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1.1.	  Adaptation 
 

Adaptation can be defined as the process that drives frequency changes in alleles involved 

in fitness increasing in a specific environment, thus increasing organism survival and/or 

reproduction (Haldane 1932; Dobzhansky 1951; Dobzhansky 1955; Orr 2005; Barker 

2009; Orr 2009). Despite the numerous efforts in the evolutionary biology field to 

understand the process of adaptation, we still hold important unanswered questions about 

the mechanisms behind the process of adaptation. For example: What kind of mutations 

are involved in adaptation? How many mutations are needed to produce an adaptive 

phenotype? What are the traits under selection during this process? What is the role of 

epistasis and pleiotropy in adaptation? 

 

1.1.1 The Study of Adaptation: A Historical Perspective 

C. R. Darwin and A. R. Wallace introduced natural selection as a key driver in 

evolutionary adaptation to natural environments (1858). However, natural selection 

theory was rejected by most of the contemporary authors of the field, as well as during the 

following years, when other theories, such as Neo-Lamarckism and mutationist theories 

rediscovering Mendelian’s laws, were better considered. It was not until 1930s that new 

theories of adaptation were elaborated considering natural selection as a key driver. R.A. 

Fisher, J.B.S. Haldane and S. Wright leaded the modern synthesis, which combined the idea 

of adaptation happening by mutations with the theory of natural selection (Fisher 1930; 

Wright 1931; Haldane 1932). These authors reconciled Darwin and Mendel’s ideas by 

developing a mathematical theory of population genetics. Later on,  

M. Kimura postulated the neutral theory of molecular evolution (1955), and proposed that 

molecular evolution is dominated by selectively neutral evolution, and that changes in 

allele frequencies are mainly because of genetic drift (Kimura 1991). Thus, he provided a 

foundation for discerning adaptive mutations from neutral mutations, and, therefore, for 

detecting the effects of natural selection on the DNA sequence. These authors, from C. R. 

Darwin to M. Kimura, established the essential evolutionary forces: natural selection, 

mutation, genetic drift, recombination, and gene flux. After that, other evolutionary 

biologists, such as T. Ohta and A. Orr, have been further elaborating on several 

mathematical models trying to predict how adaptation occurs in nature (Ohta 1973; Orr 

2005). 

 

The first experimental evidences that started to shed light on these theories were based on 

the identification of allozymes with electrophoretic studies. Allozymes are proteins 

resulting from allelic differences that can be distinguished by their electrophoretic 
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mobility. The initial studies in Drosophila pseudobscura (Lewontin and Hubby 1966) and in 

human (Harris 1966) revealed that populations harbored high levels of genetic variation. 

These levels of polymorphisms were higher than predicted by evolutionary biology 

theorists. A well-known example of natural selection acting on allozyme variants is the β-

hemoglobin polymorphism in some African and Mediterranean human populations. This 

polymorphism is maintained by natural selection favoring heterozygote individuals, who 

are more resistant to malaria infections (Cavalli-Sforza and Bodmer 1971). 

In the 1980s, new experimental approaches based on nucleotide polymorphisms allowed 

to find more evidences to understand how natural selection acts on genome evolution. 

The firsts experimental evidences from quantitative-trait loci (QTL), experimental 

evolution, and candidate genes further contributed to the understanding of the genetic 

basis of adaptation. These studies revealed some adaptations caused by large-effect alleles, 

such as mutations conferring insecticide resistance in dipterans (Guerrero et al. 1997), but 

failed detecting small-effect mutations that could potentially be involved in complex trait 

evolution (Rockman 2012). 

More recently, next-generation sequencing has transformed our ability to identify alleles 

behind adaptation (Stapley et al. 2010). Whole-genome sequencing and genome-wide 

studies showed that adaptation can also occur through small-effect mutations (Collins and 

de Meaux 2009), and that it often results from small frequency changes in multiple alleles  

(Hancock et al. 2010). However, most of the alleles identified in genome-wide studies only 

contribute to a very small fraction of the studied phenotype (Rockman 2012). Moreover, 

only a small proportion of the candidate alleles are replicated comparing different studies, 

even within the same populations (Hong 2012). 

Later on, several authors pointed out that researchers should integrate different areas of 

knowledge, such as population genomics, ecology and development, in order to uncover 

the genetic basis behind adaptation and phenotype evolution (Stern and Orgogozo 2008; 

Olson-Manning et al. 2012; Lowe et al. 2017).  

 

1.1.2 Identifying the Genetic Basis of Adaptation 

Three main approaches are followed to study adaptation in the evolutionary biology field: 

forward genetics, reverse genetics, and candidate gene (Barrett and Hoekstra 2011; 

Pardo-Diaz et al. 2015). 

 

The forward genetics approach consists on looking for the genes controlling a 

phenotypic trait that is known to vary between environments or between individuals. 

Association mapping and QTL analysis are the two main methodologies followed. These 

methodologies have revealed many adaptive natural variants in a wide range of species 
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including plants, insects and vertebrates (Pardo-Diaz et al. 2015). An example of a 

forward genetics study identified the genetic basis of color-pattern differences in the beach 

mouse Peromyscus polionotus (Steiner et al. 2007). The authors performed a genome-wide 

linkage map using both microsatellite markers and SNPs in candidate genes for 

pigmentation. In this work, they linked a few large-effect mutations, both structural and 

regulatory, to the adaptive coat-color phenotype. In Drosophila, QTL studies have also 

allowed the discovery of genes playing crucial roles on different traits, such as diapause or 

body pigmentation (Schmidt et al. 2008; Mackay 2010; Bastide et al. 2016). Genome-

wide association studies (GWAS) also revealed the genetic basis of other adaptive 

phenotypes in Drosophila such as desiccation resistance (Telonis-Scott et al. 2016), or 

oxidative stress resistance (Weber et al. 2012). GWAS analysis have also revealed some of 

the genes behind human adaptations, such as genes governing innate immunity 

(Deschamps et al. 2016), or the variants involved in high-altitude adaptation (Bigham and 

Lee 2014).  

One of the limitations of the forward genetic approaches is that the identified locus could 

be in linkage disequilibrium with the actual causative adaptive mutation (Barrett and 

Hoekstra 2011). Another limitation is that forward genetics approaches are often biased 

towards the detection of large-effect loci and, therefore, they cannot detect cases of 

polygenic adaptation (Rockman 2012). 	  
The reverse genetics approach aims to identify putatively adaptive alleles without a 

prior knowledge of the associated phenotype(s). It consists on the search of candidates 

based on genome-wide level signatures of selection, such as selective sweeps or allele 

frequency changes, either in the same population or among different populations. When a 

mutation is positively selected, its frequency in the genome increases rapidly. This is 

frequently accompanied by a decrease in the genetic diversity in the flanking regions, 

known as a selective sweep (Berry et al. 1991). Depending on the nature of each mutation 

and the signal they leave in the genome, we can distinguish between hard sweeps and soft 

sweeps (Figure 1.1). Hard sweeps occur when strong positive selection increases the 

frequency of one adaptive allele, thus leaving a strong signature in the genome (Figure 

1.1A). The classic example of a hard sweep is when a new beneficial mutation appears in 

a population, and it increases its frequency starting from very low frequency in a short 

period of time. In a soft sweep, the adaptive mutation that is under selection is present in 

more than one allele; thus, it leaves a week signature on the pattern of genetic variation 

when they are selected (Figure 1.1B). This can happen when a mutation arise from 

standing variation, i.e. it was already present at some frequency in the population, and is 

segregating within several haplotypes. Thus, when it becomes advantageous, several 

haplotypes can be selected in the same population (Messer and Petrov 2013). Adaptive 
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Figure 1.1. Genomic signatures of positive selection. (A) A new 

or very low frequent variant (in red) is positively selected in a population 

and increases its frequency, as well as the frequency of the linked neutral 

variants (in grey). (B) An advantageous variant (in red), which is linked to 

two different haplotypes, is positively selected. As a consequence, the two 

haplotypes are present at high frequency in the population. 

mutations can emerge 

de novo or from 

standing variation. 

Moreover, selection 

can act on a single 

locus or on multiple 

loci. In some cases, 

adaptation in natural 

populations might 

imply subtle allele 

frequency changes at 

many loci controlling 

polygenic traits, and 

those changes are 

more complex to 

distinguish from genetic drift (Pritchard et al. 2010; Berg and Coop 2014). Therefore, 

each type of selection leaves a distinctive molecular signature in the genome. Hence, 

different statistic tests should be applied to detect selection depending on each particular 

case (Stephan 2016) (Box 1).  

An example of the reverse genetics approach is the study of cichlid fishes from Lake 

Malawi and Lake Victoria that revealed the genetic variants implicated in visual pigment 

adaptation to the different waters (Hofmann et al. 2009). Also, a genome-wide screening 

of transposable element mutations frequencies in Drosophila melanogaster natural 

populations identified a total of 13 candidate mutations involved in adaptation of this 

species to out-of-Africa environments (González et al. 2008).  

False positives are one of the limitations of the reverse genetics approach. Demographic 

factors can create patterns in the genome that are easily confounded with signals of 

selection. Moreover, tests looking for selection in the genome fail when selection is not 

strong. The use of several statistic approaches to analyze selection can help to overcome 

these limitations. A method usually followed to reduce false positives is the combination of 

population genetics with the association of environmental variables (González et al. 2010; 

Lowe et al. 2017).  

 

The candidate gene approach is based on the knowledge of the gene adaptive function 

derived from a different species. Such studies are often the first step in unraveling the 

genetic determinants of complex human diseases (Tabor et al. 2002; Suh and Vijg 2005). 

Nowadays, Drosophila is still a key model organism for testing potential candidate genes 
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involved in human diseases such as the congenital heart disease (Zhu et al. 2017), or 

cancer (Sonoshita and Cagan 2016). 

This methodology is often biased towards a few well-characterized genes with large effect 

(Rockman 2012). Although the knowledge of the candidate genes can help in identifying 

genes associated with particular phenotypes, the approach is poorly applied in 

evolutionary biology because, besides of the bias, it does not help in the identification of 

new loci involved in adaptation (Barrett and Hoekstra 2011; Pardo-Diaz et al. 2015). 

 
 
1.1.3 Validating the Candidate Adaptive Mutations 

Once the putatively adaptive loci are identified, it is fundamental to validate them in order 

to confidently claim that they are involved in adaptation (Barrett and Hoekstra 2011).  

The methodologies followed to validate the role of the identified candidate mutations in 

adaptation can vary depending on the case under study. For example, the adaptive role of 

a candidate mutation affecting the protein-coding region could be traced with protein 

folding studies, as well as protein functional assays (Schmidt et al. 2008; Carnero-

Montoro et al. 2012; Fernández-Sampedro et al. 2016). When the mutation is not 

interfering the protein-coding region, gene expression analysis can be performed in order 

to link the genetic change with a regulatory change of the nearby gene(s). Studies using 

microarrays and RNA-seq have produced many valuable catalogues of gene expression 

levels between populations (Zhao et al. 2016), or between different conditions (MacMillan 

et al. 2016). When studying a single strong candidate, other techniques, such as reverse-

transcriptase quantitative PCR (qRT-qPCR) or in situ hybridization, can be used to test 

expression changes (Guio et al. 2014; Clemson et al. 2016). Both cis and trans regulatory 

elements can be involved in gene expression modifications. Thus, when observing gene 

expression differences between individuals, trans-regulatory changes could be the causal 

variant explaining such differences. Allele-specific expression (ASE) is a method that 

allows uncovering the cis-specific regulatory variation, as trans-regulation affects the 

expression of both alleles equally in diploid cells (Wittkopp et al. 2004). Thus, it is a strong 

technique to test whether a cis-regulatory mutation is modifying the expression of a gene. 

 

Once the candidate variant has been linked to a transcript or protein modification, it is 

crucial to demonstrate that this modification has an impact on the organism fitness. This 

can be accomplished by performing functional assays with laboratory mutant strains 

generated with genome-editing techniques such as CRISPR/Cas9 (Bassett and Liu 2014). 

For example, Ding and collaborators demonstrated the causal locus, a calcium-activated 

potassium channel, and the causal mutation, a retroelement insertion, for courtship song 

differences in Drosophila simulans and Drosophila mauritiana by generating targeted deletion  
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with the CRISPR/Cas9 technique (Ding et al. 2016). Experiments performed with gene 

mutant strains, such as knockdowns or knockouts, can help to infer how perturbing the 

function of the genes associated to the candidate variants impacts on the phenotype (St 

Johnston 2013). However, in most cases, laboratory mutant strains tend to present 

extreme phenotypes rarely found in nature, and high pleiotropic effects (He 2016). 

