speciﬁc genes, and 3) geneduplications in the three lineages (ﬁg. 1). Based on the results
of our comparative analyses, we provide a list of candidate
genes that might play a meaningful role in the ecological adaptation of these fruit ﬂies.
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The ﬁnal assembly, named Freeze 1, contains 826 scaffolds
greater than 3 kb and N50 and N90 index are 30 and 158,
respectively. The distribution of read depth in the preassembly
showed a Gaussian distribution with a prominent mode
centered at approximately 22 (supplementary ﬁg. S3,
Supplementary Material online). CG content is approximately
35% overall, approximately 42% in gene regions (including
introns) and reaches approximately 52% in exons (supplementary table S14, Supplementary Material online).
Unidentiﬁed nucleotides (N’s) represent approximately 9%
overall, approximately 4% in gene regions, and 0.004% in
exons. Sequence quality was assessed by comparing Freeze 1
with ﬁve Sanger sequenced bacterial artiﬁcial chromosomes
(BACs) (Negre et al. 2005; Prada 2010; Calvete et al. 2012)
and with Illumina genomic and RNA sequencing (RNA-Seq)
reads (supplementary ﬁg. S4, Supplementary Material online).
Quality assessments gave an overall error rate of approximately 0.0005 and a PHRED quality score of approximately
Q33 (supplementary tables S15 and S16, Supplementary
Material online). An overall proportion of segregating sites
of approximately 0.1% was estimated (supplementary table
S17, Supplementary Material online).
The genome size of two D. buzzatii strains, st-1 and j-19,
was estimated by Feulgen Image Analysis Densitometry. The
genome size of D. mojavensis 15081-1352.22 strain
(193,826,310 bp) was used as reference (Drosophila 12
Genomes Consortium et al. 2007). Testicles from anesthetized
males were dissected in saline solution and ﬁxed in aceticalcohol 3:1. Double preparations of D. mojavensis and D.
buzzatii were made by crushing the ﬁxed testicles in 50%

acetic acid. Following Ruiz-Ruano et al. (2011), the samples
were stained by Feulgen reaction and images obtained by
optical microscopy were analyzed with the pyFIA software
(supplementary ﬁg. S5 and table S18, Supplementary
Material online).
The 826 scaffolds in Freeze 1 were assigned to chromosomes by aligning their sequences with the D. mojavensis
genome using MUMmer (Delcher et al. 2003). In addition,
the 158 scaffolds in the N90 index were mapped, ordered,
and oriented (supplementary ﬁg. S1, Supplementary Material
online) using conserved linkage (Schaeffer et al. 2008), in situ
hybridization, and additional information (González et al.
2005; Guillén and Ruiz 2012). To estimate the number of
rearrangements between D. buzzatii and D. mojavensis,
their chromosomes were compared using GRIMM (Tesler
2002; Delprat A, Guillén Y, Ruiz A, in preparation). Genes in
the Hox gene complex (HOM-C) and ﬁve other gene complexes were searched in silico in the D. buzzatii genome and
manually annotated using available information (Negre et al.
2005), the annotated D. mojavensis and Drosophila melanogaster genomes, and the RNA-seq data generated for D. buzzatii (Negre B, Muyas F, Guillén Y, Ruiz A, in preparation).
Transposable elements (TEs) were annotated with
RepeatMasker using a comprehensive TE library compiled
from FlyBase (St Pierre et al. 2014), Repbase (Jurka et al.
2005), and RepeatModeler. Tandem Repeats Finder version
4.04 (Benson 1999) was used to identify satellite DNAs
(satDNAs).
For the RNA-Seq experiments, RNA from frozen samples
(embryos, larvae, pupae, adult males, and adult females) was
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FIG. 1.—(a) Phylogenetic relationship of fruit ﬂy species considered in our comparative analysis and their host preference. (b) Geographical distribution of
cactophilic species D. buzzatii (red) and D. mojavensis (green) in America.
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The data set was further modiﬁed to include additional family
members based on sequence coverage and to exclude family
members with internal stop codons and matches to TEs. Gene
counts for each family from the four species were analyzed
with an updated version of CAFE (CAFE 3.1 provided by the
authors; Han et al. 2013) to identify lineage-speciﬁc expansions. The sets of CAFE-identiﬁed expanded families in the D.
buzzatii and D. mojavensis genomes were examined for the
presence of lineage-speciﬁc duplications. Families that included members with ds <0.4 were examined manually and
lineage-speciﬁc duplications were inferred when no hits were
found in the syntenic region of the genome with a missing
copy. Drosophila buzzatii-speciﬁc RNA-mediated duplications
were identiﬁed by examining intron-less and intron-containing
gene family members. A duplicate was considered a retrocopy
if its sequence spanned all introns of the parental gene. The
number of families identiﬁed by CAFE as expanded along the
internal cactophilic branch was reduced by considering only
those families that were also found in expanded category after
rerunning the analysis with a less stringent cutoff (35% amino
acid identity, 50% coverage). The overlapping set of expanded families was manually examined to verify the absence
of D. buzzatii and D. mojavensis new family members in the D.
virilis genome. Functional annotation (i.e., Gene Ontology
[GO] term) for all expanded families was obtained using the
DAVID annotation tool (Huang et al. 2009a, 2009b). For
genes without functional annotation in DAVID, annotations
of D. melanogaster orthologs were used. An extended version
of these methods is given as supplementary methods,
Supplementary Material online.

