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Abbreviation, symbols and units

bp base pair

CYP cytochrome P450 gene
DNA deoxyribonucleic acid
ORF open reading frame

PCR polymerase chain reaction
RNA ribonucleic acid

TE transposable element

TF transcription factor

TFBS transcription factor-binding site
SWD Spotted Wing Drosophila
UTR untranslated region



CHAPTER 1

INTRODUCTION

THE DROSOPHILA GENUS AND DROSOPHILA SUZUKII

The Drosophilidae family (suborder Brachycera, order Diptera, class
Insecta) had its origin in the tropical regions, about 50 million years ago
(Throckmorton, 1975). The most studied genus of this family is Drosophila, with
more than 4,000 species already described (Bachli, 2012).

Drosophilids are considered the most successful and widely distributed
Diptera. Several species of Drosophila have been studied extensively in both
Genetics and Developmental Biology; which has contributed to understand several
cellular and biological processes with applications, such as agriculture and
medical sciences (Jennings 2011; Birney 2007), and has been the source of
crucial insights in many biological processes. Therefore, because it is an organism
relatively easy to collect in nature, and easy to maintain in the laboratory, besides
being low cost, the Drosophila genus has served as a fundamental model in
Genetics for over a century (Morgan 1910; Sturtevant 1913), being Drosophila
melanogaster Meigen its representative most famous. According to Pavan (1959),
no other animal beyond man has been the target of so many studies as this fly.

One of the many advantages of using Drosophila as a model organism has
been its harmless relationship to our own species, allowing the establishment of
transgenic lineages and stocks that can be widely used without the risk of
compromising human efforts or the natural environment (Ashburner et al., 2004).
The conflict with humans was highlighted, however, after some of Drosophilidae
species has been emerged as pest species. Most of the knowledge derived from
studies with Drosophila was not transferred to applied entomological problems,
since it reproduces and feeds on decaying fruits, it has rarely been considered an

economically important pest. In a few decades, however, for the first time,



agricultural invasion pests are so closely related to members of the Drosophilidae
family.

Studies with invasive species allow us to understand how the invaders react
to new biotic and abiotic conditions, and how native species react to invasion
(Silva et al., 2005). Bioinvasions are characterized by the intentional introduction
or not of exotic species. According to Lincoln et al. (1998), exotic species are non-
native organisms that were introduced within an area. Regardless of the process
by which invasions take place, several consequences are possible; (Lodge 1993)
and even the extinction of native species (Fritts & Rodda 1998). In addition,
introduced species can bring public health risks (Ruiz et al., 2000) and damage to
agriculture (Pimentel et al., 2001). The number of species transported, even
unintentionally, by human action, breaking geographic barriers for example, is
enormous. However, only a fraction of these species are able to establish
themselves in a new territory and, among them, generally 1% has the potential to
become a pest (Silva et al., 2005).

Usually associated with the popular name “fruit fly", members of the
Drosophilidae family, however, do not feed on the fruits, but on the yeasts that
grow in decaying organic matter (Carson, 1971). They present a wide diversity of
ecological niches, as well as variation in the pattern of geographical distribution. In
general, they are primary consumers of microorganisms, yeasts and bacteria,
associated with the early stages of plant decomposition. For this reason they are
not considered pest species. However, some species have already demonstrated
their invasive potential as Drosophila melanogaster (David & Capy 1988),
Drosophila suboobscura (Ayala et al., 1989), Drosophila simulans (Hamblin &
Veuille 1999), Drosophila malerkotliana (Vogl et al., 2003), Drosophila ananassae
(Val & Sene 1980), and Zaprionus indianus (Vilela, 1999). Several studies have
proposed that the dispersal process of Drosophilidae species is directly related to
anthropophilic actions (Tidon et al. 2003; Galego & Carareto 2007; Garcia et al.
2008; Yassin et al. 2008; Galego & Carareto 2010; Garcia et al. 2012).

Recently, a species of the Drosophilidae family, called Drosophila suzukii
Matsumura, has emerged as a pest in several countries where it occurs. It is able

to develop in a very wide range of soft-skinned fruits, both of cultivation and in wild
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fruits of many native host plants in the invaded areas. This species was described
in 1931, but the earliest records date from 1916, so little is known of its origin,
whether it is native to Japan or if was introduced in the country (Hauser 2011).

Undeniably, D. suzukii has a high dispersion potential: it has expanded
widely in Asia, and from there to Europe (Cini et al., 2012; Rota-Stabelli et al.,
2013), North America (Kaneshiro 1983; Leblanc et al. 2009), and Central America
(Walsh et al. 2011; Asplen et al. 2015; Lee et al. 2015). The first occurrence of this
species in South America was verified by our research group in 2013 (Depra et al.,
2014) in southern Brazil, where it caused significant economic losses in orchards,
especially in red fruits that seem to be their "preference” such as blackberry,
cherry, raspberry, blueberry and strawberry (Goodhue et al. 2011; Bellamy et al.
2013; Santos 2014; De Ros et al. 2015; loriatti et al. 2015; Lee et al. 2015).
Furtherly, the species was detected in several sites, dispersing to other regions of
the country and even neighboring countries (Vilela & Mori 2014; Paula et al. 2014;
Bitner-Mathé et al. 2014; Gonzaléz et al., 2015; Schlesener et al. 2015).

The ability of D. suzukii ovopositing its eggs into healthy fruits can lead to
direct loss of yields with reductions up to 80% in some countries (Dreves et al.
2009; Walsh et al. 2010; Hauser 2011), and 100% of the ecologically grown
cherries (Escudero et al., 2012). Its ability to grow in tomato under laboratory
conditions has also been demonstrated (Cini et al., 2012). It has also recently
been reported that D. suzukii has caused economic damage and significant losses
in strawberry crops in southern Brazil (Santos 2014). Ecological differences in
relation to most species of Drosophila reflect adaptations that allow their wide
dispersion and can justify their success in the invasion of new habitats.

The suzukii subgroup, the same of the Drosophila melanogaster group,
frequently exhibits sexual dimorphism in the color of the wings. This characteristic
in males lead D. suzukii popularly be called Spotted Wing Drosophila (SWD)
(Figure 1-A). Fruit damage is caused by females that have a serrated ovipositor
with the ability to lay eggs within mature and healthy fruit (Walsh et al. 2011; Cini
et al. 2012; Lee et al. 2015) (Figure 1-B). Injury caused by external piercing and/or
oviposition allow pathogens to penetrate, increasing economic losses (Dreves et

al. 2009; Bolda et al. 2010), as well as promoting the release of volatile products
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(Abraham et al. 2015) which attract other pest species such as Zaprionus indianus
(Timmeren & Isaacs 2013; Joshi et al. 2014; Lasa & Tadeo 2015). This ability of Z.
indianus females to oviposite in healthy mature strawberries, to breed offspring
and to benefit from injuries caused by D. suzukii or mechanical lesions may be
associated with the attraction of these species to the odors released by ripe fruits
of the “berries”, as observed in adults D. suzukii (Ramniwas et al., 2012). Thus,
this possible association of the mode of action of these two species of invasive
Drosophilidae can contribute significantly to the increased incidence of Z. indianus
in strawberry commercial fields (Bernardi et al., 2016) in grape orchards in the
United States (Timmeren & Isaacs 2013), in sweet orange and guava crops in
India (Fartyal et al., 2014) and in Mexico (Lasa & Tadeo 2015), and araca, pitanga
and guava in southern Brazil (Andreazza et al., 2015).

According to Lee et al. (2011) fruits may become susceptible to D. suzukii
when they begin to change color. After the establishment of the fly, eradication is
very difficult and the cost production increases permanently due to the need for
monitoring, management, increased use of chemical products and secondary
selection of fruits. As a result, some projects are underway: in the United States, a
consortium of universities and institutions funded by the US Department of
Agriculture has been in place since 2010 to monitor and control the spread of the
fly. In Europe, several institutions are monitoring the species and there are
proposals for monitoring and studying D. suzukii at the continental level (Rota-
Stabelli et al. 2013). The interest in this species stems precisely from the fact that
D. suzukii is one of the main pests associated with small-fruit farming in worldwide
(Walsh et al. 2011; Cini et al. 2012; Santos 2014; Asplen et al. 2015), causing
many losses to the fruit growers.

