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1 Introduction

1.1 The concept of adaptation

Adaptation is the evolutionary process whereby a population goes towards the phenotype
that best fits the environment it inhabits (Orr 2005). Adaptation could be also described,
in terms of population genetics, as the process that changes the frequency of those alleles
that will produce phenotypes with higher fitness in a population under a specific
environment (Orr 2002, 2009). The concept of adaptation is strongly associated with the
concept of fitness. Fitness is defined as the ability to survive and/or reproduce of each
member of one specific population in a specific environment (Orr 2009). Since the
environment has a limited capacity, the likelihood of success for one specific organism
will be determined by its relative fitness, among other factors, defined as the differential
ability to survive and/or reproduce of each member of a specific population in
comparison with other members of the same population (Graur and Li 2000).

Although the concept of adaptation has been clear for some years, the mechanisms behind
this process are poorly understood. Mapping adaptive mutations to their relevant
phenotypic effects is far from trivial due to the existence of epistatic interactions between
alleles, the pleiotropic effects of genes, and the polygenic nature of some adaptive traits
(Mackay 2010; Barrett and Hoekstra 2011; Lehner 2013; Orgogozo, et al. 2015). For
these reasons, understanding how organisms adapt to their environment remains an open
question in Biology. It is also important to stress out that understanding adaptation is
important not only for evolutionary biology but also for agriculture and medicine (Hunter
2007; Gluckman, et al. 2011). Besides underlying the ability of species to survive in
changing environments, adaptation is also the process behind resistance to pesticides,
insecticides, and antibiotics.

1.2 The evolutionary process of adaptation

The process of adaptation is based on three principles: i) variability among the individuals
of a population, ii) heredity of this variability, and iii) selective pressure of the
environment on the individuals that will allow survival and/or reproduction of only a few
members of a population. These three principles summarize of the theory of evolution by
natural selection proposed by Charles Darwin, and they perfectly match the process of



adaptation. However, it is important to mention that adaptation is not natural selection.
Although natural selection is necessary for adaptation, it is relevant that not all naturally
selected traits are adaptive; neither have all adaptive traits been naturally selected (Gould
and Lewontin 1979). Moreover, natural selection acts even after optimum fitness is
reached, so there is a chance of optimum loss despite the organism’s good fit (Orr 2005;
Thompson 2013).

Heritable variability could be produced by recombination, migration, and mutations, but
because without mutations, recombination and migration will not produce variability, we
could assert that mutations are the primary source of genetic variation. Mutations are
random in their fitness effect. Other evolutionary forces, such as genetic drift could
change its frequency no matter the adaptive or deleterious effect of the new mutation.
When a mutation is adaptive, the fate of this adaptive allele will be determined by four
main factors: the effective population size (Ng), the size effect of the mutation, the
frequency of the mutation in the population at the moment that positive selection affects

the mutation, and the dominance effect of the mutation (Olson-Manning, et al. 2012).

The effective population size is a concept that was strictly defined by Wright in 1931 as
“the size of an idealized population that would have the same effect of random sampling
on allele frequencies as that of the actual population” (Wright 1931). There are several
factors that can influence the Ne, such as migrations, bottlenecks, isolation, sex ratio,
offspring number, inbreeding, and mode of inheritance, among others (Graur and Li
2000; Charlesworth 2009). Since mutations are random, bigger populations have higher
chances of occurrence of an adaptive mutation. Moreover evolutionary forces, such us
genetic drift are N, dependent: the bigger the Ne the lower the effect of genetic drift,
avoiding the chance of loss of an adaptive mutation because of this reason (Olson-
Manning, et al. 2012).

The size of the effect of an adaptive mutation explains the effect of the molecular change
on the phenotype of an organism and consequently on its fitness (Graur and Li 2000).
When the mutations affect genes with a small role in a specific phenotype, they are
considered small size effect mutations. When the mutations affect major genes with a
critical role in a specific phenotype they are considered large size effect mutations. The
geometrical model by R.A. Fisher predicts a high frequency of small size effect mutations

and a very low frequency of large effect size mutations. However, small size mutations



are more prone to disappear before selection. Taking into account both factors, Motoo
Kimura proposed that mutations of medium effect are the most likely to contribute to
adaptation. Thus, the size effect affects the fate of an adaptive mutation (Reviewed in Orr
2005 and Olson-Manning, et al. 2012).

The adaptation of a population to a new environment can be caused by new mutations but
also by standing genetic variation. The frequency of a new adaptive mutation in a diploid
organism population is always 1/2N being N the number of individuals in a population.
This new adaptive allele, present at a very low frequency, could disappear in the next
generations due to genetic drift. On the other hand, a neutral or mildly deleterious
mutation could be in the population at low or intermediate frequencies. When a
population faces an environmental change, this allele could turn to be beneficial rising up
very rapidly in frequency, and even going up to fixation. Thus, the frequency of an
adaptive mutation at the moment of selection will determine its fate (Revised in Orr 2005
and Olson-Manning, et al. 2012).

The last main factor that affects the fate of an adaptive mutation is the dominance effect.
John B.S. Haldane proposed in 1927 that the fixation probability of a new mutation it is
higher when is dominant rather than when it is recessive (Haldane 1927). This effect is
known as “Haldane’s sieve” (Turner 1981; Charlesworth 1992). A new adaptive
mutation, if dominant, will produce an adaptive phenotype in the first member of a
population where the mutation appears and about 50% of its offspring will carry this
mutation increasing the frequency of the new allele. The spread of this mutation will be
faster than that of a recessive mutation. A recessive mutation must wait until at least two
members of the population of opposite sex carry one allele of the mutation to obtain about
25% of the offspring with the adaptive phenotype. Until this situation occurs, the chance
of loss of the mutation is high because the frequency of the mutation will remain very low

during several generations (see BOX1 for a detailed explanation of the dominance effect).

The idea that adaptive mutations are dominant is widely accepted (Bourguet, et al. 1997,
Charlesworth 1998; Orr 2010; Zhang, et al. 2011; Joseph, et al. 2014). However, new
studies propose an alternative to this idea. Orr and Betancourt (2001) demonstrated that
when an adaptive mutation has originated from mutation-selection equilibrium, the
dominance effect does not affect the likelihood of fixation, proposing an alternative to the

bias against recessive mutation of the Haldane’s sieve.



BOX1: THE DOMINANCE EFFECT

The fitness of a new allele will depend on the mode of interaction between this new
mutation and the old allele. If we assume that the fitness of the old allele is 1 then the new
allele will change the fitness in “s”, so if s is positive the new allele will be advantageous
and if s is negative it will be detrimental. Thus, for a diploid population, with two different
alleles A; and A,, where A; is the old allele with fitness equal to 1, five models of
interaction can be considered:
1) Complete dominance: AA AA, AA
1 1+s 1+s

In this situation, one allele or two show the same effect

2) Complete recessive: AAr AlA, AA
1 1 1+s
In this situation, two alleles are necessary to see the change in the fitness
3) Codominance: AAr AA, AA

1 1+s 1+42s
In this situation, the fitness effect is increased with the number of alleles.
4) Overdominance: AAr AA, AA
1 1+s 1+t s>0ands>t
This situation is also known as balancing selection or stabilizing selection, heterozygous
individuals will present a higher fitness than any homozygous individual. If t=0 then the
frequency equilibrium will be probably at 50%.
5) Underdominance: AAr AA, AA,
1 1+s 1+t s<Oands<t
In this situation, the population reaches an unstable equilibrium where any variation in
frequency will cause one of the alleles to be eliminated from the population. (Adapted from
Graur and Li 2000).

More recently Sellis et al. (2011) showed the importance of heterozygous advantage in
adaptation. They demonstrated that in a situation of overdominance (See BOX1), for
large effect size mutations, heterozygous advantage will be highly frequent in adaptation
(Sellis, et al. 2011). In the light of these new results, the importance of the study of the
dominance effect in adaptation takes on a new significance. The evolution of mating
systems, the rate of adaptation in diploids, and the magnitude of inbreeding depression
are some of the biological processes affected by the dominance effect. Most of the

dominance effect studies have been done in recessive mutations, while there are not many



studies of dominance effect of natural adaptive mutations. If an adaptive mutation is
dominant, positive selection should drive it to fixation. This rapid fixation leaves a
molecular signature known as hard selective sweeps (see BOX2).

BOX2: SELECTIVE SWEEPS

When a new mutation is positively selected, the flanking regions of the locus are also
selected reducing the variability of this region in the population. This effect is known
as “selective sweep” (Barton 2000). When the selection is strong and affects a new
mutation that is fixed in a few numbers of generations the nucleotide variability near
the new mutation is drastically reduced and the signature is named “hard sweep” (A).
By contrast, if the mutation is old, standing genetic variation has had enough time to
recombine during several generations and in the moment of the selective pressure the
variability of the flanking regions will not be so low as mentioned above, in this case
the signature is called “soft sweep” (B). Small populations or low mutation rates
stimulate hard sweeps, whereas large populations or high mutation rates are
associated with soft sweeps (Pennings and Hermisson 2006a, b).
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Light violet lines represent genomic DNA. Coloured circles represent different
polymorphisms. Red lighting circle represent an adaptive mutation. In A) is a “de novo”
mutation and in B) is a present allele that became adaptive.

Adapted from (Scheinfeldt and Tishkoff 2013)

Despite recent efforts to detect hard selective sweeps in nature, most of the findings
showed partial selective sweeps (Garud, et al. 2015), a molecular signature associated

with overdominance. However partial selective sweeps are not only associated with



overdominant mutations, other types of adaptive processes, such as polygenic adaptation,
could leave the same molecular signature. Thus, to explicitly test whether an adaptive
mutation is dominant or overdominant, we need to measure the fitness of heterozygous

individuals and compare it with the fitness of homozygous individuals.

1.3 Molecular mechanisms of adaptation

Finding the link between the genotype and the phenotype of adaptive mutations is a key
challenge in evolutionary biology. The reverse genetic strategy identifies adaptive
mutations in the genome and then searches for the phenotype associated with that
mutation. However, the link between the adaptive allele and its phenotype is not simple.
Both epistasis and pleiotropy complicate the genotype-phenotype map (Mackay 2010;
Barrett and Hoekstra 2011; Lehner 2013; Orgogozo, et al. 2015). Although these effects
were traditionally considered as exceptions, they should be treated as fundamental
components of genetic analysis (Tyler, et al. 2009). Thus, to understand the genotype-
phenotype relationship it is essential to understand the molecular mechanisms that explain
this connection (Pavlicev, et al. 2011; Wagner and Zhang 2011; Ostman, et al. 2012).

Genes affected by adaptive mutations could be part of molecular pathways leading to
adaptive traits. Mutations affecting upstream genes of a molecular pathway that block
downstream mutations were named epistatic mutations (reviewed in Phillips 2008).
Although epistasis was first described as the discrepancy between the prediction of
segregation ratios of genes and the observed phenotype, today the definition of epistasis
involves several research fields and it is used to describe complex interactions among
genetic loci (Phillips 2008). Epistasis must be considered in adaptation studies since it is
now known to be pervasive and to play an important role in quantitative traits affecting
heritability and reducing replicability (Mackay 2014). Because the genetic background of
the individual where the adaptive mutation appears determines the fitness effect of the
mutation, the effect of an adaptive mutation must be tested in different genetic
backgrounds (Weinreich, et al. 2005; Olson-Manning, et al. 2012).

Besides epistasis, another very important challenge to link the genotype to the phenotype
is pleiotropy. Briefly, pleiotropy is the situation where one gene is involved in more than
one trait. There are seven types of pleiotropy, which vary depending on the type of

mutation and the role of the product of the gene in the different pathways. For example,



antagonistic pleiotropy produces opposite effects in the fitness of the individual. The
same mutation could be beneficial under a specific environment but could be detrimental
if the environment changes (Hodgkin 1998). Despite the fact that pleiotropy was
discovered several years ago (Griineberg 1938), it is difficult to detect it. If we ignore
pleiotropy, it can lead to misleading interpretations of adaptive mutations. However, there
are now many tools to detect pleiotropic effects in the analysis of the phenotype of
adaptive mutations (reviewed in Paaby and Rockman 2013).

Despite difficulties to link genotype to phenotype, in recent years, several genome wide
studies associated different mutations with adaptive phenotypes (Hancock, et al. 2008;
Hancock, et al. 2010; Fournier-Level, et al. 2011; Bergland, et al. 2014). However, only a
few adaptive mutations have been identified and functionally characterized. Some of
these adaptive mutations affect the coding region of genes. For example, a single amino
acid substitution in the PGI gene increases metabolic performance in Colias butterflies
increasing flight abilities (Wheat, et al. 2006). Another single amino acid substitution in
Mclr gene affects melanogenesis in Peromyscus polionotus mice protecting them against
predators (Hoekstra, et al. 2006; Vignieri, et al. 2010). A third example of an amino acid
substitution in Ace-1 is associated with loss of sensitivity to organophosphates and
carbamates in Culex pipiens mosquitoes increasing resistance to insecticides (Labbe, et al.
2007). Besides changes in the coding regions, mutations in regulatory regions could also
produce adaptive phenotypes: Stepwise substitutions in one enhancer of ebony increases
pigmentation in D. melanogaster optimizing thermal regulation (Pool and Aquadro 2007;
Rebeiz, et al. 2009). Mutations in regulatory regions of LCT gene change its expression
level in humans extending the ability to digest lactose to the adult stage (Tishkoff, et al.
2007). Moreover, mutations other than nucleotide substitutions can also induce adaptive
phenotypes: a deletion affecting the Open Reading Frame of FRI delay flowering time in
Arabidopsis thaliana improving winter survival (Le Corre, et al. 2002; Korves, et al.
2007). Deletions in the enhancer of Pitxl reduce pelvic structure in Gasterosteus
aculeatus, the three spine stickleback fish, allowing it to adapt to fresh water
environments (Chan, et al. 2010). Transposable element insertions are mutations that
could also be adaptive. The insertion of a transposable element in the coding region of
CHSD affects flower color in Ipomea purpurea, morning glory, improving self-
fertilization (Habu, et al. 1998). The insertion of a transposable element in the coding
region of CHKov1 disrupts a choline kinase in D. melanogaster increasing resistance to



insecticides (Aminetzach, et al. 2005). Adaptive insertions of transposable elements in
non-coding regions have also been described. An insertion in the 3’-UTR of CG11699
interferes with the polyadenylation site of the gene, leading to a shorter transcript that is
overexpressed (Mateo, et al. 2014). Overexpression of CG11699 leads to increase ALDH-
I11 enzymatic activity that is associated with increased resistance to xenobiotics in D.
melanogaster (Mateo, et al. 2014). Finally, an intronic insertion in Sarah gene is
associated with overexpression and with shorter developmental time in D. melanogaster
(Ullastres, et al. 2015). Thus, all these different types of mutations inducing different
molecular mechanisms and producing different adaptive phenotypes highlight the great
diversity and complexity of the adaptive process.

However, not all molecular mechanisms involved in adaptation are directly associated
with mutations in the DNA sequence. Chromatin state also has an important role in gene
regulation. Traditionally chromatin was divided into heterochromatin, associated with
gene silencing, and euchromatin, associated with active genes (Filion, et al. 2010; Boros
2012). To regulate chromatin state, cells use epigenetic mechanisms like DNA
methylation or acetylation, non-coding RNAs, and histone post translational
modifications. Nowadays, several studies have performed a finer classification and up to
30 different chromatin states according to the enrichment of each genome region for
specific histone marks have been defined (Filion, et al. 2010; modENCODE, et al. 2010;
Kharchenko, et al. 2011; Brown and Bachtrog 2014). For example, in Drosophila,
methylation of Histone3 (H3) could be associated to different chromatin states (Greer and
Shi 2012). H3K4me3 is usually associated with open chromatin and it is frequently
present in active transcription start sites, promoters and enhancers. H3K9me3 is
associated with constitutive heterochromatin that is silent most of the life time of the
organism (Boros 2012; Greer and Shi 2012; Rebollo et al. 2012a). Finally H3K27me3 is
associated with facultative heterochromatin. Basically, facultative heterochromatin has
the ability to activate gene expression depending on developmental time and
environmental effects. For example in D. melanogaster, Hox genes expression is
controlled by this type of chromatin controlled by the Polycomb Group proteins and the
Trithorax group proteins (Trojer and Reinberg 2007). Besides the three histone marks
described above, there are more than 16 different histone post translational modifications

in D. melanogaster (Greer and Shi 2012).
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Besides gene regulation and genomic stability, the epigenetic mechanisms mentioned
above have been widely described in many eukaryotic organisms as a defence system
against transposable element (TE) activity. Host organisms have developed a battery of
epigenetic pathways to protect its genome from the deleterious effect of TEs (Slotkin and
Martienssen 2007; Fedoroff 2012; Rebollo et al. 2012b). It was proposed that epigenetic
mechanisms first appeared as TEs and virus protection system and were then co-opted for
gene regulation (Lisch and Bennetzen 2011). TEs are inserted mostly in the
heterochromatic region of the genome in a silent state; however, some of them are
inserted in the euchromatic region of the genome (Rebollo et al. 2012b; Sentmanat and
Elgin 2012; Sentmanat, et al. 2013; Lee 2015). When a TE is inserted in the euchromatic
region, epigenetic mechanisms identify it and silence it (Sentmanat and Elgin 2012; Lee
2015). This silencing of TEs in euchromatin could be extended to genes located nearby
downregulating their expression (Rebollo et al. 2012b; Lee 2015). As a result, epigenetic
mechanisms in euchromatic regions imply an evolutionary trade-off between the
protection of the organism against TE transposition and the detrimental effect of gene
silencing (Hollister and Gaut 2009).

1.4 Transposable elements and adaptation

Transposable elements were discovered by Barbara McClintock almost 70 years ago (Mc
Clintock 1950). TEs -also known as mobile genetic elements- are fragments of DNA with
the ability to move around the genome with the possibility of making copies of a in some
cases. Some TEs contain the machinery to move themselves but there are many TEs,
called non-autonomous TEs, which require the enzymes coded by others TEs to move.
The size of TEs is between a few nucleotides and up to more than 20 kb (Wicker et al.
2007) (See Box 3). They are present in almost all the prokaryote and eukaryote organisms
currently analyzed (Finnegan 1985; Feschotte and Pritham 2007; Chenais, et al. 2012).
The amount of TEs in the genome varies among species, from 1-3% in some fungi and
bacteria to up to 80% in some plant species (Bennetzen 2005; Biemont and Vieira 2006;
Siguier, et al. 2006; Feschotte and Pritham 2007). The Human genome has more than
66% of TEs (de Koning, et al. 2011) while Drosophila melanogaster has approximately
20% of TEs in its genome (Barron, et al. 2014).

TEs are a main source of mutation and enhancers of variability in natural populations

(Kidwell and Lisch 1997). Although most of the TEs are placed in heterochromatic
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regions of the genome, there is a small fraction that is inserted nearby genes in the
regulatory regions or even in the coding region of genes (Belyayev 2014). These
insertions in the euchromatin are usually deleterious but there can also be neutral or
adaptive. Recently, several examples of the adaptive role of TEs in different organisms
have been reported (Habu, et al. 1998; Morgan, et al. 1999; Daborn, et al. 2002;
Aminetzach, et al. 2005; McCue, et al. 2012; Mateo, et al. 2014; Schrader, et al. 2014;
Ullastres, et al. 2015). TEs can produce many different types of mutations. The position
of the insertion in the genome and the specific sequence of the TE inserted determine the
type of mutation (Figure 1.1) (reviewed in Belyayev 2014 and Goodier and Kazazian
2008).

Transposable element activity can be affected by the environment (reviewed in Piacentini,
et al. 2014 ), There is evidence that strongly suggests that stress induces transposition of
TEs in bacteria (discussed in Fablet and Vieira 2011 ), mammals (Liu, et al. 1995; Li, et
al. 1999) and plants (Zeller, et al. 2009; Tittel-Elmer, et al. 2010). This property of TEs
suggests that population exposed to new mild-stress environments will show an increased
number of TEs in the genome (Vieira, et al. 1999). It has been argued, that this new TEs
will increase the variability of the population allowing higher evolvability and facilitating
adaptation to new environments (Vieira, et al. 1999; Fablet and Vieira 2011; Stapley, et
al. 2015).

Although the activation of TEs due to changes in the environment is well described, the
mechanisms of its activation are not so clear yet, in particular in eukaryotes (Fablet and
Vieira 2011). TE activation by stress is a complex process in which epigenetic repression
of TEs plays a role: specific types of stress activate only specific families of TEs due to
de-repression of particular epigenetic pathways (Rebollo, et al. 2010; Fablet and Vieira
2011; Elgart, et al. 2015; Hunter, et al. 2015).

12



BOX3: TRANSPOSABLE ELEMENTS CLASSIFICATION

Transposable elements can transpose using RNA as an intermediary, or they can transpose
without intermediary. A first attempt to classify the TEs used this characteristic to divide them
in two classes (Finnegan 1989). Class | includes the transposable elements that use RNA as an
intermediary, this class is also named “retrotransposons” or RNA mediated transposons. Class Il
includes the transposable elements that do not use RNA, this class is also known as DNA
transposons. This classification was updated to include Subclasses, Orders, Superfamilies, and
Families (Wicker, et al. 2007). The authors also include new DNA transposons that can copy
themselves during the transposition in a new subclass that includes Helitrons and Mavericks. A
recent update included in the classification mobile elements that until now were not properly
classified such as inteins and Group I introns (Piegu, et al. 2015).

Class I, retrotransposons are classified in two orders Long Terminal repeats (LTR) and non-
LTR. Class Il transposons present Terminal inverted Repeats (TIRs) flanking one gene that
codify for a transposase. This transposase recognize TIRs and cleaves the element. Helitrons
and Mavericks do not encode a transposase gene but they encode other genes that allow them to
make copies of themselves (Wicker et al. 2007).

Class |
LTR LTR  Gag AP RT RH LTR

autonomous Non-LTR — Gag AP RT — —

non-autonomous Non-LTR

Class 11

Sublclass 1: TIR TIR TIR

Subclass 2:

Helitron/Mavericks [ | ATP | CYP |POLB | ]

Gag (Capside protein); AP (Aspartic proteinase); RT (Reverse transcriptase); RH (RNAase H);
Trp. (Transposase); ATP (Packaging ATPase); CYP (Cysteine protease) and POL-B (DNA
polymerase B).(Adapted from Wicker et al. 2007).
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Biotic and abiotic environmental stresses activate different protection systems of the cell
to face specific stresses. This response is translated in the activation of sets of genes that
will protect the organism against the hostile environment. As mentioned above, stress
activates also TEs transposition. There is a connection between these two processes.
When a gene is being transcribed the chromatin region is open. Since the stress related
genes are being transcribed at the same moment that TEs are active, some TEs will
preferably insert close to the 5’ regions of stress response genes (Shilova, et al. 2006;
Naito, et al. 2009; Fablet and Vieira 2011). Consequently, there are several TEs
associated with the regulatory regions of stress related genes (Feschotte 2008).
Nevertheless, not all insertions occur in the regulatory regions (see Figure 1.1) nor are
associated with stress response (Casacuberta and Gonzalez 2013).

I L\/\ L\/\ T 1

mRNA

Figure 1.1. Effects of TE insertions on gene regulation and gene products. A) Cis

increased expression B) Cis expression disruption C) 5’UTR disruption D) New
polyadenylation site E) Exonization F) Alternative splicing G)Premature end H)
miRNA target I)Antisense transcription J) Gene silencing. (Adapted from Casacuberta
and Gonzalez 2013).
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To summarize, TEs are present in almost all living organisms analyzed so far. They are a
major source of variability, generating mutations that could affect the regulation and
structure of genes and their products. TEs are sensitive to the environment enhancing the
diversity of a population. This increased variability could allow organisms to survive
under new selective pressures (Fablet and Vieira 2011; Hua-Van, et al. 2011; Casacuberta
and Gonzalez 2013). For these reasons, we argue that transposable elements are an
excellent tool to understand the molecular mechanisms underlying the evolutionary
process of adaptation. D. melanogaster is one of the organisms with the best annotated
genomes including transposable elements. These characteristics make D. melanogaster an
excellent tool to study the role of TEs in adaptation.