Results
Features of the D. buzzatii Genome
Genome Sequencing and Assembly
We sequenced and de novo assembled the genome of D.
buzzatii line st-1 using shotgun and paired-end reads from
454/Roche, mate-pair and paired-end reads from Illumina,
and Sanger BAC-end sequences (~22 total expected coverage; see Materials and Methods for details). We consider the
resulting assembly (Freeze 1) as the reference D. buzzatii
genome sequence (table 1). This assembly comprises 826 scaffolds greater than 3 kb long with a total size of 161.5 Mb.
Scaffold N50 and N90 indexes are 30 and 158, respectively,
whereas scaffold N50 and N90 lengths are 1.38 and 0.16 Mb,
respectively (table 1). Quality controls (see Materials and
Methods) yielded a relatively low error rate of approximately
0.0005 (PHRED quality score Q = 33). For comparison, we also
assembled the genome of the same line (st-1) using only four
lanes of short (100 bp) Illumina paired-end reads (~76 expected coverage) and the SOAPdenovo software (Luo et al.
2012). This resulted in 10,949 scaffolds greater than 3 kb long
with a total size of 144.2 Mb (table 1). All scaffolds are
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processed using the TruSeq RNA sample preparation kit provided by Illumina. We used a Hi-Seq2000 Illumina Sequencer
to generate nonstrand-speciﬁc paired-end approximately
100 bp reads from poly(A) + RNA. Between 60 and 89 million
reads were generated per sample. A total of approximately
286 million ﬁltered reads were mapped to Freeze 1 with
TopHat (Trapnell et al. 2009) representing approximately
180  coverage of the total genome size (supplementary
table S19, Supplementary Material online). Transcripts were
assembled with Cufﬂinks (Trapnell et al. 2010) using
Annotation Release 1 as reference (see below).
Protein-coding genes (PCGs) were annotated combining
with EVidence Modeler (EVM; Haas et al. 2008) the results
of different predictors: Augustus (Stanke and Waack 2003),
SNAP (Korf 2004), N-SCAN (Korf et al. 2001), and Exonerate
(Slater and Birney 2005). The EVM set contained 12,102 gene
models. We noticed that orthologs for a considerable number
of D. mojavensis PCGs were absent from this data set. Thus,
we used the Exonerate predictions to detect another 1,555
PCGs not reported by EVM (Poptsova and Gogarten 2010).
Altogether, we predicted a total of 13,657 PCG models in the
D. buzzatii reference genome (Annotation Release 1). Features
of these models are given in supplementary table S20,
Supplementary Material online. The RSD (reciprocal smallest
distance) algorithm (Wall and Deluca 2007) was used to identify 9,114 1:1 orthologs between D. mojavensis and D. buzzatii. Orthology relationships among the four species in the
Drosophila subgenus (ﬁg. 1) were inferred from D. buzzatii–D.
mojavensis list of orthologs and the OrthoDB catalog (version
6; Kriventseva et al. 2008). To test for positive selection, we
compared different codon substitution models using the likelihood ratio test (LRT). We run two pairs if site models (SM) on
the orthologs set between D. buzzatii and D. mojavensis: M7
versus M8 and M1a versus M2a (Yang 2007). Then, we used
branch-site models (BSM) to test for positive selection in three
lineages (ﬁg. 1): D. mojavensis lineage, D. buzzatii lineage, and
the lineage that led to the two cactophilic species (D. buzzatii
and D. mojavensis). We run Venny software (Oliveros 2007) to
create a Venn diagram showing shared selected genes among
the different models. We identiﬁed genes that are only present in the two cactophilic species, D. mojavensis and D. buzzatii, by blasting the amino acid sequences from the 9,114 1:1
orthologs between D. mojavensis and D. buzzatii (excluding
misannotated genes) against all the proteins from the remaining 11 Drosophila species available in FlyBase protein database, excluding D. mojavensis (St Pierre et al. 2014).
For gene duplication analysis (DNA- and RNA-mediated duplications), we used annotated PCGs from the four species of
the Drosophila subgenus (see supplementary methods,
Supplementary Material online). Brieﬂy, we ran all-against-all
BLASTp and selected hits with alignment length extending
over at least 50% of both proteins and with amino acid identity of at least 50%. Markov Cluster Algorithm (Enright et al.
2002) was used to cluster retained proteins into gene families.
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Table 1
Summary of Assembly Statistics for the Genome of Drosophila
buzzatii
Assembly

826
~22
161,490,851
30
1,380,942
158
161,757
1,895
17,678

Class

Order

Annotated
Base Pair

Genome
Coverage (%)

LTR
DIRS
LINE
TIR
Helitron
Maverick
Unknown

2,366,439
55
2,541,645
2,017,167
5,531,009
189,267
973,759
13,619,341

1.47
0.00
1.57
1.25
3.42
0.12
0.60
8.43

SOAPdenovo
10,949
~76
144,184,967
2,035
18,900
7,509
5,703
2,820
3,101

available for download from the Drosophila buzzatii Genome
Project web page (http://dbuz.uab.cat, last accessed January
7, 2015). This site also displays all the information generated in
this project (see below).

Genome Size and Repeat Content
The genome sizes of two D. buzzatii strains, st-1 and j-19,
were estimated by Feulgen Image Analysis Densitometry on
testis cells (Ruiz-Ruano et al. 2011) using D. mojavensis as
reference. Integrative Optical Density values were 21% (st-1)
and 25% (j-19) smaller than those for D. mojavensis. Thus,
taking 194 Mb (total assembly size) as the genome size of D.
mojavensis (Drosophila 12 Genomes Consortium et al. 2007)
we estimated the genome sizes for D. buzzatii st-1 and j-19
lines as 153 and 146 Mb, respectively.
To assess the TE content of the D. buzzatii genome, we
masked the 826 scaffolds of Freeze 1 assembly using a library
of TEs compiled from several sources (see Materials and
Methods). We detected a total of 56,901 TE copies covering
approximately 8.4% of the genome (table 2). The most abundant TEs seem to be Helitrons, LINEs, long terminal repeat
(LTR) retrotransposons, and TIR transposons that cover
3.4%, 1.6%, 1.5%, and 1.2% of the genome, respectively
(table 2). In addition, we identiﬁed tandemly repeated
satDNAs with repeat units longer than 50 bp (Melters et al.
2013) (see Materials and Methods). The two most abundant
tandem repeat families are the pBuM189 satellite (Kuhn et al.
2008) and the DbuTR198 satellite, a novel family with repeat
units 198 bp long (table 3). The remaining tandem repeats had
sequence similarity to integral parts of TEs, such as the internal
tandem repeats of the transposon Galileo (de Lima LG,
Svartman M, Ruiz A, Kuhn GCS, in preparation).

Chromosomal Rearrangements
The basic karyotype of D. buzzatii is similar to that of the
Drosophila genus ancestor and consists of six chromosome
pairs: Four pairs of equal-length acrocentric autosomes, one
pair of “dot” autosomes, a long acrocentric X, and a small
acrocentric Y (Ruiz and Wasserman 1993). Because no

I (retrotransposons)

II (DNA transposons)

Total

NOTE.—The classiﬁcation follows Wicker et al. (2007).

interchromosomal reorganizations between D. buzzatii and
D. mojavensis have previously been found (Ruiz et al. 1990;
Ruiz and Wasserman 1993) all 826 scaffolds were assigned to
chromosomes by BLASTn against the D. mojavensis genome.
In addition, the 158 scaffolds in the N90 index were mapped
to chromosomes, ordered, and oriented (supplementary ﬁg.
S1, Supplementary Material online; Delprat A, Guillén Y, Ruiz
A, in preparation) using conserved linkage (Schaeffer et al.
2008) and additional information (González et al. 2005;
Guillén and Ruiz 2012). A bioinformatic comparison of D.
buzzatii and D. mojavensis chromosomes conﬁrmed that
chromosome 2 differs between these species by ten inversions
(2m, 2n, 2z7, 2c, 2f, 2g, 2h, 2q, 2r, and 2s), chromosomes X
and 5 differ by one inversion each (Xe and 5g, respectively),
and chromosome 4 is homosequential as previously described
(Ruiz et al. 1990; Ruiz and Wasserman 1993; Guillén and Ruiz
2012). In contrast, we ﬁnd that chromosome 3 differs by ﬁve
inversions instead of the expected two that were previously
identiﬁed by cytological analyses (Ruiz et al. 1990). These
three additional chromosome 3 inversions seem to be speciﬁc
to the D. mojavensis lineage (Delprat A, Guillén Y, Ruiz A, in
preparation). One of these inversions, 3f2, is polymorphic in
natural populations of D. mojavensis, but, conﬂicting with
previous reports (Ruiz et al. 1990; Schaeffer et al. 2008), appears to be homozygous in the sequenced strain. This has
been corroborated by the cytological reanalysis of its polytene
chromosomes (Delprat et al. 2014).
Many developmental genes are arranged in gene complexes each comprising a small number of functionally related
genes. We checked the organization of six of these gene
complexes in the D. buzzatii genome: HOM-C, Achaete–
scute complex, Iroquois complex, NK homeobox gene cluster
(NK-C), Enhancer of split complex, and Bearded complex (BrdC) (Negre B, Muyas F, Guillén Y, Ruiz A, in preparation). Hox
genes were arranged in a single complex in the Drosophila
genus ancestor (Hughes and Kaufman 2002). However, this
HOM-C suffered two splits (caused by chromosomal inversions) in the lineage leading to the repleta species group
(Negre et al. 2005). In order to fully characterize HOM-C organization in D. buzzatii, we manually annotated all Hox
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Number of scaffolds (>3 kb)
Coverage
Assembly size (bp)
Scaffold N50 index
Scaffold N50 length (bp)
Scaffold N90 index
Scaffold N90 length (bp)
Contig N50 index
Contig N50 length (bp)