All efforts in the attempt to get to know D. suzukii come from the fact that
this species is also a potential threat previously described for the biodiversity and
ecology of the invaded areas (Dreves 2011; Cini et al. 2012; Depra et al. 2014;
Poppe et al. 2015, dos Santos et al., 2017; Fraimout A, et al. 2017). This behavior
is attributed to its high polyphagia (Dreves et al., 2009), rapid population growth
(Tochen et al., 2014) and dispersion capacity (Walsh et al., 2011; Cini et al., 2012).
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Sequenced genomes have served as a powerful tool for gaining new
insights into genetic, developmental, regulatory, and evolutionary processes; as
well as helping the biologist to develop, validate and establish several evolutionary
models (Ohler et al. 2002; Vogl et al. 2003; Duque et al. 2014). The availability of
complete genomic sequences for the 12 species (Drosophila 12 Genomes
Consortium, 2007) and many species of Drosophila sequenced until now (more
than 24), allows now to examine the evolutionary diversification of genes in
Drosophilidae. D. suzukii had its genome sequenced in 2013 (Chiu et al. 2013),
and preliminary analysis comparison to other species of the Drosophila
melanogaster group showed some peculiarities of pest species. The expansion of
some gene families such as those encoding proteins involved in gustatory and
olfactory perception - involved in the detection of stimuli, sensory transduction,
endopeptidase inhibitors; metabolic processes of cellular regulation of proteins
and glycerol, for example. On the other hand, other families of genes, such as
those involved in defense mechanisms and detoxification of substances
(esterases and cytochrome P450) appear to have decreased when compared to
other species of the melanogaster group (Chiu et al. 2013).

Due to the high variability in ecological and behavioral strategies present in
Drosophila, it has been seen that the characterization of genetic factors linked to
genes associated with environmental responses, external stimuli (xenobiotic
metabolism), with immunological functions and involved in the response to stress
are less conserved, contributing to the plasticity of the genome (Chen & Li 2007,
Van de Lagemaat et al.,, 2003). However, genes that encode hormone
biosynthesis enzymes, transcription factors, and other factors involved in
regulation of the development are essential for organism survival and tend to be

highly conserved, since mutations would cause lethal effects (Simons et al., 2006).
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Figure 1. Drosophila suzukii (A) dark spot characteristic of male wings, (B) detail of

saw-like ovipositor of the female.

THE CYP GENES SUPERFAMILY

Cytochromes P450 (CYPs) compose a superfamily of heme-thiolate
proteins responsible for the metabolization of a large number of endogenous
substrates (endobiotics: steroids, bile acids, fatty acids, prostaglandins,
leukotrienes, retinoids and others) and exogenous (xenobiotics: environmental
chemicals and natural plant products and others) (Nelson et al., 1996). Since its
origin, more than 3.5 billion years ago, the CYP family of genes has diversified to
modulate the metabolism of a growing number of environmental toxins, dietary
compounds and drugs (Nelson et al., 1996).

When entering the organism, the xenobiotics undergo changes being the
products of its metabolism less toxic, in other words, occurs a bioactivation of the
initial chemical compost. Most xenobiotics are lipophilic compounds, and in order
to be more easily excreted from the organism these compounds must undergo an
enzymatic transformation into metabolites with more hydrophilic characteristics, in
a process called biotransformation (Di Giulio et al., 1995). The metabolites
resulting from this process are usually less active than the initial compound.
However, the metabolism of xenobiotics can produce more reactive and toxic
products that may be responsible for several forms of toxicity, and the

accumulation of these more toxic metabolites promotes damage to the cellular
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components, and to the DNA and RNA molecules (Liebler & Guengerich, 2005;
Josephy et al., 2008), including the beginning and progression of tumors (Nelson
et al., 1996). In this way, biotransformation usually results in an increased rate of
excretion of xenobiotics, which reduces the risk of accumulation of these
substances to toxic levels in the body, thus biotransformation of xenobiotics is the
main mechanism for maintaining homeostasis during exposure to strange
molecules from the body (Klaassen & Watkins, 1999).

The detoxification system is usually the first enzymatic defense against
strange compounds. Os toxic compounds are typically non-reactive compounds,
and as such do not contain reactive sites that can bind the water soluble groups.
Thus, xenobiotics are primarily subjected to activation reactions, where oxidation,
reduction or hydrolysis reactions introduce a functional group (-OH, -NH2, -SH or
-COOH) transforming them into active substances ready for the conjugation
process.

Bioactivations can be catalyzed by various enzymes, such as cytochrome
P450 monooxygenases, flavin-containing monooxygenases, hydrolases,
lipoxygenases, peroxidases, oxidases and reductases (Nebert, 1991; Klaassen &
Watkins, 1999). One of the most important enzymatic systems in the bioactivation
consists of the cytochromes P450 (CYP) and its redox partner NADPH
oxidoreductase, both in terms of the high number of detoxifying xenobiotics and
the catalytic versatility they present (Nebert, 1991, Nelson et al., 1996). Most of the
metabolism mediated by the CYPs is based on an oxidation-reduction reaction, in
which one oxygen atom (derived from O,) is incorporated into the substrate, and
the other atom is reduced to water with the reducing equivalents of NADPH

(Klaassen & Watkins, 1999; Guengerich, 2007), as shown in the following reaction:

Substrate (RH) + O, + NADPH + H" — Product (ROH) + H,O + NADP*

After, these molecules are conjugated by the addition of a water-soluble
group to the reactive site. The reactions are mediated by several enzymes that
may belong to superfamilies of distinct genes, including sulfotransferases,

transaminases, acetyltransferases, methyltransferases,  acyltransferases,
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alDOCetoreductases, carboxylesterases, glycosylases, glucuronyltransferases
and various hydrolases and esterases (Nebert, 1991). In conjugated metabolites
there is normally an increase in hydrophilicity and as such these compounds are
rapidly excreted (Meyer, 1996).

The ability of cells to oxidize hydrophobic exogenous compounds
(detoxification) was already appreciated since the end of 19th century, although
the enzymes responsible for this reaction were not known. In 1955, Williams and
Klingenberg identified in mouse liver microsomes a pigment with specific
spectrophotometric characteristics (review in Nebert & Gonzalez, 1987). Omura
and Sato (1964) characterized this pigment as a hemoprotein that presented in its
differential spectrum a Soret peak at 450 nm when complexed with carbon
monoxide and designated cytochrome P450 (CYP). But it was in the studies
conducted by Cooper et al. (1965) that they demonstrated the enzymatic function
of CYPs and their importance in the metabolism of xenobiotics.

In this superfamily of enzymes, at least 21,000 named P450 sequences are
known (Nebert 2005), which are distributed between plants (7,446 sequences),
animals (6,313 sequences), fungi (5,729 sequences), bacteria (1,254 sequences),
protozoa (247 sequences), archaea (48 sequences), and viruses (2 sequences).
The wide variety of isoforms of these proteins needed the development of a
universal nomenclature for the CYP superfamily, based on the comparison of the
amino acid sequences and the evolutionary relationships of the corresponding
genes based on a divergent evolution of this superfamily. Thus, to designate a
cytochrome P450 gene is first included the acronym "CYP". Thereafter, the CYP
enzymes within the same family are designated by a number and share more than
40% identity in the amino acid sequence. The families are then divided into
subfamilies, the enzymes within the same subfamily being designated by the same
letter. Genes within the same subfamily share more than 55% identity in their
amino acid sequence. Finally, a number after the letter denotes each individual
isoenzyme, differing by about 3% (Nebert et al., 1987; Nelson et al., 1996; review
in Hemingway & Ranson, 2000).

Since CYPs are considered unique in the metabolic system of insects, and
can also mediate resistance to all classes of insecticides (Feyereisen 2005, Li et
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al., 2007), It has been observed more than 25 CYP genes of the families CYP3,
CYP4, CYP6, CYP9, and CYP12 related to insect resistance to insecticides (Tijet
et al., 2001; Ranson et al.,, 2002). In all reported cases, it was observed
overexpression of these enzymes in resistant insects (Li et al.,, 2007). In
agriculture, to limit damage caused by pests such as D. suzukii populations are
mostly suppressed with the use of pesticides. However, this can cause
environmental and health problems because there are a high risk of chemical
residues remaining in fruit, since the treatments are performed near harvest. In
addition, several studies conducted with Drosophila species have associated
insecticide resistance to overexpression of CYPs genes as a result of the insertion
of transposable element (TE) fragments into their regulatory regions or even within
the genes. These sequences of TEs may affect the expression of adjacent genes
by introducing regulatory binding sites in flanking regions of the gene (Conte et al.
2002; Jordan et al. 2003; Kunarso et al. 2010; Molineris et al. 2011; Thornburg et
al. 2006; Wang et al. 2007 e 2009).