Performing the assays using mutants generated in different genetic background should 

help to circumvent this problem (He 2016). Moreover, laboratory mutations might not be 

representative of the mutations segregating in the natural populations (Steiner et al. 2007; 

Kolaczkowski et al. 2011; Rose et al. 2011). For example, the mutations found to be 

involved in the color pattern in mice identified in natural populations differed from the 

candidate mutations identified in laboratory strains (Hoekstra et al. 2006; Steiner et al. 

2007). Thus, experiments performed with natural populations, where the candidate 

mutation is present in its natural genomic context, might improve our understanding of 

phenotypic evolution (Gasch et al. 2016).  

 

However, genotype-phenotype mapping in both mutant and natural population strains 

also present some caveats. First, the phenotypic effect of some mutations can only be 

observed under specific environmental conditions (Paaby and Schmidt 2008; Storz and 

Wheat 2010). Possible epistatic interactions, as well as other mutations in the genetic 

background tested could modify the observed phenotypes (Burnett et al. 2011; Huang et 

al. 2012; Chandler et al. 2013). Furthermore, one mutation can affect more than one 

phenotype, therefore, it can be beneficial for two different traits, or it can present 

tradeoffs (McGee et al. 2014). Genetic tradeoffs occur when one allele that is beneficial 

for one trait is deleterious for a different fitness component (Williams 1957; Edward and 

Chapman 2011). For example, it is well documented that an improvement in early 

reproduction has a physiological cost and shortens female lifespan in Drosophila (Partridge 

et al. 1999; Sgrò and Partridge 1999). Fecundity, measured as number of offspring 

produced per female, is also impaired in flies that are more resistant to stress such as cold 

or infection (Lazzaro et al. 2008; Marshall and Sinclair 2010). It was found that natural 

fly strains reared in the laboratory could adapt to multiple cold exposures, evidenced by a 

decreased mortality; however, their fecundity was significantly reduced (Marshall and 

Sinclair 2010). Thus, several backgrounds, as well as several phenotypes, should be 

analyzed to fully characterize the adaptive effects of the candidate mutations. 

 

1.1.4 Adaptation in Drosophila melanogaster 

Drosophila melanogaster has become an excellent model organism in functional genomic 

studies since the first works of T. H. Morgan in the beginning of the 20th century. Today 
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it has one of the best-annotated genomes (Ashburner and Bergman 2005), and there is a 

lot of information of the gene functions and pathways (Morgan 1911; Matthews et al. 

2005; Jennings 2011; Gramates et al. 2017). Studies in D. melanogaster have played an 

important role in many areas of biology such as developmental biology, neurobiology or 

cell biology (Bellen et al. 2010; Jennings 2011). Moreover, there are plenty of resources to 

design experimental approaches to test candidate mutations: from online tools and 

molecular reagents, to fly stocks and genome engineering resources (Mohr et al. 2014). D. 

melanogaster is also an excellent model organism to study adaptation because of its recent 

demographic history (Figure 1.2). 

 

1.1.4.1 D. melanogaster Natural Populations Vary Across Space and Time 

D. melanogaster is a species original from subtropical Africa and just very recently, 

approximately 10,000-16,000 years ago, the population expanded to the Eurasian 

continent (David and Capy 1988; Li and Stephan 2006; Thornton and Andolfatto 2006) 

(Figure 1.2). Only between one hundred to a few hundred years ago, D. melanogaster 

colonized the American and Australian continents (Bock and Parsons 1981; Keller 2007). 

Nowadays D. melanogaster is a cosmopolitan species and its recent expansion suggests that 

the signatures of selection should still be detectable in its genome sequence (Przeworski 

2002). 

 

Most of the relevant traits involved in D. melanogaster adaptation have been identified by 

comparing different geographic populations, either by using SNP-based GWAS, genome-

Figure 1.2. Drosophila melanogaster is present in almost all climatic regions. This 

specie is original from sub-tropical Africa, and recently has expanded to the rest of the continents 

(arrows). The present populations from different continents show evidences of admixture (depicted 

with dashed arrows). 
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wide expression analyses, or by measuring life-history traits. Many of these studies 

analyzed natural populations from tropical and temperate climates of the east coasts from 

North America and Australia (Schmidt, Matzkin, et al. 2005; Kolaczkowski et al. 2011; 

Telonis-Scott et al. 2011; Fabian et al. 2012; Paaby et al. 2014; Reinhardt et al. 2014). 

Other studies compare African tropical populations and European temperate populations 

(Aguadé 2008; Klepsatel et al. 2014; Fabian et al. 2015; Bozicevic et al. 2016; Endler et al. 

2016). However, secondary contacts among the populations from the different continents 

have been described that could hinder the study of allele variants showing latitudinal 

patterns (Caracristi and Schlötterer 2003; Duchen et al. 2013; Kao et al. 2015; Bergland 

et al. 2016). For example, there is admixture between temperate populations from the 

north of North America and Europe, and also between tropical populations from the 

south of North America and Africa. This could be interfering with the allelic variant 

frequencies of the populations resulting in latitudinal patterns (Bergland et al. 2016). The 

same was found in Australia, where secondary contacts with Europe and Africa would be 

also taking place in the populations in the extremes of the latitude (Bergland et al. 2016). 

While latitudinal clines could be explained by the above mentioned migration patterns, as 

well as by population bottlenecks, clinal variation as a consequence of the selective forces 

associated with the environment are still present (Przeworski 2002; Fabian et al. 2015; M. 

Kapun et al. 2016; Machado et al. 2016). 

Besides geographical variation, D. melanogaster natural populations also harbor temporal 

variation. D. melanogaster inhabiting temperate environments expand their population size 

every spring, while they diminish their physiological and reproductive activity when 

environmental temperature drops and photoperiods shorten (Schmidt, Paaby, et al. 2005). 

Recently, it has been observed that phenotype and allele frequencies also vary seasonally 

in natural D. melanogaster populations inhabiting temperate environments (Bergland et al. 

2014). Temperate populations are exposed to high levels of variation in temperature, 

humidity, and nutritional quality and quantity because of seasonal changes. Thus, rapid 

adaptation to environmental changes can be traced at the genetic level, as the allelic 

variants would change frequency in response to environmental conditions (Przeworski 

2002; Bergland et al. 2014; Cogni et al. 2014; M. Kapun et al. 2016). 

 

1.1.4.2 Traits Involved in D. melanogaster Adaptation 

Some examples of classical life-history adaptive traits identified in D. melanogaster 

latitudinal population analyses are body size (Kennington et al. 2003; Paaby et al. 2010; 

Paaby et al. 2014; Fabian et al. 2015), female fecundity, lifespan, and developmental time 

(James and Partridge 1995; Schmidt, Matzkin, et al. 2005; Folguera et al. 2008; Paaby et 

al. 2010; Paaby et al. 2014; Fabian et al. 2015). Body size significantly increases with 
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latitude, as evidenced by the parallel clines found in North America and Australia (Paaby 

et al. 2010; Paaby et al. 2014; Fabian et al. 2015; Kapun et al. 2016). Temperature is 

suggested to be one of the main selective forces of body size, favoring larger body sizes in 

temperate climates, and smaller body sizes in tropical climates (Partridge et al. 1994). 

Developmental time (DT) is an especially relevant fitness trait for those organisms that 

occupy ephemeral habitats such as D. melanogaster (Chippindale et al. 1997). In nature, 

quick development favors D. melanogaster individuals for several reasons. First, larvae feed 

on rotting fruits that are ephemeral. Thus, quick development allows larvae to pupate 

before the food source is exhausted. Second, competition increases as more and more 

eggs are laid on a piece of fruit, also favoring individuals with faster DT (Nunney 1990). 

Third, breeding sites in nature can be destroyed by physical factors and predation, 

individuals that develop faster are thus more likely to escape microhabitat destruction. 

And fourth, faster DT accelerates the age of first breeding, which is relevant for the 

organism if most reproduction happens in expanding populations, such as D. melanogaster 

populations. 

 

Besides life-history traits, other significant traits that have been associated with the 

adaptation to new environments in D. melanogaster are pigmentation (Telonis-Scott et al. 

2011; Bastide et al. 2013; Endler et al. 2016), metabolism (Sezgin et al. 2004; Fabian et al. 

2012; Lavington et al. 2014; Zhao et al. 2015; Bozicevic et al. 2016; Machado et al. 2016), 

circadian rhythm (Kyriacou et al. 2008; Kolaczkowski et al. 2011; Fabian et al. 2012; 

Zhao et al. 2015), olfaction (Aguadé 2008; Kolaczkowski et al. 2011; Reinhardt et al. 

2014), and diapause (Schmidt et al. 2005; Schmidt and Paaby 2008; Zhao et al. 2015). 

Diapause incidence in temperate populations is an example of a key adaptation in D. 

melanogaster out-of-Africa expansion. Diapause is a period during which physiological 

activity is diminished. Undergoing diapause increases the probability of surviving of the 

populations inhabiting in temperate climates (Hand et al. 2016). Schmidt and 

collaborators identified an allelic variant of the gene Couch potato (cpo), which showed 

latitudinal differentiation in North American populations (Schmidt et al. 2008). The 

authors found an association of this locus with the arrest of ovarian development at low 

temperatures (Schmidt et al. 2008). Other studies in Australia and Europe have also 

linked cpo with diapause, however, they could not find association between the alleles 

identified by Schmith and colleagues and this trait (Lee et al. 2011; Zonato et al. 2016). 

These results manifest the complexity of mapping phenotypic adaptation to particular 

genomic variants. It is possible that other causal variants are playing a role in diapause in 

the different countries (Pegoraro et al. 2017).	  
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Colonizing new environments also imply the exposure to new stressors that can be either 

abiotic, such as temperature, UV radiation, or precipitation; or biotic, such as new 

pathogens or species competition (Paaby et al. 2010; Kolaczkowski et al. 2011; Paaby et al. 

2014; Bozicevic et al. 2016). There are some examples in the literature that have linked 

natural mutations in Drosophila to the resistance to abiotic stressors (Li et al. 2007). For 

example, insecticide resistance is improved by loss-of-function mutations leading to up-

regulation of P450 genes (Maitra et al. 2000). Xenobiotic substances can be naturally 

found in plants or can be synthetic compounds. A natural transposable element insertion, 

FBti0019627, was linked to both benzaldehyde and carbofuran resistance, which are 

natural and synthetic xenobiotic agents respectively (Mateo et al. 2014). This insertion 

modifies the 3’UTR structure of the gene CG11699 and leads to increased expression 

levels. CG11699 interacts with Aldh-III, the enzyme responsible for benzaldehyde 

metabolism. The authors also showed that increased CG11699 expression lead to more 

Aldh-III enzymatic activity (Mateo et al. 2014).  

Biotic factors like predators, resources competition or parasites, also affect the organism 

fitness. An important component of fitness in most organisms is thought to be immune 

defense against pathogens (Kolaczkowski et al. 2011; Levine et al. 2011; Fabian et al. 

2012). Organisms have evolved a wide range of immune defense mechanisms to combat 

infection. 

1.2. Immune Response in Drosophila 

Most of our knowledge in innate immunity has been revealed through numerous studies 

in Drosophila. In fact, Jules A. Hoffmann received the Nobel Prize in 2011 for the 

discovery in Drosophila of the role of Toll gene in sensing pathogenic microorganisms and 

in activating the innate defense response (Lemaitre et al. 1996). The Nobel Prize was 

shared with Ralph Steinman and Bruce Beutler, the last one discovered Toll-like receptors 

in mammals in the light of J.A. Hoffmann results in Drosophila (Poltorak 1998).  

The high conservation of the molecules and pathways involved in innate immune 

response, as well as in gut epithelium regeneration, and wound healing make possible the 

research with this model organism (Lemaitre and Hoffmann 2007; Buchon et al. 2014; 

Buchmann 2014; Bergman et al. 2016). Despite the lack of the adaptive immune response 

system, Drosophila, as the other invertebrates, has multiple innate immune response 

mechanisms to combat infection (Kounatidis and Ligoxygakis 2012). Thus, in order to 

survive infection, Drosophila strongly relies on both fast recognition and efficient killing of 

the pathogen, as well as on potent tissue regeneration systems. Innate immune response 

starts with the recognition of the pathogen by cell receptors, which activate the 

transcription of specific genes, and ends with the production of immune responsive genes, 
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Figure 1.3. Summary of the innate immune response in Drosophila. Figure adapted from 

Buchon et al. 2014. Brief scheme of the main immune response pathways to combat different 

pathogens. The Toll pathway is mainly activated by gram-positive bacteria and fungi, and concludes 

with the activation of AMPs, such as Drosomycin, mainly by the transcription factor Dorsal-related 

immunity factor (Dif). The Imd pathway is mainly activated by gram-negative bacteria. The metabolites 

generated by these pathogens also activate ROS production. Imd pathway activates the transcription 

factor Relish (Rel), which activates AMPs production, such as Diptericin. Imd pathway activation also 

triggers the activation of Jun/dFos signaling, which is necessary for wound healing. Injury and stress 

activates JAK-STAT pathway and activates cell proliferation. This pathway has also been related to 

viral response. 