Freeze 1

Table 2
Transposable Element Content of Drosophila buzzatii Genome
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Table 3
Satellite DNAs Identiﬁed in the Drosophila buzzatii Genome
Genome
Coverage (%)a

Consensus Sequenceb

Distribution

189

29

0.039

D. buzzatii cluster species
D. mojavensis

198

34

0.027

GCAAAAGACTCCGTCAATTA
GAAAACAAAAAATGTTATAGTTTTGAGGATTAACC
GGCAAAAACCGTATTATTTGTTATAT
GATTTCTGTATGGAATACCGTTTTAGAA
GCGTCTTTTATCGTATTACTCAGATATATCT
TAAGATTTAGCATAATCTAAGAACTTTT
TGAAATATTCACATTTGTCCA
AAGGTAGAAAGGTAGTTGGTGAGATAAACCAGAAAAA
GAGCTAAAAACGGCTAAAAACGGCTAGAAAATAGCCA
GAAAGGTAGATTGAACATTAATGGGCAAATGG
ATGGATAAATAAGACTGGTCATCATCCAA
TGAACAGAATCATGATTAAGAGATAGAAATA
TGATTAGAAAGTAGGATAGAAAGGTTAGAAAG

Repeat
Length

pBuM189

DbuTR198

D. buzzatii

a

Genome fraction was calculated assuming a genome size of 163,547,398 bp (version 1 freeze of all contigs).
Consensus sequence generated after clustering TRF results (see Materials and Methods).

b

genes and located them in three scaffolds (2, 5, and 229) of
chromosome 2 (Negre B, Muyas F, Guillén Y, Ruiz A, in preparation). The analysis of these scaffolds revealed that only two
clusters of Hox genes are present. The distal cluster contains
proboscipedia, Deformed, Sex combs reduced, Antennapedia
and Ultrabithorax, whereas the proximal cluster contains
labial, abdominal A and Abdominal B. This is precisely the
same HOM-C organization observed in D. mojavensis (Negre
and Ruiz 2007). Therefore, there seem to be no additional
rearrangements of the HOM-C in D. buzzatii besides those
already described in the genus Drosophila (Negre and Ruiz
2007). The other ﬁve developmental gene complexes contain
4, 3, 6, 13, and 6 functionally related genes, respectively (Lai
et al. 2000; Garcia-Fernàndez 2005; Irimia et al. 2008; Negre
and Simpson 2009). All these complexes seem largely conserved in the D. buzzatii genome with few exceptions
(Negre B, Muyas F, Guillén Y, Ruiz A, in preparation). The
gene slouch is separated from the rest of the NK-C in D.
buzzatii and also in all other Drosophila species outside of
the melanogaster species group; in addition, the gene
Bearded, a member of the Brd-C, is seemingly absent from
the D. buzzatii and D. mojavensis genomes, although it is
present in D. virilis and D. grimshawi. On the other hand,
genes ﬂanking the complexes are often variable, presumably
due to the ﬁxation of chromosomal inversions with breakpoints in the boundaries of the complexes.

PCG Content
We used a combination of ab initio and similarity-based algorithms in order to reduce the high false-positive rate associated
with de novo gene prediction (Wang et al. 2003; Misawa and
Kikuno 2010) as well as to avoid the propagation of falsepositive predicted gene models when closely related species

are used as references (Poptsova and Gogarten 2010). A total
of 13,657 PCGs were annotated in the D. buzzatii genome
(Annotation Release 1). These PCG models contain a total of
52,250 exons with an average of 3.8 exons per gene. Gene
expression analyses provided transcriptional evidence for
88.4% of these gene models (see below). The number of
PCGs annotated in D. buzzatii is lower than the number annotated in D. mojavensis (14,595, Release 1.3), but quite close
to the number annotated in D. melanogaster (13,955,
Release 5.56), one of the best-known eukaryotic genomes
(St Pierre et al. 2014). However PCGs in both D. buzzatii and
D. mojavensis genomes tend to be smaller and contain fewer
exons than those in the D. melanogaster genome (supplementary table S1, Supplementary Material online), which
suggests that the annotation in the two cactophilic species
might be incomplete. After applying several quality ﬁlters, a
total of 12,977 high conﬁdence protein-coding sequences
(CDS) were selected for further analysis (see Materials and
Methods).

Developmental Transcriptome
To characterize the expression proﬁle throughout D. buzzatii
development, we performed RNA-Seq experiments using
samples from ﬁve different stages: Embryos, larvae, pupae,
adult females, and adult males. Gene expression levels were
calculated based on fragments per kilobase of exon per million
fragments mapped (FPKM) values. PCG models that did not
show evidence of transcription (FPKM < 1) were classiﬁed as
nonexpressed PCGs, whereas transcribed regions that did not
overlap with any annotated PCG model were tentatively considered noncoding RNA (ncRNA) genes (ﬁg. 2a). We detected
expression (FPKM > 1) of 26,455 transcripts and 15,026
genes, 12,066 (80%) are PCGs and 2,960 (20%) are
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FIG. 2.—Developmental expression proﬁle of D. buzzatii genes. (a)
Number of expressed PCGs (red) and ncRNA genes (blue) along ﬁve developmental stages. (b) Classiﬁcation of PCGs and ncRNA genes according
to the number of stages where they are expressed.

ncRNA genes. The number of expressed genes
(PCGs + ncRNA) increases through the life cycle with a maximum of 12,171 in adult males (ﬁg. 2a and supplementary
table S2, Supplementary Material online), a pattern similar
to that found in D. melanogaster (Graveley et al. 2011). In
addition, we observed a clear sex-biased expression in adults:
Males express 1,824 more genes than females. Previous studies have attributed this sex-biased gene expression mainly to
the germ cells, indicating that the differences between ovary
and testis are comparable to those between germ and somatic
cells (Parisi et al. 2004; Graveley et al. 2011).
We assessed expression breadth for each gene simply as
the number of developmental stages with evidence of expression (ﬁg. 2b and supplementary table S2, Supplementary
Material online). Expression breadth is signiﬁcantly different
(P < 0.001) for PCGs and ncRNA genes. A total of 6,546 expressed PCGs (54.2%) are constitutively expressed (i.e., we
observed expression in the ﬁve stages), but only 260 of
ncRNA genes (8.8%) are constitutively expressed (supplementary table S2, Supplementary Material online). In contrast, 925
expressed PCGs (7.7%) and 1,292 ncRNA genes (43.6%) are
expressed only in one stage. Mean expression breadth was 3.9

Website
A website (http://dbuz.uab.cat, last accessed January 7, 2015)
has been created to provide free access to all information and
resources generated in this work. It includes a customized
browser (GBrowse; Stein et al. 2002) for the D. buzzatii
genome incorporating multiple tracks for gene annotations
with different gene predictors, for expression levels and transcript annotations for each developmental stage, and for
repeat annotations. It contains also utilities to download contigs, scaffolds, and data ﬁles and to carry out Blast searches
against all D. buzzatii contigs and scaffolds.