Daborn (2002) reported that insecticidal resistance of the DDT-R locus in
Drosophila melanogaster is due to overexpression of the CYPGgl gene. This
overexpression is characterized by the insertion of the ACCORD retrotransposon
fragment upstream of the gene (Catania et al., 2004). Chung et al. (2007)
observed that this TE carries regulatory sequences, altering the spatial expression
of the gene. Schlenke & Begun (2004) reported an association between TE
insertion and resistance in Drosophila simulans. In this species, the DOC element
inserted in the flanking region of the ortholog CYPGgl promotes its
overexpression. Marsano et al. (2005) and Bogwitz et al. (2005), in turn, suggest
that the presence of Bari-1 transposon at the end of the 3' region of CYP12a4 in
Drosophila melanogaster increases the gene expression.

Chen & Li (2007) analyzed TEs in 13 CYPs in the Drosophila melanogaster
species, eight of them associated with resistance and five involved in ecdysone
biosynthesis and development regulation. Seven of eight resistance-associated
CYP genes contained TEs inserted and none of these genes were associated with
development. The authors hypothesize that TEs can be selectively enriched near

genes in response to the environmental, but excluded from essential genes
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(housekeeping), resulting in a great genomic plasticity. These results reveal an
array of genomic events that may be associated with ecological adaptations of the

species.

THE TRANSPOSABLE ELEMENTS AND THE HOST GENOME

Until the first half of the 20th century, science had the genome as a static
entity, changing only on an evolutionary scale. The revolutionary idea that
genomes possess DNA mobile sequences was conceptualized for the first time by
Barbara McClintock before the discovery of the structure of DNA (McClintock,
1957). Today we know about the existence of previously unimaginable factors that
are capable of generating genetic variability from one generation to another.
Transposable Elements (TEs) were discovered in maize (Zea mays) by McClintock
in the 1940s, and were initially described as duplicate segments, chromosomal
modifications, chromosomal aberrations, transposition events, until they were
called, in 1956, by transposable elements. TEs comprise a group of repetitive DNA
sequences that have the intrinsic ability, or not, to change their location within the
genomes. With the development of molecular biology techniques, in the 1980s
TEs were rediscovered mobilizing in the genome of Escherichia coli, associated
with mutations in D. melanogaster and maize (review in Varani et al., 2015). Since
then, TEs have been found in all branches in the tree of life, from simpler
organisms as bacteria and fungi, to more complex organisms such as
invertebrates, plants, and vertebrates (Wicker et al., 2007; Pritham, 2009).
However, some exceptions were found, restricted to unicellular species studied, as
in the genome of red algae Cyanidioschyzon merolae, six species of Apicomplexa,
and one species of Unikont, Encephalitozoon cuniculi (Pritham, 2009).

Due to mobilization and parasitic characteristics, TEs became the most
abundant and ubiquitous sequences in nature (Aziz et al.,, 2010). Their high
prevalence and distribution suggest that these genomic parasites can directly
influence the evolution of host organisms that they parasitize, for example in the

development of their immune systems (Kapitonov et al.,, 2005) and in the
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dynamics of the chromosomes (Langdon et al. 2000). Some of these modifications
are associated with events of molecular domestication, where copies of TEs play
important roles in the genome of the organism. However, due to their mechanisms
of replication and transposition, they can trigger modifications in the host organism
as mutations, deletions, insertions, duplication, chromosomal rearrangements, a
probable reproductive isolation and horizontal transmission system of genetic
information between species (Kidwell & Lisch 2001), producing positive, negative
or neutral effects in the host organism (Capy et al., 1998).

These elements are divided into groups that share common aspects of
structure and transposition mechanisms. In the classification suggested by Wicker
et al. (2007), hierarchically, the classification levels are: class, subclass, order,
superfamily, family, and subfamily. The class level divides the TEs by the presence
(class 1) or absence (class Il) of an RNA transposition intermediate. Class |
elements (retrotransposons) transpose itself via an RNA intermediate, this copy is
reversely transcribed to DNA by a reverse transcriptase encoded by the element.
In this way, each replication cycle produces a new copy of the element. Class I,
DNA transposons properly, has two subclasses that are distinguished by the
number of DNA strands that are cleaved during the transposition process.
Subclass 1 comprises the "cut-and-past® TEs, characterized by their terminal
inverted repeats (TIRs). The transposition is mediated by the enzyme transposase
which recognizes the TIRs and cleaves both strands. Subclass 2 comprises the
“copy-and-paste” TEs, where the transposition process cleaves only one of the
DNA strands. Both classes are subdivided into superfamilies based on structural
characteristics, internal organization, size of duplication of the target site
generated at the insertion, and sequence similarities at the DNA and protein level.

The TEs are also classified as autonomous and non-autonomous. The
autonomous elements are those that encode all the sequences that enable their
transposition, such as the transposase. Non-autonomous elements are structurally
deficient in some aspects and depending on proteins produced by other elements
in the genome to move. Many non-autonomous elements are derived from
autonomous elements that have undergone deletions of some parts of their
structures (Kidwell, 2005).
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Repetitive sequences of mobile elements are particularly dynamic
components of eukaryotic genomes. The transposition mechanism used by TEs is
a recombination reaction that mediates the movement of these DNA segments
between non-homologous sites. Thus, once they are mobile elements, TEs have
the ability to change host genetic information by changing the structure of the
chromosomes or the organization of the genes (Craig et al., 2002). In general, TEs
can influence the evolutionary trajectory of their hosts in three different ways: (1)
altering the function of a gene through its insertion, (2) through chromosomal
rearrangements, and (3) as a source of coding or non-coding material that allows
for the emergence of genetic novelties such as new genes and regulatory
sequences (Feschotte & Pritham, 2007).

There is cumulative evidence suggesting that mechanisms of mutation
played an important role in reformulating the cis-regulatory content of animal
genomes (Maeso & Tena 2015), it was estimated that about 50-80% of Drosophila
mutations result from the insertion of TEs (Biémont & Vieira 2006). However, the
acquisition of TE in the regulatory region, can be advantageous, since it creates a
new regulatory pattern by adding regulatory sequences of the TE introduced
(Jordan et al. 2003; Pereira et al. 2009; Pooma et al. 2002; Erwin & Davidson
2009). In addition, the expression of TE depends on cis-regulatory and trans-
acting elements in the host genome and consequently, changes in cis-regulatory
elements are important for the determination of phenotypic differences (Bourque et
al.,, 2008), such as polyadenylation, promoters, enhancers and silencers
(Thornburg et al., 2006).

TEs are transcribed in sense and antisense orientation, and are involved in
the regulation of transcription through interfering RNA (Brennecke et al. 2007;
Girard & Hannon 2008). Depra et al. (2009) described transcription expression

VAHS that were

pattern for the transposable elements canonical hobo and hobo
similar to that of developmental genes in the first larval stage, being in the later
stage expressed in the central nervous system. This pattern suggests that TEs
may have cis-regulatory sequences that are recognized by transcription factors of

developmental genes.
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With the development of nucleic acid sequencing techniques and the
sequencing of the first prokaryotic and eukaryotic genomes, it was possible to
observe that these elements may constitute a large part of the genome of some
organisms, representing a certain 77% of the genus of the frog Rana esculenta,
0,3% of the Escherichia coli bacterium, 85% of the maize genome, and reaching
50% of the genome of the primates (Lander et al. 2001; Mikkelsen et al. 2005;
Biémont & Vieira 2006; Rhesus Macaque Genome Sequencing and Analysis
Consortium 2007; Schnable et al. 2009). In Drosophila the amount of transposable
elements is variable, representing about 2.7% of the genomes of D. simulans and
Drosophila grimshawi up to 25% in the genome of Drosophila ananassae
(Drosophila 12 Genomes Consortium, 2007).