 

such as antimicrobial peptides (AMPs), and reactive oxygen species (ROS) (Figure 1.3). 

Thus, the innate immune response is highly regulated at the transcriptional level. 

 

Different pathways participate in the Drosophila innate immunity (Lemaitre and Hoffmann 

2007; Buchon et al. 2014): some pathways show pathogen specificity, and others are 

general stress response pathways. Depending on the type of pathogen and on the infection 

route, the immune response uses distinct pathways, therefore, it has different genetic basis 

(Lemaitre and Hoffmann 2007; Teixeira 2012; Martins et al. 2013; Buchon et al. 2014). 

Depending on the pathogen, there are two main immune response pathways: the Toll 

pathway, which responds to gram-positive bacteria and fungi infections, and the Imd 

pathway, which responds to gram-negative bacteria (Figure 1.3). Depending on the 
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infection route, two main immune responses are well distinguished in Drosophila: the 

“systemic immune response”, mainly occurring in the fat body, and the “local immune 

response”, occurring in the epithelia such as the gut epithelia. 

Besides Toll and Imd pathways, other pathways also participate in the innate immune 

response either by responding to pathogens or regenerating the damaged host tissue 

(Boutros et al. 2002) (Figure 1.3). For example, the JAK/STAT pathway is involved in cell 

proliferation and virus response (Myllymäki and Rämet 2014), and the JNK pathway is 

required for proper wound healing (Rämet et al. 2002). Finally, cellular processes such as 

phagocytosis or melanotic encapsulation also play a critical role in the innate immune 

response, for example defending against parasitoid eggs (Lemaitre and Hoffmann 2007). 

 

Expression analysis studies after infection with different pathogens have shown that more 

than one pathway is activated (Boutros et al. 2002; Chakrabarti et al. 2012; Valanne 

2014). Thus, a proper orchestration of the different set of pathways, rather than only one 

specific pathway, is probably responsible for an appropriate immune response in 

Drosophila (Teixeira 2012).  

 

1.2.1 Immune Response in the Gut 

The study of Drosophila immune response have traditionally been focused on the systemic 

response (Boman et al. 1972; Lemaitre et al. 1996; De Gregorio et al. 2001), however, 

several recent works are focusing on the study of local immune response in the gut 

(Vodovar et al. 2005; Buchon et al. 2009; Bou Sleiman et al. 2015; Capo et al. 2016). 

Oral infection is probably the most likely infection route happening in nature, and the gut 

epithelium is the first barrier that bacteria encounter in the organism (Bonfini et al. 2016; 

Capo et al. 2016). The gut immune response is still not completely understood and it is far 

more complex than the systemic immune response for several reasons. First, the Drosophila 

intestinal tract is a single tubule but it is anatomically composed by three different 

domains: the foregut, the midgut and the hindgut (Figure 1.4). At the same time, the 

midgut can be subdivided into five different histological and functional regions (Buchon et 

al. 2009; Buchon et al. 2013). Second, the gut is constantly in contact with bacteria 

composing the microbiota, therefore, the host has to differentiate between pathogenic 

bacteria and gut microbiota (Broderick et al. 2014; Bonfini et al. 2016). Thus, there must 

be a complex transcriptional regulatory toolkit in order to control the expression of 

immune responsive genes (Buchon et al. 2013).  
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The Imd pathway regulates the immune response in the whole intestinal tract, while the 

Toll pathway is only activated in the foregut and the hindgut (Buchon et al. 2013). Besides 

the main immune response triggered by the Imd pathway activation, ROS production 

activated by the NADPH oxidase DUOX also plays a central role for combating gut local 

infection (Ha et al. 2005; Kim and Lee 2014). ROS products are secreted into the gut 

lumen with the aim of eliminating the ingested bacteria. However, this secretion also 

generates damage to the host cells, thus gut cells need to activate stress response pathways 

in order to proceed with ROS detoxification. 

1.2.2 Natural Variation in the Innate Immune Response 
 
Until recently, many studies focused on the characterization of the genes involved in 

immune response, mostly by using standard laboratory strains (De Gregorio et al. 2001; 

Irving et al. 2001; Ayres et al. 2008; Buchon et al. 2009). Several analysis of microarrays 

from infected laboratory flies revealed that infection triggered the expression of a wide 

range of genes that can be classified into three functional classes: recognition of the 

pathogen, signaling pathways, and effector molecules (De Gregorio et al. 2001; Irving et 

al. 2001; De Gregorio et al. 2002; Roxström-Lindquist et al. 2004; Vodovar et al. 2005; 

Buchon et al. 2009). Although some of the identified genes overlap in the different studies, 

there are many genes that are uniquely identified in one study (e.g. see Paparazzo et al. 

2015). This might be because of the use of different fly strains, or different pathogens, or 

because the studies focused on different infection routes.  

During the last years several studies have addressed genetic variation in immunity on 

natural populations (Bou Sleiman et al. 2015; Hotson and Schneider 2015; Paparazzo et 

Figure 1.4. D. melanogaster 

gut is structured in different 

regions. Figure modified from 

Buchon et al. (2013). The gut is a 

tubular epithelium composed of a 

monolayer of different cell types: 

the enterocytes (Ec), large cells 

that absorb the nutrients from the 

lumen, and the secretory 

enteroendocrine cells (Ee). There 

are other cells in the gut that are in 

charge of the gut maintenance: the 

intestinal stem cells (ISC), and the 

progenitor cells enteroblasts (Eb). 

The gut tubule is surrounded by 

visceral muscles. 
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al. 2015; Early et al. 2016; Juneja et al. 2016; Howick and Lazzaro 2017). These last 

studies revealed that, despite of the essential role of immune response in fitness, there is a 

high genetic and phenotypic variation in the immune response among the strains from 

the same populations. Specifically, Bou Sleiman and colleagues (2015) revealed that flies 

with different genetic backgrounds derived from the same natural population harbored 

high variability in oral infection survival. The same natural population also showed high 

variation in resistance to and tolerance of infection with a different pathogen (Howick and 

Lazzaro 2017). These results reflect that immunocompetence is probably mediated by 

many different loci with individual small effects (Weinig et al. 2003; Bou Sleiman et al. 

2015). 

 

The extraordinary variability in immune response found by the studies mentioned above 

can be explained if we consider the evolutionary context of this trait. First, populations 

need to adapt to face new pathogens when colonizing new environments. Second, at the 

same time that populations adapt their immune system to overcome infections, the 

pathogens continuously adapt to circumvent the host immune system. And third, it has 

been described several interconnections between immunity and other fitness-related traits, 

like reproduction or metabolism, indicating that positive selection on other physiological 

traits can impair immune response (Short and Lazzaro 2013; Unckless and Lazzaro 2016).  

 

1.2.3 Evolution of the Innate Immune System 

As mentioned above, immunity is one of the traits that often arise when comparing 

different populations looking for signals of selection (Tinsley et al. 2006; Lazzaro et al. 

2008; Fumagalli et al. 2011; Juneja et al. 2016). These evidences have shown that local 

adaptation is common in immune response not only in Drosophila, but also in human 

populations. 

Studies looking for positive selection in Drosophila have been traditionally focused on the 

study of SNPs present in the immune genes (Sackton et al. 2007; Obbard et al. 2009; 

Early et al. 2016). These studies revealed several characteristics regarding the evolution of 

immune genes. First they showed that purifying selection act differently depending on the 

gene position in the network (Wertheim 2015). Thus, while central components of the 

molecular networks, such as TFs, are highly conserved, there is more diversification in the 

peripheries of the network (Sackton et al. 2010). These studies also revealed that the 

different immune pathways vary in the rate of adaptive evolution. A recent study 

identified a set of 595 genes involved in immune response, 361 of these genes had well-

supported immune function (Early et al. 2016). Analyzing the 361 stronger candidate 

genes, they found that defense genes against RNA virus evolve faster compared to other 
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immune genes. This had already been observed in other works, where immune genes 

belonging to RNAi pathway and Imd pathway showed faster evolution rates (Obbard et 

al. 2009). 

 

Instead of looking for variability in the immune gene sequences, Juneja and collaborators 

have focused on the study of the geographic variability of gene expression due to cis 

changes (Juneja et al. 2016). Selection on gene expression regulation is thought to be one 

of the major sources of adaptive evolution, and gene expression plasticity plays a central 

role when adapting to new environments (Sørensen et al. 2007; Levine et al. 2011). Gene 

regulation is achieved by cis acting elements, which are physically linked to the genes they 

control, or by trans acting elements, which can control many genes physically distant. The 

modification of cis-regulatory elements allows the fine-tuned regulation of gene expression, 

as it can have tissue specificity, or it can trigger expression at specific times. These 

characteristics allow cis modifications to affect fewer targets compared to trans alterations, 

and this is translated into less fitness costs (Prud’homme et al. 2007; Stern and Orgogozo 

2008). Juneja and co-workers found that cis-regulatory variation contributed to latitudinal 

gene expression differences both in North America and Australia D. melanogaster natural 

populations (Juneja et al. 2016). 

 

Transposable elements (TEs) are a source for cis regulatory elements that can influence 

genome regulation (Rebollo et al. 2012; Elbarbary et al. 2016). So far, some studies have 

directly linked TEs with immune response in a wide range of species from plants to 

humans (Magwire et al. 2011; Goic et al. 2013; Ali et al. 2014; Chuong et al. 2016; Wang 

et al. 2016). These examples evidence the impact of TEs on immunity adaptation by 

using different mechanisms: from gene network regulation (Chuong et al. 2016; Wang et 

al. 2016), to generating new transcripts (Aminetzach et al. 2005; Magwire et al. 2011), 

and participating in the creation of V(D)J recombination immune system in vertebrates 

(Agrawal et al. 1998). However, a systematic search for the role of TEs in immune 

response has never been performed. 

 
 
1.3. Transposable Elements 
 

1.3.1 Historical Perspective on the Role of TEs in the Genome 

Transposable elements (TEs) are repetitive DNA sequences typically abundant in all the 

genomes. Barbara McClintock first described TEs in maize, for what she was awarded 

three decades later with the Nobel Prize in Physiology or Medicine. McClintock observed 

a changing color pattern in maize kernel, and associated that to the fact that some 
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chromosome regions had changed position. She first described TEs as “controlling 

elements” that jump from one site of the genome to another, in response to some change 

in the environment, thus modifying gene regulation (McClintock 1951; McClintock 1956). 

A few years later, Britten and Davidson hypothesized that TEs near functionally related 

genes could contribute to coordinate their expression (Britten and Davidson 1971). 

However, this idea was hushed during the following years, as the community moved to 

the view that TEs did not have any biological function and they were categorized as “junk 

DNA”. During these years there were the first experimental evidences of TEs as 

functional regulatory elements (Samuelson et al. 1990), however, they were taken as 

sporadic events and did not change the idea of TEs being simply non-functional 

sequences that behave as DNA parasites (Hickey; Strobel et al. 1979; Doolittle and 

Sapienza 1980; Orgel and Crick 1980). 

Nowadays, next-generation sequencing techniques have boosted the research on TEs. 

Today we know that TEs do not only constitute an important component of the genomes, 

but also that they are significant players in genomic functions (Warren et al. 2015; 

Elbarbary et al. 2016; Garcia-Pérez 2016). Over the last decade, evidences of TEs playing 

a role as genome regulators in different organisms are accumulating in the literature (e.g. 

Sorek et al. 2002; Leem et al. 2008; Mateo et al. 2014; Puig et al. 2015). The community 

is now integrating TEs as significant players in genome evolution (Biémont and Vieira 

2006; Casacuberta and González 2013; Chuong et al. 2016). Specifically, population 

genetic studies in Drosophila melanogaster reveal that they might be standing strong in recent 

adaptation (González et al. 2008; González et al. 2010). In fact, it has been shown that 

they participate in different adaptations such as immune response (Magwire et al. 2011), 

xenobiotic stress resistance (Mateo et al. 2014), or oxidative stress (Guio et al. 2014). 

 

1.3.2 Transposable Element Classification  

Depending on their replication capability, TEs can be classified as autonomous or non-

autonomous elements. Autonomous TEs contain ORFs and regulatory sequences that 

allow them to move from one position to another in the genome, i.e. transpose, while non-

autonomous TEs depend on the enzymes encoded in the autonomous TEs to transpose. 