1.5 Drosophila melanogaster as a model organism in adaptation

Drosophila melanogaster was selected as a model organism for genetic studies one
century ago (Morgan 1915a; Morgan 1915b; Morgan, et al. 1925). Today, D.
melanogaster is one of the best known eukaryotic organisms and it is used as a model
organism in different fields of research: from population genetics and development, to
human diseases modelling, among others (Rubin 1988; Celotto and Palladino 2005;
Stocker and Gallant 2008; Griffith 2012). Currently there are many research communities
with D. melanogaster as a model organism providing countless tools to work with this
species such as: The BDGP gene disruption project (Bellen, et al. 2004); The D.
melanogaster Genetic Reference Panel (DGRP) (Mackay, et al. 2012); Flybase (dos
Santos, et al. 2015); Vienna Drosophila Resource Center (VDRC) (Dietzl, et al. 2007);
and many others. But D. melanogaster was not selected arbitrarily. D. melanogaster is
small (3mm), so large amounts of individuals can be maintained in a small space. Its
developmental time is short (about 11 days), so many generations can be studied in a few
months. Its genome size is small (180 Mb) and a lot of functional information is available
(Matthews, et al. 2015).

D. melanogaster is a good model organism to study adaptation also because of its
population history. The origin of D. melanogaster, as a species, was dated around 17-20
million years ago in the tropical area of the African continent and today this species is
cosmopolitan (David and Capy 1988; Lachaise, et al. 1988; Begun and Aquadro 1993;
Andolfatto 2001; Stephan and Li 2007). The invasion of Europe and Asia took place
during the last 10.000 — 16.000 years (Li and Stephan 2006; Thornton and Andolfatto
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2006; Duchen, et al. 2013) and America and Australia were invaded during the last 100-
200 years (Sturtevant 1920; Keller 2007). Thus, in a very short period of time D.
melanogaster spread all around the world and it is likely that the expansion out of Africa
was accompanied by frequent adaptive mutations. This rapid adaptation to new
environments should leave signatures of selection in the genome such as selective
sweeps. These sweeps are easy to detect with current sequencing techniques. Moreover,
natural populations are very easy to find and collect worldwide making very easy the

sequencing of several individuals from different populations.

1.6 The transposable element Bari-Jheh

In order to clarify whether adaptive transposable element insertions are exceptions or
whether they are frequent in nature, Gonzalez, et al. (2008) performed the first genome-
wide screening for adaptive TEs in D. melanogaster (Gonzalez, et al. 2008). They
analyzed North American and African populations to compare the frequency of all the
TEs annotated in the genome at that moment and identified 18 putatively adaptive TEs
(Gonzalez, et al. 2008; Gonzalez, et al. 2010). To identify these putatively adaptive TEs,
the authors considered TEs with the following features: 1) TEs present at low frequency
in African populations and at high frequency in non-African populations, 2) TEs inserted
in high recombination regions of the genome, and 3) TEs that belong to non-neutral
families. Furthermore for a subset of the TEs, the authors analyzed the flanking regions
looking for signatures of selective sweeps. In all cases, they found that the regions around
the putatively adaptive TEs analyzed showed signatures of a selective sweep. The
element that was present at a higher frequency in North American populations, and that
showed a signature of a selective sweep, was FBti0018880 (Gonzélez, et al. 2008).

FBti0018880 (henceforth Bari-Jheh) is a full-length transposon of 1,728 base pairs that
belongs to the Baril family. The Baril family belongs to the Class Il TIR DNA
transposons. It was identified first in D. melanogaster, in the heterochromatic region near
the centromere of chromosome 2 and in a few copies in the euchromatin (Caizzi, et al.
1993). The putative encoded protein of this element shows high similarity to the
transposase encoded by Tcl, a family of TEs from Caenorhabditis elegans that belongs to
the Tc1l/Mariner superfamily (Plasterk, et al. 1999). Years later, Baril was found in other
species of Drosophila genus with highly homology copies in the Sophophora subgenus

(Moschetti, et al. 1998). The transposase of this TE is transcribed, but a post

16



transcriptional modification produces a non-functional protein unable to perform the

transposition (Palazzo, et al. 2013).

Further analysis of the flanking region of Bari-Jheh showed that this TE was the only
mutation responsible for the selective sweep further suggesting its adaptive role
(Gonzalez, et al. 2009). No signatures of clinal differentiation were found for this TE
(Gonzélez, et al. 2010), indicating that the adaptive trait related with this insertion is not
associated with temperate environment adaptation. Bari-Jheh was present at higher
frequencies in all the out-of-Africa populations analyzed (Gonzélez, et al. 2008;
Gonzélez, et al. 2009; Gonzalez et al. 2010), and later studies showed that Bari-Jheh is
present at high frequencies in all the populations analyzed until today including African
populations (Anna Ullastres, personal communication).

Bari-Jheh is placed in the 0,7-kb intergenic region between the Juvenile hormone epoxide
hydrolase 2 (Jheh2) and Jheh3 genes and close to Jhehl (Figure 1.2). Each Jheh gene
encodes one enzyme with an epoxide hydrolase domain. These genes belong to the group
of epoxide hydrolases enzymes present in mammals, insects, plants and bacteria (Barth, et
al. 2004). More than 100 epoxide hydrolases enzymes have been identified and classified
in 12 families. Although all of them catalyse the same reaction, they show very low
sequence similarity. This diversity allows the enzymes to perform many different
functions and bind to different types of substrates (Barth, et al. 2004). In D. melanogaster
it seems that Jheh2 was the original gene and later duplications produced Jhehl and
Jheh3 genes (Taniai, et al. 2003). These three genes are present in all the Drosophila
genomes sequenced until today (Gonzalez, et al. 2009) indicating that the duplication
event was happened before the divergence of the genus Drosophila. Jheh genes are
known, in D. melanogaster, as Juvenile Hormone hydrolysing enzymes (Campbell, et al.
1992); however, there are no enzymatic studies that confirm this role (Taniai, et al. 2003).

Juvenile Hormone is associated with a number of very important processes in the life of
insects: development, metamorphosis, egg production, reproduction, diapause, stress
resistance, behavior and aging (Flatt, et al. 2005). Based on these data, Gonzalez, et al.
(2009) performed phenotypic assays that showed that Bari-Jheh is associated with slower
developmental time and reduced viability. Moreover, they analyzed the expression of
Jheh2 and Jheh3 genes and observed that Bari-Jheh is associated with the down-

regulation of the two genes, which is consistent with an increased JH titre that would lead
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to the phenotypic effects identified (Gonzélez, et al. 2009). Thus, the authors identified
the cost of selection of this mutation while the adaptive effect of Bari-Jheh remained

unknown.

Jhehl Jheh2 Jheh3

~ NN — - - —

Figure 1.2: The transposon Bari-Jheh and its nearby genes in the Drosophila
melanogaster genome. This region is placed in chromosome 2R between the positions
18.853.700 and 18.862.200 according to Flybase, Release 6.07. The intergenic region
between Bari-Jheh and Jheh2 is 45 base pairs. In previous genome annotations, the
intergenic region was 350 base pairs. The intergenic region between Bari-Jheh and
Jheh3 is 355 base pairs. The transcription sense of Bari-Jheh is the same as the nearby

genes.

The association of Bari-Jheh with detrimental effects in developmental time and viability,
and its association with downregulation of Jheh2 and Jheh3 suggest that these genes are
indeed involved in Juvenile Hormone metabolism (Gonzélez et al. 2009). Besides this
role, other studies identified Jhehl and Jheh2 as candidate genes to be involved in stress
response (Girardot, et al. 2004; Sun, et al. 2006; Willoughby, et al. 2007; Misra, et al.
2011). Moreover, Taniai, et al. (2003) showed that JHEH2 does not degrade Juvenile
Hormone 111 but it degrades a xenobiotic compound named cis-stilbene-oxide. Because of
that, the authors proposed to change the name of Jheh2 to DmEH for D. melanogaster
Epoxide Hydrolase. However, there are evidences that suggest that Juvenile Hormone
activity in D. melanogaster could be due Juvenile Hormone Ill bisepoxide instead of
Juvenile Hormone 111 (Richard, et al. 1989; Richard, et al. 1990). Thus, Jheh2 could be
involved in xenobiotic response and Juvenile Hormone metabolism. JHEH2 is a
microsomal enzyme suggesting a possible role of Jheh2 and maybe Jhehl and Jheh3 in
the detoxification response (Taniai, et al. 2003). Previous studies showed the role of
epoxide hydrolase enzymes in the xenobiotic and detoxification response in mammals,
specifically the microsomal epoxy hydrolases seems to be the most important in this role
(Oesch 1973; Oesch, et al. 2000).
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Thus, since Jheh genes seem to play other functional roles besides Juvenile Hormone
metabolism, we hypothesize that Bari-Jheh could play an adaptive role related to the
other functions of Jheh genes.

19



20



2 Objectives






2. Objectives

The main objectives of the present thesis are:

To find the adaptive phenotype of Bari-Jheh insertion. To do this, we will analyse the
Bari-Jheh sequence and the function of the nearby genes to construct plausible
hypotheses about the adaptive effect of this insertion. We will test the candidate
adaptive traits in flies, with and without the insertion, from different genetic
backgrounds. This objective will allow us to identify the adaptive traits in which
Bari-Jheh is involved.

To unravel the molecular mechanisms associated with Bari-Jheh. To do this, we will
analyse the expression of the genes nearby Bari-Jheh. We will search for cis-
regulatory elements in the Bari-Jheh sequence. Moreover, we will analyse whether
Bari-Jheh is introducing epigenetic marks. This objective will allow us to extend our
current knowledge of the molecular mechanisms underlying adaptation.

To characterize the dominance effect of Bari-Jheh. Because recent findings provide
evidence supporting the idea that adaptive mutations are overdominant challenging
the traditional idea of adaptive mutations being dominant, we will test the dominance
effect of Bari-Jheh by comparing the phenotype of heterozygous flies with the
phenotype of homozygous flies. This objective will allow us to identify the
dominance effect of an adaptive mutation.
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3. Thesis structure

The results of the thesis were structured in three chapters, each corresponding to a
published or submitted article.

Chapter 4: “The transposable element Bari-Jheh mediates oxidative stress response in
Drosophila”

In this chapter, we identified oxidative stress resistance as the adaptive phenotype of the
transposable element Bari-Jheh. We also associated Bari-Jheh with up regulation of the
expression of genes Jhehl and Jheh2 and down regulation of Jheh3. Moreover we found
strong evidence that indicates that Bari-Jheh adds Antioxidant Response Elements
(ARES). This could be the molecular mechanism by which Jheh1 and Jheh2 increase their
expression. Finally, we found additional transposable elements with AREs, suggesting
that other transposable elements could be involved in the regulation of the oxidative stress

response in Drosophila.

Chapter 5: “The dominance effect of the adaptive transposable element insertion Bari-
Jheh depends on the genetic background”

In this chapter, we showed that the dominance effect of Bari-Jheh in oxidative stress
environments is dominant in one of the backgrounds analyzed. However, in two
additional backgrounds females showed a dominant behavior while males showed an
overdominant behavior. We analyzed the expression levels of the genes near the insertion.
We found that oxidative stress resistance is associated with the upregulation of the
expression of at least one of the two genes: Jhehl or Jheh2. Moreover we showed that
those heterozygous males with overdominant behavior produce an intermediate level of
transcript Jheh2 compared with homozygous males for the presence and the absence of
Bari-Jheh.

Chapter 6: “Stress affects the epigenetic marks added by the adaptive transposable

element Bari-Jheh in Drosophila™

In this chapter, we showed how Bari-Jheh adds different histone marks in the intergenic
region of Jheh genes. Moreover we showed how this marks change when we stressed the
flies with oxidative stress agents. Finally, we observed that Bari-Jheh is associated with
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increased tolerance to Pseudomonas entomophila ingestion. This is the first study that
analyzes the chromatin state of one specific copy of a transposon in gut under two

different conditions.

The main findings of all three articles are then discussed (Chapter 7) and a Conclusions
section (Chapter 8) are also included. References quoted in Chapters 1 and 7 are included
at the end of the document, while Chapters 4, 5 and 6 each include their own References

section.
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4 The transposable element Bari-Jheh mediates
oxidative stress response in Drosophila






The transposable element Bari-Jheh mediates oxidative stress response

in Drosophila

Resumen

Elucidar los efectos sobre la eficacia bioldgica de las variantes genéticas naturales es uno
de los grandes retos actuales de la biologia evolutiva. Entender la interaccién entre el
genotipo, el fenotipo, y el ambiente es necesario para hacer predicciones precisas de
procesos bioldgicos importantes, tales como la resistencia al estrés, el rendimiento en las
plantas y animales de importancia econémica, y las enfermedades en seres humanos. El
elemento movil Bari-Jheh, que estd insertado en la region intergénica de los genes que
codifican para las epoxi hidrolasas de la Hormona Juvenil (Jheh), se identificé como
putativamente adaptativo en base a su frecuencia poblacional y a las huellas de la
seleccion a nivel de ADN. Sin embargo, el efecto adaptativo de esta mutacion no se habia
encontrado. En este trabajo, integramos informacion sobre los sitios de union de factores
de transcripcidn, datos disponibles de ChIP-Seq, analisis de expresion génica y ensayos
fenotipicos para identificar el efecto adaptativo y el mecanismo molecular por el que
actla Bari-Jheh. Mostramos que Bari-Jheh afiade elementos adicionales de respuesta al
estrés oxidativo aguas arriba de los genes Jhehl y Jheh2. Bari-Jheh esta asociado con un
incremento de la expresion de Jhehl y Jheh2 y con resistencia a estrés oxidativo inducido
por dos compuestos diferentes que son ambos relevantes para poblaciones naturales de
Drosophila melanogaster. Ademas, mostramos que aparte de Bari-Jheh, otros elementos
mdviles podrian estar jugando un papel en la respuesta de D. melanogaster al estrés
oxidativo. En general, nuestros resultados contribuyen a la comprensién de la resistencia
al estrés oxidativo en poblaciones naturales y ponen de relieve el papel de los elementos
moviles en la adaptacién ambiental. La reproducibilidad de los efectos fenotipicos en
diferentes fondos genéticos también sugiere que las interacciones epistaticas no parecen

dominar la arquitectura genética de la resistencia al estrés oxidativo.
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Abstract

Elucidating the fitness effects of natural genetic variants is one of the current major
challenges in evolutionary biology. Understanding the interplay between genotype,
phenotype and environment is necessary to make accurate predictions of important
biological outcomes such as stress resistance or yield in economically important plants
and animals, and disease in humans. Based on population frequency patterns and foot-
prints of selection at the DNA level, the transposable element Bari-Jheh, inserted in
the intergenic region of Juvenile Hormone Epoxy Hydrolase (Jheh) genes, was previ-
ously identified as putatively adaptive. However, the adaptive effect of this mutation
remained elusive. In this work, we integrate information on transcription factor bind-
ing sites, available ChIP-Seq data, gene expression analyses and phenotypic assays to
identify the functional and the mechanistic underpinnings of Bari-Jheh. We show that
Bari-Jheh adds extra antioxidant response elements upstream of Jhehl and Jheh2 genes.
Accordingly, we find that Bari-Jheh is associated with upregulation of Jhehl and Jheh2
and with resistance to oxidative stress induced by two different compounds relevant
for natural D. melanogaster populations. We further show that TEs other than
Bari-Jheh might be playing a role in the D. melanogaster response to oxidative stress.
Overall our results contribute to the understanding of resistance to oxidative stress in
natural populations and highlight the role of transposable elements in environmental
adaptation. The replicability of fitness effects on different genetic backgrounds also
suggests that epistatic interactions do not seem to dominate the genetic architecture of
oxidative stress resistance.

Keywords: antioxidant response elements, cap’n’collar, environmental adaptation, insecticide
resistance, Juvenile Hormone Epoxy Hydrolase, regulatory networks
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Introduction

Oxidative stress affects all aerobic organisms. It is caused
by the excessive production of reactive oxygen species
(ROS) that arise from internal metabolism or from exoge-
nous sources such as radiation, UV light or electrophilic
xenobiotics. ROS cause damage to multiple cellular
components, such as lipids, proteins, and DNA, which
can be causative or aggravative factors in numerous
diseases including respiratory and neurodegenerative
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diseases and cancer (Sykiotis & Bohmann 2010; Taguchi
et al. 2011; Kansanen et al. 2013).

Organisms from fruit flies to humans share a com-
mon oxidative stress response signalling pathway (Van
Straalen & Roelofs 2012). Response to oxidative stress is
mediated primarily at the transcriptional level by the
coordinated upregulation of antioxidant and detoxifying
genes through the cis antioxidant response elements
(AREs; Fig. 1). AREs across organisms are bound by the
same family of transcription factors, the Cap'n’collar
(Cnc) family, and share a highly conserved sequence.
Indeed, AREs” 9bp core sequence has been repeatedly
shown to be necessary and sufficient to induce the
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Fig. 1 ARE-mediated response to oxidative stress pathway is
conserved from flies to humans. In unstressed conditions, N2
(NF-E2-Related Factor 2) in mammals, and CncC (Cap'n’collar C)
in Drosophila are repressed by Keapl (Kelch-like Ef2CH-Associ-
ated Protein 1), which also functions as a sensor of oxidants
and electrophilic compounds (Nioi et al. 2003; Sykiotis & Boh-
mann 2008). Under oxidative stress conditions, the inhibition
of N1f2/CncC by keapl is abolished allowing these transcription
factors to bind, together with other proteins, to ARE sequences
upregulating downstream genes.

upregulation of downstream genes in Drosophila and
in mammals (Jaiswal 2004; Janssens et al. 2007; Sykiotis
& Bohmann 2008; Chatterjee & Bohmann 2012).
Although we have a good understanding of the cellular
response to oxidative stress, the mechanisms underlying
oxidative stress resistance remain elusive (Zhao et al.
2011).

In mammals, the role of epoxy hydrolases in oxida-
tive stress response has been clearly demonstrated
(Oesch 1973; Oesch et al. 2000). In Drosophila, evidence
is also starting to accumulate. Juvenile Hormone Epoxy
Hydrolase (Jheh) genes, more specifically Jhehl and Jheh2,
have been repeatedly identified as candidate genes in
xenobiotic and oxidative stress response studies (Girar-
dot et al. 2004; Sun et al. 2006; Willoughby et al. 2007;
Misra et al. 2011). Misra ef al. (2013) showed that con-
stitutive activation of the CncClkeapl pathway (Fig. 1)
leads to upregulation of Jhehl, further suggesting that
this gene plays a role in oxidative stress response.
Additionally, Jheh2 is able to metabolize cis-stilbene
oxide, a xenobiotic compound that induces oxidative
stress in rats (Oguro et al. 1997; Taniai ef al. 2003).
Therefore, other than being involved in the catabolism
of juvenile hormone (Casas et al. 1991; Khlebodarova
et al. 1996; Flatt et al. 2005), Jhehl and Jheh2 genes could
also be involved in oxidative stress response in Drosoph-
ila melanogaster.

Interestingly, a putatively adaptive transposable ele-
ment (TE) insertion, named Bari-Jheh, is inserted 351 bp
upstream of Jheh2 (Gonzalez et al. 2008, 2009). Bari-Jheh
is a 1.7-kb full-length TcI-like DNA transposon that
belongs to the Baril family and is transcriptionally
silent (Caizzi et al. 1993; Deloger et al. 2009). In
unstressed conditions, this TE affects the expression
level of its two nearby Jheh genes and it is associated
with reduced viability and extended developmental
time (Gonzalez et al. 2009). These phenotypic effects
likely represent the cost of selection of this mutation,
and the adaptive effect of Bari-Jheh remains unknown.
Because TEs are known to be responsive and suscepti-
ble to environmental changes and to confer this ability
to nearby genes (Schmidt & Anderson 2006; Casacuber-
ta & Gonzalez 2013), it is possible that Bari-Jheh
enhances the response to oxidative stress by affecting
Jheh genes.

In this work, we further analysed Bari-Jheh insertion,
and we found that it adds extra AREs upstream of Jhehl
and Jheh2. Accordingly, under oxidative stress condi-
tions Bari-Jheh is associated with increased expression of
these two genes and with increased resistance to oxida-
tive stress. Our results provide one of the few examples
in which a natural TE mutation has been linked to its
ecologically relevant phenotypic effect (Daborn et al.
2002; Aminetzach et al. 2005; Schmidt et al. 2010;
Magwire et al. 2011).

Material and methods

Prediction of Nrf2 binding sites

Prediction of mammalian Nrf2 binding sites was used
as a proxy to predict D. melanogaster CncC binding sites.
Both mammalian Nrf2 and fruit fly CncC transcription
factors recognized the same binding sequence, the anti-
oxidant response element (ARE). As such, prediction of
an Nrf2 binding sites in D. melanogaster indicates the
presence of an ARE in that particular region and thus a
CncC binding site.

To predict Nrf2 binding sites inside Bari-Jheh and in
the Jheh upstream regions, we downloaded these
regions from Flybase (http:/flybase.org, version r5). We
used two independent software programs that use dif-
ferent databases and algorithms to identify transcription
factor (TF) binding sites. ConSite (Sandelin et al. 2004)
uses high-quality TF models from the JASPAR database
to predict TF binding site. ConSite was run with default
parameters. TFBIND (Tsunoda & Takagi 1999) uses
positional weight matrices from the TRANSFAC R 3.4
database to accurately predict TF binding sites. Only TF
binding sites identified by the two software programs
were considered.

© 2014 John Wiley & Sons Ltd
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Searching for evidence of CncC transcription factor
binding inside Bari-Jheh

We downloaded from modENCODE (http://data.
modencode.org) the ChIP-seq fastq files for cnc binding
sites, available for adult females and 1624 h embryos.
We first transformed fastg sequence to fasta using seqtk
program (https://github.com/1h3/seqtk/) and then cre-
ated a database for blast with these fasta reads (Altschul
et al. 1990, version 2.2.28). Using Flybase reference gen-
ome version r5.53 and Perl ad hoc scripts, we generated
six 100-bp query sequences for blast: a sequence includ-
ing the region around the Nrf2 binding site in the
upstream region of (i) Jhehl and (ii) Jheh2, a sequence
including (iii) the left junction of Bari-Jheh, and (iv) the
right junction of Bari-Jheh. Finally, we also identified
two diagnostic SNPs that allowed us to differentiate
Bari-Jheh from other Baril elements. SNPs are located
nearby (v) the left Nrf2 binding site inside the TE, and
(vi) the right Nrf2 binding site inside the TE. Regions (i)
and (ii) were used as positive controls and regions (iii)
to (vi) were used to find Bari-Jheh-specific reads (Table
51, Supporting information).

We used the default parameters of blastn using mega-
blast task to map the cnc reads to the six query
sequences. Reads mapping to these six regions were
fillered wusing the following conservative criteria:
e-value = 4 x 107'°, 100% identity, and no mismatches
with the query sequence (Table S1, Supporting informa-
tion). A sample of the selected reads was manually
inspected.

Fly stocks

Outbred populations. We used North Carolina (USA)
strains from the Drosophila Genetic Reference Panel
project (Mackay et al. 2012). We created a fly population
homozygous for the presence of Bari-Jheh insertion by
mixing flies from five inbred lines containing this par-
ticular TE insertion: RAL-21, RAL-405, RAL-911, RAL-
502 and RAL 138. Ten virgin females and ten males of
each strain were placed in a fly cage to create an out-
bred population with the TE insertion. After the first
generation, we randomly mated brothers and sisters
during at least 10 generations before performing experi-
ments. We also selected five stocks homozygous for the
absence of the Bari-Jheh insertion (RAL-40, RAL-461,
RAL-822, RAL-439 and RAL-908) and repeated the pro-
cedure to create an outbred population without the TE
insertion. The census size of each population was
n ~ 800 per generation.