Lineage-Specific Analyses
We set up to analyze three lineages for several aspects that
could reveal genes involved in adaptation to the cactophilic
niche. These lineages are denoted as #1, #2, and #3, respectively, in ﬁgure 1: D. buzzatii lineage, D. mojavensis lineage,
and cactophilic lineage (i.e., lineage shared by D. buzzatii and
D. mojavensis). We searched for genes under positive selection, duplicated genes, and orphan genes in those lineages.

Genes under Positive Selection
We ﬁrst searched for genes evolving under positive selection
during the divergence between D. buzzatii and D. mojavensis,
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embryos

for PCGs and 2.2 for ncRNA genes. Adult males show more
stage-speciﬁc genes (844 genes) compared with adult females
(137 genes).
PCGs with no expression in this study (FPKM < 1) might be
expressed at a higher level in other tissues or times, or they
might be inducible under speciﬁc conditions that we did not
test (Weake and Workman 2010; Etges et al. 2015; Matzkin
2014). We also must expect that some remaining fraction of
gene models will be false positives (Wang et al. 2003).
However, because we used a combination of different annotation methods to reduce the proportion of false-positives, we
expect this proportion to be very small. On the other hand,
transcribed regions that do not overlap with any annotated
PCG models are likely ncRNA genes although we cannot discard that some of them might be false negatives, that is,
genes that went undetected by our annotation methods perhaps because they contain small open reading frames
(Ladoukakis et al. 2011). One observation supporting that
most of them are in fact ncRNA genes is that their expression
breadth is quite different from that of PCGs and a high fraction of them are stage-speciﬁc genes. In most Drosophila species, with limited analyses of the transcriptome (Celniker et al.
2009), few ncRNA genes have been annotated. In contrast, in
D. melanogaster with a very well-annotated genome, 2,096
ncRNA genes have been found (Release 5.56, FlyBase). Thus,
the number of ncRNA found in D. buzzatii is comparable to
that of D. melanogaster.
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D. mojavensis branch
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D. buzz : D. moj
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FIG. 3.—Venn diagram showing the number of genes putatively
under positive selection detected by two different methods, SM and
BSM using three different lineages as foreground branches.

show a signiﬁcant enrichment in DNA-binding function.
DNA-dependent regulation of transcription and phosphate
metabolic processes were also overrepresented. We also
found a signiﬁcant enrichment in the Ig-like domain, involved
in functions related to cell–cell recognition and immune
system. The 172 candidate genes in D. mojavensis lineage
show a signiﬁcant excess of genes related to the heterocycle
catabolic process (P = 5.9e-04). Interestingly, the main hosts of
D. mojavensis (columnar cacti) contain large quantities of triterpene glycosides, which are heterocyclic compounds.
Among the candidate genes in the branch leading to the
two cactophilic species, there are three overrepresented molecular functions related to both metal and DNA binding. The
GO terms with the highest signiﬁcance in the biological process category are cytoskeleton organization and, once again,
regulation of transcription.
Using the RNA-Seq data we determined the expression
proﬁles of all 1,294 genes putatively under positive selection.
A total of 1,213 (93.7%) of these genes are expressed in at
least one developmental stage (supplementary table S2,
Supplementary Material online). A comparison of expression
level and breadth between candidate and noncandidate
genes revealed that genes putatively under positive selection
are expressed at a lower level (V2 = 84.96, P < 2e-16) and in
fewer developmental stages (V2 = 26.99, P < 2e-6) than the
rest.

Orphan Genes in the Cactophilic Lineage
To detect orphan genes in the cactophilic lineage, we blasted
the amino acid sequences encoded by 9,114 D. buzzatii genes
with D. mojavensis 1:1 orthologs against all proteins from the
12 Drosophila genomes except D. mojavensis available in
FlyBase (St Pierre et al. 2014). We found 117 proteins with
no similarity to any predicted Drosophila protein (cutoff value
of 1e-05) and were considered to be encoded by putative
orphan genes. We focused on the evolutionary dynamics of
these orphan genes by studying their properties in comparison
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using codon substitution models implemented in the PAML 4
package (Yang 2007). Two pairs of different SM were compared by the LRT, M1a versus M2a and M7 versus M8 (see
Materials and Methods). In each case, a model that allows for
sites with o > 1 (positive selection) is compared with a null
model that considers only sites with o < 1 (purifying selection)
and o = 1 (neutrality). At P < 0.001, the ﬁrst comparison (M1a
vs. M2a) detected 915 genes whereas the second comparison
(M7 vs. M8) detected 802 genes. Comparison of the two
gene sets allowed us to detect 772 genes present in both,
and this was taken as the ﬁnal list of genes putatively under
positive selection using SM (supplementary table S3,
Supplementary Material online).
Next, we used BSM from PAML 4 package (Yang 2007) to
search for genes under positive selection in the phylogeny
of the four Drosophila subgenus species, D. buzzatii, D. mojavensis, D. virilis, and D. grimshawi (ﬁg. 1). Orthologous relationships among the four species were inferred from D.
buzzatii–D. mojavensis list of orthologs and the OrthoDB catalog (see Materials and Methods). A total of 8,328 unequivocal 1:1:1:1 orthologs were included in the comparison of a
BSM allowing sites with o > 1 (positive selection) and a null
model that does not. We selected three branches to test for
positive selection (the foreground branches): D. buzzatii lineage, D. mojavensis lineage, and cactophilic lineage (denoted
as #1, #2, and #3 in ﬁg. 1). The number of genes putatively
under positive selection detected at P < 0.001 in the three
branches was 350, 172, and 458, respectively (supplementary
table S3, Supplementary Material online). These genes only
partially overlap those previously detected in the D. buzzatii–D.
mojavensis comparison using SM (ﬁg. 3). Although 69.4%
and 55.8% of the genes putatively under positive selection
in the D. buzzatii and D. mojavensis lineages were also detected in the D. buzzatii–D. mojavensis comparison, only
22.3% of the genes detected in the cactophilic lineage were
present in the previous list (ﬁg. 3). Thus, the total number of
genes putatively under positive selection is 1,294.
We looked for functional categories overrepresented
among the candidate genes reported by both SM and BSM
(table 4). We ﬁrst performed a GO enrichment analysis with
the 772 candidate genes uncovered by SM comparing
D. mojavensis and D. buzzatii orthologs using DAVID tools
(Huang et al. 2007). Two molecular functions show higher
proportion than expected by chance (relative to D. mojavensis
genome) within the list of candidate genes: Antiporter activity
and transcription factor activity. With respect to the biological
process, regulation of transcription is the only overrepresented
category. A signiﬁcant enrichment in Src Homology-3 domain
was observed. This domain is commonly found within proteins
with enzymatic activity and it is associated with protein binding function.
A similar GO enrichment analysis was carried out with candidate genes found using BSM in each of the three targeted
branches. The 350 candidate genes in D. buzzatii lineage
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NOTE.—Only categories showing an enrichment with a P value less than 1.0e-03 are included.
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substitution
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Table 4
GO Analysis of Putative Genes under Positive Selection Detected by Both SM and BSM
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dn

ds

ω
**p < 2.2x10-16

1.00
*p = 2.0x10-05

Gene Duplications

0.75

0.50

expressed exclusively in one developmental stage with mean
expression breadth of 2.56 (vs. 3.94 for nonorphans).