Those enzymes vary depending on the mechanism that the TE uses to transpose. 

Depending on the transposition mechanism, they are classified into two main categories: 

Class I elements, or retrotransposons, and Class II elements, or DNA transposons (see 

Box 2). Inside each category, TEs are further subdivided into orders, based on their 

structure, and into families, based on sequence similarities (Wicker et al. 2007). 

Class I elements, traditionally known as “copy and paste” elements, use an RNA 

intermediate that is transcribed to dsDNA and then inserted in a different genome locus.  



01 Introduction 

	  

	   20	  

  



01 Introduction 

	  

	   21	  

Class I elements encode a reverse transcriptase and they are classified into five orders in 

eukaryotes: LTR retroelements, DIRS, PLEs, LINEs and SINEs (Box 2). Members of the 

LTR group are usually found as solo-LTRs, as after insertion they often undergo ectopic 

recombination between the LTRs. As a consequence, the coding regions of the element 

are removed, and only remains a chimeric copy of the flanking LTRs, which contain the 

cis-regulatory sequences.  

Class II elements, traditionally known as “cut and paste” elements, transpose excising from 

one site of the genome without using an RNA intermediate. They are further classified 

into two subclasses depending on the number of DNA strand cuts they generate in the 

donor site (Box 2). Subclass 1 TEs generate double-strand cuts in the donor sequence, and 

contain TEs that belong to the Terminal Inverted Repeats (TIRs) order. TIR order 

includes TE families such as P-elements, Merlin, or Transib, among others. Subclass 2 TEs 

generate only one strand cut in the donor sequence when they transpose, following a 

process that involves replication. This subgroup comprises large TEs from the orders 

Helitron and Maverick.  

 

1.3.3 Transposable Elements Abundance and Distribution 

TEs are present in all eukaryotes and in almost all prokaryotes sequenced so far (Hua-

Van et al. 2011). They usually represent a considerable fraction of the genome: from 

~2% in Pyrococcus furiosus, to 56% in zebra fish, and 84% in maize (Filee et al. 2007; 

Schnable et al. 2009; Gao et al. 2016) (Figure 1.5). The TE content of the genome can 

vary a lot among the different species within the same group. For example, in Drosophila, 

TE content of the genome can vary from less than 5% in D. busckii up to 30% in D. suzukii 

(Sessegolo et al. 2016). Moreover, TE families are unequally represented in different 

species. For example, LINE L1 elements are the most common family in human, while 

LTRs are the more abundant in Drosophila (Hua-Van et al. 2011; Sessegolo et al. 2016).  

TEs are commonly distributed in heterochromatic regions, as well as pericentomeric and 

telomeric regions (Adams 2000). Those are regions with low gene content and, hence, the 

potential deleterious impact of the TEs is reduced. Moreover, they tend to accumulate on 

those regions, as they have a very low recombination rate and almost do not experience 

purifying selection (Betancourt et al. 2002; Campos et al. 2014; Blumenstiel et al. 2014). 

Nevertheless, some TEs present in heterochromatic regions have acquired essential roles 

in the genomes, both structural and functional. In Drosophila, TEs exclusively adopted the 

critical structural role of telomere structure and maintenance (Mason and Biessmann 

1995). While in most eukaryotes telomeres are composed of simple repeating units, in 

Drosophila telomeres consist of tandem head-to-tail arrays of retrotransposons. In Drosophila 

miranda, TEs from the Helitron family are involved in male X chromosome dosage 
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compensation (Ellison and 

Bachtrog 2013). These 

TEs recruit male specific 

lethal (MSL) complex to 

achieve gene dosage 

compensation in this 

species. 

TEs are also found in 

euchromatic regions close 

to genes, and even some 

of them have an impact 

on genome regulation. It 

is known that some TE 

families preferentially 

insert into specific sites 

such as 5’ gene regulatory 

regions (Liao et al. 2000). 

Thus, we can find TEs 

that increased their 

frequency or became 

fixed as they acquired regulatory roles for the genes nearby and, therefore, were positively 

selected. 

 
1.3.4 Transposable Element Activity 

It is assumed that most of the TEs in the human genome are inactive. Most of them have 

lost their ability to transpose as a result of losing part of their sequences or accumulating 

mutations over time. There are few TE families that remain active in the human genome, 

as it has been evidenced by several studies with LINE L1 elements during early 

development (Garcia-Perez et al. 2007). Other studies in both plants and animals have 

also detected TE activity during early stages as well as during gametogenesis (Lisch 2012; 

Gerdes et al. 2016). Moreover, recent studies in humans have also detected LINE L1 

activity in tumoral cells (Tubio et al. 2014), or neurons (Evrony et al. 2012; Upton et al. 

2015). In Drosophila, it is assumed that most of the full-length TEs are active, as it has been 

evidenced in the gypsy family (Kim et al. 1994; Leblanc et al. 2000). However, we lack 

experimental evidences for the activity of the other TE families. 

 

Figure 1.5. Transposable elements are an important 

component of the genome. The proportion of TEs in the genome 

vary among the different groups and also vary between closely related 

species. 
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TEs have long coexisted with the host genome and this has inevitably leaded to different 

types of interactions. As mentioned above, TEs jump in the genome disrupting and/or 

modifying its regulatory and structural landscape. Because TEs are a potential source for 

mutations, the host genome had to evolve mechanisms against TE expansion. There have 

been described several mechanisms to repress TE activity. Most of them are based on TE 

DNA alterations such as histone modifications, cytosine methylations, or nucleotide 

hypermutations. But also other mechanisms avoid TE expansion by inhibiting 

retrotransposition or through piRNA silencing cycles. An example is the APOBEC system, 

which edit C-to-U in DNA and hypermutates retrotransposon DNA, also interfering with 

reverse transcription. The APOBEC system has been described in different vertebrate 

species (Knisbacher and Levanon 2016). Another well-characterized mechanism for TE 

silencing is the piwi protein complex. This system is based on the production of piRNAs, 

which bind to TE sequences and block transposition. This mechanism was first reported 

in Drosophila fifteen years ago (Aravin et al. 2001), and nowadays it has been shown in 

many different organisms including vertebrates (Czech and Hannon 2016). 

 

1.3.5 TEs Drive Genomic Variation 

TEs are a significant source for generating genome variation in organisms. As DNA 

sequences, they can influence host genome in many different ways, such as changing gene 

regulation or genome structure (Warren et al. 2015; Chuong et al. 2016; Elbarbary et al. 

2016). These changes can be both genetic and epigenetic, and can be exerted by the TE 

both directly and indirectly. 

 

 

1.3.5.1 Regulatory Changes Induced by TEs 

Several evidences show that some TEs have been co-opted by the host, as they acquired a 

regulatory function that confers adaptive changes (Box 3). TEs can model genomes either 

by influencing individual genes or by modulating gene networks. 

Gene modeling by TEs can be achieved through multiple mechanisms: from generating 

new gene transcripts, to adding new regulatory elements, to altering the chromatin 

structure (see Box 3). For example, TEs can potentially act as enhancers or promoters for 

the nearby genes, as they carry regulatory sequences that are targeted by the host 

transcription machinery. A beautiful example is the role of carb-TE in the environmental 

adaptation of the peppered moth. This TE was found to up-regulate the cortex gene 

resulting in increased darker coloration, thus improving the fitness in polluted 

environments (van't Hof et al. 2016). Besides adding regulatory regions, TEs can also alter 
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chromatin structure by recruiting heterochromatin proteins and, thus, silencing the 

nearby genes (Sentmanat and Elgin 2012).  

Besides modifying the regulation of individual genes, TEs can also regulate whole host 

pathways. The first studies on gene regulation evolution suggested that TEs might play a 

role in rewiring host regulatory networks. Recent findings evidence that TEs play a major 

role in gene network regulation, and show that TEs participate in critical physiological 

responses such as immune response in mammals (Chuong et al. 2016), sex chromosome 

dosage compensation in Drosophila miranda (Ellison and Bachtrog 2013), or early 

development in mammals (Gerdes et al. 2016).  

 

1.3.5.2 Exaptation 

Sometimes part of the TE sequences can be translated into functional proteins, thus 

generating innovations in the host protein repertoire. Different authors have described 

these events by using different terms such as molecular domestication (Miller et al. 1997), co-

opted events (Sarkar et al. 2003), or exaptation (Brandt et al. 2005). Exaptation can lead to the 

domestication of an entire gene from the TE, such as the transposase, or to the generation 

of chimeric proteins, such as the fusion of the TE gene with a host gene. 

 

A well-known example of TE exaptation is RAG1 and RAG2 antigen receptors which 

initiate the assemble of the gene segments that generate immunoglobulin and T cell 

receptors in vertebrates, known as the V(D)J recombination (Agrawal et al. 1998). A 

recent study provided the definitive evidence for the transposon exaptation of RAG 

antigen receptors (Huang et al. 2016). In this work, they found an evolutionary relative of 

the RAG transposon in lancelets, and propose that this TE was transmitted vertically 

through chordate and vertebrate evolution. Another well-known example is the primate 

protein SETMAR, which was found to be a fusion between a pre-existing SET histone 

methyltransferase gene and the TPase gene of Hsmar1 transposon (Cordaux et al. 2006). 

The authors of this study showed that the DNA binding domain of this protein had 

evolved under continuous purifying selection. In vitro experiments demonstrated that the 

TPase region of SETMAR has retained a strong DNA-binding activity while it has lost its 

catalytic ability. Thus, TPase regions might be targeting the SET domain to different sites 

in the genome, and this might modify the chromatin and regulate gene expression of the 

genes in that region (Feschotte 2008). 

There are other examples of TEs captured by host genomes that are translated as part of 

functional proteins. For example, an exon of FASTKD3 in the bovine lineage (Almeida et 

al. 2008); or the centromere protein CENP-B, which has been independently  

 



01 Introduction 

	  

	   25	  

  



01 Introduction 

	  

	   26	  

 
 

domesticated from a pogo-like transposase in several metazoan species (Casola et al. 2008; 

Mateo and González 2014). 

 

1.3.6 Transposable Elements Are Effective Drivers of Adaptation in D. 

melanogaster 

TEs have long been ignored as candidate mutations involved in key biological processes 

such as adaptation (González et al. 2010; Hoban et al. 2016). Because TEs are highly 

repetitive sequences and are found in many copies in the genome, both the identification 

and the annotation in the genome is a difficult task. Nowadays we are overcoming these 

challenges thanks to next-generation sequencing techniques, which facilitate the study of 
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TEs and allow considering them when studying complex processes such as genome 

evolution (Fiston-Lavier et al. 2015; Rahman et al. 2015; Kofler et al. 2016).  

Unlike SNPs, which usually generate neutral mutations, the majority of TE-induced 

mutations are deleterious. Although a proportion of the TEs present at high frequencies 

could be neutral, we expect high frequency TEs to be enriched for adaptive mutations in 

this species (Barrón et al. 2011). This is especially true in D.melanogaster, where the 

efficiency of selection is high as it has a big population size and, hence, we would expect 

most TE insertions to be present at low population frequencies (Barrón et al. 2011; Kofler 

et al. 2012; Cridland et al. 2013; Barron et al. 2014; Blumenstiel et al. 2014). Moreover, 

genomic changes generated by TEs are more complex compared to other kind of 

mutations such as SNPs or InDels (see Box 3).  

 

So far, there are few genome-wide studies surveying TE-induced adaptive mutations 

(González et al. 2008; González et al. 2010; Kofler et al. 2012; Blumenstiel et al. 2014). 

González and collaborators showed that TEs contributed significantly to D. melanogaster 

recent out-of-Africa adaptation. They screened North American natural populations by 

PCR, finding 18 polymorphic TEs likely involved in environmental adaptation (González 

et al. 2008; González et al. 2010). These authors detected signatures of selective sweep in 

the flanking regions for five of the TEs. Moreover, eight out of the 18 candidate TEs 

showed population differentiation. At the beginning of this thesis, only one out of the 18 

TEs had been linked to its relevant adaptive phenotypes: insecticide resistance and virus 

resistance (Aminetzach et al. 2005; Magwire et al. 2011). Among these TEs, FBti0019386 

showed consistent population differentiation pattern in the two hemispheres (González et 

al. 2008; González et al. 2010). FBti0019386 was found at higher frequency in temperate 

populations compared to tropical populations, suggesting a possible role in temperate 

environment adaptation. Besides the work from González and collaborators (2008, 2010), 

two other genome-wide studies screened D. melanogaster populations and found 20 new 

candidate adaptive TEs (Kofler et al. 2012; Blumenstiel et al. 2014). Kofler and 

colleagues (2012) analyzed in silico the genome of a European population and identified 13 

fixed TEs showing genomic signatures of positive selection. In the third screening, 

Blumentiel and colleagues (2014) analyzed by PCRs 12 strains from a North American 

population, and 12 strains from an African population and identified a total of 9 

candidate TEs.  