Introgressed strains. We used the introgressed flies
described in Gonzalez et al. (2009). The parental strains

© 2014 John Wiley & Sons Ltd

Wi3 and Wil were collected in California (USA). The
isogenicity of these two stocks was further tested by
cloning and sequencing the intergenic region where
Bari-Jheh is inserted. Primers spanning the whole inter-
genic region were designed, and PCR products were
cloned using the TOPO-TA cloning kit from Invitrogen
and Sanger-sequenced (GenBank Accession nos KJ439574
and KJ439575).

gRT-PCR Expression analysis

We quantified the expression of Jhehl, Jheh2 and Jheh3
in unstressed and stressed conditions induced by para-
quat. Five-day-old flies were separated by sex and
transferred to normal food or to food containing 10 mm
paraquat for 8 h before freezing them with liquid N.
We did three biological replicas for each sex and condi-
tion. We purified total RNA using Trizol reagent and
synthesized ¢cDNA using 1 pg of RNA after treatment
with DNase. Then, we used the cDNA for quantitative
PCR analysis using Act5C as a housekeeping gene.
Results were analysed using ddCT method. Primers
used and qRT-PCR raw data are given in File S1 (Sup-
porting information).

Oxidative stress resistance experiments

We used two different oxidative stress agents: paraquat
(Sigma-Aldrich) and malathion (Sigma-Aldrich). Para-
quat is one of the most widely used herbicides in agri-
cultural settings including orchards, a natural habitat
for D. melanogaster (http://www.epa.gov). Malathion is
an organophoshate insecticide typically used for control
of adult mosquitos and fruit flies in agricultural settings
(http:/ /www.epa.gov).

To induce oxidative stress with paraquat, we used two
different protocols. (i) Flies were starved for 2 h before
starting the experiment. For unstressed conditions, we
put the flies in vials with a filter paper soaked with
150 uL. of a 5% sucrose solution. To induce stress, we
added different concentrations of paraquat, 20 mm and
5 mM, to the 5% sucrose solution. (ii) For unstressed con-
ditions, flies were put in regular food, and to induce
stress, paraquat was added as a solution to the food at a
final concentration of 10 mm. Four- to five-day-old flies
were used in all experiments. In each experiment, 20 rep-
licas of 20 flies each, per sex and per strain, for
unstressed and stressed conditions were performed
(400 flies x 8 = 3200 flies in total). To estimate the con-
centration at which paraquat is used in the field, we
used the information provided by one of the paraquat
manufacturers (Syngenta): final concentration of 8 mm.

Malathion resistance assays were performed using 2%
agar and 5% sucrose medium. For stressed conditions,
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we added malathion dissolved in isopropanol up to a
final concentration of 10 pm. To estimate the concentration
at which malathion is used in the field, we used the
information provided by one of the malathion distribu-
tors (Basf): final concentration of 3-8 mm. Twenty repli-
cas of 20 individuals each per sex, per strain and per
condition were performed (400 flies x 8 = 3200 flies in
total).

Log-rank tests were performed to test for differences
in survival between flies with and without Bari-Jheh tak-
ing into account the global survival of the 400 flies (20
replicas of 20 flies each).

Searching for putative AREs in annotated TEs

We developed a Perl pipeline to detect putative AREs
in the 5409 annotated TEs in the D. melanogaster refer-
ence genome. TE fasta sequences and annotations were
downloaded from Flybase website (http://flybase.org,
version r5.53). First, we search for the conserved core of
ARE sequences in all TEs in both orientations
(TGAYNNNGC). Then, we chose as candidates the TEs
located <1 kb upstream of a gene (regardless of TE and
ARE orientation). Finally, we discarded the TEs with a
estimated population frequency lower than 5% esti-
mated in 141 strains of a North American population
(Mackay et al. 2012) using the T-lex program (Fiston-La-
vier et al. 2011, version 2: A-S Fiston-Lavier, MG Barron,
DA Petrov and ] Gonzélez, personal communication).
We ended up with a data set of 73 TEs (Table S2, Sup-
porting information).

To check whether any of the 83 genes located down-
stream of the 73 TEs has a GO functional annotation
related to oxidative stress response, we used the Batch
downloaded tool from Flybase to retrieve their GO anno-
tations. TEs with GO biological process categories —
‘response to oxidative stress’ and ‘response to hypoxia’
— were selected.

To check for CncC binding sites located between the
TEs and the downstream genes, we downloaded from

Flybase the track named ‘TFBS — other’ from Noncoding
Features and selected the information about cnc binding
sites. With ad hoc Perl scripts, we identified the TEs that
have cnc binding sites located between the TE and the
nearest downstream gene. We also checked using ad hoc
Perl scripts whether any of these genes have previously
been described as a candidate gene for oxidative stress
response in the three available GWAS studies (Girardot
et al. 2004; Zhao et al. 2011; Weber et al. 2012). All the
scripts used to identify AREs in annotated TEs are
available in File S2 (Supporting information).

Results

Bari-Jheh introduces extra AREs upstream of [hehl
and [heh2 genes

To shed light into the plausible adaptive effect of Bari-
Jheh insertion, we looked for regulatory elements in the
TE sequence and in the Jheh intergenic regions where
this TE is inserted. Using a combination of prediction
softwares (see Material and methods), we found that
Bari-Jheh contains two putative Nrf2 binding sites
(Fig. 2A). Nrf2 is the mammalian homolog of the fruit
fly CncC transcription factor that specifically regulates
the transcriptional activation of downstream genes
involved in the antioxidant defence response by binding
to AREs (Fig. 1; Sykiotis & Bohmann 2008). Interest-
ingly, we also identified putative Nrf2 binding sites in
the upstream regions of Jheh genes, further suggesting
that these genes are involved in the antioxidant defence
response as has been previously reported (Fig. 2A; Sun
et al. 2006; Misra et al. 2011).

To further validate these predictions, we looked for
experimental evidence for the presence of CncC binding
sites in the Jheh intergenic regions and inside Bari-Jheh
using modENCODE ChipSeq data (Negre et al. 2011).
There is evidence for the binding of CncC to the AREs
located upstream of Jhehl and Jheh2 genes, but not to the
ARE located upstream of Jheh3 (Fig. 2B). Furthermore,

(A) Nrf2 Nrf2
Jheht Jheh2 Jheh3
— - -|—|- - Bari-Jheh - —I—
Nrf2
Nrf2 Nrf2 Nrf2

(B) cnc cnc

CBP CBP CBP

— —
(©) CNC mm mm - .

Fig. 2 Nrf2/CncC binding sites in Bari-Jheh and in the intergenic regions of Jheh genes. (A) Black boxes represent exons, white boxes
represent 5 and 3’ UTRs and a red box represents Bari-Jheh insertion. ConSite and TFbind Nrf2 binding sites predictions are depicted.
(B) Localization of cnc and CBP binding sites experimentally determined by modENCODE. (C) Localization of ChIP-seq modEN-

CODE cnc reads mapping to the Bari-Jheh.

© 2014 John Wiley & Sons Ltd
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there is also evidence for the binding of CREB binding
protein (CBP) to the upstream sequences of Jhehl and
Jheh2. CBP is known to increase the promoter-specific
DNA binding of Nrf2 (Sun et al. 2009), further suggesting
that Jhehl and Jheh?2 are regulated by AREs (Fig. 2B).

modENCODE only takes into account unique reads,
and therefore, it only annotates regulatory elements in
the nonrepetitive portion of the genome (Negre et al.
2011). Thus, to validate the presence of AREs inside
Bari-Jheh, we used the modENCODE cnc raw reads
(see Material and methods). Because reads are short
(44 bp), to make sure that the reads identified belong
to Bari-Jheh insertion and not to any other TE with
sequence homology to Bari-Jheh, we looked for (i)
reads mapping to the Bari-Jheh left and right junctions
and (ii) reads containing a diagnostic SNP that is only
present in Bari-Jheh and not in any other Baril ele-
ments. We chose the diagnostic SNPs located closest to
each one of the two Nrf2 binding sites inside Bari-Jheh
(Fig. 2C, Table S1, Supporting information). We found
several reads mapping to each one of these four
regions, suggesting that CncC binds to Bari-Jheh
(Fig. 20).

Taken together, our analysis showed that Jhehl and
Jheh2, but not Jheh3 contain functional AREs in their
promoter regions, suggesting that Jhehl and Jheh2 are
involved in the oxidative stress response. Our results
also show that Bari-Jheh is adding extra ARE sequences
upstream of Jhehl and Jheh2 genes.

Bari-Jheh is associated with upregulation of Jhehl and
Jheh2 under oxidative stress conditions

The presence of additional ARE sequences in Bari-Jheh
prompted us to investigate whether Bari-Jheh is associ-
ated with increased expression of Jhehl and Jheh2,
because there is a positive correlation between the num-
ber of AREs in the promoter region and the increase in
the level of expression of the downstream genes (Wang
et al. 2006). We performed qRT-PCR experiments for
these two genes in introgressed flies that have been pre-
viously shown to differ mostly by the presence/absence
of Bari-Jheh insertion (Gonzalez et al. 2009). We further
confirmed by sequencing that no polymorphisms other
than the TE insertion were present in the Jheh intergenic
region in these introgressed strains (File S3, Supporting
information, see Material and methods). We found that
in unstressed conditions, there are no differences in the
level of expression of Jhehl between flies with and
without the insertion (Fig 3A). However, under oxida-
tive stress conditions induced by paraquat, both males
and females with the insertion show a higher level of
expression of Jhehl compared with flies without the
insertion (t-test, males P-value = 0.0014 and females

© 2014 John Wiley & Sons Ltd

P-value = 0.046) (Fig. 3A). For Jheh2, we found that in
unstressed conditions, the level of expression was lower
in males with the insertion compared with males with-
out the insertion as has been previously reported (t-test
P-value = 0.014) (Fig. 3B; Gonzalez et al. 2009). On the
other hand, under oxidative stress conditions, the pres-
ence of Bari-Jheh is associated with increased [heh2
expression in males (t-test P-value = 0.043; Fig. 3B). In
females, Jheh2 showed no differences in the level of
expression between flies with and without the insertion,
neither in control nor in the presence of oxidative stress
(Fig. 3B). Although we cannot discard the hypothesis
that the increased expression in response to oxidative
stress of Jheh?2 is sex-specific, differences between males
and females could also be explained for example, by
differences in the time point in which Jheh2 expression
increases in response to stress.

Finally, we also analysed the expression of Jheh3. We
do not expect Jheh3 to be upregulated in oxidative stress
conditions because we did not find experimental evi-
dence for the presence of AREs in the upstream region
of this gene (Fig. 2). As we have previously observed for
Jheh2, we found that Jheh3 was downregulated in flies
with the insertion compared with flies without the inser-
tion in control conditions (f-test, males P-value = 0.02
and females P-value <0.001; Fig. 3C). Under oxidative
stress conditions, the level of expression of Jheh3 is also
lower in flies with Bari-Jheh compared with flies without
Bari-Jheh (P-value = 0.035 and <0.001 for males and
females respectively) (Fig. 3C). These results corroborate
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Fig. 3 Bari-Jheh is associated with changes in expression levels
of Jhehl, Jheh2 and Jheh3. Normalized expression ratios (expres-
sion level of flies carrying Bari-Jheh/expression level of flies
lacking Bari-Jheh) for Jhehl (A), Jheh2 (B) and [heh3 (C) in males
and females, under unstressed (white) and stressed with
10 mm Paraquat (blue) experimental conditions. The discontin-
uous line is the ratio expected if there are no differences in the
level of expression of flies carrying and lacking Bari-Jheh. Error
bars represent the SEM based on the three biological replicas
performed.



6 L. GUIO, M. G. BARRON and J. GONZALEZ

that the presence of AREs is necessary to induce upregu-
lation of downstream genes.

Overall, we found that Bari-Jheh is associated with
upregulation of its two downstream genes under oxida-
tive stress conditions, as expected if Bari-Jheh is adding
functional AREs. The lack of upregulation of Jheh3
under oxidative stress conditions further confirms that
AREs are necessary to induce expression of down-
stream genes.

Bari-Jheh confers resistance to paraquat, a commonly
used oxidative stress-inducing agent

Because Bari-Jheh is associated with increased expression
of Jhehl and Jheh2 genes under oxidative stress condi-
tions, we hypothesized that flies with Bari-Jheh insertion
could be more resistant to oxidative stress compared
with flies without this insertion. To test this hypothesis,
we used paraquat to induce oxidative stress and com-
pared the mortality of flies with different genetic back-
grounds. We used two outbred populations created in
our laboratory: one homozygous for the presence and the
other homozygous for the absence of Bari-Jheh (see Mate-
rial and methods). We also used two introgressed strains
that differ mainly in the presence/absence of Bari-Jheh
(Gonzalez et al. 2009; see Material and methods).

We performed three independent oxidative stress
resistance experiments using different concentrations of
paraquat and different administration protocols. We
first analysed the survival of outbred populations
exposed to 20 mM paraquat in a 5% sucrose solution.

We found that while there are no differences between
outbred flies with and without the insertion in control
conditions, both males and females with the insertion
were more resistant to paraquat than flies without the
insertion: males and females log-rank test P-value
<0.001, males odds ratio: 6.30 (confidence interval:
4.44-895) and females 6.69 (4.62-9.40; Fig. 4A). The
selective pressure imposed by this concentration of
paraquat is high because after only 28 h 80-98% of the
sensitive flies died. We thus performed another resis-
tance stress experiment using flies with a different
genetic background, introgressed flies, exposed to a
lower concentration of paraquat: 5 mm. Note that this
concentration is more similar to the one used in nature
(see Material and methods). Consistent with the previ-
ous experiment, flies with the insertion were more resis-
tant to paraquat than flies without the insertion: males
and females log-rank test P-value «0.001, males odds
ratio: 2.16 (1.62-2.88) and females 11.30 (7.58-16.83; Fig.
S1, Supporting information). However, we observed
that mortality of control flies increased after 25-30 h,
suggesting that other than oxidative stress, mortality
could also be explained by the stressful effects of a diet
high in sucrose as the one we used in this experiment
(Rzezniczak ef al. 2011). We thus repeated the experi-
ment by feeding the introgressed strains with 10 mm
paraquat added to regular fly food. Flies with the inser-
tion showed increased resistance to paraquat compared
with flies without the insertion: males and females
log-rank test P-value «<0.001, males odds ratio: 3.21
(2.37-4.34) and females 5.78 (4.12-8.11; Fig. 4B). Control

Fig. 4 Bari-Jheh  is  associated  with
increased resistance to paraquat. Survival
curves unstressed  (discontinuous
lines) and stressed (continuous lines)
conditions for flies with Bari-Jheh (red
lines) and without Bari-Jheh (black lines).
Each data point represents the average of
surviving flies for 20 replicas of 20 indi-
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flies showed no mortality, indicating that mortality of
treated flies is due to the presence of paraquat in the
food and not to any other factor.

Taken together, our results show that flies with Bari-
Jheh are more resistant to oxidative stress induced by
paraquat than flies without this insertion. Consistent
results were obtained for flies with different genetic
backgrounds, outbred populations and introgressed
flies (Fig. 4), suggesting that the insertion is the causal
mutation of this adaptive phenotype.

Bari-Jheh confers resistance to the insecticide malathion

To further confirm that Bari-Jheh confers resistance to
oxidative stress, we also compared the survival of flies
with and without the insertion under oxidative stress
conditions using a different oxidative stress-inducing
agent: the insecticide malathion. As in the previous
experiments, we used two outbred populations and two
introgressed strains (see Material and methods). We
found that outbred flies with the insertion were more
resistant to malathion compared with outbred flies
without the insertion [Fig. 5A; males and females log-
rank test P-value <0.001, males odds ratio: 2.15 (1.61—
2.87) and females 2.36 (1.77-3.15)]. Results consistent
with a role of Bari-Jheh in malathion resistance were
also found in introgressed flies (Fig. 5B; males and
females log-rank test P-value <0.001, males odds ratio:
4.69 (3.40-6.48) and females 1.56 (1.18-2.07)), further
suggesting that this TE insertion confers resistance to
oxidative stress.

TEs other than Bari-Jheh add AREs to the promoter
regions of D. melanogaster genes

To investigate whether AREs are present in TEs other
than Bari-Jheh, we search for the presence of core con-
sensus ARE sequences in all the TEs annotated in the
D. melanogaster genome (see Material and methods).
Among the TEs that add AREs in the 1kb region
upstream of coding genes, 73 are present at a popula-
tion frequency higher than 5% and might therefore play
a role in oxidative stress response in D. melanogaster
populations (Table S2, Supporting infomation).

We looked for evidence suggesting a role of the genes
nearby these 73 TEs in oxidative stress response by
checking (i) whether there is experimental evidence for
CncC binding sites in their upstream regions, (ii)
whether any of these genes have been previously iden-
tified in genome-wide association studies (GWAS) for
oxidative stress resistance, and (iii) whether their func-
tional annotation is related to oxidative stress response.
A total of 10 genes nearby 10 different TEs show addi-
tional evidence for their role in stress response
(Table 1). Besides the CncC binding sites introduced by
the identified TEs, CG3262 and Tsp39D genes have
other CncC binding sites in their upstream regions.
Seven other genes have been previously identified as
candidates in response to oxidative stress analyses,
being CG3987 identified by two different GWAS
(Table 1). Two of these seven genes have also been
functionally classified as involved in response to
hypoxia (Hsp70Bbb) and response to DNA damage

Fig. 5 Bari-Jheh  is  associated  with
increased resistance to malathion. Sur-
vival curves in unstressed conditions
(discontinuous lines) and stressed with
10 pv malathion (continuous lines) for
flies with Bari-Jheh (red lines) and with-
out Bari-Jheh (black lines) for outbred
populations (A) and introgressed flies
(B). Each data point represents the aver-

age of surviving flies for 20 replicas of 20
individuals each with error bars indicat-
ing the SEM.
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Table 1 TEs containing AREs, present at >5% frequency in DGRP populations, and located in the 1 kb upstream region of genes

with additional evidence for a role in oxidative stress (O.S.) response

AREs Distance Frequency CncC Candidate O.S.
TE flybase ~ Chr TE family/ inside Downstream to gene in DGRP  binding response gene in GO Biological
identifier arm order TE gene (bp) strains (%) sites GWAS analyses process
FBti0060356 2L  diver2/LTR 5 CG3262 930 100 1 No No information
FBti0062156 2L  INE-1/TIR 1 Tsp39D 894 100 1 No No information
FBti0064279 2R  INE-1/TIR 1 CG14591 343 100 0 Girardot et al. (2004) No information
FBti0019362 3R  S-element/ 1 Hsp70Bbb 709 100 0 Girardot et al. (2004) Response to
TIR hypoxia
FBti0020015 3L  412/LTR 3 LysS 510 99.34 0 Girardot et al. (2004)  Antimicrobial
humoral
response
FBti0060127 3L  INE-1/TIR 1 CG14569 584 100 0 Weber et al. (2012) No information
FBti0062048 3L  Quasimodo/ 9 Spn77Bc 290 100 0 Girardot et al. (2004) Multicellular
LTR organism
reproduction
FBti0062170 3R Burdock/LTR 1 CG3987 400 100 0 Girardot et al. (2004), Mesoderm
Zhao et al. (2011) development
FBti0063392 2L  INE-1/TIR 1 CG9272 269 100 0 Girardot et al. (2004) Response to
DNA damage
stimulus
FBti0019335 3R  G2/non-LTR 2 puc 487 6.38 0 No Response to

oxidative stress

(CG9272), further suggesting that they might be
involved in oxidative stress response. Additionally, LysS
gene is involved in antimicrobial humoral response,
which is related to oxidative stress response (Zhao et al.
2011). Finally, puc gene has been functionally classified
as involved in response to oxidative stress (Table 1).
These results suggest that TEs other than Bari-Jheh
might also be enhancing the response to oxidative stress
by upregulating the expression of nearby genes.

These 10 TEs belong to different families representing
the three main orders of TEs in D. melanogaster: LTR,
non-LTR and TIR. Nine of them are fixed in the DGRP
population and only FBti0019335 is polymorphic
(Table 1). Note that FBti0019335 is not affecting the
reported Bari-Jheh phenotypes because it is not present
in any of the strains analysed in this study.

Discussion

Our results show that Bari-Jheh mediates resistance to
oxidative stress in D. melanogaster providing one of the
few examples in which a natural TE insertion has
been connected to its adaptive phenotypic effect
(Daborn et al. 2002; Aminetzach et al. 2005; Schmidt
et al. 2010; Magwire et al. 2011). Previous evidence for
the adaptive role of this mutation came from molecu-
lar population analyses that showed that Bari-Jheh is
surrounded by a selective sweep that decays on both
sides of the TE and that it does not extend beyond

Jheh2 and Jheh3 genes. Bari-Jheh was the only mutation
linked to the sweep and, as such, the likely causal
adaptive mutation (Gonzdlez et al. 2009). However,
previous analyses could only identify the cost of selec-
tion of this mutation, whose adaptive effect remained
unknown. In this work, by combining information on
transcription factor binding sites prediction, available
ChIP-Seq data, gene expression analyses and pheno-
typic assays, we have constructed plausible hypotheses
about the adaptive effect of Bari-Jheh that we have
confirmed experimentally.

We showed that Bari-Jheh adds extra AREs to the
upstream region of Jhehl and Jheh2? (Fig. 2) and that it is
associated with increased expression of these two genes
in oxidative stress conditions (Fig. 3A and B). The lack
of upregulation of Jheh3 located upstream of Bari-Jheh
confirms that the presence of AREs is necessary to
induce upregulation of downstream genes in response
to oxidative stress (Fig. 3C). Consistent with the
increased expression of Jhehl and Jheh2, we found that
outbred flies with Bari-Jheh insertion have a higher sur-
vival rate than outbred flies without Bari-Jheh under oxi-
dative stress conditions induced by two different
compounds that are used in D. melanogaster natural
environments: the herbicide paraquat (Fig. 4A) and the
insecticide malathion (Fig. 5A).

We explored the replicability of this genotype—pheno-
type association by performing the oxidative stress
resistance experiments in introgressed flies that differ

© 2014 John Wiley & Sons Ltd
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mainly by the presence/absence of Bari-Jheh (Gonzalez
et al. 2009). For a second time, we found a significant
association between the presence of Bari-Jheh and the
resistance to oxidative stress induced by paraquat
(Fig. 4B and Fig. S1, Supporting information) and by
malathion (Fig. 5B), suggesting that Bari-Jheh is the
causal mutation. Additional evidence for the role of
Bari-Jheh in resistance to oxidative stress comes from
experiments with two isofemale strains, RAL-391 and
RAL-783 that were exposed to oxidative stress induced
by H,O, in our laboratory (L. Mateo, A. Ullastres, and
J. Gonzdlez, personal communication). RAL-391 flies,
homozygous for the presence of Bari-Jheh, are more
resistant to oxidative stress induced by H,O, than RAL-
783 flies, homozygous for the absence of Bari-Jheh [male
and female log-rank P-value <« 0.001, male odds ratio:
5.14 (3.74-7.07) and females 16.39 (10.30-26.08)]. Note
that other than being activated by electrophilic chemical
compounds, such as paraquat and malathion, ARE-
mediated response to stress pathway is also activated
by H,O, (Nguyen ef al. 2009). Taken together, these
results strongly suggest that the natural TE insertion
Bari-Jheh is the causal mutation conferring resistance to
oxidative stress because it is unlikely that the detection
of a robust significant effect of Bari-Jheh on oxidative
stress resistance using three different genetic back-
grounds and three different oxidative stress agents
would occur spuriously (Gruber et al. 2007). The repli-
cability of Bari-Jheh effect on different genetic back-
grounds also suggests that epistatic interactions do not
seem to dominate the genetic architecture of oxidative
stress resistance, as has been described for other quanti-
tative traits (Huang et al. 2012). Nevertheless, the differ-
ences in the magnitude of the effect of Bari-Jheh
insertion in different genetic backgrounds strongly sug-
gest that loci other than Bari-Jheh influence the resis-
tance phenotype (Figs 4 and 5).