**p < 2.2x10-16

0.25

FIG. 4.—Patterns of divergence in orphan and nonorphan genes.
Orphan genes (blue) have signiﬁcantly higher dn and o values compared
with that of nonorphan genes (red). Nonorphan genes show signiﬁcantly
higher ds.

to the remaining 8,997 1:1 orthologs (ﬁg. 4). We observed
that median dn of orphan genes was signiﬁcantly higher
than that of nonorphan genes (dnorphan = 0.1291;
dnnonorphan = 0.0341; W = 846,254, P < 2.2e-16) and the
same pattern was observed for o (oorphan = 0.4253, ononorphan = 0.0887, W = 951,117, P < 2.2e-16). However, median
ds of orphan genes is somewhat lower than that for the rest of
genes (dsorphan = 0.3000, dsnonorphan = 0.4056, W = 406,799,
P = 2.4e-05).
We found 19 of the 117 orphan genes in the list of candidate genes detected in the D. buzzatii–D. mojavensis comparison (see above). This proportion (16.3%) was signiﬁcantly
higher than that found in nonorphan 1:1 orthologs (753/
8,997 = 8.4%), which indicates an association between
gene lineage-speciﬁcity and positive selection (Fisher exact
test, two-tailed, P < 0.0001). The 19 orphan genes included
in the candidate gene group are not associated with any GO
category. As a matter of fact, information about protein domains was found for only two of these genes (GYR and YLP
motifs in both cases: GI20994 and GI20995). These results
should be viewed cautiously as newer genes are functionally
undercharacterized and GO databases are biased against
them (Zhang et al. 2012). We also compared the protein
length between orphan and nonorphan gene products. Our
results showed that orphan genes are shorter (W = 68,825.5,
P < 2.2e-16) and have fewer exons than nonlineage-speciﬁc
genes (W = 201,068, P < 2.2e-16).
RNA-Seq data allowed us to test for expression of orphan
genes. From the 117 gene candidates, 82 (70%) are expressed at least in one of the ﬁve analyzed developmental
stages. A comparison of the expression proﬁles between
orphan and the rest of 1:1 orthologous genes showed that
the expression breadth of orphans is different from that of
nonorphans (V2 = 101.4, P < 0.001): Most orphan genes are
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The annotated PCGs from four species of the Drosophila subgenus were used to study gene family expansions in the D.
buzzatii, D. mojavensis, and cactophilic lineages (ﬁg. 1).
Proteins that share 50% identity over 50% of their length
were clustered into gene families using Markov Cluster
Algorithm. After additional quality ﬁlters (see Materials and
Methods), the ﬁnal data set consisted of a total of 56,587
proteins from four species clustered into 19,567 families, including single-gene families (supplementary tables S4–S7,
Supplementary Material online).
Considering the D. buzzatii genome alone (supplementary
table S4, Supplementary Material online), we ﬁnd 11,251
single-copy genes and 1,851 duplicate genes (14%) clustered
in 691 gene families. Among D. buzzatii gene families,
about 70% of families have two members and the largest
family includes 16 members (supplementary table S4,
Supplementary Material online). Among single-copy genes,
1,786 genes are only present in the D. buzzatii lineage. This
number decreases only to 1,624 when proteins are clustered
into families with a less stringent cutoff of 35% identity and
50% coverage. Such lineage-speciﬁc single-copy genes have
been found in all the 12 Drosophila genomes that have been
analyzed, including D. mojavensis (Hahn et al. 2007), and
although traditionally they have been viewed as annotation
artifacts, many of these genes may be either de novo or fastevolving genes (Reinhardt et al. 2013; Palmieri et al. 2014).
Lineage-speciﬁc expansions were identiﬁed by analyzing
the gene count for each family from the four species using
CAFE3.1 (see Materials and Methods). This analysis detected
expansions of 86 families along the D. buzzatii lineage.
However, 15 families increased in size as the result of extra
copies added to the data set after taking into account high
sequence coverage. The expansions of these families cannot
be conﬁrmed with the current genome assembly. The remaining families were analyzed further in order to conﬁrm D. buzzatii-speciﬁc duplications. To do that, we ﬁrst selected gene
families with members that have ds < 0.4 (median ds for D.
mojavensis–D. buzzatii orthologs) and then manually examined syntenic regions in D. mojavensis genome. Although
this approach might miss some true lineage-speciﬁc expansions, it reduces the possibility of including old families into the
expansion category that might have been misclassiﬁed as a
result of incomplete gene annotation in the genomes under
study or independent loss of family members in different lineages. Of the 30 gene families whose members had ds < 0.4,
we conﬁrmed the expansion of 20 families (supplementary
table S8, Supplementary Material online). In 12 of the 20 families, new family members are found on the same scaffold in
close proximity suggesting unequal crossing over or proximate
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been shown to encode female reproductive peptidases
(Kelleher and Markow 2009), and members of three additional families (Families 187, 277, and 1234) encode proteins
that are found in D. mojavensis accessory gland proteome
(Kelleher et al. 2009).
There are 20 gene families that expanded along the cactophilic branch, that is, before the split between D. buzzatii and
D. mojavensis (see Materials and Methods; supplementary
table S10, Supplementary Material online). Most families (16
of 20) have expanded through tandem or nearby segmental
duplication and are still found within the same scaffold. The
remaining families with dispersed duplicates included one retrogene, the duplicate of T-cp1, identiﬁed previously in D.
mojavensis lineage (Han and Hahn 2012). The extent of perfamily expansions in the cactophilic lineage is modest, with
two new additional members found in four families and a
single new copy in the remaining families. Members of the
most expanded families encode guanylate cyclases that are
involved in intracellular signal transduction, peptidases, and
carbon–nitrogen hydrolases. Members of other families include various proteins with metal-binding properties as well
as proteins with a role in vesicle and transmembrane transport
(supplementary table S11, Supplementary Material online).
We also see expansion of three families (Family 775, Family
776, and Family 800) with functions related to regulation of
juvenile hormone (JH) levels (see Discussion).