D. grimshawi, for example, has lower repetitive content/transposable
elements (~ 2.7%) and this is possibly related to its ecological status: endemic to
an island; which may minimize the chance for horizontal transfer of TEs families
(Drosophila 12 Genomes Consortium 2007). Regarding the genome of D. suzukii,
a lower content of TEs were observed - 4.9% of the total genome size (Chiu et al.,
2013). This is intriguing and of great scientific interest to understand this low
amount of TEs described for this pest species, since genetic diversity is often
associated with adaptability to different niches.

Beyond the deleterious mutations, there are also cases where the insertion
of transposable elements near the CYP genes in D. melanogaster and D. simulans
led to resistence phenotype, reinforcing the idea that, while TEs in coding regions
can have deleterious effects and are removed by purifying selection (Lipatov et al.
2005; Sela et al. 2007; Yang & Barbash 2008), in regulatory sequences TEs are
better tolerated and may be playing an important role in the adaptation of D.

suzukii in so many continents and substrates.

AIMS AND OBJECTIVES

It will be of academic interest and of applied importance to examine the

consequences of the insertions of TEs in relation to the pest species D. suzukii, as
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our research group since the 1990s has been carrying out several studies to
understand the transposons. Besides that, based on the highly invasive nature of
this species of fly and its economic importance, genomic studies can provide
information for the identification of the genes responsible for adaptation to different

ecological and climatic conditions.

In this work, two strategies were used to investigate this issue. The first was to
investigate in silico, the occurrence of preferential insertions of TEs in CYPs genes
and, thus, to infer their possible relation with the origin of resistance to insecticides
in species of Drosophila melanogaster and Drosophila suzukii. The second was to
examine the genomic content of transposable elements and to evaluate the

possible consequences of TEs insertions in the pest species Drosophila suzukii.
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ABSTRACT

Background: An in silico analysis was performed to evaluate a possible
connection between CYP genes and transposable elements (TEs) in a non-pest
species (Drosophila melanogaster) and a pest species (D. suzukii).

Results: Helitron fragments have accumulated in introns of CYP genes. Helitrons
are known as “exon-shuffling machines”, class |l DNA transposons. Their
transposition may result in capture of the flanking sequence, with consequent
transduplication of the gene by transposition events. We found putative
transcription-factor binding sites in all TE sequences, which reinforces the
suggestion that TEs may influence gene regulation. In addition, our analysis
indicated that the D. suzukii genome carries more TEs than the genome of D.
melanogaster.

Conclusions: We hypothesize that the ten longer CYP genes occurring only in D.
suzukii are enriched in TE fragments, which possibly resulted from Helitron
transposition events. Selection of higher TE content within environmental-

response genes could result in greater genomic plasticity of D. suzukii.

Highlights:
e Ten CYP genes show longer genes in D. suzukii.
e Longer CYP genes possibly resulted from Helitron transposition events.
e Putative TFBS were found in TE sequences nearby CYP genes.
e The TE content of D. suzukii genome is twice than D. melanogaster.

e Helitron is the most prevalent DNA transposon in the genome of D. suzukii.

Keywords: Cytochrome P450 monooxygenases; Helitron; transcription-factor

binding site, genome TE content.

BACKGROUND

Cytochrome P450 monooxygenases (CYPs) are enzymes that play a role in
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metabolic resistance in the detoxification of xenobiotics and endobiotics such as
arthropod pests, natural plant allelochemicals and synthetic insecticides (Li et al.,
2007). They are part of an ancient gene family that occurs in virtually all organisms
(Feyereisen, 2005) and are a broad group of isoenzymes that vary in protein
abundance and substrate specificity but use oxidant systems (Scott, 1999).

Resistance to insecticides is a widely used model for studying evolutionary
phenomena, since the agent is known (pesticides) and the response to selection
(evolution of resistance) is usually rapid (Mckenzie and Batterham, 1994). For
example, resistance was studied by overexpression of the CYP6p3 gene in
Anopheles gambiae (Muller et al., 2008) and of CYP6bg9 when expressed in the
brain of Tribolium castaneum (Zhu et al., 2010). Resistance in the aphid Myzus
persicae and the fruit fly Drosophila melanogaster occurs by duplication of the
CYP6cy3 and CYP6gl genes, respectively (Puinean et., 2010; Harrop et al.,
2015), as well as by overexpression of the latter in D. melanogaster (Daborn et al.,
2002).

Genes associated with environmental responses tend to be less well
conserved, and the evolutionary response (adaptability to environment) is usually
rapid. In vertebrates, it is suggested that evolutionary conserved CYPs function in
endogenous pathways, while in the most divergent species, these CYPs function
as evolutionary responses to different xenobiotics, contributing to genome
plasticity (van de Lagemaat et al., 2003; Chen and Li, 2007; Thomas, 2007). In
insects, CYPs have been identified as the only mechanism of resistance (Li et al.,
2007; Feyereisen, 2005; Scott, 1999).

The role of transposable elements (TEs) inserted in Drosophila CYPs has
long been predicted (Daborn et al., 2002; Catania et al. 2004; Schlenke and
Begun, 2004; Bogwitz et al., 2005; Marsano et al., 2005; Chung et al., 2007;
Carareto et al., 2013). TEs are repetitive DNA sequences that can change their
location within and between genomes, except for copy paste elements, which
cannot change their location once inserted. Transposons are also able to amplify
the size of their host genome. TE insertions are also associated with phenotypic
changes in insecticide resistance through changes in gene expression. For

example, the overexpression of CYP6gl in D. melanogaster is characterized by
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the insertion of the Accord retroelement upstream of the gene (Daborn et al.,
2002). The ortholog of this gene in D. simulans is also overexpressed through the
insertion of the DOC element in its flanking region (Schlenke and Begun, 2004).
Moreover, the presence of the Bari-1 element at the 3' end of CYP12a4 in D.
melanogaster increases the expression of this gene (Bogwitz et al., 2005;
Marsano et al., 2005). Carareto et al. (2013) observed several putative insertions
of TEs in the flanking regions of CYPs in D. melanogaster and D. simulans being
DNAREP1, which belongs to the Helitron superfamily (review in Thomas and
Pritham 2015), the most recurrent element observed. Helitron is a new class of
repeats associated with gene capture, exon shuffling, genome rearrangement, and
consequent transduplication (Kapitonov and Jurka, 2007).

Recently, Drosophila suzukii Matsumura (1931) has been more widely
studied because it is one of the main pests associated with fruit growing in the
world (Walsh et al., 2011; Asplen et al., 2015). First recorded from Japan, D.
suzukii spread to Asia, and from there to North America (Walsh et al., 2011,
Asplen et al.,, 2015; Cini et al.,, 2012; Rota-Stabelli et al., 2013), Europe
(Kaneshiro, 1983; Leblanc et al., 2009) and South America, where our group first
reported its occurrence (Depra et al., 2014; Vilela and Mori, 2014; Paula et al.,
2014; Bitner-Mathé et al., 2014). D. suzukii shows sexual dimorphism in the
coloration of the wings and is popularly called Spotted Wing Drosophila. Females
injure fruits when they deposit eggs with the serrated ovipositor, mainly in healthy
fruits rather than in fallen fruits (Walsh et al., 2011; Lee et al., 2015). Drilling
injuries allow pathogens to penetrate, increasing economic losses by as much as
80% (Dreves et al., 2009; Hauser, 2011; Escudero et al., 2012) and causing the
release of volatile products (Abraham et al., 2015) that attract other drosophilid
species (Timmeren and Isaacs, 2013; Joshi et al., 2014; Lasa and Tadeo, 2015).
Once the fly becomes established, it is very difficult to eradicate, and production
costs increase permanently due to the need for monitoring, management,
increased use of chemicals and secondary selection of fruits.