Taken together, our results suggest that different Jheh
genes might be playing different functional roles. The
three Jheh genes, Jhehl, Jheh2 and Jheh3, are thought to
be involved in the catabolism of juvenile hormone
(Casas et al. 1991; Khlebodarova et al. 1996). However,
Taniai ef al. (2003) demonstrated that Jheh2 does not
hydrolyse this hormone but is rather involved in the
metabolism of xenobiotics such as cis-stilbene oxide, an
oxidative stress agent. Our results show that both Jhehl
and Jheh2 are oxidative stress response genes, while
Jheh3 is not upregulated in response to stress. Further
analyses are needed to elucidate the individual func-
tions of each one of these genes in the different biologi-
cal processes in which they might be involved (Flatt
et al. 2005).

Our results provide an example of how environment
influences the fitness effects of a natural mutation

© 2014 John Wiley & Sons Ltd

(Lynch 1999; Martin & Lenormand 2006). Bari-Jheh
reduces the viability and extends the developmental
time of flies in unstressed conditions (Gonzalez et al.
2009), while it increases fly survival under oxidative
stress (Figs 4 and 5). The fitness costs in unstressed con-
ditions are outweighed by the fitness advantage in
stressed conditions resulting in the increase in fre-
quency of Bari-Jheh in natural populations (Gonzalez
et al. 2008, 2010). The previously identified fitness costs
of this insertion also provide a plausible explanation for
the lack of fixation of this adaptive mutation, present at
high frequencies in natural populations worldwide
(Gonzalez et al. 2008, 2009, 2010). These results high-
light the importance of exploring different phenotypes
to fully characterize the effects of mutations (Olson-
Manning et al. 2012).

It is plausible that TEs other than Bari-Jheh might also
be contributing to the response of D. melanogaster to oxi-
dative stress (Table 1). By providing AREs to nearby
genes, these TEs might be coordinating the expression
of genes dispersed throughout the genome in response
to an oxidative stress challenge. There are a few clear
examples in which TEs have been shown to rewire reg-
ulatory networks in animals and in plants (Naito et al.
2009; Macfarlan et al. 2012; Schmidt et al. 2012). Taking
into account the conservation of oxidative stress
response pathways in organisms from flies to human
and the ubiquity of transposable elements, the role of
TEs in oxidative stress resistance may not be restricted
to D. melanogaster.

Overall, our results contribute to the understanding
of resistance to oxidative stress in natural populations
and highlight the role of TEs in environmental adapta-
tion. Because genes tend to work in evolutionary con-
served  pathways, genotype-phenotype  insights
obtained in D. melanogaster, as the ones described in
this work, provide valuable information that might be
relevant for other organisms as well (Lehner 2013).
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Fig. S1 Introgressed strain with Bari-Jheh is associated with increased resistance to 5
mmparaquat
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Primers used for expression analysis.

Gene Left primer Right primer

Jhehl CAGTCTCCACCCTGGATAAAGAA | AGTTTACCAGGTTATGGCTGGTC
Jheh2 | AGGCCATCCTACCCTTCGACATCA | ATTGGAAACCCACACCCTCCAGTG
Jheh3 CATCACAGTGGCCATTTCAG CATGCTAACCAAGCACTCAAAC
Act5C | ATGTCACGGACGATTTCACG GCGCCCTTACTCTTTCACCA

Raw data of expression analysis

Abbreviations:

M
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B+
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Cont.
Pq
1,2, 3

Males

Females

Strain with Bari-Jheh

Strain without Bari-Jheh
Control conditions

Paraquat 10mM conditions
number of Biological replicas

44




Jhehl1 males

DATAINPUT Total Expression
1|CtAct CtStd.Dev |Jhehl [CtStd.Dev |CGFR-Act Std.devdelta |n2copies CV (variation coefficient) |error copies
MB+Pq 1 23.57 0.180| 23.35 0.066[ -0.21184828[ 0.192319656[ 1.158171002 0.133305828][ 0.15439094
Replical [MB-Pq1 24.30 0.085| 24.79 0.040[ 0.492197033[ 0.093433924[ 0.710941603 0.064763461| 0.04604304
M B+ Cont 1 25.04 0.075| 26.97 0.039 1.9302636 0.084477422[ 0.262381226 0.058555287] 0.01536381
MB-Cont 1 24.85 0.042| 26.62 0.148[ 1.772139058[ 0.153389668| 0.292774324 0.106321616] 0.03112824

I DATAINPUT Total Expression
2|Ct Act CtStd.Dev |Jhehl [CtStd.Dev |CGFR-Act Std. devdelta |n2copies CcvV error copies
MB+Pq2 27.78 0.060| 28.17 0.056[ 0.385979781[ 0.081806416| 0.76525911 0.056703887] 0.04339317
Replica2 [MB-Pq2 26.65 0.050| 27.44 0.106[ 0.790570157[ 0.11691104[ 0.578115574 0.081036558| 0.0468485
M B+ Cont 2 24.20 0.108| 25.82 0.022[ 1.622557058[ 0.109748842[ 0.324759344 0.0760721 0.02470513
M B-Cont 2 26.11 0.016] 27.90 0.076[ 1.796122791[ 0.078047417| 0.287947402 0.054098347] 0.01557748

r - - 7 - - DATAINPUT Total Expression
3|Ct Act CtStd. Dev |Jhehl [CtStd.Dev |CGFR-Act Std. devdelta |n2copies CcvV error copies
MB+Pq3 23.21 0.139| 23.24 0.032[ 0.032975224[ 0.142788312[ 0.977402552 0.098973316[ 0.09673677
Replica3 [MB-Pq3 25.97 0.088| 26.80 0.054[ 0.83294337[ 0.102952552[ 0.561382747 0.071361271[ 0.04006099
M B+ Cont 3 26.96 0.153| 28.98 0.063[ 2.016828257[ 0.16531324[ 0.247100827 0.114586406| 0.0283144
M B-Cont 3 25.71 0.153] 27.23 0.058] 1.515993297[ 0.164089384[ 0.349655645 0.113738094] 0.03976917

Jheh1 females

DATAINPUT Total Expression
1{CtAct |CtStd.Dev |Jhehl [CtStd.Dev [CGFR-Act Std. devdelta |n2 copies CV (variation coefficient) |error copies
FB+Pq 1 22.92 0.130 23.45 0.050{ 0.526069778| 0.139620714| 0.694443979 0.096777704 0.06720669
Replical [FB-Pqg1l 22.63 0.148[ 23.67 0.053[ 1.044781821| 0.156983455| 0.484718207 0.108812639| 0.05274347
F B+ Cont1 22.94 0.068| 24.84 0.135] 1.908037287| 0.151243427| 0.266454797 0.104833955| 0.02793351
F B- Cont 1 22.78 0.090| 24.64 0.077] 1.859573958|  0.11830104| 0.275557642 0.082000032] 0.02259574

DATAINPUT Total Expression
2|CtAct [CtStd.Dev [Jhehl |CtStd.Dev |CGFR-Act Std. devdelta |n® copies cV error copies
F B+ Pq 2 22.19 0.139 22.84 0.019 0.643497044| 0.140128285| 0.640159342 0.097129526( 0.06217837
Replica2 [FB-Pqg2 22.58 0.138[ 23.50 0.123{ 0.916028112| 0.184514657| 0.529966065 0.127895815| 0.06778044
F B+ Cont 2 22.22 0.098| 23.89 0.064| 1.676167996[ 0.117625309| 0.312912675 0.081531651] 0.02551229
F B- Cont 2 22.59 0.115] 24.50 0.046] 1.913904575 0.12357081| 0.265373354 0.085652758] 0.02272996

1 1

DATAINPUT Total Expression
3|CtAct [CtStd.Dev [Jhehl |CtStd.Dev |CGFR-Act Std. devdelta |n® copies cV error copies
F B+ Pqg 3 21.78 0.177 22.25 0.155[ 0.465020037| 0.235079319| 0.724461015 0.162944567( 0.11804699
Replica3 |FB-Pqg3 22.86 0.043] 23.79 0.077] 0.932699776[ 0.088422002| 0.523877071 0.061289461| 0.03210814
F B+ Cont 3 21.54 0.134] 23.19 0.061] 1.653019557[ 0.146963301| 0.317973941 0.101867198| 0.03239111
F B- Cont 3 22.18 0.200]| 24.00 0.076] 1.814863265[ 0.213986626| 0.284231181 0.148324227] 0.04215837

Jheh2 males

- - - T DATAINPUT Total Expression
1{Ct Act |CtStd.Dev |Jheh2 [CtStd.Dev [CGFR-Act Std. devdelta |n2 copies cv error copies
M B+ Pq 1 21.76 0.145] 21.78 0.110{ 0.013720389] 0.181955975| 0.99053483 0.126122271| 0.1249285
Replical [MB-Pg1 22.09 0.079 22.76 0.053( 0.675173934| 0.095040469| 0.626256712 0.065877033| 0.04125593
M B+ Cont 1 22.25 0.059] 2321 0.080| 0.965456904[ 0.099055446| 0.512116198 0.068660003| 0.0351619
M B- Cont 1 2231 0.152 23.13 0.189( 0.822047632| 0.242639762| 0.565638556 0.168185067| 0.09513196

I A DATAINPUT Total Expression
2|CtAct [CtStd.Dev [Jheh2 |CtStd.Dev |CGFR-Act Std. devdelta |n2 copies cv error copies
M B+ Pq 2 22.04 0.050( 21.84 0.022 .0.1928837| 0.055165449| 1.143046183 0.038237775| 0.04370754
Replica2 |M B- Pq 2 21.73 0.030| 22.35 0.049] 0.618521869| 0.057188366 0.651337922 0.039639955] 0.02581901
M B+ Cont 2 22.55 0.154] 23.60 0.054]  1.0499413| 0.163328608| 0.482987816 0.113210764( 0.05467942
M B- Cont 2 22.43 0.111f 23.28 0.053[ 0.848622944| 0.123404005| 0.555314532 0.085537138| 0.04750002

—_— e o 1 1

DATAINPUT Total Expression
3|CtAct [CtStd.Dev [Jheh2 |CtStd. Dev |CGFR-Act Std. devdelta |n2 copies cv error copies
M B+ Pq 3 22.41 0.122 21.78 0.062 -0.62431667| 0.136753562| 1.541480532 0.094790346| 0.14611747
Replica3 |M B-Pqg 3 21.91 0.002| 22.15 0.057| 0.246545257| 0.05681361| 0.842912477 0.039380194| 0.03319406
M B+ Cont 3 22.39 0.114] 23.60 0.014] 1.212946179| 0.114439131| 0.431386765 0.079323161( 0.03421896
M B- Cont 3 22.52 0.130 23.20 0.052( 0.682821785| 0.140161916| 0.622945655 0.097152837| 0.06052094
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Jheh2 females

DATAINPUT Total Expression
1|Ct Act [CtStd. Dev |[Jheh2 |CtStd.Dev [CGFR-Act Std. devdelta |n2 copies cv error copies
M B+ Pq 1 22.78 0.065| 23.66 0.061| 0.877829042| 0.089812608| 0.544185703 0.062253356] 0.03387739
Replical [MB-Pq1 22.66 0.098[ 23.49 0.039( 0.830245626| 0.105829324| 0.562433477 0.073355298( 0.04125748
M B+ Cont 1 23.04 0.171f 23.84 0.077{ 0.802291534| 0.18784506| 0.573437622 0.130204274| 0.07466403
M B- Cont 1 22.51 0.157] 23.49 0.104] 0.983008634| 0.188158347| 0.505923573 0.130421428] 0.06598327
DATAINPUT Total Expression
2|Ct Act |CtStd. Dev [Jheh2 |CtStd. Dev |CG FR-Act Std. devdelta |n2 copies cv error copies
M B+ Pq 2 22.21 0.178| 23.27 0.040| 1,057887025 0.1826304| 0.480335045 0.126589747] 0.06080549
Replica2 [M B-Pq 2 22.18 0.040( 23.34 0.101{ 1,158141613| 0.109011129| 0.448089364 0.075560757 0.03385797
M B+ Cont 2 22.86 0.067 24.41 0.189( 1.55223677| 0.199937545| 0.340980993 0.138586146| 0.04725524
M B- Cont 2 22.45 0.116] 23.77 0.054] 1.314545622| 0.128204911| 0.402052102 0.088864872| 0.03572831
1 1
DATAINPUT Total Expression
3|Ct Act |CtStd. Dev [Jheh2 |CtStd. Dev |CG FR-Act Std. devdelta |n2 copies cv error copies
M B+ Pq 3 22.30 0.065| 23.61 0.050| 1.310005542| 0.082541717| 0.40331933 0.057213559] 0.02307533
Replica3 |M B-Pq 3 22.88 0.084] 24.12 0.058] 1.234740713 0.10157294| 0.424918861 0.070404997| 0.02991641
M B+ Cont 3 22.34 0.094 23.75 0.034{ 1.410501317| 0.099490871| 0.376180946 0.068961817| 0.02594212
M B- Cont 3 22.84 0.150| 24.11 0.030] 1.266405261| 0.152694609| 0.415694262 0.105839838] 0.04399701
Jheh3 males
DATAINPUT Total Expression
1[{Ct Act |CtStd.Dev [Jheh3 [CtStd. Dev |CGFR-Act Std. devdelta [n2 copies cv error copies
M B+Pqg 1 24.60 0.178| 2576 0.028| 1.15826416[ 0.180267885| 0.448051303 0.124952176] 0.05598499
Replical [MB-Pq1 24.59 0.099 25.22 0.082 0.632616067| 0.128976515| 0.645005753 0.089399708| 0.05766333
M B+ Cont 1 25.00 0.098 25.53 0.042( 0.529964398| 0.106895059| 0.692571825 0.074094009] 0.05131542
M B- Cont 1 24.93 0.108| 24.64 0.077] 0.29231887| 0.132601822| 1.224607034 0.091912579] 0.11255679
DATAINPUT Total Expression
2|CtAct |CtStd. Dev [Jheh3 |CtStd. Dev [CGFR-Act Std. devdelta [n2 copies cv error copies
M B+ Pq 2 24.57 0.024] 25.99 0.096| 1.413475669| 0.098439945| 0.375406187 0.06823337| 0.02561523
Replica2 [M B-Pq 2 24.63 0.123[ 25.40 0.028 0.772193917| 0.12618648| 0.585526383 0.087465803| 0.05121354
M B+ Cont 2 24.76 0.060 25.13 0.023( 0.372468601| 0.064468802| 0.772459607 0.044686368| 0.03451841
M B- Cont 2 24.69 0.044] 24.66 0.032] 0.03125054| 0.054431343| 1.021897529 0.037728932| 0.0385551
1 1
DATAINPUT Total Expression
3|CtAct |CtStd. Dev [Jheh3 |CtStd. Dev [CGFR-Act Std. devdelta [n2 copies cv error copies
M B+Pq 3 24.21 0.000| 26.05 0.087] 1.837055154| 0.086651102| 0.279892522 0.060061967| 0.0168109
Replica3 [MB-Pq 3 23.84 0.164| 24.86 0.059] 1.023204075[ 0.174469392| 0.492022407 0.120932967] 0.05950173
M B+ Cont 3 24.53 0.172 24.89 0.032( 0.353301679| 0.17487417| 0.782790591 0.121213538] 0.09488482
M B- Cont 3 24.20 0.114] 24.27 0.151] 0.065094818| 0.189040168| 0.955882492 0.131032659] 0.12525182
Jheh3 females
DATAINPUT Expressio total
1|Ct Act |CtStd. Dev |Jheh3 [CtStd. Dev [CG FR-Act Std. devdelta |n2 copies cv error copies
M B+Pq 1 24.60 0.178[ 25.76 0.028[ 1.15826416] 0.180267885| 0.448051303 0.124952176( 0.05598499
Replical (M B-Pq1 24.59 0.099] 25.22 0.082] 0.632616067| 0.128976515| 0.645005753 0.089399708( 0.05766333
M B+ Cont 1 25.00 0.098| 2553 0.042] 0.529964398| 0.106895059| 0.692571825 0.074094009| 0.05131542
M B- Cont 1 24.93 0.108| 24.64 0.077]| -0.29231887| 0.132601822| 1.224607034 0.091912579] 0.11255679
DATAINPUT Expressio total
2|CtAct [CtStd. Dev [Jheh3 |CtStd. Dev |CGFR-Act Std. devdelta |n2 copies cv error copies
M B+ Pq 2 24.57 0.024f 25.99 0.096( 1.413475669] 0.098439945| 0.375406187 0.06823337( 0.02561523
Replica2 (M B-Pq2 24.63 0.123] 25.40 0.028] 0.772193917 0.12618648| 0.585526383 0.087465803( 0.05121354
M B+ Cont 2 24.76 0.060| 25.13 0.023| 0.372468601| 0.064468802| 0.772459607 0.044686368| 0.03451841
M B- Cont 2 24.69 0.044] 24.66 0.032] 0.03125054| 0.054431343| 1.021897529 0.037728932| 0.0385551
1 1
DATAINPUT Expressio total
3|CtAct [CtStd. Dev [Jheh3 |CtStd. Dev |CGFR-Act Std. devdelta |n2 copies cv error copies
M B+ Pq 3 24.21 0.000{ 26.05 0.087( 1.837055154| 0.086651102| 0.279892522 0.060061967| 0.0168109
Replica3 [M B-Pq 3 23.84 0.164]| 24.86 0.059] 1.023204075[ 0.174469392| 0.492022407 0.120932967( 0.05950173
M B+ Cont 3 24.53 0.172] 24.89 0.032] 0353301679 0.17487417| 0.782790591 0.121213538| 0.09488482
M B- Cont 3 24.20 0.114] 24.27 0.151] 0.065094818| 0.189040168| 0.955882492 0.131032659] 0.12525182
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Sript to gather 6 sequences of 100pb from reference genome (mentioned in
Materials and Methods ''Searching for cnc transcriptor binding site in Bari-
Jheh'™)

#1/usr/bin/perl
use warnings;
use strict;

$ini_1 = 14964132; #initial annotation
$length = 100; #length of the query sequence
$ini_2 = 14964132 - $length; #end of annotation

open (REF, "3R.raw'™) or die "Error reference sequence'; #reference genome one
chromosome at a time

my $ref = <REF>;
my $seql = "";
my $seq2 = "";
$seql = (substr $ref, $ini_1, $length);

$seq2 = (substr $ref, $ini_2, $length);

print "$seql\n";
print "$seq2\n";

2) Scripts to search the consensus ARE secuence reference TEs (mentioned in
Materials and Methods ''Searching for putative AREs in annotated TEs')

#1/usr/bin/perl -w
#Eliminar repetidos
use strict;

use warnings;

#Find ARE consensus core in TE according to the fasta file provided in 5"-3~
direction.

open (LIST, ""/homes/users/mbarron/scratch/AREs/dmel-all-transposon-r5.53 2.txt"
or die "Can"t open list'"; #TE annotations

open (OUTPUT, '>/homes/users/mbarron/scratch/AREs/TE_results_5410_AREsCore_5-

3 _good.txt'™) or die "Can"t create Ffile"; #Output file

print OUTPUT "TE_name\tTE_length\tstart:stop\t#ofAREs\n";

while (<LIST>){
$i1=0;
$m=0;
$start = O;
$end=0;
$ARE_length="";
if (5_ =~ /7Q\>_-*)\s\s\s(-*)/){
$name = $1;
$sec = $2;
$ARE_length = length ($sec);
print OUTPUT "$name\t";
print OUTPUT $ARE_Ilength._""\t";
if ($sec =~ /.*TGA(T|C)[ATGC]{3}CC.*/){#5"-3"
$sec =~ s/TGA(T|C)[ATGC]{3}GC/X/g;#5"-3"
#iT ($sec =~ /_*CG[ATGCI{3}(T|C)AGT.*/){#3"-5"
#$sec =~ s/CG[ATGCI{3}(TIC)AGT/X/g;#3"-5"
@nucl = split (", $sec);
foreach $pos (@nucl){
$m++;
if ($pos eq "X"){
$i++;
$start = $m + ($ARE_length*($i-1));
$end = $start + $ARE_length;
print OUTPUT "$start:$end;";
#push (@start, $start);
#push (@end, $end);
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}
}

}
print OUTPUT "\t$i\n";

#1/usr/bin/perl -w
use strict;
use warnings;

#Find ARE consensus core in TE according to the fasta file provided in 3"-5"
direction.

open (LIST, "/homes/users/mbarron/scratch/AREs/dmel-all-transposon-r5.53 2.txt")
or die "Can"t open lista"; #TE annotations

open (OUTPUT, '>/homes/users/mbarron/scratch/AREs/TE_results_5410_AREsCore_3-
5.txt") or die "Can"t create file";#0utput file

print OUTPUT "TE_name\tTE_length\tstart:stop\t#ofAREs\n";

while (<LIST>){
$i=0;
$m=0;
$start = 0;
$end=0;
$ARE_length="";
it (5 =~ 7Q\>."\s\s\s(.*)/){
$name = $1;
$sec = $2;
$ARE_length = length ($sec);
print OUTPUT “$name\t";
print OUTPUT $ARE_Ilength._""\t";
#if ($sec =~ /.*TGA(T|C)[ATGC]{3}GC.*/){#5"-3"
#$sec =~ s/TGA(T|C)[ATGC]{3}CC/X/g;#5"-3"
if ($sec =~ /_*CG[ATGCI{3}(T|C)AGT.*/){#3"-5"
$sec =~ s/CG[ATGC]{3}(T|C)AGT/X/g;#3"-5"
@nucl = split (", $sec);
foreach $pos (@nucl){
$m-++;
if ($pos eq "X"){
$i++;
$start = $m + ($ARE_length*($i-1));
$end = $start + $ARE_length;
print OUTPUT "$start:$end;";
#push (@start, $start);
#push (@end, $end);

}
}
print OUTPUT "\t$i\n";

}

3) Scripts to select the TEs with ARE consensus sequence in a distance lower to
1kb upstream a gene (mentioned in Materials and Methods "Searching for putative
AREs in annotated TEs™)

#Finds the genes <lkb upstream of the candidates TEs
#1/usr/bin/perl -w

#use strict;

use warnings;

open (TE,

"*/Users/GonzalezlLab/Documents/Maite/AREs_finding/AREs_finding_2/TE_with_AREs. txt
") or die "Can"t open file";# List of TEs with ARE consensus sequence
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while (<TE>){
#print $_;

@col = split ("\t", $);
$FBti = $col[6];
$start_TE = $col[10];
$stop_TE = $col[11];
$chr_TE = $col[9];
$TE_ori = $col[7];
$TE_name = $col[12];
$TE_family = $col[13];
$TE_ARE_number = $col[5];

$new_stop = $stop_TE + 5000;
$new_start = $start_TE - 5000;

#print "$TE_ori\t";
open (GENE,
"/Users/GonzalezlLab/Documents/Maite/AREs_finding/AREs_finding_2/noncoding_gene/d
mel-r5.53.coding.gff"") or die "Can"t open file"; # Reference annotations
while (<GENE>){
@gff = split ("\t", $);
$chr_gene = $gff[0];
$start_gene = $gff[3];
$stop_gene = $gfFf[4];
$ori_gene = $gff[6];
@info = split (';", $gff[8]);
@name = split ('=", $info[0]);
$FBgn = $name[1];
if ($ori_gene eq "+" && $chr_TE eq $chr_gene && $start _gene >
$stop_TE && $start_gene < $new_stop){
#iT ($TE_ori eq "+"){
print
“$FBti\tSchr_TE\t$start TE\t$stop TE\LSTE_ori\t$TE_name\t$TE_Ffami ly\t$TE_ARE_num
ber\t$FBgn\t$start_gene\t$stop_gene\t$ori_gene\n";
Yelsif ($ori_gene eq "-" && $chr_TE eq $chr_gene && $stop_gene
< $start_TE && $stop_gene > $new_start){
print
"$FBti\t$chr_TE\t$start TE\t$stop TE\LSTE_ori\t$TE_name\t$TE_Ffami ly\t$TE_ARE_num
ber\t$FBgn\t$start_gene\t$stop_gene\t$ori_gene\n™;
}