Discussion
The D. buzzatii Genome
Drosophila is a leading model for comparative genomics, with
24 genomes of different species already sequenced (Adams
et al. 2000; Drosophila 12 Genomes Consortium et al. 2007;
Zhou et al. 2012; Zhou and Bachtrog 2012; Fonseca et al.
2013; Ometto et al. 2013; Chen et al. 2014). However, only
ﬁve of these species belong to the species-rich Drosophila
subgenus, and only one of these species, D. mojavensis, is a
cactophilic species from the large repleta species group. Here
we sequenced the genome and transcriptome of D. buzzatii,
another cactophilic member of the repleta group, to investigate the genomic basis of adaptation to this distinct ecological
niche. Using different sequencing platforms and a three-stage
de novo assembly strategy, we generated a high quality
genome sequence that consists of 826 scaffolds greater
than 3 kb (Freeze 1). A large portion (>90%) of the
genome is represented by 158 scaffolds with a minimum
size of 160 kb that have been assigned, ordered, and oriented
in the six chromosomes of the D. buzzatii karyotype. As expected, the assembly is best for chromosome 2 (because of
the use of Sanger generated BAC-end sequences) and worst
for chromosome X (because of the three-fourth representation of this chromosome in adults of both sexes). The quality
of our Freeze 1 assembly compares favorably with the
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segmental duplication as the mechanisms for duplicate formation. The remaining eight families contain dispersed duplicates
found in different scaffolds. Six of these families expanded
through retroposition, the RNA-mediated duplication mechanism that allows insertion of reverse-transcribed mRNA nearly
anywhere in the genome. In most cases, family expansions are
due to addition of a new single copy in the D. buzzatii lineage
(in 25 of total 35 families). Two families that expanded the
most, with up to 5 (Family 95) and 9 (Family 126) new members, encode various peptidases involved in protein degradation. Other expanded families are associated with a broad
range of functions, including structural proteins of insect cuticle and chorion, enzymes involved in carbohydrate and lipid
metabolism, proteins that function in immune response, and
olfactory receptors. In addition, Family 128 encodes female
reproductive peptidases (Kelleher and Markow 2009) and it
appears that new family members have been acquired independently in D. buzzatii and D. mojavensis lineages (supplementary table S11, Supplementary Material online).
We ﬁnd six families in D. buzzatii that expanded through
retroposition in the 11 Myr since the split between D. buzzatii
and D. mojavensis (supplementary table S9, Supplementary
Material online). This gives a rate of 0.55 retrogenes/Myr,
which is consistent with previous estimates of functional retrogene formation in Drosophila of 0.5 retrogenes/Myr (Bai et al.
2007). The expression of all but one retrogene is supported by
RNA-Seq data, with no strong biases in expression between
the sexes. Four retrogenes are duplicates of ribosomal proteins, and the parental genes from two of these families
(RpL37a and RpL30) have been previously shown to generate
retrogenes in other Drosophila lineages (Bai et al. 2007; Han
and Hahn 2012). Frequent retroposition of ribosomal proteins
could be explained by the high levels of transcription of ribosomal genes although other Drosophila lineages do not show
a bias in favor of retroduplication of ribosomal proteins (Bai
et al. 2007; Han and Hahn 2012). The remaining two retrogenes include the duplicate of Caf1, protein that is involved in
histone modiﬁcation, and the duplicate of VhaM9.7-b, a subunit of ATPase complex.
CAFE analysis identiﬁed 127 families that expanded along
the D. mojavensis lineage. Of these families, 86 contain members with ds < 0.4. Further examination of syntenic regions
conﬁrmed expansion of only 17 families (supplementary
table S8, Supplementary Material online). New members in
two families (Families 1121 and 1330) are found in different
scaffolds and originated through RNA-mediated duplications.
These instances have been previously identiﬁed as D. mojavensis-speciﬁc retropositions (Han and Hahn 2012). Members
of expanded families encode proteins that function in proteolysis, peptide and ion transport, aldehyde and carbohydrate
metabolism, as well as sensory perception (supplementary
table S11, Supplementary Material online). At least 4 of the
17 expanded families play a role in reproductive biology:
Proteases of Family 128 with three new members have
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copy fragmentation (Rius N, Guillén Y, Kapusta A, Feschotte
C, Ruiz A, in preparation). The contribution of satDNAs (table
3) is also an underestimate and further experiments are required for a correct assessment of this component (de Lima
LG, Svartman M, Ruiz A, Kuhn GCS, in preparation). However,
we identiﬁed the pBuM189 satDNA as the most abundant
tandem repeat of D. buzzatii. Previous in situ hybridization
experiments revealed that pBuM189 copies are located in
the centromeric region of all chromosomes, except chromosome X (Kuhn et al. 2008). Thus, pBuM189 satellite is likely
the main component of the D. buzzatii centromere.
Interestingly, a pBuM189 homologous sequence has recently
been identiﬁed as the most abundant tandem repeat of D.
mojavensis (Melters et al. 2013). Although the chromosome
location in D. mojavensis has not been determined, the persistence of pBuM189 as the major satDNA in D. buzzatii and
D. mojavensis may reﬂect a possible role for these sequences
in centromere function (Ugarković 2009).

Chromosome Evolution
The chromosomal evolution of D. buzzatii and D. mojavensis
has been previously studied by comparing the banding pattern
of the salivary gland chromosomes (Ruiz et al. 1990; Ruiz and
Wasserman 1993). Drosophila buzzatii has few ﬁxed inversions
(2m, 2n, 2z7, and 5g) when compared with the ancestor of the
repleta group. In contrast, D. mojavensis showed ten ﬁxed
inversions (Xe, 2c, 2f, 2g, 2h, 2q, 2r, 2s, 3a, and 3d), ﬁve of
them (Xe, 2q, 2r, 2s, and 3d) exclusive to D. mojavensis and the
rest shared with other cactophilic Drosophila (Guillén and Ruiz
2012). Thus, the D. mojavensis lineage appears to be a derived
lineage with a relatively high rate of rearrangement ﬁxation.
Here, we compared the organization of both genomes corroborating all known inversions in chromosomes X, 2, 4, and
5. In D. mojavensis chromosome 3, however, we found ﬁve
inversions instead of the two expected (Delprat A, Guillén Y,
Ruiz A, in preparation). One of the three additional inversions is
the polymorphic inversion 3f2 (Ruiz et al. 1990). This inversion
has previously been found segregating in Baja California and
Sonora (Mexico) and is homozygous in the strain of Santa
Catalina Island (California) that was used to generate the D.
mojavensis genome sequence (Drosophila 12 Genomes
Consortium et al. 2007). Previously, the Santa Catalina Island
population was thought to have the standard (ancestral) arrangements in all chromosomes, like the populations in
Southern California and Arizona (Ruiz et al. 1990; Etges
et al. 1999). The presence of inversion 3f2 in Santa Catalina
Island is remarkable because it indicates that the ﬂies that colonized this island came from Baja California and are derived
instead of ancestral with regard to the rest of D. mojavensis
populations (Delprat et al. 2014). The other two additional
chromosome 3 inversions are ﬁxed in the D. mojavensis lineage
and emphasize its rapid chromosomal evolution. Guillén and
Ruiz (2012) analyzed the breakpoint of all chromosome 2
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assembly generated using only Illumina reads and the
SOAPdenovo assembler, and with those of other Drosophila
genomes generated using second-generation sequencing
platforms (Zhou et al. 2012; Zhou and Bachtrog 2012;
Fonseca et al. 2013; Ometto et al. 2013; Chen et al. 2014),
although our Freeze 1 does not attain the quality of the 12
Drosophila genomes generated using Sanger only (Drosophila
12 Genomes Consortium et al. 2007).
Drosophila buzzatii is a subcosmopolitan species that has
been able to colonize four of the six major biogeographical
regions (David and Tsacas 1980). Only two other repleta
group species (Drosophila repleta and Drosophila hydei)
have reached such widespread distribution. Invasive species
are likely to share special genetic traits that enhance their
colonizing ability (Parsons 1983; Lee 2002). From an ecological
point of view we would expect colonizing species to be
r-strategists with a short developmental time (Lewontin
1965). Because there is a correlation between developmental
time and genome size (Gregory and Johnston 2008), colonizing species are also expected to have a small genome size
(Lavergne et al. 2010). The genome size of D. buzzatii was
estimated in our assembly as 161 Mb and by cytological techniques as 153 Mb, approximately 20% smaller than the D.
mojavensis genome. The genome size of a second D. buzzatii
strain, estimated by cytological techniques, is even smaller,
146 Mb. However, the relationship between genome size
and colonizing ability does not hold in the Drosophila genus
at large. Although colonizing species such as D. melanogaster
and Drosophila simulans have relatively small genomes, specialist species with a narrow distribution such as Drosophila
sechelia and Drosophila erecta also have small genomes. On
the other hand, Drosophila ananassae, Drosophila malerkotliana, Drosophila suzuki, D. virilis, and Zaprionus indianus are
also colonizing Drosophila species but have relatively large
genomes (Nardon et al. 2005; Bosco et al. 2007; Drosophila
12 Genomes Consortium et al. 2007; Gregory and Johnston
2008). Further, there seems to be little difference in genome
size between original and colonized populations within species (Nardon et al. 2005). Seemingly, other factors such as
historical or chance events, niche dispersion, genetic variability, or behavioral shifts are more signiﬁcant than genome size
in determining the current distribution of colonizing species
(Markow and O’Grady 2008).
TE content in the D. buzzatii genome was estimated as
8.4% (table 2), a relatively low value compared with that of
D. mojavensis, 10–14% (Ometto et al. 2013; Rius et al., in
preparation). These data agree well with the smaller genome
size of D. buzzatii because genome size is positively correlated
with the contribution of TEs (Kidwell 2002; Feschotte and
Pritham 2007). However, TE copy number and coverage estimated in D. buzzatii (table 2) must be taken cautiously.
Coverage is surely underestimated due to the difﬁculties in
assembling repeats, in particular with short sequence reads,
whereas the number of copies may be overestimated due to
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inversions ﬁxed in D. mojavensis and concluded that the numerous gene alterations at the breakpoints with putative
adaptive consequences point directly to natural selection as
the cause of D. mojavensis rapid chromosomal evolution.
The four ﬁxed chromosome 3 inversions provide an opportunity for further testing this hypothesis (Delprat A, Guillén Y,
Ruiz A, in preparation).