The recently sequenced genome of D. suzukii (Chiu et al., 2013) has 69
annotated CYP genes (SpottedWingFlyBase). D. suzukii has fewer CYPs than
most Drosophila species (Chiu et al.,, 2013). The genome of D. melanogaster
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(FlyBase) contains 99 genes belonging to the CYP family. Because CYPs are
considered the only metabolic system in insects that can mediate resistance to all
classes of insecticides, examination of TEs associated with these genes and their
possible consequences could provide interesting insights at the genetic and
molecular levels for understanding of the insecticide-resistance phenotype.
Therefore, we have compared the CYP gene repertoire between D. suzukii
and D. melanogaster to characterize putative TE sequences in them or in their
flanking regions as well as regulatory elements from these TEs. The most frequent
insertion in D. suzukii CYP genes stems from the Helitron superfamily, and
transposition of these may result in the capture of a flanking sequence (Kapitonov
and Jurka, 2007). We also characterized the genomic TE content in these species
through NGS reads combined with graph-based clustering estimations of repeats.
We detected a higher proportion of TEs in the D. suzukii genome, as well as in the
proportion of the Helitron superfamily, than in D. melanogaster. The association of
Helitron fragments and the differences in CYP genes of D. suzukii with respect to
D. melanogaster may have resulted from a transduplication event, which suggests
the existence of adaptive structural changes in the genome of this species. Here,
we describe the possible association between these longer genes, TE insertions
carrying putative TFBSs, and the larger genomic TE content. Our findings
reinforce the hypothesis that TEs could be selectively enriched among
environmental-response genes, resulting in greater genomic plasticity of D.

suzukii.

METHODS
CYP genes in silico analysis
All of the CYP genes from D. suzukii and D. melanogaster were obtained

and extracted from their Gbrowser in the websites spottedwingflybase.org (Chiu et

al.,, 2013) and flybase.orqg, respectively (SpottedWingFlyBase; FlyBase), which
provided genomic coordinates for all genes. The genes analyzed are described in
Additional Tables S1-S4, for D. suzukii and D. melanogaster. For each gene, we
also extracted 3 Kb upstream and downstream from the annotated transcription

start and end coordinates. TEs inserted in the flanking regions could be altering
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gene expression by contributing novel transcription regulatory signals. Gene
sequences obtained were visually inspected on Gbrowser and were manually
analyzed to compare their genomic information.

Visual display of longer genes was performed in R using the genoPIlotR
library (Guy et al., 2010), and all graphics were edited in Inkscape v0.92.1 (2017).
For this comparison, the phylogeny generated by Chiu et al. (2013) was used. We
broadened the analysis by adding the orthologous genes of two sister species of
D. suzukii: Drosophila biarmipes and Drosophila takahashii (NCBI). To follow with
a robust comparison among the species, we also searched for transposons in the
orthologous genes of these sister species.

Transposons in silico analysis

In order to identify the presence or absence of TEs, the CYP gene
sequences and their 3 Kb flanking regions were submitted to RepeatMasker web
server (http://www.repeatmasker.org) using the database of Drosophila reference
TEs stored in Repbase (Jurka et al., 2005). The search was applied using the
parameters: crossmatch, fruit fly, and matrix based on a GC level query. The
sequences were assigned to a given element on the basis of the best match
obtained.

Transposon sequences inserted in CYP gene regions were analyzed to find
putative transcription-factor binding sites. They were predicted using the web
server ConSite (http://consite.genereg.net/), which accesses the JASPAR CORE
Insecta (Bryne et al., 2008) of the D. melanogaster database with a 90%
transcription factor cutoff score, following the study by Carareto et al. (2013).

Additionally, to confirm if the relationship between the number of TEs
inserted in the CYP genes and the composition of TEs in the genomes of the
species studied here is proportional, Illumina reads were downloaded from the
SRA (Sequence Read Archive): D. suzukii — SRR942805, North-American sample
sequenced by Chiu et al. (2013); D. melanogaster — SRR1738161. Graph-based
clustering of NGS reads was performed with RepeatExplorer (Novak et al., 2013)
using the latest Galaxy-based web server implementation, and also following the

pipeline by Silva et al. (Silva et al., 2016).
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Set of random genes

One set of 500 random genes from D. suzukii was created running
BEDTools software v2.27.0 (Quinla 2014). All 500 random genes were manually
inspected and the orthologous genes in D. melanogaster were selected. The

previous methodology for transposon in silico analysis was applied.

Statistical tests
Due to asymmetry in the distribution of gene size, the Wilcoxon-Mann-
Whitney test (WMW) was employed to compare the size of 10 selected CYP

genes and that set of 500 random orthologous genes in each species.

As the total genome sizes were different between species, the sizes of 10
selected CYP genes were normalized to the median size of the 500 genes
randomly selected from the entire species genome, for a fair comparison between
species. The genes used to obtain the median in D. suzukii were the same as
those chosen to calculate the median gene size for D. melanogaster. The
normalized gene size was the size of a gene (in base pairs) divided by the median
size of the 500 randomly selected genes. The Wilcoxon nonparametric rank test

for paired data was used to compare species for the normalized CYP sizes.

The differences between D. suzukii and D. melanogaster regarding the TE
enrichment within and near genes, TE in CYP or in the remaining genome genes,
and Helitron enrichment in CYP or in the overall gene background were tested by
Chi-square with continuity correction. For these comparisons, all genes and

intergenic regions annotated for both species were considered.

The statistical analyses were done using SPSS® v.18. A P value equal to

0.05 was used as a threshold for statistical significance.

RESULTS

CYP genes harbor transposable-element fragments
41



Among 76 CYP genes annotated for D. suzukii, 36 genes have putative
transposon sequences (Additional file 1: Table S1 and Additional file 2: Table S2),
and in D. melanogaster, 34 of the 91 genes analyzed have transposons
(Additional file 3: Table S3 and Additional file 4. Table S4). Despite the smaller
number of CYP genes, a larger number of TEs fragments (103) were observed in
D. suzukii compared to D. melanogaster (87). This difference is due largely to
Helitron elements (Table 1), a DNA transposon present in 31 CYP genes (Figure 1
and Additional file 1: Table S1). In D. melanogaster, Helitron is also distributed in a
larger number of CYPs (Figure 1), but the element with the most frequently
observed found was Gypsy, an LTR retrotransposon, with 38 fragment insertions
(Table 1).

We found TEs inserted in 5" and 3' flanking regions of the CYP genes (3 Kb
up- and downstream) and in the intron region for both species (Figure 2). D.
suzukii has a larger number of TE insertions in the 5' flanking region, where most
promoter sequences are located. In contrast, D. melanogaster has a larger
number of TE insertions in intron regions that is mostly due to a single gene,
CYP307a2, which carries 31 TE fragments in the intron region (Additional file 3:
Table S3). The ortholog CYP307a2 in D. suzukii shows nine insertions of TES in
its intron (Additional file 1: Table S1), and in both species, the retroelements are

the most numerous.

Helitron elements shaping gene length

In general, the organization of genes is well conserved among species
belonging to the same order, and therefore, data on intron conservation and exon
structure are well correlated with the phylogenetic position of the species (Rewitz
et al., 2007). Exon and intron structures annotations are supported at the transcript
level in D. suzukii (Chiu et al., 2013), in D. melanogaster (Graveley et al., 2010), in
D. biarmipes (NCBI Drosophila biarmipes Annotation Release 101), and in D.
takahashii (NCBI Drosophila takahashii Annotation Release 101). When we
inspected the genes that had TE insertions in D. suzukii and D. melanogaster, we
noted that some CYP genes of D. suzukii were longer compared to D.

melanogaster (Figure 3). Altogether, ten of 36 genes with TE insertions in D.
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suzukii have more exons and introns, as repetitive conserved blocks, than in D.
melanogaster (Figure 3).

All these ten longer CYP genes have Helitron fragments inserted, with a
total contribution of 5,577 pb in D. suzukii (Additional file 1: Table S1) and 653 pb
in D. melanogaster (Additional file 3. Table S3). However, for each gene, the
Helitron fragments per se represent the minor portion of the length, between 48 pb
and 567 bp. The presence of Helitron repeats suggests that this TE could be a
vehicle for generating these increased gene lengths due to their transposition and
recombination activity.