 

So far, the number of TE insertions identified in the three genome-wide screenings, 38 

candidate TEs, is probably underestimated due to some technical limitations. In two of 

the three studies, the screening methodology was based on PCRs (González et al. 2008, 
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Blumenstiel et al. 2014). This technique is limited to the possibility of designing primers to 

allow the TE identification, and also it is time-consuming. Nowadays the TE screening is 

facilitated by the development of new next-generation sequencing techniques, as well as 

the availability of software able to detect the TE insertions and calculate its frequencies 

(Fiston-Lavier et al. 2015; Kofler et al. 2016). Although Kofler et al. (2012) performed an 

in silico screening, they only considered as candidates the TEs fixed in one population. 

Another limitation for the two PCR-based screenings is that it was only focused on the 

identification of TEs present in the reference sequence, so it does not consider other 

adaptive insertions that might be segregating in natural populations. Indeed, in the 

genome-wide screening performed by Kofler et al. (2012), they already detected two 

candidate TEs not annotated in the reference genome showing genomic signatures of 

positive selection. Finally, in the three screenings, very few natural populations were used 

to identify the candidate TEs. González and collaborators already noticed that only half 

of the identified adaptive TE insertions were present in all the populations analyzed, 

indicating that local adaptation is common (González et al. 2008; González et al. 2010). 

Thus, sampling more populations should increase the number of identified adaptive TEs. 
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2. OBJECTIVES 

 

The objectives of this thesis are: 

 

1. To characterize the previously identified FBti0019386 insertion. 

I will explore the adaptive phenotypes associated with FBti0019386 insertion by performing 

phenotypic experiments with flies with and without the TE. I also will also analyze the 

molecular mechanisms underlying the phenotypes observed. 

 

2. To identify TEs candidate to be involved in D. melanogaster adaptation.  

I will identify the candidate TEs in several D. melanogaster natural populations from three 

different continents using in silico approaches. To detect a big dataset of candidate TEs for 

adaptation, I will consider both annotated and a subset of non-annotated TEs in the reference 

genome. Finally, I will analyze which phenotypes are more likely associated with the candidate 

adaptive TEs. 

 

3. To characterize several candidate adaptive TEs associated with a relevant 

phenotype. 

I will check whether the candidate TEs are associated with expression changes of the nearby 

genes. I will also identify the molecular mechanisms behind the expression changes. 
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3.1 RESULTS. CHAPTER 1 

 

3.1.1 FBti0019386 Flanking Regions Show Signatures of Positive Selection 

We tested whether the region flanking FBti0019386 showed signatures of positive selection (see 

Materials and Methods for a description of the different tests used). We found an extreme 

decrease of nucleotide diversity (!) in strains with FBti0019386 insertion compared with strains 

without the insertion, which was accompanied by a decrease in Tajima’s D statistic (Table 3.1.1, 

Annex Table S1.1, Figures S1A and S1B) (Tajima 1989; Hudson et al. 1992). The Composite 

Likelihood (CL) test, specifically designed to detect selective sweeps (Nielsen et al. 2005), was 

higher in flies with FBti0019386 insertion compared with flies without the insertion, as expected 

if flies with the insertion show signatures of a selective sweep in the analyzed region (Table 

3.1.1). We confirmed that values of !, Tajima’s D, and CL were statistically different from 

neutral simulated scenarios in flies with FBti0019386 insertion but not in flies without the 

insertion (Table 3.1.1 and Annex Table S1.2). 

To test whether the observed differences were due to the FBti0019386 insertion, we estimated 

the three statistics in random samples of the strains (see Materials and Methods). None of the 

randomized data sets had lower !, lower Tajima’s D, or higher CL value compared with the 

data set of strains with FBti0019386 insertion (Table 3.1.1 and Annex Table S1.3). Finally, we 

performed the Composite Likelihood Ratio (CLR; Nielsen et al. 2005) test comparing strains 

with and without the FBti0019386 insertion, and we found that it was significant: CLR = 24.40 

p-value = 7.82 x 10-7. Moreover, this CLR value is three times bigger than any of the CLR 

values calculated in a random sample of 1,000 1-kb-long regions from 3R chromosome, where 

FBti0019386 is located (Annex Table S1.4). Note that estimates of ! and Tajima’s D in these 

1,000 regions also showed that these two statistics did not significantly differ between strains 

with and without FBti0019386 insertion (Annex Figure S1C and D).  

Note that we checked whether polymorphisms other than TE were present in the flanking 

Table 3.1.1: Summary of the analyses showing evidence of positive selection in the 1-Kb region 
around FBti0019386 insertion. 
NOTE: Neutral simulations were performed with MS program using the parameter theta = 4. For 
simulations with theta = 5, please see Annex Table S1.2. P, data set of strains with FBti0019386 
insertion; A, data set of strains without FBti0019386 insertion.!
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regions analyzed. No other polymorphisms were found that could potentially confound the 

results of our tests of selection suggesting that the TE is the causative mutation. 

Overall, we found evidence of positive selection in the region flanking FBti0019386 insertion 

suggesting that FBti0019386 is an adaptive insertion. 

 

3.1.2 Exploring the Fitness Space of FBti0019386 

To explore the phenotypic space of FBti0019386 insertion, we investigated several traits related 

to the phenotypic effects of nearby genes: Fecundity and egg hatchability associated with sra 

mutant alleles. Related to egg hatchability, we also investigated egg hatching time, egg-to-adult 

viability, and DT. Additionally, we investigated cold stress, osmotic stress, and starvation stress 

as Bin1 mutants have been shown to play a role in stress resistance. 

Because FBti0019386 is located 242.4 kb away from the distal breakpoint of In(3R)Payne 

inversion and inversions are known to be under selection, we checked whether this inversion 

was present in any of the six strains used to perform the different phenotypic analyses (see 

Materials and Methods). We found that none of the strains used in our analyses carries 

In(3R)Payne inversion. 

We also checked whether polymorphisms other than the FBti0019386 insertion were present in 

the genomic region including sra and Bin1 genes. We did not find any polymorphism linked to 

the FBti0019386 that could potentially confound the results of the phenotypic assays performed. 

 

3.1.2.1 FBti0019386 Insertion Does Not Affect Fecundity or Egg Hatching 

Laboratory mutant flies in which sra is underexpressed lay less eggs than wild-type flies and most 

of the eggs do not hatch (Horner et al. 2006). To check whether FBti0019386 insertion has an 

effect on fecundity, we compared the number of eggs laid per female in outbred populations 

Figure 3.1.1 FBti0019386 does not affect fecundity (A), egg hatchability (B), or hatching time (C) in 
outbred populations. (A) Average number of eggs laid by outbred females without FBti0019386 insertion 
(FBti0019386 (-)) and with FBti0019386 insertion (FBti0019386 (+)). (B) Percentage of hatched embryos. (C) 
Average hatching time. In all cases, error bars represent standard error of the mean (SEM).  



03 Results 

	  

	   37	  

with and without the insertion (see Materials and Methods). Our results showed that, on 

average, flies without the insertion laid slightly more eggs than flies with the insertion (t-test, p-

value = 0.047) (Figure 3.1.1A). However, the size effect of the mutation was not significant (table 

3.2). We also tested whether differences in fecundity were present early in life, as has been 

reported by Paaby et al. (2014). Although the mean number of eggs laid by flies with the  

 insertion in the first 48 h of egg laying was bigger than the number laid by flies without the 

insertion (3.95 vs. 2.33 eggs), these differences were not statistically significant (t-test, p-value = 

0.06) (Table 3.1.2). 

 

 

  

 

 

 

 

 

We then checked whether outbred flies with and without FBti0019386 differed in egg 

hatchability and/or hatching time. We first performed a pilot experiment using 150 embryos 

per strain and we found that flies with the insertion did not show significant differences 

compared with flies without the insertion in egg hatchability (t-test, p-value > 0.05) (Figure 

3.1.1B) or hatching time (t-test, p-value > 0.05) (Figure 3.1.1C). Although differences were not 

significant, flies with the insertion showed a lower number of hatched eggs (Figure 3.1.1B) and a 

shorter hatching time (Figure 3.1.1C). We thus repeated the experiments using 500 embryos per 

strain and we found that flies with and without FBti0019386 did not differ in egg hatchability (t-

test, p-value > 0.05) (Figure 3.1.1B) or hatching time (t-test, p-value > 0.05) (Figure 3.1.1C). 

Overall, we did not find significant differences in fecundity, egg hatchability, or egg hatching 

time in flies with and without FBti0019386 insertion. These results suggest that FBti0019386 

does not have a significant effect on these phenotypes. 

 

3.1.2.2 FBti0019386 Insertion Does Not Affect Egg Hatching or Egg- To-Adult 

Viability under Cold Stress Conditions 

As mentioned above, Bin1 plays a role in general environmental stress response in Drosophila 

(Costa et al. 2011). We thus screened several phenotypes in embryos under cold stress 

conditions: Egg hatching, egg hatching time, and egg-to-adult viability. 

We performed egg hatchability and egg-hatching time assays in outbred populations under 

repeated cold stress exposure (see Materials and Methods). We did not detect differences in egg 

hatchability between flies with and without the insertion in any of the three replicas performed 

Experiment Strain OR (CI) 
Fecundity Outbred 1.05 (0.67–1.64) 

Hatching time in 
cold 

Outbred pilot 7.07 (3.37–14.83) 
Outbred replica 1 2.21 (1.49–3.26) 

DT 

Outbred pilot 5.69 (2.72–11.94) 
Outbred replica 1 2.62 (1.88–3.66) 
Outbred replica 2 2.60 (1.94–5.88) 
Individual DGRP 1.95 (1.30–2.92) 

 

Table 3.1.2: Odds ratios (OR) and confidence intervals (CI) for 
phenotypic experiments performed with embryos with and without 
FBti0019386. 
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(t-test, p-value > 0.05) (Figure 3.1.2A). However, flies with FBti0019386 insertion from the pilot 

experiment and the first replica hatched significantly before flies without the element (t-test, p-

value << 0.001 and p-value = 0.011, respectively) (table 3.1.2) whereas no differences were 

observed in the second replica (t-test, p-value > 0.05) (Figure 3.1.2B). 

 

 

 

 

 

 

We further tested whether flies with and without FBti0019386 differed in the egg-to-adult 

viability after exposing outbred flies to a single cold-stress period during early embryo stages. 

Our results showed that there are no differences in survival between flies with and without the 

insertion in control conditions or under cold-stress (two-way ANOVA [analysis of variance], p-

value > 0.05, Figure 3.1.2C). 

Overall, and although variability in hatching time was observed in some of the experiments 

performed, our results suggest that FBti0019386 insertion does not affect cold-tolerance during 

the embryo stage. 

 

Figure 3.1.2 FBti0019386 does not affect embryo hatching or survival in cold stress 
conditions in outbred populations. (A) Percentage of embryos that hatched during cold-stress 
periods (see Materials and Methods). (B) Average egg hatching time. (C) Egg-to-adult survival after 
a single cold stress period during embryonic stage (cold stressed) and under control conditions 
(control). Bars represent the survival ratio between flies with FBti0019386 and flies without 
FBti0019386 and error bars represent SEM.!
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3.1.2.3 FBti0019386 Is Associated with Increased Sensitivity to Cold Stress in 

Adults 

Because we could not find any significant difference between strains with and without 

FBti0019386 in embryonic stage, we decided to test whether differences between the two strains 

were present in adult flies. We first tested whether adult flies with and without FBti0019386 

insertion differed in chill-coma recovery time (CCRT) and survival after cold stress. CCRT is 

used as a reliable measure of cold tolerance in Drosophila (Macdonald et al. 2004; Gibert et al. 

2007). We observed that flies with the insertion showed significantly longer recovery time 

compared with flies without the insertion suggesting that they were more sensitive to cold stress 

(Mann–Whitney test, p-value << 0.001) (Figure 3.1.3A and Table 3.1.3). We replicated this 

result in flies with the same genetic background (Mann–Whitney test, p-value < 0.05) and in 

flies with two other genetic backgrounds: The introgressed strains generated in our laboratory 

(Mann–Whitney test, p-value << 0.001) and a couple of inbred strains from the DGRP 

(Drosophila Genetic Reference Panel) project (Mann–Whitney test, p- 

value << 0.001) (Figure 3.1.3A and Table 3.1.3) (see Materials and Methods). 