}
}

#Remove the noncoding genes from the list optained by the above script
#1/usr/bin/perl -w

use strict;

use warnings;

open (GENEL1,
""/Users/GonzalezLab/Documents/Maite/AREs_finding/AREs_finding_2/area_de_trabajo™
) or die "Can"t open File";#List of genes <lkb upstream of cadidate TEs

while (<GENE1>){
$_ =~s/\n//g;
@col = split ('"\t", $);
$FBgn_gwas = $col[0];
open (GENEZ2,
""/Users/GonzalezLab/Documents/Maite/AREs_finding/AREs_finding_2/noncoding_gene/d
mel-all-noncoding-r5.53.gff"") or die "Can"t open file'";#reference annotation
while (<GENE2>){
$TE_info = $_;
$TE_info =~ s/\n//qg;
@pos = split ("\t", $TE_ info);
@inf = split (';", $pos[8]);
@name = split ('=", $inf[2]);
$FBgn_TE = $name[1];
#print "$FBgn_gwas\t$FBgn_TE\n"';
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if ($FBgn_gwas eq $FBgn_TE){
print "$FBgn_gwas\t$TE_info\n";
}

}

4) Script for selecting the TEs with a determined population frequency
(mentioned in Materials and Methods "Searching for putative AREs in annotated
TEs™)

#1/usr/bin/perl -w
use strict;
use warnings;

#Secuencias de los 5425TEs; No en fasta si no que cada linea es un TE. Si hace
falta hacer otro perl para transformaciA3n.

open (TE,
"/Users/GonzalezlLab/Documents/Maite/AREs_finding/AREs_finding_2/gene_lkb_TEwithA
RE.txt™) or die "Can"t open filel"; #File of the candidate TEs

while (<TE>){
$FBti_core = $_;
$FBti_core =~s/\n//g;
$FBti_core =~s/>//Q;
@inf = split ("\t", $FBti_core);
$FBti = $inf[0];
open (FREQ_1,
""/Users/GonzalezlLab/Documents/Maite/AREs_Tinding/AREs_finding_2/Tfreq_5425knownR
EannotTEs_141DGRPstrains'™) or die "Can"t open file2";# TE frequency file
while (<FREQ_1>){
$ =-s/\n//g;
@col = split (\t", $);
$te = $col[0];
#$total_results = $col[6];
#$freq = $col[7];
if ($FBti eq $te){
print "$FBti_core\t$ \n";
}

}

5) Script for searching cnc bind sites between the TE and the gene (mentioned in
Materials and Methods *'Searching for putative AREs in annotated TEs')

#1/usr/bin/perl -w
use strict;
use warnings;

open (GENE,
""/Users/GonzalezlLab/Documents/Maite/AREs_fTinding/AREs_finding_2/TE_ARE_1kb/TEs_A
RE_1kb_all_nov.txt'™) or die "Can"t open Ffile";#candidate gene list

while (<GENE>){
@first_sep
$gene_info ;
$gene_info =~ s/\n//g;
$chr_gene = $first_sep[15];
$start = $Ffirst_sep[16];
$end = $Ffirst_sep[17];
#$orient = $first_sep[l19];
#i1f ($orient eq "+"){
$start_gene = $start - 10000;
$end_gene = $end + 10000;
#}else{
#$start _gene = $start + 10000;
#%end_gene = $end - 10000;
#}
#print "$gene_info\n";

split ¢"\t", $);

50



open (TF,
""/Users/GonzalezLab/Documents/Maite/AREs_finding/AREs_finding_2/TFBS/tfbs_cnc_al
1.gff3") or die "Can"t open Ffile";#cnc_binding sites annotations
while (<TF>){
#print $__""\t";
@sep = split (" ™, $);
$TF_info = $_;
$TF_info =~s/\n//g;
$chr_tf = $sep[0];
$start_tf = $sep[3];
$end_tf = $sep[3];
#P1++;
#print "$TF_info\n";
if ($chr_gene eq $chr_tf && $start _gene <= $start_tf && $end_tf <=
$end_gene){
print "$gene_info\t$TF_info\n";
Yelsift ($chr_gene eq $chr_tf && $start_tf <= $end_gene && $end_tf >=
$end_gene){
print "$gene_info\t$TF_info\n";
Yelsift ($chr_gene eq $chr_tf && $start_tf <= $start_gene && $end_tf >=
$start_gene){
print "$gene_info\t$TF_info\n";
}

}

6) Script to select TEs that are also part of a GWAS study (mentioned in
Materials and Methods ''Searching for putative AREs in annotated TEs')

#1/usr/bin/perl -w
use strict;
use warnings;

open (GENE1,
""/Users/GonzalezlLab/Documents/Maite/AREs_finding/AREs_finding_2/GWAs_comp.txt'™)
or die "Can"t open file";#candidate gene list of GWAs studies

while (<GENE1>){
$ =~s/\n//qg;
@col = split C\t", $);
#$FBgn_gwas = $col[0];#girardot
#$FBgn_gwas = $col[4];#weber
$FBgn_gwas = $col[1];#weber
open (GENEZ2,
""/Users/GonzalezlLab/Documents/Maite/AREs_Tinding/AREs_finding_2/GWAs_comp/gene_1
kb_TEwithARE.txt'™) or die "Can"t open file";# gene list <lkb of the TEs with ARE
consensus sequence
while (<GENE2>){
$TE info = $_;
$TE_info =~ s/\n//g;
@pos = split ('\t", $TE_info);
$FBgn_TE = $pos[8];
#print "$FBgn_gwas\t$FBgn_TE\n";
if ($FBgn_gwas eq $FBgn_TE){
print "$FBgn_gwas\t$TE_info\n";
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Table S1. Description of the regions used to look for cnc reads and number of cnc selected reads per developmental stage and replica (rep)

Description Query start position Query end position | Number of reads selected
embryo adult
repl rep2 repl rep2
(i) 100bp region around the Nrf2 binding site in the upstream 2R:14.742.812 2R:14.742.911 6 25 42 29
region of Jhehl
(i) 100bp region around the Nrf2 binding site in the upstream 2R: 14.745.406 2R: 14.745.505 67 24 166 79
region of Jheh2
(iii) 100 bp region including the left junction of Bari-Jheh (50bp | 2R: 14.745.747 2R:14.745.846 26 15 34 20
of unique flanking region+first 50bp of Bari-Jheh)
(iv) 100 bp region including the right junction of Bari-Jheh (last | 2R: 14.747.475 2R:14.747.574 3 7 11 8
50bp of Bari-Jheh + 50bp of unique flanking region)
(v) Diagnostic SNP (Bari-Jheh has an A and all other Baril TEs | 2R: 14.746.239- 2R:14.746.338 15 6 14 6
have a G) located 278bp upstream of the left Bari-Jheh Nrf2
binding site
(vi) Diagnostic SNP (Bari-Jheh has an G and all other Baril 2R:14.746.962 2R:14.747.061 6 7 8 5

TEs have a A) located 371bp upstream of the right Bari-Jheh
Nrf2 binding site
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Table S2. TEs with AREs located in the 1kb upstream regions of genes

TE flybase
identifier
FBti0019530

FBti0062170
FBti0059655
FBti0060356
FBti0020310
FBti0060088
FBti0061033
FBti0020147
FBti0019555
FBti0061521
FBti0060651
FBti0063713

FBti0060655

FBti0061676

FBti0062898
FBti0061998

FBti0063392

FBti0061194

FBti0060127
FBti0061543

FBti0062273

FBti0060764

Chromosomal
arm
X

3R

2L
3R

3L
3L

2R
3L
2R
2R
3L
3L
3R

2L
2L

3L
2L
2L

TE family

baggins

Burdock
Crla
diver2
G5
G5A
gypsy2
gypsy2
hopper
INE-1
INE-1
INE-1
INE-1
INE-1
INE-1
INE-1
INE-1
INE-1

INE-1
INE-1
INE-1

INE-1
INE-1
INE-1
INE-1
INE-1
INE-1
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Number
of AREs
inside TE

[

e T T

Downstream
gene
CG3021

CG3987
elF4G
CG3262
glob3
CG32500
CG17454
Met75Cb
CG16781
CG33680
CG32453
Or42a
Tsp42A
CG14451
mael
CR33294
CG2219
CG11155

CG9272
CR33319
Cdad

CG14569
elfless
rdo
CG10597
f

fd102C

Frequency
in DGRP
strains
100

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

100
100
100

100
100
100
100
100
100



FBti0064279
FBti0060447
FBti0063387
FBti0062156
FBti0061379

FBti0061758
FBti0061445
FBti0060913
FBti0061869
FBti0020293
FBti0018999
FBti0020428
FBti0019322

FBti0062048
FBti0019282
FBti0020401
FBti0019653
FBti0063349
FBti0019664
FBti0019295
FBti0019480

FBti0019362
FBti0020231
FBti0019124
FBti0062821
FBti0019651
FBti0019652
FBti0063368
FBti0020173
FBti0019650
FBti0060075

2R
3R

2L
2L
2L
3L
2R
3R
3L
3L
2R

3R

3L
3R

2L
X
3R

3R
3L
2L
2L

3L

2R

INE-1
INE-1
INE-1
INE-1
INE-1
INE-1
INE-1
INE-1
INE-1
INE-1
invaderl
mariner2
mariner2
micropia
Quasimodo
Quasimodo
Rtlb
Rtlc
Rtlc
Rtlc

S

S

S

S

S2

S2
springer
Rtlc
Rtlc
gypsy8
Rtlb
Rtlc

gypsy9
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CG14591
CG34303
Nfl
Tsp39D
squ

grp
CG34031
Pebll
Arfip
CG33687
Ago3
Gr43a
CG9935
CG43290

Spn77Bc
CG1092
JYalpha
CR33498
CR43158
Ntf-2
CG9769
CG31999
yellow-h

Hsp70Bbb
RpL10
mRpL28
CR42545
CR33496
CR33487
JYalpha
CG6434
CR33491
CG44104

100
100
100
100
100
100
100
100
100
100
100
100
100
100

100
100
100
100
100
100
100
100
100

100
100
100
100
99.65
99.65
99.64
99.64
99.64
99.63



FBti0062858 X Rtlc 3 CR43377 99.63
FBti0062491 3L gypsy6 2 CG32350 99.62
FBti0064270 2R INE-1 1 dream 99.62
FBti0062860 X Rtlc 3 CR43379 99.62
FBti0062927 X Rtlc 3 CR43381 99.62
FBti0019647 X Rtlc 3 CR32821 99.61
FBti0061742 2R rooA 1 CG18446 99.59
FBti0060834 3R S 1 CG33494 99.58
FBti0020015 3L 412 3 LysP 99.34
3L 412 3 LysS 99.34
FBti0019062 X S 1 Lsd-2 98.98
FBti0060717 3L 297 1 mael 93.01
FBti0019082 X Rtlb 3 CG18259 91.43
X Rtlb 3 CR6900 91.43
FBti0059710 X roo 2 CG12680 22.98
FBti0019354 3R 17.6 4 CG14692 20.7
FBti0019012 2R pogo 2 fabl 18.91
2R pogo 2 CG33981 18.91
FBti0020152 3L Doc 1 term 15.62
FBti0019367 3R Doc 3 CG44142 7.94
FBti0019217 2L Quasimodo 1 Oseg5 7.42
FBti0019335 3R G2 2 puc 6.38
FBti0020117 3L gypsy5 2 Best4 6.37

A-S Fiston-Lavier, M.G. Barron, D.A. Petrov and J. Gonzélez, personal communication
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CLUSTAL 2.1 multiple sequence alignment of the Bari-Jheh intergenic
region in introgressed flies with (Wi3/Bari+) and without (Wi3/Bari-)
the insertion

Wi3/Bari+
TACCAAACGGATTTTGTACTTTCGCTTGGGAATCGGGAGGCACATGAGATAGCTATTAAA 60
Wi3/Bari-
TACCAAACGGATTTTGTACTTTCGCTTGGGAATCGGGAGGCACATGAGATAGCTATTAAA 60

R R o R e S A R R AR R R R R R AR AR R R S R e R AR AR R R AR R R R R AR AR R CRAE R R R e e

Wi3/Bari+
TTGGCAAGGCGACAAAAGGTCAACGTATTTTAAGTACGGTTTTGCAGTAAGGTGGTTGGG 120
Wi3/Bari-
TTGGCAAGGCGACAAAAGGTCAACGTATTTTAAGTACGGTTTTGCAGTAAGGTGGTTGGG 120

R R o A R AR AR R R R R R AR R R R R AR R R AR AR AR R R R R R R R R AR R R R e e

Wi3/Bari+
ACCACCTCAGTACCACCATAACGTGGTTACATAATATTTAACAAATGTGGAAGGGAAATA 180
Wi3/Bari-
ACCACCTCAGTACCACCATAACGTGGTTACATAATATTTAACAAATGTGGAAGGGAAATA 180

R R o S A R AR AR R R R R AR AR R R R R R R R AR R R R R R R R e R AR AR e

Wi3/Bari+
GAAGGGGGTAAGACAAAATCTTTTTTAATTACATTACAATAAAACTAATAACTATAAATA 240
Wi3/Bari-
GAAGGGGGTAAGACAAAATCTTTTTTAATTACATTACAATAAAACTAATAACTATAAATA 240

R R o S A R AR AR R R AR R R AR R R R R AR R R R R AR AR R R R R AR AR R R R e R e R AR

Wi3/Bari+
GTAGGTATGGTTAAGAAGTAATTGCTTGTAATCCATGTTTGTAATTGACCGCAAACTAAA 300
Wi3/Bari-
GTAGGTATGGTTAAGAAGTAATTGCTTGTAATCCATGTTTGTAATTGACCGCAAACTAAA 300

R R o R R AR R R R R AR AR R R R AR R R AR AR AR R R R R R R R R R AR R R R e S e

Wi3/Bari+

AAAATATTATTGATTCTTTATTTATATATATGTATATATGTATATTTATATATATACAGT 360
Wi3/Bari- AAAATATTATTGATTCTTTATTTATATATATGTATATATGTATATTTATATATAT-
--—- 355

Wi3/Bari+

CATGGTCAAAATTATTTTCACAAAGTGCATTTTTGTGCATGGGTCACAAACAGTTGCTTG 420
Wi3d/Bari- = = e

Wi3/Bari+
TGCAGCAAGTGGGGGGAGGTGAAATGCAAAAAAACTTTTGCTTTTGCAAATTCAAACCTA 480
Wi3d/Bari- = = @ e

Wi3/Bari+
TGCAGAGTCAGATGAAAGAAGAATTGAAAAAATAACTGTTCCTATGCGCAAGGAAGAGGC 540
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Wi3/Bari- =

Wi3/Bari+
AAATGAAGAGATCTTTATCAGTTGTCAGAAGTATTTGCACACGGTTTCGTCGCATCACAA 600
Wi3/Bari- =

Wi3/Bari+
TTATTTTCACAACGCAATTTCTTCTTCAGTGATTGGTTTAGAGTGACAAGTGCCGGTTTG 660
Wi3/Bari- = =  ——mm e

Wi3/Bari+
TTTGCTTAAATACATTTAAATTATTGAATAAAAATTAGATTTAATCATTTTCCTATTACA 720
Wi3/Bari- =

Wi3/Bari+
GTTATTAAATAAAATGCCCAAAACAAAAGAGTTAACAGTTGAGGCCCGGGCTGGTATTGT 780
Wi3d/Bari- = = ——mmmm e

Wi3/Bari+
TGCTAGGTTTAAAGCCGGTACACCTGCGGCCAAAATAGCTGAAATATATCAAATTTCGCG 840
Wi3d/Bari- = = ——mmmm e

Wi3/Bari+
TAGAACTGTCTACTACTTAATAAAAAAGCTTGATACAGTTGGCACATTAAAAAATAAAAA 900
Wi3d/Bari- = = —mmmmm e

Wi3/Bari+
AAGATCAGGCCGAAAACCTGTGCTGGACCAAAGGCAATGCAGGCAAATACTTGGAGTTGT 960
Wi3d/Bari- = = e

Wi3/Bari+
GGCGAAGAATCCTAGTGCCAGTCCGGTAAAAATTGCCTTAGAATCAAAAAATACAATTGG 1020
Wi3d/Bari- = = e

Wi3/Bari+
CAAACAAGTTAGTAGTTCTACAATTCGTCGCAGGCTAAAAGAAGCTGATTTTAAGACATA 1080
Wi3d/Bari- = = e

Wi3/Bari+
CGTTGTTCGCAAAACGATTGAGATCACACCAACCAACAAAACAAAACGTCTTCGATTTGC 1140
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Wi3/Bari- =

Wi3/Bari+
GTTGGAATATGTTAAGAAGCCTCTTGACTTTTGGTTTAATATTTTATGGACTGATGAGTC 1200
Wi3/Bari- =

Wi3/Bari+
TGCATTTCAGTACCAGGGGTCATACAGCAAGCATTTTATGCATTTGAAAAATAATCAAAA 1260
Wi3d/Bari- = = ——mmmm e

Wi3/Bari+
GCATTTGGCAGCCCAGCCAACCAATAGATTTGGTGGGGGCACAGTCATGTTTTGGGGATG 1320
Wi3/Bari- =

Wi3/Bari+
TCTTTCCTATTATGGATTCGGAGACTTGGTACCGATAGAAGGAACTTTAAATCAGAACGG 1380
Wi3d/Bari- = = ——mmmm e

Wi3/Bari+
ATACCTTCTTATCTTAAACAACCATGCTTTTACGTCTGGAAATAGACTTTTTCCAACTAC 1440
Wi3d/Bari- = = o

Wi3/Bari+
TGAATGGATTCTTCAGCAGGACAATGCTCCATGCCATAAGGGTAGGATACCAACAAAATT 1500
Wi3d/Bari- = = e

Wi3/Bari+
TTTAAACGACCTTAATCTGGCGGTTCTTCCGTGGCCCCCCCAAAGCCCAGACCTTAATAT 1560
Wi3d/Bari- = = e

Wi3/Bari+
CATTGAAAACGTTTGGGCTTTTATTAAAAACTAACGAACTATTGATAAAAATAGAAAACG 1620
Wi3d/Bari- = = e

Wi3/Bari+
AGAGGGAGCCATCATTGTAATAGCGGAGATTTGGTCCAAATTGACATTAGAATTTGCACA 1680
Wi3d/Bari- = = e

Wi3/Bari+
AACTTTGGTAAGGTCAATACCAAAAAGACTTCAAGCAGTTATTGATGCCAAAGGTGGTGT 1740
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Wi3/Bari- =

Wi3/Bari+
TACAAAATATTAGTATTGTATTTATATAAAATAAAAAAAATTCTTATGTTGAAATTAGAT 1800
Wi3/Bari- =

Wi3/Bari+
GTTAAGCTGAAATTTACTAAATTAAGTTGAGTGAAAATACTTTTGAAGCGCAATAAACAT 1860
Wi3d/Bari- = = e

Wi3/Bari+
GTGAAAATACTATTGACAACTTGCATGCATATTTTCTTTTGCTTTAAGCTTTGTACTATG 1920
Wi3/Bari- =

Wi3/Bari+
AACCGTTATCTTTCGTATTTCTTTTCGACTACCTTCTGCATAGATCAAGCTAAGCGATAA 1980
Wi3d/Bari- = = ——mmmm e

Wi3/Bari+
GAACTATTTCAGGCAAATCGGACAACAACAAGAAGAAATATAACAAAAAGAAGTTGAAGT 2040
Wi3d/Bari- = = ——mmmm e

Wi3/Bari+
TTGCAAATATTGTGCGTTGTGAAAATACTTTTGACCACCTCTGTATATATTAAGGGCTCC 2100
Wi3/Bari- = = e
ATATATTAAGGGCTCC 371

R R R R =

Wi3/Bari+
GCGTGTTGGTAATTCGAGTTCTTAATCATTATTAATTAATTAAATCAGTATTTAGTTAAA 2160
Wi3/Bari-
GCGTGTTGGTAATTCGAGTTCTTAATCATTATTAATTAATTAAATCAGTATTTAGTTAAA 431

R R o o AR R AR AR R R R R AR R R R R AR R R R R R AR R R AR R AR AR R R R e R R AR R

Wi3/Bari+
TGTCATATAACAATTTCATTTTAAGCATGAATCGTTTCTTGTTCACTTTACTTTCGTGGA 2220
Wi3/Bari-
TGTCATATAACAATTTCATTTTAAGCATGAATCGTTTCTTGTTCACTTTACTTTCGTGGA 491

R R o R AR R AR AR R R AR R AR AR R AR AR R R AR R R e R R R R R R R AR R SR R R R e R R AR

Wi3/Bari+
TTGATAAATGGAACTGCTTGATCATCTTCCTAAACTAAATGTAAATTTTAAGTACAAAAA 2280
Wi3/Bari-
TTGATAAATGGAACTGCTTGATCATCTTCCTAAACTAAATGTAAATTTTAAGTACAAAAA 551

B R o R A R R AR O R R R R R AR AR R R S R e R AR AR R AR AR R R R R R e R AR AR e
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Wi3/Bari+
TTGCTCTCACTCAATTTGTTGCCAAAAGCTCGCCGAAATTCTCAAATTATTTGTCCAATC 2340
Wi3/Bari-
TTGCTCTCACTCAATTTGTTGCCAAAAGCTCGCCGAAATTCTCAAATTATTTGTCCAATC 611

R o o R R SR AR R R R R AR AR R R R R AR AR AR R R R R AR AR R R R R AR AR R R X CE AR

Wi3/Bari+
ATGCTCGCATTGCATTGCCGTGTGGAATACGATCCACTTGAAATCCACAAGCCAACAAAA 2400
Wi3/Bari-
ATGCTCGCATTGCATTGCCGTGTGGAATACGATCCACTTGAAATCCACAAGCCAACAAAA 671

R R S S A R R AR R R R R AR AR AR AR R R R R R R R AR AR AR R R R AR R AR R R R R e S e

Wi3/Bari+ AGCTTTTGTTTGCCGGTAGCTTGCGCTTTACAAA 2434
Wi3/Bari- AGCTTTTGTTTGCCGGTAGCTTGCGCTTTACAAA 705

AR R R R R e R S R R AR AR R R A R AR R R R R e
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5 The dominance effect of the adaptive
transposable element insertion Bari-Jheh
depends on the genetic background






The dominance effect of the adaptive transposable element insertion

Bari-Jheh depends on the genetic background

Resumen

Si bien las mutaciones adaptativas son frecuentemente consideradas dominantes,
recientemente se ha mostrado que una proporcion importante de mutaciones adaptativas
deberian mostrar ventajas en heterocigosis. En este trabajo utilizamos un elemento mévil
recientemente caracterizado como adaptativo en respuesta a estrés oxidativo en
Drosophila melanogaster, para estudiar la dominancia de una mutacion adaptativa. La
comparacion de las curvas de supervivencia de moscas heterocigotas con los
correspondientes homocigotos indica que la dominancia de Bari-Jheh depende del fondo
genético. Tanto en moscas homocigotas como heterocigotas, Bari-Jheh esta asociado con
la sobre expresion de los genes Jhehl (Epoxi Hidrolasa de la Hormona Juvenil 1) y/o
Jheh2. Nuestros resultados afiaden al limitado namero de estudios en los que se ha
estimado empiricamente la dominancia de una mutacion adaptativa y destacan la

complejidad de su herencia.
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The Dominance Effect of the Adaptive Transposable Element
Insertion Bari-Jheh Depends on the Genetic Background
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Abstract

Although adaptive mutations are often considered to be dominant, it has been recently shown that a substantial proportion of
adaptive mutations should display heterozygote advantage. In this work, we take advantage of a recently characterized transposable
element insertion mediating oxidative stress response in Drosophila melanogaster to test the dominance effect of an adaptive
mutation. The comparison of the survival curves of heterozygous and the two corresponding homozygous flies indicated that the
dominance effect of Bari-Jheh depends on the genetic background. Both in homozygous and in heterozygous flies, Bari-Jheh was
associated with upregulation of Jheh1 (Juvenile Hormone Epoxyde Hydrolase 1) and/or Jheh2 genes. Our results add to the limited
number of studies in which the dominance effect of adaptive mutations has been empirically estimated and highlights the complexity
of their inheritance.