Analysis with the genoPlotR returned similarities among the exons when
comparing each ortholog among D. suzukii, D. biarmipes, D. takahashii and D.
melanogaster. The genes CYP12a4, CYP12el, CYP6al8, CYP6a20, CYP6a21,
CYP6a23, CYP6d5 and CYP4e2 of D. suzukii (Figure 3.A-H) have at least one
Helitron fragment in the intron region. Different from what was observed for D.
suzukii, the CYP12a4 and CYP12e1l orthologous to D. biarmipes and D. takahashii
do not have transposon insertions (Figure 3.A-B). However, in D. melanogaster,
the CYP12a4 ortholog has the BARI element in the 3' flanking region (Figure 3.A),
as previously annotated (Bogwitz et al., 2005). The D. suzukii CYP4e2 gene is
increased in relation to the D. melanogaster ortholog, but with one fewer exon
compared to the ortholog in D. biarmipes (Figure 3.H). Interestingly, even with one
fewer exon, D. suzukii CYP4e2 is a larger gene than the ortholog in D. biarmipes.
Moreover, there is an Helitron fragment between exon six and seven that is not
present in the D. biarmipes gene. The CYP4c3 gene has two fragments of Helitron
in the 3' flanking region and no intron fragment (Figure 3.1), and its sister species
D. takahashii has the same fragment between exons five and six. These results
agree with the literature about evolution mediated by Helitrons (Morgante et al.,
2005; Kapitonov and Jurka et al., 2007; Lal et al., 2009; Barbaglia et al., 2012;
Grabundzija et al., 2016). In these publications, authors show that the structure of
the gene may have resulted from recombination or gene capture between Helitron
insertions in the ancestral species, leading to a transduplication of this gene in
Drosophila suzukii. Thus, we provide a hypothetical example in Figure 4 of

Helitron-mediated gene capture that probably occurred in these 10 D. suzukii CYP
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genes. This may occur when the end hairpin signal in Helitron is bypassed, and
strand displacement continues through nearby gene regions until a new
termination signal is reached (Kapitonov and Jurka, 2007; Grabundzijaet al.,
2016). In CYP12a4 (Figure 3-A) and CYP6a20 (Figure 3-D), for example, the
arrangement of Helitron in introns, the orientation and the high similarity of the
exons suggest the hypothesis that the host gene was probably captured during its
transposition (Figure 4-A).

The annotated biological processes for these genes, Cypl2a4 and
Cyp6a20, are described as responses to insecticide and aggressive behavior,
respectively. Both characteristics are related to the successful adaptation of
invasive species. Another interesting point is the absence of one exon in D. suzukii
CYP4e2 (Figure 3-H) in relation to its sister species D. biarmipes. We
hypothesized that the reason for this loss may be the insertion of Helitron, which
formerly was the seventh exon in the ancestral species. In CYP4c3 (Figure 3-1),
we hypothesized that the mechanism that led to the change in the structure of this
gene is related to a possible recombination between the inserted Helitrons, since
there is only one copy in the basal D. takahashii and two copies in D. suzukii.
When Gilbert (1987) reported the shuffling exon, he observed that repetitive
elements in intron regions can create hotspots for recombination, which leads to
the shuffle of exons (Figure 4-B).

With the genoPIlotR analysis, little or no similarity was observed only for the
CYP6wl gene annotated in scaffold 2 (Figure 3-J). However, the same gene
annotated for scaffold 8 showed high similarity to orthologs of other species
(Figure 3-J). It is possible that there is an inaccurate annotation of this sequence,
where this is likely another gene. An analysis of this sequence, using BLAST on
the NCBI, revealed high identity with the CYP6d2 genes of the sister species D.
biarmipes (89%) and D. takahashii (87%). The D. suzukii CYP6d2 gene is absent
from the Gbrowser (http://spottedwingflybase.org) but is predicted by the NCBI
genome browser. The same does not occur for the CYP6d5 gene, which is
annotated in two scaffolds 99 and 1273 (Figure 3-G), where both paralogs show
high similarity to each other and to the ortholog of D. biarmipes, suggesting that it

was probably an expanded event for this gene in D. suzukii; perhaps it could be
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led by TE insertion and transposition.

From 500 random genes randomly selected from the entire genome, we
visually inspected 124 genes that were longer in D. suzukii compared to
orthologous genes from D. melanogaster. From these longer genes in D. suzukii,
45 genes carried 249 Helitron copies, whereas in D. melanogaster, 41 genes
carried 110 Helitron copies (Additional file 8: Table S8).

We compared the size of CYPs with that of 500 random genes in both
species. In D. melanogaster, CYPs are smaller (median, md = 2117) than the
random genes (md = 5603) (WMW; P value = 0.025), but in D. suzukii, CYPs do
not differ in size (md = 8032) from random genes (md = 6325) (WMW; P value =
0.526). Thus, relative to the global gene size, D. suzukii CYPs are statistically
larger than the D. melanogaster CYPs.

As the size of CYP genes could be due to a larger genome size in D.
suzukii, thus not being the result of arrangements of TEs but of a normal
difference between major and minor genomes, we normalized the size of CYP
genes to the median of the 500 random selected genes of the species for a fair
comparison between species. In D. melanogaster, the relative size of the CYPs
are smaller (md = 0.38) than those of D. suzukii (md = 1.27) (Wilcoxon test; P =
0.002). Thus, D. melanogaster CYPs sizes amount to 38% of the average overall
genome genes, whereas D. suzukii CYPs are in general 27% larger than the

overall genome genes.

Transposons are enriched in putative TFBS

Assuming that TEs carry transcription-factor binding sites (TFBS), since
these sequences are preferentially retained in the genes because they harbor
regulatory signals (Jordan et al., 2003; Feschotte, 2008), we searched for putative
TFBS in all sequences of TEs found in the CYP genes of D. suzukii and D.
melanogaster (Figure 5, Supplementary Table S7). Interestingly, with a differential
retention of the TE classes in the genes (Table 1), it is also expected that different
TFBS contents will be found (Thornburg et al., 2006). However, we observed little
difference in the TFBS content among the different TEs (Figure 5 and Additional
file 7: Table S7). Also, although D. suzukii has higher TE coverage (Additional file
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1: Table S1), the highest number of TFBS is found in CYP genes TE fragments of
D. melanogaster (Additional file 7: Table S7). D. melanogaster has higher TE base
pair coverage in CYP genes (total = 38178 bp) (Additional file 3: Table S3) than D.
suzukii (total = 21021 bp) (Additional file 1: Table S1). This difference in numbers
could explain why fewer TFBS are observed in the TEs of D. suzukii. The disparity
of TFBS number could also be explained by the quality of the TE fragments found
in the CYP genes, LTRs, or TE 5' regions with more regulatory signals than
internal TE sequences.

For both species, the putative TFBS Hunchback and CF2-II (Chorion factor
2) are over-represented (Figure 5). These proteins belong to the class of Zinc
Finger transcription factors C2H2; Hunchback is strongly expressed early in
development (NUsslein-Volhard and Wieschaus, 1980; Lehmann, 1988), and CF2-
Il is expressed late in the embryonic stage (Shea et al., 1990). It is therefore likely
that these TEs intrinsically carry TFBS as regulatory sequences, which may confer
tissue-specific expression (Chung et al., 2007). Because TFBS are short, they
occur randomly in both DNA and TEs (Thornburg et al., 2006). However, the
presence of small fragments of TEs inserted in the flanking regions of CYPs could
be affecting the gene expression, since they harbor putative TFBSs, and they are
indications that TEs could be extremely important in adaptation to different
environments for both species (Jordan et al., 2003; Feschotte, 2008; Shea et al.,
1990; Thornburg et al., 2006).

TE content in Drosophila genomes

We analyzed the TE content in the genomes of the two Drosophila species,
since TEs are recognized as the main contributors in the evolution of the
genomes. Approximately 36% of the assembled D. suzukii genome contains TE
sequences; the proportion is approximately 16% in the genome of D.
melanogaster (Table 2).

There are two available sequences of D. suzukii genome: one obtained by
Chiu et al. (2013) from North American samples (SRA096061), and another by
Ometto et al. (2013) from European samples (ERP001893). Both studies used
paired-end sequencing on the lllumina Hiseq2000 platform. Chiu et al. (2013) used
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only one genome to run an automated homology comparison along with 6003 TEs
from D. melanogaster. Ometto et al. (2013) analyzed the D. suzukii and D.
melanogaster genomes by using the homology-based RepeatMasker and the
Repbase Insect library. They found ~11% of TE content in D. suzukii and ~17% in
D. melanogaster. A study by Rius et al. (2016) estimated the TE content of D.
suzukii and D. melanogaster using the same genomic sequences used in this
present study (SRA096061). However, they found that TEs represent 18.7% and
21.67% of D. suzukii and D. melanogaster genomes, respectively. The authors
also annotated the TE content for D. melanogaster and D. suzukii running
RepeatMasker and Repbase. Thus, a direct comparison cannot be made,
although, as already noted by Rius et al. (2016), we suggest that the differences in
TE content from the previous studies (Chiu, et al., 2013; Ometto et al., 2013; Rius
et al.,, 2016) could be related to the applied methodologies, even when all the
analyzed genomes were sequenced by lllumina Hiseq.