Candidate Genes under Positive Selection and Orphan
Genes
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Several methods have been developed to carry out genomewide scans for genes evolving under positive selection (Nielsen
2005; Anisimova and Liberles 2007; Vitti et al. 2013). We used
here a rather simple approach based on the comparison of the
nonsynonymous substitution rate (dn) with the synonymous
substitution rate (ds) at the codon level (Yang et al. 2000;
Wong et al. 2004; Zhang et al. 2005; Yang 2007). Genes
putatively under positive selection were detected on the
basis of statistical evidence for a subset of codons where replacement mutations were ﬁxed faster than mutation at silent
sites. Four species of the Drosophila subgenus (ﬁg. 1) were
employed to search for genes under positive selection using
SM and BSM. We restricted the analysis to this subset of the
Drosophila phylogeny to avoid the saturation of synonymous
substitutions expected with phylogenetically very distant species (Bergman et al. 2002; Larracuente et al. 2008), and also
because these are the genomes with the highest quality available (Schneider et al. 2009). A total of 1,294 candidate genes
were detected with both SM and BSM, which represents approximately 14% of the total set of 1:1 orthologs between D.
mojavensis and D. buzzatii. Positive selection seems pervasive
in Drosophila (Sawyer et al. 2007; Singh et al. 2009; Sella et al.
2009; Mackay et al. 2012) and, using methods similar to ours,
it has been estimated that 33% of single-copy orthologs in the
melanogaster group have experienced positive selection
(Drosophila 12 Genomes Consortium et al. 2007). The smaller
fraction of genes putatively under positive selection in our
analyses may be due to the fewer lineages considered in our
study. In addition, both studies may be underestimating the
true proportion of positively selected genes because only 1:1
orthologs were included in the analyses and genes that evolve
too fast may be missed by the methods used to establish
orthology relationships (Bierne and Eyre-Walker 2004). At
any rate, the 1,294 candidate genes found here should be
evaluated using other genomic methods for detecting positive
selection, for example, those comparing levels of divergence
and polymorphism (Vitti et al. 2013). Furthermore, functional
follow-up tests will be necessary for a full validation of their
adaptive signiﬁcance (Lang et al. 2012).
BSM allowed us to search for positively selected genes in the
three-targeted lineages (D. buzzatii, D. mojavensis, and cactophilic branch). We then performed GO enrichment analyses in
order to identify potential candidates for environmental

adaptation given the ecological properties of both cactophilic
species (table 4). The most interesting result of this analysis is
that genes putatively under positive selection in D. mojavensis
branch are enriched in genes involved in heterocyclic catabolic
processes. Four candidate D. mojavensis genes, GI19101,
GI20678, GI21543 and GI22389, that are orthologous to D.
melanogaster genes nahoda, CG5235, slgA and knk, respectively, participate in these processes and might be involved in
adaptation of D. mojavensis to the Stenocereus cacti, plants
with particularly large quantities of heterocyclic compounds
(see Introduction). A difﬁculty with this interpretation is the
fact that the D. mojavensis genome sequence was generated
using a strain from Santa Catalina Island where D. mojavensis
inhabits Opuntia cactus (Drosophila 12 Genomes Consortium
et al. 2007). However, the evidence indicates that the ancestral
D. mojavensis population is the agria-inhabiting Baja California
population and that the Mainland Sonora population split from
Baja California approximately 0.25 Ma whereas the Mojave
Desert and Mainland Sonora populations diverged more recently, approximately 0.125 Ma (Smith et al. 2012).
Moreover, the presence of inversion 3f2 in the Santa Catalina
Island population suggests that the ﬂies that colonized this
island came from Baja California populations, where this inversion is currently segregating, and not from the Mojave Desert,
where this inversion is not present (Delprat et al. 2014). This is
compatible with mitochondrial DNA sequence data (Reed et al.
2007) although in contrast to other data (Machado et al. 2007).
Finally, the transcriptional proﬁles of the four D. mojavensis
subpopulations reveal only minor gene expression differences
between individuals from Santa Catalina Island and Baja
California (Matzkin and Markow 2013).
Orphan genes are genes with restricted taxonomic distribution. Such genes have been suggested to play an important
role in phenotypic and adaptive evolution in multiple species
(Domazet-Lošo and Tautz 2003; Khalturin et al. 2009; Chen
et al. 2013). The detection of orphan genes is highly dependent on the availability of sequenced and well-annotated genomes of closely related species, and the total number of
lineage-speciﬁc genes tend to be overestimated (Khalturin
et al. 2009). We were as conservative as possible by considering only high-conﬁdence 1:1 orthologs in two species, D.
buzzatii and D. mojavensis. The result is a set of 117 orphans in
the cactophilic lineage.
We observe that orphan genes clearly show a different
pattern of molecular evolution compared with that of older
conserved genes. Orphans exhibit a higher dn that can be
attributed to more beneﬁcial mutations ﬁxed by positive selection or to lower constraint, or both (Cai and Petrov 2010;
Chen et al. 2010). However, as the number of genes putatively under positive selection within the set of orphan genes is
higher than expected by chance, we suggest that the elevated
dn likely reﬂects adaptive evolution.
Orphans also have fewer exons and encode shorter proteins than nonorphans. This observation has been reported in
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Gene Duplication
The study of gene duplications in the D. buzzatii and D. mojavensis lineages aims at understanding the genetic bases of the
ecological specialization associated with colonization of novel
cactus habitats. Although we only considered expanded families, it is known that specialization sometimes involves gene
losses. For example, D. sechellia and D. erecta, which are specialized to grow on particular substrates, have lost gustatory
receptors and detoxiﬁcation genes (Drosophila 12 Genomes
Consortium et al. 2007; Dworkin and Jones 2009). Sometimes
the losses are driven by positive selection, as has been suggested in the case of the neverland gene in Drosophila pachea
(Lang et al. 2012) where positive selection appears to have
favored a novel neverland allele that has lost the ability to
metabolize cholesterol. In our study of gene families, the