Key words: adaptive mutation, selective sweep, heterozygote advantage, oxidative stress, Drosophila, dominance effect.

Dominance Effect of Deleterious and
Adaptive Mutations

Understanding the dominance effect of mutations has conse-
guences for several important biological processes, such as the
magnitude of inbreeding depression, the evolution of mating
systems, and the rate of adaptation in diploids (Charlesworth
B and Charlesworth D 1998; Lynch et al. 1999; Manna et al.
2011). To date, most of our knowledge on the dominance
effect of mutations comes from the study of deleterious mu-
tations (Charlesworth B and Charlesworth D 1998; Garcia-
Dorado et al. 1999; Lynch et al. 1999). These studies,
mostly based on mutation-accumulation experiments in flies,
showed that the majority of deleterious mutations is recessive
to their wild-type allele (Simmons and Crow 1977; Wilkie
1994; Houle et al. 1997; Chavarrias et al. 2001; Fry and
Nuzhdin 2003). In contrast, the study of the dominance
effect of adaptive mutations has lagged behind, mostly due
to the difficulty to identify adaptive mutations. However, and
although few studies have empirically determined their dom-
inance effects, adaptive mutations are often considered to be
dominant (Bourguet et al. 1997; Charlesworth 1998; Orr
2010; Zhang et al. 2011; Joseph et al. 2014). This notion de-
rives from Haldane (1927) who showed that when a mutation
is rare, as it is the case of new mutations, it is more likely to be
fixed if it is dominant. This is so because recessive mutations

are phenotypically expressed only in homozygotes and, when
the mutation is rare, the corresponding homozygotes are even
rarer assuming a large outbred population. Therefore, selec-
tion has little chance of acting on recessive mutations as most
of the mutant alleles are found in heterozygotes. Based on the
assumption that adaptive mutations are likely to be dominant,
positive selection should drive these mutations to high popu-
lation frequency removing genetic variation at linked sites and
thus leaving characteristic molecular signatures of complete
selective sweeps. Until recently most genomic scans for posi-
tive selection were focused on identifying signatures of com-
plete selective sweeps (Sabeti et al. 2002; Glinka et al. 2003;
Voight et al. 2006). However, it has been recently shown that
a substantial proportion of adaptive mutations may display
heterozygote advantage (Sellis et al. 2011). Sellis et al.
(2011) demonstrated that if selection is stabilizing and muta-
tion effects are large enough to overshoot the fitness opti-
mum, heterozygous advantage should be very common in
adaptation. If adaptive mutations are overdominant, besides
complete selective sweeps, we would also expect to see many
incomplete selective sweeps surrounding adaptive mutations.
Indeed, incomplete sweeps are common in several organisms
(Clark et al. 2007; Gonzalez et al. 2008; Burke and Rose 2009;
Coop et al. 2009). However, evidence of incomplete sweeps is
not diagnostic of heterozygote advantage as this molecular

© The Author(s) 2015. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution.
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signature is also predicted under other scenarios, such as poly-
genic adaptation and adaptation to specific subhabitats
(Messer and Petrov 2013). Thus, to explicitly test the hypoth-
esis of heterozygote advantage, we need to directly measure
the fitness of heterozygous individuals and compare it with
the fitness of homozygous individuals for the presence and for
the absence of the adaptive mutation (Sellis et al. 2011).

The Dominance Effect of Bari-Jheh
Depends on the Genetic Background

Bari-Jheh is a full-length transposable element insertion lo-
cated on chromosomal arm 2R in Drosophila melanogaster.
Bari-Jheh is a good candidate to empirically evaluate the dom-
inance effect of an adaptive mutation: It mediates resistance
to oxidative stress and it is polymorphic in natural populations
(Gonzalez et al. 2009; Guio et al. 2014). Thus, it is possible to
measure the survival of heterozygous flies and compare it with
the survival of the two corresponding homozygous (Gonzalez
et al. 2008, 2009).

To determine the dominance effect of Bari-Jheh on oxida-
tive stress resistance, we compared the survival of homozy-
gous flies for the presence of Bari~/heh, homozygous flies for
the absence of Bari-/heh, and heterozygous flies obtained
from reciprocal crosses of the two homozygous strains. We
first analyzed flies from outbred populations previously cre-
ated in our lab (Guio et al. 2014). As expected, both male and
female flies homozygous for the presence of Bari-/heh were
more resistant to oxidative stress compared with flies homo-
zygous for the absence of Bari-/heh (fig. 1A and table 1; Guio
etal. 2014). Because we did not find differences in the survival
curves of heterozygous flies from reciprocal crosses, we did
not take into account the direction of the cross in our analyses
(table 1). We found that survival curves of heterozygous flies
were statistically different from survival curves of homozygous
flies without Bari-Jheh (table 1 and fig. 1A). However,
we found that survival curves of heterozygous flies were not
statistically different from survival curves of homozygous
flies with Bari-Jheh suggesting that the effect of this adaptive
mutation on oxidative stress resistance is dominant (table 1
and fig. 1A4).

Because the dominance effect of mutations can be af-
fected by the genetic background (Mukai et al. 1966;
Simmons and Crow 1977), we repeated the oxidative stress
survival experiment with introgressed flies also previously cre-
ated in our lab (Gonzalez et al. 2009; Guio et al. 2014). We
found that both male and female flies homozygous for the
presence of Bari-Jheh were more resistant to oxidative stress
than homozygous flies for the absence of Bari-Jheh (fig. 1B
and table 1), as we have previously reported (Guio et al. 2014).
For females, we did not find differences in the survival curves
between the heterozygous flies from reciprocal crosses
(table 1). However, we found differences in the survival
curves of males and thus we analyzed the two crosses

separately for males (table 1). We found that heterozygous
female flies and males from one of the reciprocal crosses were
more resistant to oxidative stress compared with flies without
the insertion and showed no differences compared with flies
with the insertion suggesting that Bari-/heh is dominant (fig.
1B). On the other hand, males from the other reciprocal cross
were more resistant to paraquat compared with flies with and
without the insertion suggesting that in this particular back-
ground Bari-Jheh is overdominant (table 1 and fig. 1B). To
confirm these results, we repeated the experiments with an-
other pair of introgressed flies (see Materials and Methods).
We obtained similar results: Heterozygous female flies and
males from one of the reciprocal crosses were more resistant
to paraquat compared with flies without the insertion and
showed no differences compared with flies with the insertion,
whereas males from the other reciprocal cross were more
resistant compared with flies with and without the insertion
(table 1 and fig. 10).

Overall, we found that Bari-’/heh dominance effect de-
pended on the genetic background. In outbred populations,
Bari-Jheh is a dominant mutation. In introgressed strains, Bari-
Jheh is a dominant mutation in females whereas in males Bari-
Jheh is dominant or overdominant depending on the recipro-
cal cross.

Bari-Jheh Is Associated with
Upregulation of Juvenile Hormone
Epoxyde Hydrolase 1 and/or 2 in
Homozygous and Heterozygous Flies

Bari-Jheh is located in the intergenic region between Juvenile
Hormone Epoxyde Hydrolase 2 (Jheh2) and Jheh3 and 3.2 kb
upstream of Jheh1. We have previously reported the expres-
sion level of these three genes in flies homozygous for the
presence and for the absence of Bari-Jheh (Guio et al. 2014).
In this work, we have analyzed the expression level of these
three genes in heterozygous male flies.

In outbred populations, we found that male flies homozy-
gous for the presence of Bari-Jheh are associated with upre-
gulation of Jheh? and Jheh2 and downregulation of Jheh3
genes, as previously described (t-test P value=0.0004,
0.0080, and 0.0033, respectively; fig. 24; Guio et al. 2014).
We compared the expression of the three genes in heterozy-
gous males from the two reciprocal crosses and we did not
find significant differences (t-test P value > 0.05; supplemen-
tary fig. S1A, Supplementary Material online). Thus, we com-
bined the expression results for the two crosses (fig. 2A). Flies
heterozygous for Bari-/heh mutation are associated with Jheh1
upregulation (t-test P value=0.0325; fig. 24). Because flies
heterozygous for Bari-Jheh are resistant to oxidative stress,
these results suggested that upregulation of one of the two
genes, Jheh1 or Jheh2 may be enough to confer resistance to
oxidative stress. Consistent with this hypothesis, in the
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Fic. 1.—Dominance effect of Bari-/heh on oxidate stress resistance in outbred populations (A) and in introgressed strains (B) and (C). Survival curves of
homozygous flies with Bari-Jheh insertion (Bari-Jheh (+)), homozygous flies without Bari-/heh insertion (Bari-Jheh (—)), heterozygous flies from crosses in
which the father carried the insertion (Bari-Jheh (He3)), heterozygous flies from crosses in which the mother carried the insertion (Bari-Jheh (He%)), and
heterozygous flies from the two reciprocal crosses considered together (Bari-Jheh (He)).

introgressed strains, flies homozygous for the presence of Bari- fig. 2B) and Jheh2 genes (t-test P value=0.0001 and 0.0211
Jheh are associated with upregulation of Jheh2 (t-test P for the two reciprocal crosses; fig. 2B).

value=0.0020; fig. 2B) and flies heterozygous for Bari-Jheh In introgressed strains, heterozygous flies from the two re-
showed upregulation of both Jheh (t-test P value=0.0294; ciprocal crosses differed in the level of expression of Jheh2 and
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Table 1

Statistical Analyses of the Survival Curves

Genetic Background Strains Compared® Sex Logrank Test P Value Odds Ratio

(Confidence Interval)

Outbred Bari-Jheh (—) versus Bari-Jheh (+) Females 1.62 x 1074 2.18 (1.46-3.32)
Bari-Jheh (Heg3) versus Bari-Jheh (He?) 0.285 —
Bari-Jheh (—) versus Bari-Jheh (He) 159 x 10°° 2.38 (1.59-3.57)
Bari-Jheh (+) versus Bari-Jheh (He) 0.637 —
Bari-Jheh (=) versus Bari-Jheh (+) Males 1.06 x 10?7 5.66 (3.50-9.17)
Bari-Jheh (Heg3) versus Bari-Jheh (He?) 0.433 —
Bari-Jheh () versus Bari-Jheh (He) 1.68 x 10732 8.19 (4.81-13.91)
Bari-Jheh (+) versus Bari-Jheh (He) 0.0044 1.44 (0.79-2.63)

Introgressed Bari-Jheh (—) versus Bari-Jheh (+) Females 1.17x 10" 3.43 (2.53-4.65)

#1 Bari-Jheh (Heg3) versus Bari-Jheh (He?) 0.124 —
Bari-Jheh (=) versus Bari-Jheh (He) 1.79x 10" 3.15 (2.33-4.26)
Bari-Jheh (+) versus Bari-Jheh (He) 0.771 —
Bari-Jheh (—) versus Bari-Jheh (+) Males 2.50 x 10~ 1.75 (1.32-2.32)
Bari-Jheh (Heg3) versus Bari-Jheh (He?) 4.15 x 1074 2.50 (1.64-3.79)
Bari-Jheh (=) versus Bari-Jheh (He3) 2.84x 10" 4.29 (2.88-6.39)
Bari-Jheh (+) versus Bari-Jheh (He3) 8.24x 1077 2.24 (1.54-3.27)
Bari-Jheh (=) versus Bari-Jheh (He?) 7.66 x 10 2.03 (1.43-2.89)
Bari-Jheh (+) versus Bari-Jheh (He?) 0.194 —

Introgressed Bari-Jheh () versus Bari-Jheh (+) Females 7.99x 108 4.17 (2.66-6.54)

#2 Bari-Jheh (Heg3) versus Bari-Jheh (He?)
Bari-Jheh (—) versus Bari-Jheh (He)
Bari-Jheh (+) versus Bari-Jheh (He)
Bari-Jheh (=) versus Bari-Jheh (+)
Bari-Jheh (Heg) versus Bari-Jheh (He?)
Bari-Jheh () versus Bari-Jheh (He3)
Bari-Jheh (+) versus Bari-Jheh (He3)
Bari-Jheh (=) versus Bari-Jheh (He?)
Bari-Jheh (+) versus Bari-Jheh (He?)

0.013 1.35 (0.91-2.00)

573 x 107 "8 8.82 (5.14-15.11)
0.252 —
Males 0.001 3.04 (2.02-4.57)
7.90 x 10~ 10.09 (5.56-18.3)
0.003 1.87 (1.25-2.78)
0.942 —
461x 103 18.89 (10.4-34.3)
1.29 x 10~ " 5.79 (3.67-9.14)

Note.—Nomenclature of the strains is the same as in figure 1. Significant P values after correcting for multiple testing are given in bold (Benjamini and Hochberg 1995).

were considered separately (t-test P value=0.0164; supple-
mentary fig. S1B, Supplementary Material online).
Heterozygous males from one of the reciprocal crosses
showed differences in the level of expression of Jheh2 com-
pared with the two homozygous strains (t-test Pvalue = 0.0191
and 0.0211 compared with homozygous for the presence and
for the absence, respectively; fig. 2B). These heterozygous
males also showed differences in survival compared with ho-
mozygous flies with and without the insertion (fig. 10).
Heterozygous males from the other reciprocal cross only
showed differences in expression compared with flies without
the insertion (t-test Pvalue = 0.0001; fig. 2B), which is also con-
sistent with these heterozygous flies showing survival differ-
ences only with flies without the insertion (fig. 10).

Bari-Jheh: A Case Study on the
Dominance Effect of Adaptive
Mutations

In this work, we found that the dominance effect of the adap-
tive transposable element insertion Bari-Jheh on oxidative stress

resistance depended on the genetic background (fig. 1). The
dominance effect of a mutation on a particular trait is influ-
enced by environmental conditions and genetic background
(Wool et al. 1982; Bourguet et al. 1996, 1997, 2000).
Changes in dominance may arise because of alleles at linked
or unlinked loci. This seems to be the case of Bari-Jheh mutation
that is dominant in one of the backgrounds investigated (out-
bred populations; fig. 1A) and overdominant in males of one of
the two reciprocal crosses in the other background (intro-
gressed strains; fig. 18 and C). Our results highlight the com-
plexity of the inheritance of adaptive mutations.

Our results add to the limited number of studies in which
the dominance effect of adaptive mutations has been esti-
mated. Previous empirical evidence focused on mutations con-
ferring resistance to insecticides that most commonly occur
through target-inactivation or metabolic detoxification
(Ffrench-Constant 2013). Bari-/heh mediates resistance to ox-
idative stress most likely through increase enzymatic activity of
JHEH?Z (Taniai et al. 2003) as well as through changes in juve-
nile hormone titer (Campbell et al. 1992; Rauschenbach et al.
1996; Taniai et al. 2003; Flatt et al. 2005; Guio et al. 2014). As
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Fic. 2.—Expression level of Jheh1, Jheh2, and Jheh3 genes in flies heterozygous for Bari-/heh and in the two corresponding homozygous. Normalized
expression level under oxidative stress conditions of male flies from outbred populations (4) and from introgressed strains #2 (B). In red, expression level of
flies homozygous for Bari-Jheh insertion. In gray, expression level of flies homozygous for the absence. In blue, expression level of heterozygous flies from the
two reciprocal crosses considered together. In purple, expression level of heterozygous flies from crosses in which the father carried Bari-/heh insertion. In
green, expression level of heterozygous flies from crosses in which the mother carried the insertion. Error bars indicate standard error of the mean based on

the three biological replicas performed.

such, Bari-Jheh is an adaptive mutation with a more complex
molecular mechanism and phenotypic effect than the other
adaptive mutations previously characterized.

To try to shed light on the molecular mechanism behind the
dominance effect of Bari-Jheh, we compared the expression
of Jheh genes between heterozygous and homozygous flies.
Bari-Jheh is associated with upregulation of Jheh and/or
Jheh2 in homozygous flies and heterozygous flies suggesting
that upregulation of one of these two genes may be enough
to confer resistance to oxidative stress. Interestingly, heterozy-
gous flies that showed overdominance differed in the level of
expression of Jheh2 compared with the two corresponding
homozygous. Further experiments are needed in order to
get a comprehensive understanding of the molecular mecha-
nism of this adaptive insertion.

The scarcity of empirical studies testing the dominance
effect of adaptive mutations is mostly due to the difficulty

of identifying adaptive mutations and their fitness effects.
However, the availability of technologies such as next gener-
ation sequencing has proven useful for the identification of
adaptive mutations at an unprecedented scale (Turner et al.
2010; Jones et al. 2012). Future studies of a comprehensive
set of adaptive mutations should help provide a more general
view of the dominance effect of adaptive mutations.

Materials and Methods

Fly Stocks
Outbred Populations

Outbred populations were previously created in our laboratory
(Guio et al. 2014). Briefly, we used flies from the Drosophila
Genetics Reference Panel (Mackay et al. 2012) obtained from
the Bloomington Stock Centre. We used lines RAL-21,
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RAL-405, RAL-911, RAL-502, and RAL-138 to create an out-
bred population homozygous for the presence of Bari-Jheh
element. We collected ten virgin females and ten males
from each strain and we placed them in one large fly cham-
ber. After the first generation, the siblings were randomly
mated during ten generations before performing the experi-
ments. The population size was =800 individuals per
generation. We repeated the procedure with five strains ho-
mozygous for the absence of Bari-Jheh element to create an
outbred population without this insertion: RAL-40, RAL-461,
RAL-822, RAL-439, and RAL-908 (Guio et al. 2014).

Introgressed Strains

Introgressed strains were previously created in Dr Petrov lab-
oratory at Stanford University (Gonzalez et al. 2009). Briefly,
female flies with the element Bari-Jheh (Wi3 strain) were
crossed with males homozygous for the absence of the ele-
ment Bari-/heh (Wil strain). Virgin females from F; were
crossed with males from W7 strain. F, virgin females were
also crossed with Wi1 males and after egg laying females were
analyzed for the presence of Bari-Jheh element. Only crosses
in which females carried the element were kept to produce
the next generation. The procedure was repeated up to eight
generations. After eight generations sibling crosses were per-
formed until homozygous strains were established for the
presence and the absence of Bari-Jheh (Gonzalez et al.
2009). In this work, we used four different strains obtained
after this procedure: Two pairs of strains with and without
Bari-Jheh.

Heterozygous Strains

To create the heterozygous flies, we collected 100 virgin fe-
males homozygous for the presence of Bari-/heh and we
crossed them with 100 males homozygous for the absence
of the element. We performed the crosses in large fly cham-
bers. We kept the flies 72 h to ensure that females were in-
seminated and we collected eggs during an interval of 24 h.
We repeated the same procedure with 100 females homozy-
gous for the absence of the element Bari-Jheh and crossed
them with 100 males homozygous for the presence of the
element in a different chamber. We performed these recipro-
cal crosses for the outbred populations and for the intro-
gressed strains.

We synchronized the egg laying period of the heterozygous
crosses and the homozygous crosses so that the F; could be
analyzed when all the flies were 5 days old.

Oxidative Stress Resistance Experiments

We used paraquat (methyl viologen dichloride hydrate;
Sigma-Aldrich) as an oxidative stress agent. Paraquat is one
of the most widely used herbicides in agricultural settings

including tree plantation areas, a natural habitat for D. mela-
nogaster (http:/Awww.epa.gov).

To induce oxidative stress, we added paraquat to the reg-
ular fly food containing 4.5% (w/v) glucose, 6% (wW/v) yeast,
0.7% (w/v) agar, and 3% (w/v) wheat flour. The final concen-
tration of paraquat was 3mM. For control conditions, we
used regular fly food without paraquat (for more details, see
Guio et al. 2014). For outbred populations, we analyzed 10
tubes containing 20 flies each, per sex, per strain, and per
condition. For introgressed strains, we analyzed 20 tubes for
homozygous strains and 10 tubes for each heterozygous
cross. Survival was monitored every 24 h.

To analyze the data, we used logrank test. When differences
between the strains being compared were significant, we esti-
mated the size of the effect and its confidence intervals. When
the differences between reciprocal crosses for heterozygous
flies were not significant, we considered both crosses together.

Reverse Transcription Polymerase Chain Reaction
Expression Analysis

We quantified the expression of Jhehl, Jheh2, and Jheh3 in
oxidative stress conditions. To induce oxidative stress, we ex-
posed 5-day-old male flies to food containing 10 MM para-
quat during 8 h. After the exposure, we freeze flies with liquid
N,. We purified total RNA using Trizol reagent and we syn-
thesized cDNA using 1 ug of RNA after treatment with DNase.
Then, we used the cDNA for quantitative polymerase chain
reaction analysis using Act5C as a housekeeping gene.
Expression assays were performed with three biological rep-
licas. Results were analyzed using dCT method. Primers used
were described in Guio et al. (2014)

Supplementary Material

Supplementary figure S1 is available at Genome Biology and
Evolution online (http:/Avww.gbe.oxfordjournals.org/).
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Supplementary Material

Figure S1. Expression levels of Jheh1, Jheh2 and Jheh3 in heterozygous
males exposed to oxidative stress conditions

Normalized expression level of heterozygous male flies from outbred (A) and
introgressed strains (B). In purple, expression level of heterozygous flies from
crosses in which the father carried Bari-Jheh insertion. In green, expression
level of heterozygous flies from crosses in which the mother carried the
insertion. Error bars indicate standard error of the mean (SEM) based on three
biological replicas performed.
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Stress affects the epigenetic marks added by Bari Jheh: a natural

insertion associated with two adaptive phenotypes in Drosophila

Resumen

Los elementos moviles se estan revelando como una importante fuente de secuencias
regulatorias y marcas epigenéticas que podrian afectar la expresion génica. Sin embargo,
muy pocos estudios han analizado el papel de elementos mdviles especificos en la
regulacion génica. Bari-Jheh es un transposon presente en la naturaleza que esta
involucrado en estrés oxidativo afiadiendo secuencias reguladoras. En este trabajo,
integramos datos publicos disponibles junto con analisis de inmunoprecipitacion de la
cromatina y ensayos de respuesta inmune para obtener una comprension mas exhaustiva
de los efectos moleculares y funcionales de Bari-Jheh. Mostramos que Bari-Jheh esta
asociado con el enriquecimiento de H3K27me3 que coincide con cambios en la expresion
de los genes aledafios. Ademés, mostramos que el estrés afecta las marcas de histonas
introducidas por Bari-Jheh, lo cual se correlaciona con cambios adicionales en la
expresion. Finalmente, encontramos que las moscas con Bari-Jheh, resistentes al estrés
oxidativo, son también més tolerantes a la infeccion bacteriana. Concluimos asi que Bari-
Jheh influye sobre la expresion de los genes aledafios y media en la respuesta a estrés
mediante dos diferentes mecanismos: afiadiendo secuencias reguladoras y afiadiendo

marcas de histonas que conducen a cambios en dos fenotipos ecologicamente relevantes.
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Abstract

Transposable elements are emerging as an important source of cis-acting regulatory sequences
and epigenetic marks that could influence gene expression. However, few studies have
dissected the role of specific transposable element insertions on gene regulation. Bari-Jheh is a
natural transposon that mediates resistance to oxidative stress by adding cis-regulatory
sequences. In this work, we integrated publicly available data with chromatin
immunoprecipitation and immune response assays to get a more comprehensive picture of Bari-
Jheh molecular and functional effects. We showed that Bari-Jheh is associated with H3K27me3
enrichment, which is consistent with expression changes in adjacent genes. We further showed
that stress affects the histone marks introduced by Bari-Jheh, which correlates with further
expression changes. Finally, we found that flies with Bari-Jheh, which are resistant to oxidative
stress, are also more tolerant to bacterial infection. We conclude that Bari-Jheh influences gene
expression and enables stress response through two different mechanisms, by adding cis-
regulatory sequences and by adding histone marks, leading to changes in two ecologically

relevant phenotypes.