RepeatExplorer runs two broad strategies that are combined for the
annotation of TE content: (1) Homology-based searches, which access Repbase
library, and (2) de novo strategies, which scan the genome looking for structure
and repetitive pattern of TEs. Together, these two strategies achieve better
results. Thus, we believe that the results of previous studies using only the
homology-based strategy for TE content annotation in D. suzukii and D.
melanogaster were underestimated. A recent study from Sessegolo et al. (2016),
running a de novo strategy with dnaPipeTE (Goubert et al., 2016), estimated the
TE content in D. suzukii and D. melanogaster. The main difference between the
software in terms of application and use is that for dnaPipeTE, it is necessary to
compile different packages, while RepeatExplorer is available online. Despite this
distinction, there is no methodological difference between RepeatExplorer and
dnaPipeTE. In the D. suzukii genome, Sessegolo et al. (2016) found
approximately 31% of TE content but only near 12% of TE content in D.
melanogaster. These results are more similar to our findings (~36% and ~16%,
respectively). Thus, we truly believe that the TE content for both species found in
the present study is close to the reality found in nature due to the previously noted

methodology differences.
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In both species, most of these sequences are retrotransposons, in
accordance with previous findings that class | elements predominate in Drosophila
genomes (Drosophila Consortium 12 Genomes, 2007). Among DNA transposons,
Helitron was the most important for both species and the second-largest element
in the genome of D. suzukii. The percentages of the genomic TE content may still
be higher, since the RepeatExplorer has a bias for a medium to high number of
copies and more recent elements in the genome (copies more similar to each
other). Older elements will have more divergent sequences and may not pass
through similarity filters. Nevertheless, since it is a pipeline that uses clustering of
reads by similarity, we concluded that the methodology of RepeatExplorer (Novak
et al., 2013) is fast and easy to implement as an initial stage after the sequencing
by lllumina.

As for the difference between species regarding TE distribution in genes
and intergenic regions, the frequency of TEs in genes of D. suzukii is 8.6%,
whereas in D. melanogaster, the distribution of TEs in genes is 41.6% (chi-square,
P < 0.001). Moreover, 1.0% (103) of the total TE copies and 1.0% (68 copies) of
the all Helitrons observed in D. suzukii are in CYP genes, while in D.
melanogaster, these percentages are 0.2% (87 copies) of the total copies of TEs
and 0.2% (19 copies) of the total amount of Helitrons are in CYP genes. These
differences between species regarding the percentage of TEs and Helitrons
inserted in CYP genes are statistically significant (chi-square, P < 0.001).

In D. suzukii, Helitrons are more abundant in the intergenic region (95.6%),
whereas in D. melanogaster, more Helitrons are found in gene regions (85.9%). It
is important to emphasize that the methodology does not allow separating
complete Helitrons from fragmented copies, which could explain the difference
between the species. This may be a particularity of the species and does not

invalidate the fact that D. suzukii may have more Helitrons in intergenic regions.

DISCUSSION
Given the opportunistic nature and the ability of TEs to generate mutations,

it is suggested that TEs are important engineers for evolution. Barbara McClintock
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(1982) was the first to propose that the activation of TEs in response to stress
induces mutations may help the body to adapt to new environmental conditions.
Metabolic resistance based on cytochrome P450 is an important adaptation for a
variety of insect species, including dipterans (Scott, 1999), and is a common
mechanism by which insects develop resistance to pesticides (Feyereisen, 1999).
TEs have often been found within or in proximity to resistance genes, providing
indirect evidence that transposons are involved in the generation of adaptive
genome-related changes in resistance (Catania et al., 2004; Chen and Li, 2007;
Chung et al., 2013; Carareto et al., 2013; Casacuberta and Ganzéalez, 2013). In
this study, we focused on the search for TEs associated with CYPs and on the
genome of the successful invasive species D. suzukii. In this species, we
documented CYPs with different TE contents, with TEs carrying putative TFBS
and an exon-shuffling pattern probably caused by elements of the rolling-circle
type, the Helitrons. We also found that the genome of D. suzukii has double the
TE content of the genome of D. melanogaster and that Helitron is the most
important of the class Il DNA transposons.

Considering all TEs in the CYP genes studied here, all of these insertions
are in flanking regions and introns, reinforcing the view that they are tolerated in
non-coding regions. Another possible explanation is that when TEs are inserted
close to genes, they can produce new regulatory networks (Feschotte, 2008), and
changes in a gene-regulation network are thought to be very important during
adaptive evolution (Casacuberta and Gonzalez, 2013). As stressed above, the
CYP genes of D. suzukii have TE insertions mostly in the 5' flanking region. Some
studies have established that TE insertions in the 5'-UTR regions confer resistance
to insecticides, especially in the case of the Drosophila CYP6gl gene (Daborn et
al., 2002; Schmidt et al., 2010). The insertion of the ACCORD element in the
CYP6g1l gene has specific transcription enhancers (Chung et al., 2007); CYPs of
D. melanogaster and D. simulans accumulate a large number of TE insertions,
most of them belonging to the Helitron superfamily, which also carries putative
TFBS (Carareto et al., 2013). These and other studies have added support to the
idea that these elements are gradually co-opted for the regulation of host genes
(Chung et al., 2007; Feschotte, 2008).
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The possibility of acquiring changes in cis-regulatory elements implies that
these create an opportunity to respond to new and different environmental factors
(Casacuberta and Gonzalez, 2013). It has been found that several LTR
retrotransposons that contain cis-regulatory elements are more highly expressed
in response to a particular stimulus (Kumar and Bennetzen, 1999). These
regulatory sequences are similar to well-characterized motifs necessary for the

activation of stress-response genes (Grandbastien et al., 2005). Our study showed

that TE fragments carry putative TFBS that could play a role in fly development,
such as Hunchback (involved in embryo development) and CF2-II (involved in cell
differentiation). Such a pattern suggests that CYPs are permissive to TEs
insertions, since these sequences may be donors of transcriptional regulatory
signals that may be altering the host gene expression in early and late
development. In the literature, there are few in silico incidences for Hunchback,
CF2-1l (Carareto et al., 2013), and Zinc finger domain (Thornburg et al., 2006,
Babu et al., 2006) binding sites in TE sequences. TEs carrying putative TFBS
support the hypothesis that these fragments could influence gene regulation,
playing a key role in the adaptation of Drosophila species (Feschotte, 2008).
Several other processes that are directly or indirectly related to the
presence of TEs in the genomes may also be affecting the coding regions, such as
insertions, excisions, retrotranspositions, and exon shuffling. These processes
may result in exonization and intronization of TE sequences in the genome and,
ultimately, exaptation. If they provide some adaptive advantage, these insertions
can even be maintained in the host genome. Feyereisen (1999) suggested two
possible mechanisms of resistance to pesticides by CYP genes: structural
changes in specific CYPs, such as gain or loss of exons, and increased
expression of CYPs. One of the possible ways for an exon to emerge is by exon
shuffling. Gilbert (1987), in his theory of exons, proposed that the greater protein
diversity found in eukaryotes is the result of exon shuffling. Here, a total of ten
CYP genes (Figure 3) were observed in structural change, as conserved blocks of
exon gain with at least one insertion of the Helitron element. The retrotransposition
mechanism is one of the factors that result in gene duplications (Holland, 1999).