"'

Figure 3.1.3 Flies with FBti0019386 insertion are more sensitive to cold stress. (A) 
Average time to recover after chill coma in adult flies from outbred populations, introgressed 
strains, and inbred DGRP strains (RAL-857 and RAL-802). (B) Survival ratio between flies with 
FBti0019386 insertion and flies without the insertion after chill coma exposure (cold stress) and in 
control conditions (control) in the three genetic backgrounds. Error bars represent SEM. 
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In accordance with this increased cold sensitivity, flies with the insertion also showed an 

increased mortality following chill-coma exposure, although these differences were not always 

significant (Figure 3.1.3B and Table 3.1.3). Finally, we also tested whether flies with 

FBti0019386 insertion were more sensitive to osmotic stress and starvation stress. We found that 

outbred females with the insertion were more sensitive to high salt concentrations (Kaplan–

Meyer, log rank p-value < 0.001) (Annex Figure S2A and Table 3.1.3), and outbred males with 

the insertion were more sensitive to starvation stress (Kaplan–Meyer, log rank p-value < 0.001) 

(Annex Figure S2B and Table 3.1.3). 

 

Overall, longer CCRT and lower cold-stress survival in flies with FBti0019386 insertion across 

backgrounds suggested that this mutation is negatively affecting adult cold-stress response. This 

high sensitivity to cold stress likely represents the cost of selection of this TE mutation. 

Furthermore, preliminary results are suggestive but not conclusive of a negative role of 

FBti0019386 in general response to stress. 

 

3.1.2.4 FBti0019386 Insertion Is Associated with Shorter DT 

During the course of the experiments, we noticed that flies with FBti0019386 showed a shorter 

DT than flies without the insertion. Because DT is relevant to fitness in all organisms, and 

especially for those such as D. melanogaster that occupy ephemeral habitats (Chippindale et al. 

1997), we tested this observation. We found that outbred flies (Mann–Whitney test, pilot 

experiment p-value = 0.006 and replica 1 and 2 p-value < 0.001) and inbred DGRP flies (t-test, 

p-value = 0.02) with the insertion developed faster compared with flies without the TE insertion 

(Figure 3.1.4 and Table 3.2). On average, flies with FBti0019386 insertion developed 9.4–17.9 h 

before compared with flies without the insertion. However, we could not detect significant DT 

differences in the introgressed strains differing by the presence/absence of FBti0019386 (t-test, 

p-value > 0.05) (Figure 3.1.4), suggesting that polymorphisms other than the TE influence DT 

in this background. Note that the effect size of the mutation on the other phenotypes studied 

also varies depending on the background being analyzed (Tables 3.1.2 and 3.1.3). This suggests 

Table 3.1.3 Odds ratios (OR) and confidence intervals (CI) for phenotypic experiments performed 
with male and female flies with and without FBti0019386.  
aNA (OR was estimated when differences between flies with and without FBti0019386 were statistically 
significant). 
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that polymorphisms other than FBti0019386 play a role not only in DT but also in other 

phenotypes. 

 

3.1.3 FBti0019386 Frequency Showed Clinal Patterns in North America and 

Australia but No Correlation between Frequency and Latitude Is Found in Europe 

Shorter DT and increased sensitivity to cold stress are not consistent with a role of FBti0019386 

in temperate adaptation (Gonzàlez et al. 2010). However, previous evidence for a role in 

temperate adaptation was based on the analysis of only two North American and five Australian 

populations (Gonzàlez et al. 2010). To further test these results, we estimated FBti0019386 

frequencies in additional populations from North America, Australia, Europe, and Africa 

(Annex Table S1.5) using T-lex2 pipeline (Fiston-Lavier et al. 2015). We found that 

FBti0019386 insertion is present at 10% frequency in a Rwanda population confirming its low 

frequency in Africa (Annex Table S1.5). We confirmed that the TE is present at intermediate to 

high frequencies in 15 additional out-of-Africa populations (Figure 3.1.5 and Annex Table 

Figure 3.1.4 FBti0019386 is associated with shorter DT. Average egg-to-adult DT in populations 
without FBti0019386 insertion and with the insertion. Error bars represent SEM. 

Figure 3.1.5 Climate map with Drosophila melanogaster population samples analyzed with T-
lex2. The frequency of FBti0019386 in each population is shown in brackets. Climate maps are modified from 
Peel et al. (2007). 



03 Results 

	  

	   42	  

S1.5). We also confirmed that the TE frequency varies clinally with latitude in North America 

and Australia (Pearson correlation p-value = 0.011 and p-value = 0.002, respectively; Annex 

Table S1.6). However, when we analyzed the FBti0019386 frequency in six European 

populations we did not find any significant correlation between frequency and latitude (Pearson 

correlation p-value = 0.313; Annex Table S1.6). 

 

Besides latitude, we also tested whether other geographical and climatic variables showed 

significant correlations with FBti0019386 frequency. We found significant correlations between 

frequency and temperature-related variables in North America and between frequency and 

both temperature-related and precipitation-related variables in Australia (Annex Table S1.6). 

No significant correlation was found in Europe (Annex Table S1.6). Because most of the 

climatic variables are significantly correlated among them and with latitude (Annex Table S1.7), 

we performed a Principal Component Analysis (PCA) to disentangle the relationships between 

the variables. In North America, climate variables were grouped in two components, in 

Australia in three and in Europe in two (Annex Table S1.8). As expected based on the 

correlation analyses, only in North America and in Australia, some of the climatic variables 

grouped with latitude and frequency (Annex Figure S3A). In North America, the first 

component accounted for 46% of climatic variation (Annex Table S1.9) and explained 54% of 

the variation in FBti0019386 frequency (Annex Figure S3B). In Australia, the first component 

accounted for 68% of climatic variation (Annex Table S1.9) and explained 86% of the 

frequency variation (Annex Figure S3B). Finally in Europe, the first principal component 

explained 54% of the climatic variation (Annex Table S1.9) but was not significantly correlated 

with FBti0019386 frequency (Annex Figure S3B). 

Overall, although we were able to confirm the clinal pattern of FBti0019386 in North America 

and Australia, our results did not provide evidence for the presence of a clinal pattern in 

Europe. In Australia, the clinal pattern is well explained by the observed climatic variation, 

whereas in North America climatic variation did not fully explain the observed correlation 

between FBti0019386 frequency and latitude, suggesting that other factors might be involved in 

the observed clinal pattern. As expected, none of the climatic variables significantly correlated 

with TE frequency in Europe. 

 

3.1.4 FBti0019386 Is Associated with Up-regulation of sra in Female Flies 

To shed light on the molecular mechanism of FBti0019386 insertion, we measured the 

expression of sra and Bin1 in non-stress conditions in embryos and in non-stress and cold-stress 

conditions in female flies with and without FBti0019386 insertion. 

We did not observe significant differences in sra or Bin1 expression in embryos differing by the 

presence/absence of FBti0019386 insertion (t-test, p-value > 0.05) (Figure 3.1.6A and B). 



03 Results 

!

! ("!

However, we observed that adult female flies with FBti0019386 insertion showed an increase of 

sra expression compared with flies without the insertion both in control conditions and after 

cold-stress conditions, although results were only significant under non-stress conditions (t-test, 

p-value = 0.03) (Figure 3.1.6C). On the other hand, no significant differences in expression level 

between flies with and without FBti0019386 were observed for Bin1 (t-test, p-value > 0.05) 

(Figure 3.1.6D). 

Interestingly, we observed a change in sra and Bin1 expression after cold stress in flies with and 

without FBti0019386 insertion: sra is up-regulated in cold stress conditions (t-test, p-value < 0.05 

in both cases) (Figure 3.1.6C) whereas Bin1 is down-regulated (t-test, p-value < 0.05 in both 

cases) (Figure 3.1.6D). 

 

Overall, we did not observe any change in expression of sra and Bin1 in embryos, in agreement 

with the lack of phenotypic consequences of FBti0019386 in this developmental stage. However, 

we observed an up-regulation of sra in flies with FBti0019386 insertion that was significant under 

non-stress conditions. Moreover, we showed that both sra and Bin1 changed their expression in 

response to cold stress. 

 

 

Figure 3.1.6 Flies with 
FBit0019386 insertion 
showed sra upregulation. 
Real-time polymerase chain 
reaction quantification of sra and 
Bin1 transcript levels in outbred 
flies without FBti0019386 
insertion and with FBti0019836 
insertion. We represented the 
average expression level of sra (A 
and C) and Bin1 (B and D) 
relative to Act5C with SEM error 
bars for three biological replicates 
in 0–2h embryos and in 5-day-old 
females. Normalized expression 
measured 2h after chill-coma for 
sra and Bin1 is depicted in (C) and 
(D), respectively.  
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3.1.5 FBti0019386 Could Be Affecting gene Expression by Ectopically Assembling 

Heterochromatin 

TEs from the invader4 family contain sites with homology to PIWI interacting RNAs (piRNAs) 

that act as cis-acting targets for heterochromatin assembly by recruiting Heterochromatin 

Protein 1 a (HP1a) (Sentmanat and Elgin 2012). Specifically, these piRNA binding sites are 

located in the long terminal repeat (LTR) sequences. Because FBti0019386 is a 347-bp solo- 

LTR, we hypothesized that it could be inducing the ectopic assembly of heterochromatin. We 

analyzed the 14.6-kb region containing Bin1, sra, and FBti0019386 and found that both sense 

and antisense piRNAs bind specifically to FBti0019386 (Figure 3.1.7A) (see Materials and 

Methods). Second, we tested whether there is evidence for the presence of HP1a binding to 

FBti0019386 sequence. We found that HP1a specifically binds to FBti0019386 sequence (Figure 

3.1.7B) (see Materials and Methods). Thus, these results suggest that FBti0019386 could be 

affecting gene expression by inducing the ectopic assembly of heterochromatin. 

 

Figure 3.1.7 FBti0019386 could bind 
piRNA and HP1a protein. (A) Mapping of 
piRNA sense and antisense RNA-seq reads 
against FBti0019386 sequence. Data from Li et 
al. (2009) are depicted in dashed lines and data 
from Satyaki et al. (2014) are represented in 
continuous lines. (B) Mapping of reads coming 
from HP1a ChIP-Seq experimental data 
against the genome region containing Bin1, 
FBti0019386, and sra. Experimental data from 
L3 larva, 16–24h embryo, and adult heads are 
given. 
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3.2 RESULTS CHAPTER 2 

3.2.1 Identifying Candidate Adaptive TEs 

We performed a genome-wide screening of the D. melanogaster genome to identify TEs likely to 

be involved in adaptation. We looked for polymorphic TEs present at high frequencies in at 

least one of the out-of-Africa population analyzed (see below), and located in regions with high 

recombination rates (Comeron et al. 2012, Fiston-Lavier et al. 2010). We focused on 

polymorphic TEs so that it is possible to perform comparative functional experiments between 

flies with and without the candidate insertions. Besides, we focused on TEs located in high 

recombination regions because TEs present at high frequencies in regions with low 

recombination rates are more likely to be linked to an adaptive mutation rather than being the 

causal mutation (Hill and Robertson 1966, Smith and Haigh 1974, Charlesworth et al. 1993, 

Hudson and Kaplan 1995). Besides, purifying selection is low in these regions and thus slightly 

deleterious TEs could have reached high frequencies (Barrón et al. 2014, Castellano et al. 2015).  

We analyzed not only TEs annotated in the reference genome, but also a subset of non-

annotated TEs that were identified in DGRP strains by Rahman et al. (2015). To identify 

annotated candidate adaptive TEs, we estimated population frequencies of 815 TEs using T-

lex2 (Fiston-Lavier et al. 2015) (see Material and Methods). We analyzed 280 D. melanogaster 

strains from four natural populations: two European populations, one from Bari (Italy) and one 

from Stockholm (Sweden), one North American population from North Carolina (DGRP), and 

one African population from Zambia (see Material and Methods). 577 out of the 815 TEs were 

polymorphic and 109 of the polymorphic TEs fulfilled our criteria and thus were considered as 

candidate adaptive TEs. 61 of the 109 TEs are present at low frequency in Africa and thus are 

likely to be involved in out-of-Africa adaptations, while 48 TEs are present at high frequencies 

in Africa and thus are likely to be involved in global adaptations (Annex Table S2.1). 