Keywords: gene expression, histone modifications, ChIP-qPCR, transposable elements, oxidative stress.

Introduction

Gene regulation is an extremely complex process that
involves mechanisms at the DNA sequence level and
at the epigenetic level. Although genes can acquire
novel regulatory mechanisms through different types
of mutations, transposable elements (TEs) are
emerging as an important source of regulatory
variation (Slotkin and Martienssen 2007; Cowley and
Oakey 2013). TEs can contain cis-regulatory
sequences that affect the expression of nearby genes.
Some of the recent examples on the global impact of
TEs on gene expression levels include: providing
enhancer sequences that contribute to the stress-
induced gene activation in maize, adding transcription
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factor binding sites in the mouse and the human
genomes, and providing alternative transcription start
sites in Drosophila (Batut, et al. 2013; Sundaram, et
al. 2014; Makarevitch, et al. 2015). The epigenetic
status of TEs can also affect gene regulation. In
Arabidopsis thaliana, gene transcription is affected
by the methylation status of intragenic TEs (Le, et al.
2015) and correlates with siRNA-targeting of TEs
(Wang, et al. 2013). In Drosophila, local spreading
of repressive heterochromatin marks from TEs has
been associated with gene downregulation
(Sentmanat and Elgin 2012; Lee 2015). Although all
these studies strongly suggest that TEs may play a
role in gene regulation through different molecular
mechanisms, detailed analyses that link changes in



expression with fitness effects are needed to conclude
that TEs have a functional impact on gene expression.

There are a few examples in which TE-induced
changes in gene expression have been shown to be
functionally relevant (McCue, et al. 2012; Guio, et al.
2014; Mateo, et al. 2014). One of these cases is Bari-
Jheh, a  Drosophila  melanogaster  full-length
transposon providing a cis-regulatory sequence that
affects the expression of its nearby genes (Gonzalez, et
al. 2008; Gonzalez, et al. 2009). Bari-Jheh is
associated with downregulation of Jheh2 and Jheh3 in
nonstress conditions, and with upregulation of Jhehl
and Jheh2 and downregulation of Jheh3 under
oxidative stress conditions (Guio, et al. 2014). We
have previously shown that Bari-Jheh adds
Antioxidant Response Elements to the upstream region
of Jheh2 leading to Jheh2 upregulation under
oxidative stress conditions (Guio, et al. 2014; Guio and
Gonzalez 2015). How Bari-Jheh affects gene
expression under nonstress conditions, and how Bari-
Jheh affects Jheh3 expression under oxidative stress
conditions remains unexplored. In this work, we
hypothesized that Bari-Jheh could also be affecting the
expression of nearby genes by remodeling the local
chromatin state. Moreover, because oxidative stress is
also caused by Gram-negative bacterial infection, we
tested whether flies with Bari-Jheh are also more
tolerant to bacterial infection (Lemaitre and Hoffmann
2007; Bou Sleiman, et al. 2015).

Results

Bari-Jheh could be affecting the local
chromatin

To test whether Bari-Jheh could be affecting the local
chromatin state, we analyzed the transposon sequence
and its flanking regions (Figure 1). We first looked for
Trithorax group Response Elements (TREs) that
recruit H3K4 methyltransferases, and Polycomb group
Response Elements (PREs) that recruit H3K27
methyltransferases (see Material and Methods) (Greer
and Shi 2012; Schwartz and Pirrotta 2013). While

H3K4me3 is associated with active chromatin,
H3K27me3 is associated with facultative
heterochromatin.

We found no TREs in the sequence analyzed, but we
found one PRE in the Bari-Jheh sequence and one
PRE in the coding region of Jheh3, where
modENCODE reports a Polycomb mediated
repressive chromatin state (Figure 1A and 1B)
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(Ringrose, et al. 2003; modENCODE, et al. 2010;
Schwartz and Pirrotta 2013).

To further test whether Bari-Jheh affects the local
heterochromatin state, we also investigated whether
Bari-Jheh has piRNA binding sites and/or recruits
HPla (see Material and Methods). Sites with
homology to piRNAs behave as cis-acting targets for
heterochromatin assembly, which is associated with
HPla and H3K9me2/3 (Sentmanat and Elgin 2012).
We found that Bari-Jheh has sites with homology to
piRNAs (Figure 1C). Accordingly, we also found
that HPla specifically binds to the Bari-Jheh
sequence (Fig. 1D).

Thus, Bari-Jheh could be introducing PREs that
would be involved in the recruitment of H3K27
methyltransferase enzyme. Additionally, Bari-Jheh
could also be inducing pi-RNA mediated
heterochromatin assembly. These results provide
suggestive but not conclusive evidence that Bari-
Jheh could be introducing heterochromatin histone
marks.

Bari-Jheh adds the heterochromatin mark
H3K27me3 in nonstress conditions

To experimentally test whether Bari-Jheh affects
histone marks enrichment, we performed Chromatin
Immune Precipitation (ChIP)-qPCR experiments in
guts of adult flies with H3K4me3, H3K9me3 and
H3K27me3 antibodies (supplementary Figure S1)
(see Material and Methods). We compared the
histone mark enrichment in both sides of Bari-Jheh
insertion, Bari-Jheh2 and Bari-Jheh3 regions, with
the corresponding region in flies without Bari-Jheh,
Bari-Absent region (Figure 1A).

We found no significant differences in H3K4me3 or
H3K9me3 enrichment between the strain with and
without Bari-Jheh (Table 1 and Figure 2A). For
H3K27me3, we found significant differences for the
Bari-Jheh3 region but not for the Bari-Jheh2 region
(Table 1 and Figure 2A). Thus, Bari-Jheh is
associated with the facultative heterochromatin mark
H3K?27me3 in the Bari-Jheh3 region.
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Figure 1. Bari-Jheh could be adding heterochromatin marks to the Jheh intergenic region.

A) Schematic representation of Jheh genes in flies without Bari-Jheh and flies with Bari-Jheh. Black boxes represent exons,
black arrows represent the direction of transcription, white boxes the 5’-UTR and 3’-UTR regions, the black line indicates
intergenic or intronic regions and the red box represents Bari-Jheh. Orange lines represent the amplicons of the three regions
analyzed using ChIP-qPCR experiments. The blue lines indicate the approximated position of the predicted PREs. B)
modENCODE chromatin states in S2 cells and BG3 cells in the region analyzed. S2 cells and BG3 cells are derived from late
male embryonic tissues and the central nervous system of male third instar larvae, respectively (modENCODE, et al. 2010).
Colours and numbers represent different chromatin states. Note that although Bari-Jheh appears to be associated with state 30,
modENCODE does not analyzed repetitive regions. The vertical discontinuous lines indicate the location of Bari-Jheh
insertion. C) Mapping of piRNA reads in the Bari-Jheh and 1.5 kb flanking region. Reads mapping in sense orientation are
represented in blue, and reads mapping in antisense orientation in red. D) Mapping of HP1a reads in the Bari-Jheh and 1.5 kb
flanking regions. Reads from embryo stage are represented in blue, reads from larva L3 stage in green and reads from adult
head in red.
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Table 1. Statistical analyses of histone mark enrichment. Significant values are highlighted in bold.

Mann-Whitney U-test p-value

Condition Regions compared
H3K4me3 H3K9me3 H3K27me3
Nonstress Bari-Jheh2 vs Bari-Absent 0.827 0.827 0.127
Bari-Jeh3 vs Bari-Absent 0.957 0.927 0.0495
Oxidative stress Bari-Jheh2 vs Bari-Absent 0.286 0.033 0.088
Bari-Jheh3 vs Bari-Absent 0.507 0.031 0.033

A)

= 0002 0.16 -

= 0.14 -

=

< 0.0015 0.12 -

=

= 01 -

E

& 0001 0.08 -

E

=

E{I.Oﬂ{li .

= |

H3E9me3 H3K2Tme3

B)_ 03

E 025 T

£ %

£ o

|

E ..

015

B

=

S a )

é 0.05 I

8 ol *i aho b

H3K4me3 H3K9me3 H3K2Tme3

Figure2. Histone mark enrichment in
Bari-absent, Bari-Jheh2 and Bari-Jheh3
regions.

Enrichment of the histone marks relative to the input of
each strain, in A) nonstress conditions and B) oxidative
stress conditions. Levels of H3k4me3, H3K9me3 and
H3K27me3 in the Bari-Absent (green), Bari-Jheh2
(blue) and Bari-Jheh3 (red) analyzed regions. Bars give
the mean of three to six biological replicas (+x SEM).
Significant differences between regions are mark with an
asterisk (p-value<0.05). C) Fold-enrichment in oxidative
stress vs nonstress conditions in the three regions
analyzed. The red horizontal line indicates the expected
value if there is no enrichment. Significant enrichments
are marked with an asterisk.
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Bari-Jheh adds the heterochromatin
mark H3K9me3 in oxidative stress
conditions

To further test whether oxidative stress affects the
heterochromatin marks added by Bari-Jheh, we
performed ChIP-qPCR experiments in flies
exposed to paraquat (see Material Methods). We
found no significant differences for H3K4me3
between flies with and without Bari-Jheh (Table 1
and Figure 2B). H3K9me3 was enriched in Bari-
Jheh2 and Bari-Jheh3 regions compared with the
Bari-Absent region (Table 1 and Figure 2B).
Finally, H3K27me3 is only enriched in the Bari-
Jheh3 (Table 1 and Figure 2B).

Overall, these results showed that under oxidative
stress conditions Bari-Jheh is associated with the
constitutive heterochromatin mark H3K9me3 on
both sides of the insertion and the facultative
heterochromatin mark H3K27me3 only in the Bari-
Jheh3 region.

Flies with Bari-Jheh are associated
with increased oral infection tolerance

To test whether flies with Bari-Jheh were more gut
immunocompetent than flies without Bari-Jheh, we
performed an oral infection experiment using
Pseudomonas entomophila (Vodovar, et al. 2005).
We used flies with three different genetic
backgrounds (see Material and Methods). In
outbred populations #1 and outbred populations #2,
we found that both female and male flies with the
insertion were more tolerant to P. entomophila
infection than flies without the insertion (Figure 3A
and 3B, respectively, and Table 2). However, in
introgressed strains we found no significant
differences in females, while males with Bari-Jheh

were more sensitive to oral infection than males



without the insertion (Figure 3C and Table 2).
Thus, Bari-Jheh is associated with tolerance to oral
infection with P. entomophila in two different
outbred populations but not in introgressed strains.
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Figure 3. Survival curves after P. enfomophila
infection in female and male flies with and
without Bari-Jheh.

A) Survival curves for outbred populations #1, B)
Survival curves for outbred populations #2, and C)
Survival curves for introgressed strains. Survival curves
in nonstress conditions are represented as discontinuous
lines and survival curves after P. entomophila infection
are represented as continuous lines. Survival of Bari-
Jheh flies are represented in red and survival of flies
without Bari-Jheh are represented in black. Each point
represents the mean survival of 10 replicas and the error
bars represent the standard error of the mean.

Discussion

In the present work, we combined different sources
of information to analyze whether Bari-Jheh
insertion could be affecting the local chromatin
state. We found evidence suggesting that Bari-Jheh
could be associated both with H3K27 and H3K9
chromatin marks (Figure 1). We tested these
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predictions by performing ChIP experiments in
adult flies, and we found that in nonstress
conditions Bari-Jheh is associated with H3K27me3
histone mark enrichment (Figure 2A). Previous
analyses have shown that different TE families are
associated with specific histone marks (Rebollo, et
al. 2012). H3K27me3 has
previously been reported for the roo family, while
other families were enriched both for H3K27me3
and H3K9me?2 (Fablet, et al. 2009; Rebollo, et al.
2012; Akkouche, et al. 2013). The enrichment for
heterochromatin histone marks is one of the

Enrichment for

epigenetic silencing mechanisms used to control
the activity of TEs (Levin and Moran 2011;
Gonzalez and  Petrov 2012). However,
heterochromatin formation triggered by TEs can
also spread into the nearby genes affecting their
expression (Sentmanat and Elgin 2012; Lee 2015).
Accordingly, we found that Bari-Jheh that is
with H3K27me3
heterochromatin mark is also associated with
downregulation of the expression of Jheh2 and
Jheh3 genes in nonstress conditions (Gonzalez, et
al. 2009; Guio, et al. 2014).

Oxidative stress has been associated with increases

associated facultative

in several histone methylation marks (Niu, et al.
2015). Consistent with these results, we found that
under oxidative stress conditions, besides
H3K27me3 enrichment in the Bari-Jheh3 region,
Bari-Jheh insertion is associated with H3K9me3
enrichment both in Bari-Jheh2 and in Bari-Jheh3
regions (Figure 2B). Although H3K9me3 is often
associated with gene silencing, there is evidence
suggesting that this histone mark is also associated
with gene activation (Vakoc, et al. 2005;
Kouzarides 2007). Additionally, have
previously shown that Bari-Jheh adds Antioxidant
Response Elements (AREs), which are necessary
and sufficient to induce the upregulation of
downstream genes (Sykiotis and Bohmann 2008;
Chatterjee and Bohmann 2012; Guio, et al. 2014).
Thus, Bari-Jheh could be affecting Jheh?2
expression under oxidative stress conditions both
because it adds AREs and because it affects the
local chromatin state. Our results also provide a
mechanistic explanation for the downregulation of
Jheh3: Bari-Jheh is associated with enrichment of
both H3K9me3 and H3K27me3 in the 3’ end of
this gene. Combined histone marks can have

we



different roles compared with the same histone
marks appearing in isolation (Greer and Shi 2012;
Lelli, et al. 2012). Additionally, the effects of
histone modifications also depend on the relative
position of the histone mark regarding the
functional sequence (Vakoc, et al. 2005;
Kouzarides 2007; Greer and Shi 2012). Thus it is
possible that the combination of these two histone
marks in the 3’ region of Jheh3 would lead to
downregulation of this gene (Greer and Shi 2012,
Lille et al 2012).

Besides elucidating that Bari-Jheh could also be
affecting gene expression by changing the local
chromatin state, we showed that Bari-Jheh is
associated with increased tolerance to P.
entomophila the three
backgrounds analyzed (Figure 3 and Table 1).
These results are consistent with previous analysis
showing that inbred strains tolerant to P.

infection in two of

entomophila infection are more resistant to
paraquat while inbred strains susceptible to P.
entomophila could be resistant to paraquat (Bou
Sleiman, 2015).
tolerance/susceptibility phenotypes among genetic
backgrounds likely reflects the complex nature of
immune response, which results from the interplay
of many biological processes and it is highly
dependent on environmental conditions (Lemaitre
and Hoffmann 2007; Lazzaro and Little 2009).
Overall, our results provide further evidence for the
complex effects of natural TE insertions on gene
regulation and organismal phenotypes. A single
mutation, influences gene expression through two
different regulatory mechanisms and has fitness
consequences phenotypes:
oxidative stress and immune response.

et al. Variation in

on two relevant

Table 2. Statistical analyses of the P .entomophila infection survival experiments.

Genetic C . Logrank test Odds-ratio (confidence
ompared Strains Sex .
background p-value interval)
Outbred #1 Bari-Jheh (<) vs Bari-Jheh (+) Females <<0.0001 2.03 (1.36 - 3.02)
Bari-Jheh (<) vs Bari-Jheh (+) Males <<0.0001 19.46 (10.38 — 36.47)
Outbred #2 Bari-Jheh (<) vs Bari-Jheh (+) Females 0.028 1.59 (1.07 — 2.36)
Bari-Jheh (-) vs Bari-Jheh (+) Males 3.6x10 1.91 (1.28 —2.84)
Introgressed Bari-Jheh (<) vs Bari-Jheh (+) Females 0.262 -
Bari-Jheh (-) vs Bari-Jheh (+) Males 0.044 3.23(2.12-4.92)

Materials and Methods

Fly stocks.

We used the outbred populations and introgressed strains
described in Guio et al (2014) and a new outbred
population created for this work (Supplementary Table
S1). All flies were kept in large embryo collection
chambers as described in Guio et al (2014).

Oxidative stress exposure.

To induce oxidative stress, we added paraquat to the fly
food up to a final concentration of 10 mM. For nonstress
conditions, we used regular food. We did three to six
replicas, of 50 females each, for each condition and
genotype.
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Chromatin Immunoprecipitation assays

We performed ChIP assays in guts because the gut is the
first barrier against oxidative stress. Guts of 5-day-old
females were dissected in 1x PBS with protease inhibitor
cocktail. Chromatin immunoprecipitation was performed
as described in Silva-Sousa, et al. (2012) with the
following changes: guts were resuspended in 2ml buffer
A with 1,8% formaldehyde, and
performed with 15 cycles of 30 seconds ON, 30 seconds
OFF. All the solutions were made according to the
instructions of Magna ChIP G Kit 17-611 from
Millipore. Chromatin was immunoprecipitated (IP) with
antibodies against H3K4me3 (Catalog # ab8580),
H3K9me3 (#ab8898) and H3K27me3 (#ab6002). All the
antibodies were ChIP grade and antibody quality was
tested before performing the experiments (supplementary
Figure S1). We did 3 to 6 biological replicas for each IP.

sonication was



We quantify the IP enrichment by qRT-PCR normalizing
the data using the “input” of each IP as the reference
value (ACt method, supplementary Table S2). Data was
normalized using log transformation before performing
ANOVA.

Prediction of PREs and TREs.

We used the database JASPAR (Mathelier, et al. 2015)
with 95% threshold to predict the presence of
PREsS/TREs in the region analyzed: chromosome 2R:
18.856.800-18.861.999 (dos Santos, et al. 2015).

Detection of piRNA reads.

To search for piRNA homology sites in Bari-Jheh, we
used reads from available piRNA libraries (Li, et al.
2009; Satyaki, et al. 2014) and we followed the
methodology described in Ullastres, et al. (2015).

Detection of HP1a binding sites.

To analyze the binding sited for HP1a in the Bari-Jheh
region we used HPla modENCODE ChIP-Seq data
(Kharchenko, et al. 2011) and we followed the
methodology described in Ullastres et al (2015).

Oral infection assays.

We used Pseudomonas entomophila to perform oral
infection assays (courtesy of Dr.
laboratory) following Neyen, et al. (2014) protocol. We
used 10 vials per sex, per strain, and per condition.
Before infection, the flies were starved during two hours.
The size of the effect (odds-ratio) was measured when
the weaker strain arrived at 50% mortality.
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Supplementary Material

Supplementary Table 1: List of DGRP lines used to create Outbred populations #2
All the lines used to create the outbred populations were obtained from The Drosophila
Genetic Reference Panel project (DGRP) (Mackay et al. 2012).

Lines with Bari-Jheh Lines without Bari-Jheh
RAL-441 RAL-177
RAL-88 RAL-383
RAL-820 RAL-857
RAL-716 RAL-776
RAL-391 RAL-802
RAL-371 RAL-783
RAL-195 RAL-737
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Supplementary Table 2: List of primers used in this study.

Note 1: We did not use the positive control values to normalize the results of the qPCR.
We only normalized the IPs enrichment with the values of the inputs.

Note 2: All efficiencies were analyzed to validate the quality of the primers.

Gene Primer Sequence
Rp49 positive control for H3K4me3 rp49 F cggatcgatatgctaagctgt
(Rebollo et al. 2012) rp49 R gcgcttgttcgatcegta
18S positive control for H3K9me3 (Herz | 18S F tttcatgcttgggattgtga
etal. 2010) 18S R gtacaaagggcagggacgta
Ultrabithorax (Ubx) positive control for | Ubx F gaggcctgttcaaagtacgagt
H3K9me3 (Reddington et al 2013) Ubx R ggaaaccaattcgtgtgaaatc
B-J2 Fw aacacgcggagcccttaata
Bari-Jheh2 B-J2 Rv atttcaggcaaatcggacaa
B-J3 Fw caactgtttgtgacccatgc
Bari-Jheh3 B-J3 Rv tgtttgtaattgaccgcaaa
B-J2 Fw aacacgcggagcccttaata
Bari-Absent B-J3 Rv tgtttgtaattgaccgcaaa
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Figure Sup. 1: Positive controls of the ChlIP-qPCR experiments for
the three histone marks analyzed

To confirm the correct activity of the antibodies we analysed the
enrichment in known targets of the three histone marks. A) results for
H3K4me3, which is enriched in rp49 gene as expected, B) results for
H3K9me3, which is enriched in 18S and Ubx genes as expected and C)
results for H3K27me3, which is enriched in Ubx gene as expected. Bar
represent the mean of 3 to 6 biological replicates (+ SEM). Red bars are
for strain with the element and grey bars are for strain without the
element. We found no significant differences between strains with and
without the element in rp49 (1A Mann-Whitney p=0.827), 18S (1B
Mann-Whitney p=0.827) or Ubx (1C Mann-Whitney p=0.275).
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7 Discussion






7. Discussion

7.1 The fitness effect of Bari-Jheh insertion depends on the environment

In this thesis, we have shown that the transposon Bari-Jheh mediates oxidative stress
response and immune response in Drosophila melanogaster. Bari-Jheh was identified as
a putatively adaptive TE in a genome-wide screening designed to identify adaptive
insertions (Gonzalez, et al. 2008). Moreover, sequence analysis looking for signatures of
positive selection, in the region flanking the insertion, found a partial selective sweep, and
the only mutation associated to this sweep was Bari-Jheh (Gonzélez, et al. 2008). Follow
up studies found the cost of selection of this TE: Bari-Jheh is associated with increased
developmental time and reduced viability (Gonzalez, et al. 2009). However the adaptive
role of Bari-Jheh remained unknown. Using different genetic backgrounds, we showed
that flies with the insertion have increased tolerance to different xenobiotic compounds
that induce oxidative stress (Guio, et al. 2014). Moreover, we showed that in two of three
different genetic backgrounds tested, flies with the insertion were more resistant to
Pseudomonas entomophila (Guio et al. submitted), a bacterial pathogen that is highly
virulent and induces a cessation of feeding and gut damage in D. melanogaster by oral
infection (Vodovar, et al. 2005; Chakrabarti, et al. 2012). Thus, under nonstress
conditions Bari-Jheh is associated with negative fitness effects while under stress

conditions it is associated with positive fitness effects (Figure 7.1A).