Mobilization of an element carrying gene sequences into a host gene (transduction
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or transduplication) may give rise to new exons. The inserted sequence, if it
carries splicing sites, can be processed to form alternative transcripts.
Transposons from the superfamilies Helitron, CACTA and MULE have been
related to the transduplication of several gene segments in different organisms.
Helitrons, included in subclass Il of DNA transposons, constitute a particularly
interesting superfamily, which is known to be involved in exon shuffling,
transduplication, and the introduction of novel regulatory elements (Morgante et
al., 2005; Pritham and Feschotte, 2007; Thomas et al., 2014). Elements of this

unique subclass are mobilized by a different mechanism from the other

transposons, the rolling-circle, from the displacement of the single strand of DNA
in a loop shape, with subsequent cleavage and reintegration into the genome.
These elements show great ability to capture and duplicate as transduplicated
gene segments and constitute important genetic modelers in plants (Lopes et al.,
2008). In maize, most copies of Helitrons have incorporated gene segments,
suggesting that they have captured, amplified, and moved hundreds of these
genes to various locations in the genome (Yang and Bennetzen, 2009). A recent
study of insecticide resistance and Helitron in Palmer amaranth (Amaranthus
palmeri) (Molin et al., 2017) found that in this species, the target-site gene
amplification of the EPSPS cassette is an adaptive structural mechanism, which
was led by Helitron, conferring resistance to glyphosate treatment. Our findings
agree with the pattern of gene capture by Helitrons.

Molecular time trees estimated the divergence of D. suzukii from D.
biarmipes in 7.3 Ma, D. takahashii in a period between 15 and 10 Ma, and latest
divergent D. melanogaster was 2.5 Ma ago (Ometto et al., 2013). Thus, because
D. suzukii occupy distinct habitats among Drosophilidae, feeding on a diversity of
fruits, it is supposed that some classes of gene families in this pest species have
evolved differently.

Genomic alterations leading to overexpression of the CYP gene were found
in only some of the CYP genes implicated in insecticide resistance (Li et al., 2007).
Previous studies showed that the number of the CYP gene family varies among
genomes (Thomas, 2007; Chung et al, 2009) and that contraction may have
occurred in D. suzukii (Chiu et al., 2013). Although D. suzukii has a smaller family
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of CYP genes than does D. melanogaster, previous study has shown that longer-
length genes are more important in the production of genomic novelties than are
gene families with larger numbers of genes (Grishkevich and Yanai, 2017). This is
because a longer gene has more splice variants, and the number of splice variants
Is inversely proportional to the size of the gene family (Kopelman et al., 2005).
Grishkevich and Yanai (2017) suggest that gene length increases due, in part, to
transposable elements.

Therefore, analyzing the expression of these longer CYP genes in D.
suzukii and relating them to the inserted TE fragments will be useful in the ongoing
search for resistance-management strategies. Helitrons are abundant in plant
genomes and have been identified in many other eukaryotic genomes (Kapitonov
and Jurka, 2007; Kapitonov and Jurka J, 2001). The events of capturing host
genes are prominent in maize and have contributed to the evolution of the maize
genome but are not well characterized in Drosophila genomes (Lal et al., 2009;
Barbaglia et al., 2012). TEs are particularly important sequences for exaptation,
since they have several regulatory motifs that can be used by the host genome,
and they provide material that can evolve and generate evolutionary novelties.
Moreover, studying the influence of the Helitron superfamily in the genomic context
is important to understand the adaptive structural mechanism of this species that
may have led to the evolution of this pest. Further studies that discuss the age of
Helitron insertions, as well as the age of gene branches divergence, will be of
great importance to continue the study of the dynamics of this element in the
genome of D. suzukii, as we had not found any clear evidence for gene capture by
Helitrons. Finally, progress in this research may help to elucidate the factors
responsible for the successful colonization of the pest species D. suzukii and for
its insecticide resistance. Studies in this area may assist in the theoretical
understanding of the mobility of transposable elements, the evolution of genome
size, as well as comparative analyses among genomes of native populations and
invasive populations of pest species, with practical applications such as pest

management.
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Figure captions
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Fig. 1 Number of CYP genes within transposable element insertions in

Drosophila suzukii and Drosophila melanogaster.
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Fig. 2 Insertion position (5’- and 3’-flanking region, and intron region) of

transposable elements in Drosophila suzukii and Drosophila melanogaster.
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Fig. 3 Comparative analysis showing similarity between CYP genes in

Drosophila species. The intensity of red boxes between genes highlights the
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closest sequence above for which genes are denoted. The multiple transposable
element insertions and their orientation are represented by triangles. The
phylogeny on the left was inferred by maximum-likelihood methodology [40].
Genes are scaled to real length, except for flanking regions. Dmel, Drosophila
melanogaster; Dtak, Drosophila takahashii; Dsuz, Drosophila suzukii; Dbia,
Drosophila biarmipes; s99, scaffold 99; s1273, scaffold 1273; s8, scaffold; s2,

scaffold 2.
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A) Gene capture during DNAreplication B) Rearrangement by two chimeric copies
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Fig. 4 Hypothetical exon shuffling by rolling-circle transposon: A) a longer
gene formed by Helitron during its transposition; B) the hole of two Helitron copies

rearranging due to the similarity in the sequences.
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Table 1. Transposable element fragments belonging to subclasses and

orders in CYP genes and flanking regions.

D. suzukii

D. melanogaster

LTR 12 (11.6%)
Class | (retrotransposon)
NON-LTR 12 (11.6%)

Subclass 1 11 (10.6%)
Class Il (DNA transposon)
Subclass 2 68 (66%)

TOTAL 103 (100%)

40 (46%)

15 (17.2)

13 (15%)
19 (21.8%)
87 (100%)

Long Terminal Repeat (LTR) = Gypsy and Bel-Pao
superfamilies

Non-LTR = RTE, I, Jockey and CR1 superfamilies

Subclass 1 = TC1-Mariner, hAT, Transib, P, PIF-Harbinger and Zator

superfamilies

Subclass 2 = Helitron superfamily
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Table 2. Genomic TE content in Drosophila suzukii and Drosophila

melanogaster.

D. suzukii  D. melanogaster
Copia 0.05% 0.37%
Bel-Pao 4.67% 2.67%
Gypsy 9.85% 5.44%
Class I (retrotransposon)
LINE 7.00% 4.92%
Kiri 0.02% 0.00%
Outcast 0.02% 0.00%
Tcl-mariner 0.83% 0.30%
hAT 0.76% 0.07%
Transib 0.49% 0.16%
PiggyBac 0.27% 0.00%
Class Il (DNA transposon) CACTA 0.22% 0.00%
PIF-Harbinger 0.05% 0.00%
P 0.00% 0.37%
Helitron 1.27% 0.45%
Maverick 4.26% 0.00%
Unknown 0.19% 1.21%
TOTAL 35.94% 15.96%
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CHAPTER 3

Final considerations

As data continue to accumulate over the next several years, the present
study should be in a better position to evaluate definitively the role played by
Helitron insertions in CYP gene family, as well as the role of transposable
elements in shaping the genome and evolution of D. suzukii. Nevertheless, based
on presently available evidence, it seems clear that the once popular notion that
TEs are merely junk DNA and without evolutionary consequence is no longer
tenable. On the contrary, these repetitive sequences are critically important to the

emergence of phenotypic novelties over evolutionary time.

Abstract

In silico analyses were performed to evaluate a possible connection
between CYP genes family, genome, and transposable elements of a non-pest
species (D. melanogaster) and a pest species (D. suzukii). | found Helitron
fragments accumulated in flanking regions of CYPs, and their transposition may
have resulted in the capture of the flanking sequence, with consequent
transduplication of the gene. D. suzukii genome carries more TEs than the
genome of D. melanogaster, as well as the Helitron superfamily, is over-
represented in the genome of the first species. | also found putative transcription-
factor binding sites in TE fragments, which reinforces the idea that TEs may

influence gene regulation.
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Resumo

Foram realizadas andlises in silico para avaliar uma possivel conexao entre
a familia de genes CYP, o genoma e os elementos transponiveis de uma espécie
nao praga (D. melanogaster) e uma espécie praga (D. suzukii). Eu encontrei
fragmentos de Helitron acumulados em regifes flanqueadoras de CYPs, e sua
transposicdo pode ter resultado na captura da sequéncia flanqueadora, com
consequente rearranjo do gene. O genoma de D. suzukii carrega mais TEs do que
o genoma de D. melanogaster, bem como a superfamilia de Helitron esta
representada em grande parte no genoma da primeira espécie. Eu também
encontrei putativos sitios de ligacdo para fatores de transcricdo nos fragmentos de
transposons, o que reforca a ideia de que TEs podem influenciar na regulacao

dos genes.
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