incompleteness of the annotation of D. buzzatii PCGs precludes us from being able to reliably identify gene families
that lost family members.
To minimize the possibility of missing gene copies that were
potentially collapsed into single genes during D. buzzatii
genome assembly, we used sequence coverage to adjust
the size of gene families. Two of the families that expanded
as a result of this correction encoded chorion genes. However,
chorion genes are known to undergo somatic ampliﬁcations
in ovarian follicle cells (Claycomb and Orr-Weaver 2005), and
the use of sequence coverage to correct for “missing” copies
can be misleading in these cases. As there is no easy way to
verify families that were placed into the expanded category
due to high sequence coverage alone, our discussion below is
limited to gene duplicates that were annotated in the D. buzzatii genome.
A recent survey of the functional roles of new genes across
various taxa offers evidence for the rapid recruitment of
new genes into gene networks underlying a wide range
of phenotypes including reproduction, behavior, and development (Chen et al. 2013). A number of lineage-speciﬁc duplicates identiﬁed in our study ﬁt this description, but further
experimental conﬁrmation of their functions through lossof-function studies and characterization of molecular interactions are necessary. Among families that expanded in the
D. buzzatii, the D. mojavensis, and the cactophilic lineages,
35% have functional annotations that are similar to those of
rapidly evolving families identiﬁed in the analysis of the 12
Drosophila genomes (Hahn et al. 2007). These families include
genes that are involved in proteolysis, zinc ion binding, chitin
binding, sensory perception, immunity, and reproduction. A
fraction of these expanded families may reﬂect physiological
adaptations to a novel habitat. For example, given the importance of olfactory perception in recognition of the host cactus
plants (Date et al. 2013), the duplication of an olfactory receptor in D. buzzatii may represent an adaptation to cactophilic substrates. Another D. buzzatii family includes ninjurin, a
gene involved in tissue regeneration that is one of the components of the innate immune response (Boutros et al. 2002).
In D. mojavensis, we also observe the duplication of an odorant receptor and, coinciding with a previous report (Croset
et al. 2010), of an ionotropic glutamate receptor that belongs
to a novel family of diversiﬁed chemosensory receptors
(Benton et al. 2009; Croset et al. 2010). An aldehyde dehydrogenase is also duplicated in the D. mojavensis lineage and
might reveal a role in detoxiﬁcation of particular aldehydes
and ethanol (Fry and Saweikis 2006). In the D. buzzatii–D.
mojavensis lineage, one family contains proteins with the
MD-2-related lipid recognition domain involved in pathogen
recognition and in D. mojavensis we ﬁnd a duplicate of a
phagosome-associated peptide transporter that is involved in
bacterial response in D. melanogaster (Charrière et al. 2010).
Several of the D. mojavensis-speciﬁc gene duplicates have
been described as male and female reproductive proteins.
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multiple eukaryotic organisms such as yeasts (Carvunis et al.
2012), fruitﬂies (Domazet-Lošo and Tautz 2003) and primates
(Cai and Petrov 2010), and it is further supported by a positive
correlation between protein length and sequence conservation (Lipman et al. 2002) (see above). We did not ﬁnd expression support for all the orphan genes detected. This suggests
to us that either orphans are more tissue- or stage-speciﬁc
than nonorphans (Zhang et al. 2012) or we are actually detecting artifactual CDS that are not expressed. However, given
the patterns of sequence evolution of orphan genes, we favor
the ﬁrst explanation for the majority of them. Collectively, all
these results support the conclusion that orphan genes evolve
faster than older genes, and that they experience lower levels
of purifying selection and higher rates of adaptive evolution
(Chen et al. 2010).
It has been widely reported that younger genes have lower
expression levels than older genes on average (Cai and Petrov
2010; Tautz and Domazet-Lošo 2011; Zhang et al. 2012).
Here, we observe that orphan genes that are being transcribed are less expressed than nonorphans (Kruskal test,
V2 = 9.37, P = 0.002). One of the proposed hypotheses to explain these observations is that genes that are more conserved
are indeed involved in more functions (Pál et al. 2006; Tautz
and Domazet-Lošo 2011).
Different studies have demonstrated that newer genes are
more likely to have stage-speciﬁc expression than older genes
(Zhang et al. 2012). Here, we show that the number of stagespeciﬁc expressed orphans is signiﬁcantly higher than that of
older genes. It has been proposed that newer genes tend to
be more developmentally regulated than older genes (Tautz
and Domazet-Lošo 2011). This means that they contribute
most to the ontogenic differentiation between taxa (Chen
et al. 2010). In D. buzzatii the vast majority of stage-speciﬁc
orphan genes are expressed in larvae (15/29), indicating that
expression of younger genes is mostly related to stages in
which D. buzzatii and D. mojavensis lineages most diverge
from each other.
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Supplementary methods, ﬁgures S1–S6, and tables S1–S20
are available at Genome Biology and Evolution online (http://
www.gbe.oxfordjournals.org/).
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Unlike the accessory gland proteins of D. melanogaster, the
proteome of D. mojavensis accessory glands is rich in metabolic enzymes and nutrient transport proteins (Kelleher et al.
2009). Three of the expanded families include metabolic proteins previously identiﬁed as candidate seminal ﬂuid proteins
speciﬁc to D. mojavensis lineage (Kelleher et al. 2009). We also
detect an increase of female reproductive tract proteases as a
possible counter adaptation to fast-evolving male ejaculate
(Kelleher and Markow 2009).
Three gene families are of particular interest among those
that were expanded in the lineages leading to D. buzzatii and
D. mojavensis, as they contain duplicates of genes with functions related to the regulation of JH levels. One family includes a
new duplicate of JH esterase duplication gene (Jhedup in D.
melanogaster). JH esterases are involved in JH degradation
(Bloch et al. 2013), although Jhedup has much lower level of
JH esterase activity than Jhe (Crone et al. 2007). Another family
includes new duplicate that encodes protein with sequence
similarity to hemolymph JH-binding protein (CG5945 in D.
melanogaster). JH-binding proteins belong to a large gene
family regulated by circadian genes and affect circadian behavior, courtship behavior, metabolism, and aging (Vanaphan
et al. 2012). This family includes JH-binding proteins that function as carriers of JH through the hemolymph to its target tissues (Bloch et al. 2013). The third family includes a new
duplicate of a dopamine synthase gene (ebony in D. melanogaster). ebony is involved in the synthesis of dopamine, and it is
known that dopamine levels affect behavior and circadian
rhythms through regulation of hormone levels including JH
(Rauschenbach et al. 2012). All three duplicates are expressed
in D. buzzatii adults. At insect adult stage, JHs play a role in
physiology and behavior, and their levels oscillate daily (Bloch
et al. 2013). Gene duplications of JH-binding proteins (JHBP),
JH esterases (JHE), and ebony may change the timing and levels
of active JHs which, in turn, alter the behavior and physiology
regulated by JHs. One interesting effect of mutations in circadian rhythm genes, or of direct perturbations of the circadian
rhythm, is a reduced ethanol tolerance in D. melanogaster (Pohl
et al. 2013). Intriguingly, Jhedup and another gene duplicated
in the cactophilic lineage, Sirt2 (a protein deacetylase), have
been also shown to affect ethanol tolerance and sensitivity
when mutated (Kong et al. 2010). Given that both D. mojavensis and D. buzzatii breed and feed on rotting fruit, a shift in
tolerance to ethanol and other cactus-speciﬁc compounds is
one of the expected adaptations associated with a switch to a
cactus host. Future functional studies of these new duplicates
are required to understand their role in physiological and behavioral changes associated with a change to a new habitat.
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