7.1.1 Bari-Jheh is associated with increased resistance to oxidative stress.

Bari-Jheh downregulates the expression of Jheh2 and Jheh3 genes, which together with
Jhehl, are involved in Juvenile Hormone (JH) catabolism (Campbell, et al. 1992;
Gonzélez, et al. 2009;Guio, et al. 2014). This downregulation could increase the titre of
JH, and consistent with an increased JH titre, Gonzalez, et al. (2009) found that Bari-Jheh
is associated with reduce viability and longer developmental time (Flatt, et al. 2005; Flatt
and Kawecki 2007). However, although Jhehl, Jheh2 and Jheh3 genes are thought to be
involved in JH catabolism, enzymatic studies of JHEH2 showed that this enzyme does not
degrade Juvenile Hormone Il but cis-stilbene oxide, an oxidant xenobiotic (Taniai, et al.
2003). Finally, several studies associated oxidative stress and xenobiotics stress response
with changes in expression of Jhehl and Jheh2 genes (Girardot, et al. 2004; Sun, et al.
2006; Willoughby, et al. 2007; Misra, et al. 2011; Deng and Kerppola 2014).
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Figure 7.1: Summary of the results described in this thesis. A) Bari-Jheh is associated
with reduced viability and longer developmental time in non-stressed environments
(blue arrows) and with increased resistance to oxidative stress and bacterial infection
(red arrows). B) Bari-Jheh affects the expression of nearby genes through two
molecular mechanisms: Bari-Jheh adds AREs that increase the expression of Jhehl and
Jheh2 under oxidative stress conditions and Bari-Jheh also changes the chromatin state
by adding heterochomatin marks. C) The dominance effect of Bari-Jheh depends on the
genetic background and on the sex of the flies.
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Oxidative stress can be defined as an imbalance between the production and the
degradation of reactive oxygen species (ROS) in the cell. ROS are produced by natural
processes in aerobic organisms, and can also be generated by external sources such as
electrophilic compounds or Gram-negative bacterial infection, among others (Lemaitre
and Hoffmann 2007; Sykiotis, et al. 2011; Lemaitre and Miguel-Aliaga 2013). Oxidative
stress could produce severe damage in DNA, proteins, lipids, and other molecules of the
cell and even cell death. Because of that, oxidative stress response is essential for the
survival of the organism. Besides the natural processes mentioned above, human
activities spread electrophilic substances that increase the amount of ROS in the
environment. Therefore, a rapid adaptation to this new environment is critical for a

commensal species like D. melanogaster.

We have showed that Bari-Jheh confers resistance to paraquat, an herbicide that induces
oxidative stress in flies with two different genetic backgrounds (Guio, et al. 2014). These
results were further confirmed by analyzing additional genetic backgrounds (Guio and
Gonzalez 2015). Since oxidative stress is induced by xenobiotics with electrophilic
properties, we also tested the oxidative stress resistance of flies with Bari-Jheh using
Malathion, an organophosphate insecticide that inhibits acetylcholine esterase. We found
that flies with the insertion showed increased tolerance to Malathion (Guio, et al. 2014).
Finally, Mateo, et al. (2014) tested two different natural fly strains with and without Bari-
Jheh and they found that flies with the insertion were more resistant to H,O, that strongly
induces oxidative stress in the environment (Mateo, et al. 2014).

Overall, Bari-Jheh showed a strong association to oxidative stress resistance using three
different oxidative stress agents, in flies with four different genetic backgrounds. Thus,
we argue that it is very unlikely that the detection of oxidative stress resistance caused by
Bari-Jheh would occur spuriously (Gruber, et al. 2007). Furthermore, the replicability of
the results suggests that epistasis does not have a dominant role in oxidative stress
response (Huang, et al. 2012). It is important to mention that we tested paraquat and
Malathion at similar levels to those applied in agricultural settings, where D.
melanogaster lives. We thus conclude that Bari-Jheh is the causal mutation of oxidative

stress resistance (see figure 7.1A).
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7.1.2 Bari-Jheh is associated with increased tolerance to Gram-negative bacterial

infection.

Because oxidative stress is also caused by Gram-negative bacterial infection, we also
tested whether flies carrying Bari-Jheh are tolerant to bacterial infection (Guio et al.
submitted). Bacterial ingestion triggers several mechanisms of defense in the D.
melanogaster gut. One of them is the Imd pathway, which produces different
antimicrobial peptides, and another defense mechanism is the production of ROS.
Bacterial ingestion also triggers a rapid synthesis of ROS in the gut by the specific
membrane protein dual oxidase (dDuox) (Lemaitre and Hoffmann 2007; Lemaitre and
Girardin 2013; Lemaitre and Miguel-Aliaga 2013). However, as mentioned above, an
excess of ROS is dangerous for the host. Because of that, infection also activates the
immune response catalase (IRC) that protects the cell against excess of ROS produced by
dDuox. This ROS balance is critical for the host survival against bacterial infection
(reviewed in Lemaitre and Hoffman 2007) (Figure 7.2). Pseudomonas entomophila is a
Gram-negative bacterial pathogen that activates the Imd pathway and ROS production in
the gut (Vodovar, et al. 2005; Chakrabarti, et al. 2012). In this context, we propose that
flies with increased resistance to oxidative stress would show increased tolerance to

infection by Pseudomonas entomophila.

Using two outbred populations created from DGRP strains, we found that Bari-Jheh is
associated with increased tolerance to P. entomophila (Figure 7A; Guio, et al. submitted).
However, a third genetic background created with introgressed isofemale strains showed
no difference in infection tolerance or were more susceptible to infection tolerance (Guio,
et al. submitted). These results are consistent with a very recent study that showed that
DGRP individual strains previously selected for resistance to infection with P.
entomophila showed increased resistance to paraquat. However, some strains susceptible
to P. entomophila were resistant to paraquat (Bou Sleiman, et al. 2015) in agreement with
our results (Guio, et al. submitted). Bou Sleiman and collaborators (2015) proposed that
ROS metabolism is one of the important factors that mediated the variation in gut
immunocompetence. Moreover, they analyzed the genetic architecture of this trait and
found that it is very complex, probably due to gut immunocompetence being the result of
many biological processes, each of them affected by many loci with medium or small
effects. The authors proposed that results obtained with standard laboratory strains in
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immunological studies may not always be generalizable to all wildtype strains, and
concluded that some of the observed results would be specific to the analyzed
backgrounds (Bou Sleiman, et al. 2015). The complexity of the genetic architecture of
immunocompetence is also in agreement with previous studies that associate immune
response with distant related processes, such as sleep or food intake, as well as with the
environment (Lazzaro and Little 2009). Furthermore, complex eukaryotic organisms
coexist with a beneficial or benign microbiome that does not trigger any immune
response. As a result, immune response must distinguish pathogenic agents from the non-
pathogenic organisms that usually live with the individual (Lazzaro and Rolff 2011).

In the colonization of new environments, pathogen resistance is a major challenge for
foreign species. Adaptation of the immune system to this new situation is critical for
survival. Thus, Bari-Jheh, which is associated with increased tolerance to bacterial

infection, could play a role in the adaptation of D. melanogaster to new environments.

Cell membrane of
epithelial gut cells

Gram negative bacteria

Figure 7.2: ROS Production in the epithelial cells of the Drosophila gut. dDuox produce
H,O, and the bactericidal substance HCIO (hypochlorous acid). IRC reduces the amount of
H,O, to maintain the redox balance. H,O, and HCIO fight against the bacterial pathogen
(adapted from Lemaitre and Hoffman 2007).

7.1.3 Bari-Jheh is associated with two adaptive phenotypes.

The results of the survival experiments performed in this thesis allow us to assert that
Bari-Jheh is an insertion that affects two adaptive phenotypes. This is not the first time

that an adaptive transposable element is associated with two different phenotypes.
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Doc1420 is a LINE-like element inserted in the coding region of CHKovl, a gene that
codifies for a choline kinase. Doc1420 was associated with increased resistance to
azinphos-methylphosphate (AZM), an insecticide that inhibits acetylcholine esterase
(Aminetzach, et al. 2005). The sequence analysis of the allele where the TE is inserted
indicated that the insertion happened approximately 90.000 years ago. However, this
allele increased in frequency much recently, 25-250 years ago. Another study associated
the same allele with increased resistance to virus infection (Magwire, et al. 2011).
Magwire and collaborators proposed that the allele carrying CHKov1 with the Doc1420
insertion was selected for their increased virus resistance, and this mutation pre-adapted
the flies against organophosphate insecticides in recent times (Magwire, et al. 2011).
Moreover, these authors also found an additional step in the evolution of this locus: a
duplication of the gene CHKov1 containing the Doc1420 and the paralog gene CHKov2.
Flies with this new allele were more resistant to virus infection than flies carrying the
allele with only one copy of CHKovl with the insertion of Docl1420. Interestingly
CHKov1 was found as an upregulated gene in immune response with RNA-Seq studies in

bacterial infection (Bou Sleiman, et al. 2015).

Besides Doc1420, another adaptive TE shows an allelic series of mutations. A LTR
Accord retrotransposon is inserted in the regulatory region of the gene Cyp6g1, one of the
cytochromes P450 genes, which are involved in detoxification (Daborn, et al. 2002). This
Accord insertion was associated with increased insecticide resistance and was linked with
the upregulation of Cyp6gl (Daborn, et al. 2002). Additional analyses of the locus
identified copy number variants in different D. melanogaster natural populations
(Schmidt, et al. 2010). They found six different rearrangements with increased resistance
level to the DDT insecticide due to increased expression of Cyp6gl. Schmidt and
collaborators proposed a four steps series event to arrive to the adaptive optimum and
they estimated that this process occurred approximately within 70 years. This rapid
process of adaptation is an example of how adaptation occurs in a very fast scale due to
the strong pressure of insecticides (Schmidt, et al. 2010). In fact rapid adaptation is not
unusual in nature. Insecticide pressure has led to rapid adaptation in insects thanks to
copy number variants as well as epigenetic changes that affect transcription regulation of
the nearby genes, among other types of mutations (ffrench-Constant 2013). Besides, TEs
were proposed to be responsible for rapid adaptation in invasive species (Stapley, et al.
2015).
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Thus, we hypothesized that the high frequency of Bari-Jheh in natural populations could
also be due to a rapid adaptation process. The allele that contains Bari-Jheh is between 80
and 800 years old (Gonzalez, et al. 2008). Human activity during the XIX and XX
centuries changed the environment by spreading xenobiotics in the atmosphere. These
changes could select those mutations associated to xenobiotic and oxidative stress
resistance, such as Bari-Jheh mutation. Although we did not looked for the existence of
an allelic series in Bari-Jheh, the age of the allele where this TE is inserted and its role in
oxidative stress resistance suggests that this element could have been subjected to rapid
evolution. Further studies would be necessary to test this hypothesis.

To summarize, Bari-Jheh is an insertion involved in at least four different phenotypes
with different fitness effect, and the different fitness effects depend on the environment.
In non-stress conditions, flies carrying Bari-Jheh showed longer developmental time and
reduced viability. Both phenotypes are associated with reduced fitness. Under oxidative
stress conditions, flies carrying Bari-Jheh showed increased resistance to oxidative stress
agents. Finally, when flies are infected with P. entomophila, flies carrying Bari-Jheh
showed increased tolerance to infection. Both increased resistance to oxidative stress and
to bacterial infection are associated with increased fitness. These results highlight the
importance of studying different environmental conditions and different phenotypes to
understand the effect of natural mutations such as Bari-Jheh insertion (Olson-Manning, et
al. 2012).

7.2 Bari-Jheh affects the expression of Jhehl, Jheh2 and Jheh3 by adding AREs
and by affecting the local chromatin state.

We have shown that Bari-Jheh is associated with changes in the expression of its three
nearby genes Jhehl, Jheh2 and Jheh3 under non-stress and stress conditions (Guio, et al.
2014; Guio and Gonzélez 2015). In non-stress conditions Bari-Jheh downregulates Jheh2
and Jheh3 and this downregulation could be mediated by the changes in the chromatin
state induced by Bari-Jheh (Guio, et al. 2014; Guio, et al. submitted). In stress conditions,
Bari-Jheh upregulates Jhehl and/or Jheh2 and in one of the genetic backgrounds tested it
also downregulates Jheh3 (Guio, et al. 2014, Guio and Gonzalez 2015). These changes in
the expression are associated with the presence of Antioxidant Response Elements
(AREs) added by Bari-Jheh and changes in the local chromatin state induced by Bari-
Jheh (Guio, et al. 2014 and Guio, et al. submitted) (Figure 7.1B).
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7.2.1 Bari-Jheh is associated with expression changes of Jheh2 and Jheh3 in non-
stress conditions.

TEs inserted close to an active gene could spread heterochromatin marks inducing gene
silencing (Sentmanat and Elgin 2012; Lee 2015). We showed that Bari-Jheh exhibits
matches to piRNA reads (Guio, et al. submitted). piRNAs binding sites could be cis-
acting targets for heterochromatin assembly which is associated with heterochromatin
protein la (HP1la) and H3K9me3 (Sentmanat and Elgin 2012). Consistently, we also
showed that HP1a binds to Bari-Jheh (Guio, et al. submitted). These results suggest that
Bari-Jheh could be epigenetically silenced by piRNA-induced heterochromatin.
However, we found no experimental evidence for the presence of H3K9me3 enrichment
in Bari-Jheh (Guio, et al. submitted).

Although we found no evidence of constitutive heterochromatin histone mark H3K9me3
enrichment in Bari-Jheh, we found enrichment for the facultative heterochromatin histone
mark H3K27me3. Specifically, we found enrichment in the region closer to Jheh3 (Figure
2A Guio, et al. submitted). Experimental evidence for H3K27me3 enrichment is
consistent with the prediction of a zeste (z) binding site in the Bari-Jheh sequence and in
the Jheh3 gene sequence. zeste is a member of the Polycomb Group proteins that triggers
the trimethylation of H3K27me3, an histone mark associated with facultative
heterochromatin (Greer and Shi 2012). This particular chromatin state is transcriptionally
silent but retains the potential to change to euchromatin (Trojer and Reinberg 2007).
Facultative heterochromatin could adopt different levels of chromatin condensation and
could be affected by developmental stage, subnuclear position, non-coding RNA and/or
trans-acting protein such as Polycomb group proteins (Trojer and Reinberg 2007).
Overall, we conclude that Bari-Jheh downregulates the expression of Jheh2 and Jheh3 in
non-stress conditions by inducing changes in the local chromatin state.

7.2.2 Bari-Jheh is associated with increased expression of Jhehl and/or Jheh2 in
stress conditions

Under stress conditions, Bari-Jheh is associated with increased expression of Jhehl
and/or Jheh2 (Guio, et al. 2014; Guio and Gonzélez 2015). As was mentioned in section
7.1.1, several previous studies associated these genes with oxidative stress and xenobiotic
stress response (Girardot, et al. 2004; Sun, et al. 2006; Willoughby, et al. 2007; Misra, et
al. 2011; Deng and Kerppola 2014). We showed that upregulation of Jheh1 and/or Jheh2
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could be mediated by the additional AREs added by Bari-Jheh to the upstream region of
Jheh2 gene. AREs show a conserved sequence of 20 nucleotides with a core of 9 base
pairs: TMANNRTGAYnnnGCRwwww (Wasserman and Fahl 1997). The 9 base pairs of
the core sequence are necessary and sufficient to induce the upregulation of genes placed
downstream of the AREs in mammals and insects (Sykiotis and Bohmann 2008). AREs
can also activate distal genes in mammals (Mulcahy, et al. 1997), this study support our
finding that Bari-Jheh up-regulates Jhehl located 2,5kb downstream of the AREs added
by Bari-Jheh. Moreover, an increased number of AREs in the promoter region is
associated with higher levels of expression of the downstream genes (Wang, et al. 2006;
Chatterjee and Bohmann 2012). We found “in silico” several AREs in the sequence of
Bari-Jheh and in the promoter region upstream of Jhehl, Jheh2 and Jheh3. ChIP-Seq
experiments showed that cncC, the transcription factor that binds AREs in D.
melanogaster, binds to the upstream regions of Jhehl and Jheh2 (Négre, et al. 2011;
Guio, et al. 2014; Deng and Kerppola 2014), as well as Bari-Jheh but it does not bind to
Jheh3 (Guio, et al. 2014). Taken together, these results suggest that Jhehl and Jheh2 are
involved in oxidative stress response and Bari-Jheh could enhance the activity of these

genes.

Besides being associated with upregulation of Jhehl and Jheh2 under oxidative stress
conditions, in some genetic backgrounds Bari-Jheh is also associated with Jheh3
downregulation (Guio, et al. 2014). Because we have already shown that Bari-Jheh is
associated with local chromatin changes in nonstress conditions, we tested whether stress
further affects Bari-Jheh chromatin marks. We found that Bari-Jheh is enriched for
H3K9me3 in the promoter region of Jheh2 while it is enriched for H3K9me3 and
H3K27me3 in the 3’ end of Jheh3 (Guio, et al. submitted). Although these histone marks
are often associated with gene silencing, there is evidence suggesting that H3K9me3 is
also associated with gene activation (Vakoc, et al. 2005; Kouzarides 2007). Thus, Bari-
Jheh could be affecting Jheh2 expression under oxidative stress conditions by adding
AREs and by affecting the local chromatin state. Moreover, the downregulation of Jheh3
could be explained because Bari-Jheh is associated with enrichment of both H3K9me3
and H3K27me3 in the 3’ end of this gene. The enrichment for more than one histone
mark can have different roles compared with the enrichment of only one histone mark
(Greer and Shi 2012; Lelli, et al. 2012). Thus, we propose that the combination of these
two histone marks could lead to Jheh3 downregulation (Greer and Shi 2012; Lelli, et al.
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2012). Finally it is important to mention that the gut is the first tissue damaged by
oxidative stress in flies exposed to food with paraquat. Usually the gut is the first barrier
against biotic and abiotic stress caused by ingestion. Thus, the gut is the first tissue that
shows changes in the gene expression related to the stress response and immune response
(Lemaitre and Girardin 2013; Lemaitre and Miguel-Aliaga 2013). Thus, major changes in
the expression of Jhehl, and Jheh2 may occur in gut and other detoxification tissues such
as Malpighian tubules. Although we performed expression analysis with whole fly body,
ChIP experiments were performed with fly’s guts. Since there are very few ChIP
experiments performed in gut we highlight the importance of this tissue for further
analysis in oxidative stress or immune response. Furthermore, future expression analysis
for these genes under oxidative stress or immune response should be done in gut to

increase accuracy in expression changes detection.

In summary, we propose that Bari-Jheh is modulating the expression of Jhehl, Jheh2 and
Jheh3 by two different mechanisms (Figure 7.1B). In non-stress conditions, the
enrichment of Bari-Jheh for H3K27me3 could be associated with downregulation of
Jheh2 and Jheh3. In stress conditions, Bari-Jheh is enriched for H3K9me3 and
H3K27me3 and adds AREs. These two molecular mechanisms could be increasing the

expression of Jheh2 and Jhehl and downregulating Jheh3.

These results open new questions about the role of Jheh genes in oxidative stress
response. Because different expression patterns are associated with increased resistance, it
would be interesting to analyse whether all three genes are necessary for oxidative stress
response, or whether they play different roles. Previous studies provide hints about these
questions. The study of the catalytic site showed differences between Jheh2 (Asp-Glu-
His) and Jhehl and Jheh3 (Asp-His-His), suggesting that these enzymes might have
different substrates (Taniali, et al. 2003). As mention in the Introduction section, there is
experimental evidence for JHEH2 being able to catalyse a xenobiotic compound,
providing direct evidence for a role of this gene in oxidative stress. Further experiments
with flies in which each one of these genes is mutated could help elucidate the individual
function of Jheh genes.
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7.3 Bari-Jheh could be a member of a stress-response regulatory network

In unicellular eukaryotes organisms like Saccharomyces cerevisiae, genes involved in the
same pathway are usually physically placed together and can be regulated in a
coordinated way (Cowley and Oakey 2013). However, in high eukaryotes, genes of the
same pathway are not always clustered. To coordinate the simultaneous expression of
these genes, they must be activated by the same transcription factor and therefore they
should be under the regulation of the same response element. This group of genes could
be included in a “transcriptional network” (Cowley and Oakey 2013). The first to propose
this idea were Britten and Davidson (1969). They argued that families of TEs with similar
regulatory sequences could be recruited by the host for the regulation of the expression of
genes included in the same network (Britten and Davidson 1969, 1971). Recent studies
provided evidence that support this idea in mammals and plants (Peaston, et al. 2004;
Johnson, et al. 2006; Naito, et al. 2009; Macfarlan, et al. 2012; Schmidt, et al. 2012).

In this thesis, we provide evidence that confirm that Bari-Jheh is adding AREs that may
be affecting the expression of Jhehl and Jheh2. Moreover, we showed that other TEs add
AREs to the D. melanogaster genome (Guio, et al. 2014): at least 10 TEs add one or more
AREs to the promoter region of downstream genes and two of them showed experimental
evidence of cncC binding by ChlIP-Seq (Guio, et al. 2014). These findings suggest that
TEs could coordinate the oxidative stress response by adding AREs. Recent studies in D.
melanogaster also showed that TEs have an important role in the creation of regulatory
networks (Ellison and Bachtrog 2013, 2015). Besides Drosophila, studies in humans and
primates also provide strong evidence for TEs being important suppliers of regulatory
sequences (Jacques, et al. 2013; Sundaram, et al. 2014). Besides the cis-regulatory
elements provided by TEs, it is important to mention that TEs are also domesticated by
the host for the transposases as trans elements of regulatory networks (reviewed in
Feschotte 2008). Thus, TEs could play an important role in creating or/and rewiring
regulatory networks both in cis and in trans.

7.4 The dominance effect of Bari-Jheh depends of the genetic background

According to Haldane’s sieve, dominant adaptive mutations are the most frequent in an
ideal natural population (Haldane 1927). Dominant mutations show the adaptive
phenotype in the first individual with the adaptive allele thus reducing the chance of
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losing the adaptive allele because of genetic drift. However recent studies suggest that
overdominance is more relevant in adaptive mutations than previously suggest by J.S.B.
Haldane (Orr and Betancourt 2001; Sellis, et al. 2011). In this thesis, we showed that the
dominance effect of the adaptive insertion Bari-Jheh depends on the genetic background
and the sex of the individuals (Guio and Gonzalez 2015). Flies from an outbred
population showed that Bari-Jheh is a dominant mutation: homozygous flies for the
presence of Bari-Jheh and heterozygous flies with only one copy of Bari-Jheh showed
the same survival level in oxidative stress conditions. Flies of introgressed populations
showed that Bari-Jheh is dominant in females and in one of the reciprocal crosses in
males. However, males from the other reciprocal cross showed that Bari-Jheh is
overdominant. Interestingly, the Bari-Jheh copy came from the mothers in one of the
populations and from the fathers in the other population (Guio and Gonzalez 2015)
suggesting that the observed overdominance effects are not due to a maternal effect.

Overall, this study is one of the very few examples in which the dominance effect of an
adaptive mutation has been experimentally tested. We showed that the dominance effect
of Bari-Jheh under oxidative stress environment depends on the genetic background of
the flies as has been previously suggested (Wool, et al. 1982; Bourguet, et al. 1996;
Bourguet, et al. 1997; Bourguet, et al. 2000).
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8.

Conclusions

From the results obtained in this thesis, we conclude that:

Bari-Jheh shows two adaptive phenotypes: Bari-Jheh is associated with increased
resistance to oxidative stress conditions, and it is also associated with increased
tolerance to Pseudomonas entomophila infection.

Because Bari-Jheh has previously been associated with negative fitness effects
under nonstress conditions, we can conclude that the effect of Bari-Jheh depends

on the environmental conditions.

Bari-Jheh is associated with changes in the expression of Jhehl, and/or Jheh2
and/or Jheh3, depending on the genetic background analyzed, under oxidative
stress conditions. The overexpression of Jhehl or Jheh2 is enough to confer

resistance to oxidative stress.

Bari-Jheh affects the expression of Jheh genes through two different molecular
mechanisms under oxidative stress conditions: by adding stress-related

transcription factor binding sites, and by changing the local chromatin state.

Bari-Jheh affects the expression of Jheh genes under nonstress conditions by

inducing changes in the local chromatin state.

Besides Bari-Jheh, other Transposable Elements adds Antioxidant Response
Elements upstream of genes related with oxidative stress response. Thus, Bari-
Jheh together with these other insertions could be rewiring the regulatory

networks for oxidative stress response in Drosophila melanogaster.
Bari-Jheh dominance effect depends on the genetic background. Bari-Jheh is

dominant in one genetic background while in two other genetic backgrounds Bari-

Jheh is dominant in females but it is overdominant in males.
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