To identify non-annotated candidate adaptive TEs, we analyzed a subset of 25 TEs previously 

identified in the DGRP strains using TIDAL (Rahman et al. 2015). This subset contains TEs 

located in high recombination regions and present at high frequencies according to Rahman et 

al. (2015). Because these TEs were not annotated in the reference genome but inferred using 

TIDAL, we first validated by PCR the presence of the TEs in DGRP strains. We were able to 

validate 20 out of 25 TEs (Annex Table S2.2). Thus, as previously reported, the majority of 

TIDAL predictions are likely to be real insertions (Rahman et al. 2015). We then estimated the 

TE frequencies based on a minimum of 7 strains per TE and considered as candidates 12 

polymorphic TEs present at high frequencies and located in high recombination regions (Annex 

Table S2.1).  
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Thus overall, we identified 121 candidate adaptive TEs: 109 annotated TEs and 12 non-

annotated TEs (Annex Table S2.1). 

 

3.2.1.1 Candidate Adaptive TEs are Enriched for Truncated DNA Elements  

We compared the genomic distribution, TE class identity, and TE length of the 109 annotated 

candidate adaptive TEs dataset vs the 577 annotated polymorphic TEs dataset. We found that 

most of the candidate adaptive TEs, are located inside genes or less than 1 kb from a gene 

(Table 3.2.1). Inside genes, most of the candidate adaptive TEs are located in the first intron 

suggesting that they might have some regulatory function (Cheng and Liang 2013; Park et al. 

2014). However, there are no significant differences in the genomic distribution of candidate 

TEs compared with all polymorphic TEs (Table 3.2.1) (!2 test, p-value = 0.239). 

  

We found that the TE class identity of our candidate TEs differed from that of polymorphic TEs 

(!2 test, p-value << 0.001). While only 22% of the candidate TEs belongs to the LTR class, 

52% of polymorphic TEs are LTRs (Table 3.2.2). On the other hand, 39% of the candidate 

adaptive TEs are DNA elements while only 17% of all polymorphic TEs belong to the DNA 

class (Table 3.2.2). Finally, we also checked whether TEs from the two datasets differed in 

Table 3.2.1: Location of the candidate adaptive TEs, polymorphic TEs, and immune-related TEs 
annotated in the reference genome respect their nearby genes.!

Table 3.2.2: TE class and TE length of the candidate adaptive TEs, polymorphic TE, and 
immune-related TEs annotated in the reference genome. The percentage of TEs from each 
category is given between brackets. We considered as full-length TEs those TEs that conserve 
more than 95% of the canonical sequence. % Canonical length is the percentage of TE length 
conserved in the truncated TEs compared to the length of the canonical sequence.  

!
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length. We found that there are less full-length TEs in the candidate adaptive TE dataset 

compared to the polymorphic TEs (!2 test, p-value << 0.001). Moreover, truncated TEs from 

the candidate adaptive TEs are, on average, shorter than truncated TEs in the polymorphic TE 

dataset (Table 3.2.2). 

Overall, although we found no differences in the genomic distribution of the candidate adaptive 

TEs compared to the polymorphic TEs, we found that candidate adaptive TEs have more DNA 

elements and less LTR elements, and that they are shorter in length. 

 

3.2.1.2 Genes Located Nearby Candidate Adaptive TEs Are Enriched for Immune-

Related Functions 

We performed gene ontology (GO) analyses to check whether genes nearby candidate adaptive 

TEs were enriched for specific biological processes (see Material and Methods). DAVID 

annotation tool detected GO biological process information for a total of 85 genes associated 

with 74 TEs. We found two statistically significant enrichment clusters: the most significant 

cluster contains eight genes involved in response to biotic stimulus, and the second significant 

cluster contains 27 genes involved in transport and localization (Table 3.2.3). All the genes in 

the first cluster are related to immune response.  

Table 3.2.3 Significant GO analysis results obtained with DAVID analyzing the 

genes associated with candidate TEs. ES: Enrichment Score. The p-value results from 

a modified Fisher’s exact test (EASE score) (Huang et al. 2009).  
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Because not all genes nearby the candidate adaptive TEs have GO functional annotations, we 

further looked for additional functional information through literature searches (see Material 

and Methods). Taken together the information based on GO functional annotations and 

literature searches, we found functional information for the genes nearby 81 out of the 121 

candidate adaptive TEs (Annex Table S2.3). 47 of these 81 TEs (58%) are associated with genes 

involved in stress response. Specifically, 19 TEs (23%) are associated with genes involved in 

immune response, 15 TEs (19%) are associated with genes involved in xenobiotic stress, and 14 

TEs (17%) in oxidative stress (Annex Table S2.3). We also identified a considerable number of 

TEs associated with genes involved in cell signaling, behavior, or metabolism: 15 TEs (18%), 14 

TEs (17%), and 12 TEs (15%), respectively (Annex Table S2.3).  

Overall, we found that genes nearby candidate adaptive TEs are enriched for immune-related 

functions (Table 3.2.3). Additional functional information allowed us to identify a total of 19 

candidate adaptive TEs located 21 nearby immune-related genes (Table 3.2.4). Because this is 

the most numerous subset, we decided to focus on TEs nearby immune-related genes for the 

rest of this work. Note that there are not significant differences between the dataset of candidate 

adaptive TEs and the 19 TEs located nearby immune-related genes in genomic distribution, 

class identity, or TE length (Table 3.2.1 and 3.2.2).  

 
3.2.2 Functional Testing of Candidate Immune-Related Genes 

The functional evidence for the majority of the 21 genes nearby the 19 candidate immune-

related TEs comes from different types of experiments: transcriptional response to infection 

and/or survival experiments after infection (Table 3.2.4). The only exceptions are TM4SF and 

Ken, which are members of the JAK-STAT pathway that plays a role in D. melanogaster immune 

response (Myllymäke and Rämet 2014). For most of these genes, experimental evidence for their 

role in immune response was obtained infecting the flies with gram-negative bacteria (Table 

3.2.4). Thus, to further confirm the role of these genes in immune response, we decided to 

perform survival experiments with laboratory mutant stocks (Table 3.2.5).  

We used the gram-negative bacteria Pseudomonas entomophila a natural D. melanogaster pathogen 

(Vodovar et al. 2005). We focused on nine genes: six genes that did not have phenotypic 

evidence and three genes with phenotypic evidence obtained using a different pathogen (Table 

3.2.5). We found that mutant strains of eight of these genes showed differences in survival after 

infection with P. entomophila: NUCB1, CG2233, and Bin1 showed higher survival, ken, CG8008, cbx 

and CG10943 mutants showed lower survival, and TM4SF mutants had higher survival in the 

firsts 30 hours and lower survival after that timepoint (Table 3.2.5). However, results were 

marginally significant for three genes: Bin1, cbx, and CG10943. Only for one gene, CG15829,   
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Table 3.2.4: Candidate TEs associated to immune-related genes. Gene functional envidence 

in immune response for the 16 annotated TEs (top) and the 3 non-annotated TEs (bottom). 
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Table 3.2.4 (continued) 
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mutant flies did not show differences in survival compared to a wild-type strain with a similar 

genetic background. Overall, we provide additional evidence for five of the six genes for which 

no phenotypic evidences were available and for the three genes that were previously tested with 

a different pathogen (Table 3.2.5).  

 

3.2.2.1 Immune-Related Candidate TEs are Associated with Gene Expression 

Changes 

In order to explore whether the 19 candidate TEs were associated with expression changes of 

their nearby immune-related genes, we used allele-specific expression (ASE). ASE allows 

analyzing gene expression differences associated with cis-regulatory changes in the same 

genomic sample, thus, avoiding possible effects due to trans-regulatory changes (Wittkopp et al. 

2004). For five of the 19 TEs we could not perform ASE, so overall we were able to analyze 16 

genes located nearby 14 TEs (see Material and Methods) (Figure 3.2.1, Annex Table S2.4). We 

analyzed the expression in female fly guts both under non-infected conditions and 12 hours after 

infection with P. entomophila. We performed the analysis in flies with two different genetic 

backgrounds in order to detect possible background-dependent effects in gene expression 

changes (Figure 3.2.1, Annex Table S2.4). 

Table 3.2.5: Mutant survival experiments results. Survival of mutant strains 

orally infected with P. entomophila compared to flies with a similar background. p-values 

obtained from log-rank survival test. OR (CI): odds ratio and confidence interval (95%) 

calculated when 50% of the flies from the sensitive background strain was dead. *TM4SF 

RNAi knockdown flies had a higher survival compared to wild-type flies with a similar 

background in the first 30 hours of infection and, after that, they showed lower survival. 

!

 
 

Gene Mutant type 
Previous 
evidence 

Survival 
experiment p-value 

NUCB1 PBac{PB} 
insertion 

Survival 
(different 
pathogen) 

Higher 
survival 

0.006 

CG2233 RNAi 
knockdown Expression 

Higher 
survival 0.0012 

Bin1 Gal4/UAS 
overexpression 

Survival 
(different 
pathogen) 

Higher 
survival 0.044 

ken P{PZ} 
insertion JAK-STAT Lower 

survival 0.003 

CG8008 Mi{MIC} 
insertion Expression Lower 

survival 0.031 

TM4SF RNAi 
knockdown JAK-STAT Lower 

survival* 0.00014 

cbx PBac{PB} 
insertion 

Survival 
(different 
pathogen) 

Lower 
survival 0.041 

CG10943 Mi{MIC} 
insertion Expression Lower 

survival 0.045 

CG15829 RNAi 
knockdown Expression No 

differences 0.136 
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In non-infected conditions, 10 out of the 16 genes showed statistically significant allele-specific 

expression differences in at least one of the two genetic backgrounds analyzed (Figure 3.2.1, 

Annex Table S2.4). For five genes, we found that the allele with the TE was up-regulated, and 

for five genes the allele with the TE was down-regulated.  

 

In infected conditions, 7 out of the 16 genes showed statistically significant allele-specific 

expression differences in at least one of the two genetic backgrounds analyzed (Figure 3.2.1, 

Annex Table S2.4). For three genes, we found that the allele with the TE was up-regulated, and 

for four genes the allele with the TE was down-regulated.  

Considering both non-infected and infected conditions, we found that the allele with the TE 

showed expression changes in the same direction in four genes (Figure 3.2.1, Annex Table S2.4). 

On the other hand, the allele with the TE was associated with expression changes only in non-

Figure 3.2.1. Allele-specific expression analysis. Results from female guts in non-

infected conditions (in green) and in infected conditions (in purple). Each bar represents the 

average ratio of gene expression levels between the allele with the TE and the allele without the 

TE of the three replicas. Each gene has two bars representing each one of the two genetic 

backgrounds analyzed. Statistically significant differences are depicted as dark color (t-test p-

values < 0.05, corrected for FDR). Error bars represent SEM. *TE further analyzed in this 

chapter. 
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infected conditions for six genes and with changes only in infected conditions for three genes 

(Figure 3.2.1, Annex Table S2.4).  

Our results also allowed checking whether differences in expression were background 

dependent. 17 out of the 32 expression analysis (16 genes in two conditions) gave the same result 

in the two backgrounds. In eight analyses, both backgrounds showed changes in expression in 

the same direction (up-regulated or down-regulated), although results were only statistically 

significant in one of the backgrounds. Finally, only seven analyses differed in the direction of the 

change of expression in the two backgrounds, although results were always statistically 

significant in only one of the backgrounds analyzed (Figure 3.2.1, Annex Table S2.4).  

Overall, we found that most of the candidate immune-related TEs are associated with changes 

in expression of their nearby gene in at least one of the two conditions analyzed (Figure 3.2.1). 

While some expression changes are significant only in infected or only in non-infected 

conditions, a significant proportion of genes (31%) showed consistent changes in expression in 

both conditions. Finally, most of the analyses were either the same in the two backgrounds 

analyzed or consistent in the two backgrounds but statistically significant in only one of them 

(Figure 3.2.1, Annex Table S2.4).  

 

3.2.2.2 Most of the TEs Are Likely to Be Responsible for the Expression Change in 

the Nearby Immune-Related gene 

To further test whether the candidate adaptive TEs are responsible for the changes in 

expression of their nearby genes, we first checked whether there was any other polymorphism 

linked to the TE in the gene coding region or in the 1kb TE flanking regions. Only for the AGO2 

gene, we found two SNPs in the coding region that were linked to the TE insertion 

(Supplementary File 6). AGO2 is a gene showing a fast rate of adaptive amino acid substitutions 

(Obbard et al. 2006; Obbard et al. 2009), and it is associated with recent selective sweep 

(Obbard et al. 2011). However, it is still not clear which is the genetic variant that is under 

positive selection (Obbard et al. 2011). 

We then performed structural analysis and/or enhancer assays for a subset of TEs. We focused 

on five TEs: FBti0019386 and FBti0018868 that were associated with expression changes only in 

infected conditions, FBti0061506 associated with expression changes only in non-infected 

conditions, and tdn8 and FBti0019985 associated with expression changes both in infected and 

non-infected conditions (Figure 3.2.1, Annex Table S2.4).  
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3.2.2.3 FBti0019386 Provides a TSS to Bin1 that Is Only Used in Infected 

Conditions 

FBti0019386 is inserted in the 5’UTR region of Bin1, a gene required for the expression of 

immune and stress response genes (Costa et al. 2011) (Table 3.2.4). There is previous 

experimental evidence suggesting that FBti0019386 adds a transcription start site (TSS) to Bin1: 

two of the three Bin1 transcripts overlap 101 bp with FBti0019386 (Figure 3.2.2A) (Batut et al. 

2013). We thus performed RT-PCRs to detect whether flies homozygous for the presence and 

 for the absence of FBti0019386 expressed different transcripts in non-infected and infected 

conditions. In non-infected conditions, we found that both flies with and without FBti0019386 

expressed only the short Bin1-RA transcript (Figure 3.2.2B). In infected conditions, we found 

differences between flies with and without FBti0019386. Flies without FBti0019386 insertion 

only express Bin1-RA, while flies with FBti0019386 express four different transcripts: Bin1-RA, 

and three transcripts starting in the TE: Bin1-RC, Bin1-RD and Bin1-RE. We confirmed these 

results by performing the experiments in a second genetic background (Figure 3.2.2B). Note that 

the later two transcripts were not described previously and differ in the size of the 5’UTR 

(Figure 3.2.2B). 

Figure 3.2.2. FBti0019386 adds a new TSS to its nearby gene Bin1. Non-coding 

regions are depicted in grey, coding regions are depicted in black, and the TE is represented in 

red. (A) Transcripts annotated for Bin1. FBti0019386 overlaps with two of the annotated 

transcripts. (B) Transcripts detected by RT-PCR in flies with and without FBti0019386, both in 

non-infected and infected conditions. Transcript regions wave-patterned are inferred from 

Flybase transcript annotation and were not sequenced in this work. Bin1-RD and Bin1-RE 

transcripts are, respectively, 318 bp and 172 bp shorter compared to Bin1-RC transcript. 
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Overall, we found that FBti0019386 adds a TSS for Bin1 that it is only used in infected 

conditions. While we were not able to detect Bin1-RB transcript, we found two previously not 

annotated transcripts (Figure 3.2.2B). Our results are in agreement with ASE results that 

showed that FBti0019386 is associated with increased Bin1 expression only in infected conditions 

in the two backgrounds analyzed (Figure 3.2.1).  

 

3.2.2.4 tdn8 Drives Expression of CG10943 in Non-Infected and Infected 

Conditions 

tdn8 is located 816 bp upstream of CG10943, a gene that is up-regulated in response to an 

immune challenge with different pathogens including P. entomophila (Figure 3.2.3A) (Broderick et 

al. 2014; Roxstrom-Lindquist et al. 2004; Bou-Sleiman et al. 2015). To test whether tdn8 could 

be acting as an enhancer, we generated two reporter gene constructs with the CG10943 

upstream region in front of lacZ gene one including the tdn8 insertion and another without the 

Figure 3.2.3. tdn8 act as an enhancer regulatory sequence. (A) tdn8 is located upstream the gene 

CG10943. (B) Vector construction without tdn8 and with tdn8 in the promoter region of the reporter gene 

lacZ. (C) Expression levels of the reporter gene lacZ in transgenic female guts without tdn8 (in grey) and with 

tdn8 (in red), both in non-infected and in infected conditions. (D) !-GAL immunostaining (in green), and 

DAPI staining (in grey) from female non-infected and infected guts. The scale bar represents 500 µm. 
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tdn8 insertion (Figure 3.2.3B). We found that transgenic strains with the upstream region of 

CG10943 containing tdn8 showed more expression than transgenic strains without the insertion, 

both in non-infected and in infected conditions, although these differences were only statistically 

significant in infected conditions (t-test, p-value = 0.095 and p-value = 0.046 respectively) 

(Figure 3.2.3C). We also checked whether the transgenic strains with and without tdn8 differed 

in the localization of the !-GAL protein expression. We found no differences in non-infected or 

infected conditions (Figure 3.2.3D).  

Overall, we found that tdn8 is acting as an enhancer. These results are in agreement with our 

ASE results that showed that tdn8 is associated with up-regulation of CG10943 both in non-

infected and infected conditions in the two genetic backgrounds analyzed (Figure 3.2.1).  

 

3.2.2.5 FBti0061506 Does Not Drive the Expression of a Reporter Gene 

FBti0061506 is located in the 5’UTR intron of one of the four transcripts of the gene Dif, Dif-

RD, and 3.8 kb upstream of the other three transcripts Dif-RA, Dif-RB¸ and Dif-RC (Figure 

3.2.4A). All Dif transcripts are annotated as weakly supported, except Dif-RB that is strongly 

Figure 3.2.4. FBti0061506 does not drive the expression of the reporter gene. (A) 

FBti0061506 is located in the first intron of one of Dif transcripts, and upstream of the other transcripts. 

(B) Vectors construction for the enhancer assays with and without FBti0061506 in front of the reporter 

gene LacZ. (C) !-GAL immunostaining (in green), and DAPI staining (in grey) from female non-infected 

and infected guts. The scale bar represents 500 µm.!
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supported (Gramates et al. 2017). Although Dif is a main transcription factor of the Toll-

pathway, involved in gram-positive bacteria infection response (Gobert et al. 2003, Brown et al. 

2009, Lemaitre and Hoffmann 2007), it was also found to be up-regulated in gut tissue after P. 

entomophila infection (Bou-Sleiman et al. 2015). 

In order to study whether FBti0061506 could act as an enhancer sequence, we generated two 

reporter gene constructs with part of the Dif intron were FBti0061506 is inserted differing by the 

presence/absence of this insertion (see Material and Methods) (Figure 3.2.4B). None of the two 

gene constructs affected the expression of the reporter gene or the localization of the β-GAL 

protein (Figure 3.2.4C). 

Overall, our results do not provide evidence for a role as an enhancer of FBti0061506. However, 

our ASE results showed that FBti0061506 was associated with Dif up-regulation in non-infected 

conditions in one of two genetic backgrounds analyzed (Figure 3.2.1). It could be that the effect 

of FBti0061506 is context depended. Therefore, a bigger genomic region with and without the 

insertion should be analyzed to discard an effect of FBti0061506 on Dif expression. However, it 

might also be possible that the Dif expression change detected with ASE is due to a cis-mutation 

different from the FBti0061506 insertion.  

 

3.2.2.6 FBti0018868 Adds a TSS Both in Infected and Non-Infected Conditions 

FBti0018868 is annotated 1 bp upstream of one of the three TM4SF transcripts, and 310 bp 

upstream of the other two transcripts (Figure 3.2.5A). However, a previous genome-wide 

screening identified a new TSS for TMSF inside FBti0018868 (Batut et al. 2013). We performed 

RT-PCR to check whether flies homozygous for the presence of FBti0018868 expressed the 

transcript starting in the TE. We detected the presence of the transcript starting in FBti0018868 

in fly guts (Figure 3.2.5B). We further checked whether flies with the TE differed in the presence 

of this transcript in non-infected and infected conditions. However, we detected the presence of 

the transcript starting in the TE both in non-infected and in infected conditions.  

We designed enhancer assays in order to test whether FBti0018868 could affect the expression of 

its nearby gene TM4SF (Figure 3.2.5C). For that, we generated transgenic flies cloning the TE 

sequence in front of the reporter gene lacZ, and we checked lacZ expression both in non-infected 

and infected conditions. As a negative control, we generated transgenic strains with an empty 

vector carrying only a minimal promoter in front of lacZ gene (See Material and Methods). We 

did not detect lacZ expression by qRT-PCR in any of the transgenic strains in non-infected or in 

infected conditions. We also could not detect differences in β-GAL protein expression 
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localization comparing transgenic flies with FBti0018868 with transgenic flies with the empty 

vector in any of the conditions (Figure 3.2.5D). 

  

Overall, we found that FBti0018868 adds a TSS for its nearby gene TM4SF that is used both in 

infected and non-infected conditions. On the other hand, we did not find evidences for 

FBti0018868 affecting the expression of a reporter gene suggesting that the TE affects only the 

transcript structure. Thus, our current results do not explain the changes in TM4SF expression 

found only in infected conditions using ASE (Figure 3.2.1). However, transcript-specific qRT-

PCRs could be performed to check whether flies with and without FBti0018868 differed in the 

expression level of the different TM4SF transcripts in infected and non-infected conditions. 

 

 

Figure 3.2.5. FBti0018868 adds a new TSS to its nearby gene TM4SF. (A) FBti0018868 is 

located upstream the gene TM4SF and it has three annotated transcripts described. (B) We detected a 

new TM4SF transcript overlapping with FBti0018868 both in flies in non-infected and infected 

conditions. Transcript regions wave-patterned are inferred from Flybase transcript annotation and were 

not sequenced in this work. (C) Vector constructions with the empty vector as a negative control, and a 

vector carrying FBti0018868 in front of the reporter gene lacZ. (D) !-GAL immunostaining (in green), 

and DAPI staining (in grey) of guts from transgenic strains guts with the empty vector and with 

FBti0018868. The scale bar represents 500 µm. 
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3.2.2.7 FBti0019985 Drives the Expression of cbx Both in Non-Infected and 

Infected Conditions 

FBti0019985 is located in the first 5’UTR intron of cbx-RA transcript, and 700 bp and 5.5 kb 

upstream of the other two annotated transcripts cbx-RC and cbx-RB, respectively (Figure 3.2.6A). 

We first checked whether the TE affects the expression of the different cbx transcripts by 

performing RT-PCR from non-infected guts of homozygous strains for the presence or the 

absence of the TE. We detected two of the three annotated transcripts, cbx-RB and cbx-RC, in 

both flies with and without FBti0019985 (Figure 3.2.6A). Thus, we did not find evidences of 

FBti0019985 affecting transcript choice or structure in non-infected conditions in the first 

background analyzed. FBti0019985 could be acting as an upstream enhancer for cbx-RB and 

cbx-RC transcripts. Thus, we performed enhancer assays by generating transgenic strains with 

the TE sequence in front of the reporter gene lacZ (See Material and Methods, Figure 3.2.6B). 

Figure 3.2.6 FBti0019985 act as an enhancer regulatory sequence. (A) Transcripts 

annotated for the gene cbx, associated to FBti0019985. (B) Vector constructs for the enhancer assays. 

(C) Expression levels of the lacZ reporter gene both under non-infected and infected conditions. 

Empty vector showed no detectable expression levels in any of both conditions. (D) !-GAL 

immunostaining (in green), and DAPI staining (in grey) of guts from transgenic strains with the 

empty vector and with FBti0018868. Scale bar represents 500 µm. 
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As a negative control, we used the transgenic strains carrying the empty vector (see Material and 

Methods). We found that FBti0019985 drives the expression of the reporter gene only in 

infected conditions (Figure 3.2.6C). We also checked the β-GAL protein expression localization 

in the guts by performing β-GAL immunostaining. In this case, we detected expression both in 

non-infected and in infected conditions localized in the anterior part of the gut (Figure 3.2.6D). 

The localization of the expression only in the anterior part of the gut could explain why we 

could not detect expression with the qRT-PCR of whole guts in non-infected conditions. 

Overall, we showed that FBti0019985 does not modify transcript structure under non-infected 

conditions. We also showed that the TE sequence act as an enhancer in the anterior part of the 

gut. The enhancer assays are in agreement with the ASE results for one of the ASE genetic 

backgrounds, although these results were only marginally significant before applying FDR 

correction (Annex Table S2.4). However, the observation that the enhancer effect of the TE is 

restricted to the anterior part of the gut, could explain why we cannot detect statistically 

significant differences analyzing whole gut expression. Further experiments restricted to the 

anterior part of the gut should be performed to test this hypothesis. Besides, we also found that 

FBti0019985 was associated with cbx down-regulation. Our current results do not provide an 

explanation for the association between the presence of the insertion and cbx down-regulation.	  
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4. DISCUSSION 

 

In this thesis, we have identified and characterized the role of several candidate adaptive TEs in 

Drosophila melanogaster natural populations. To do that, we followed two different strategies: locus-

specific and trait-specific (Figure 4). In the first chapter, we have characterized both at the 

molecular and phenotypic level a previously identified adaptive TE insertion (González et al. 

2008; González et al. 2010). First, we provided more evidence supporting an adaptive role for this 

TE by elucidating its evolutionary history. Then, we have explored several ecologically relevant 

phenotypes associated with this insertion (Ullastres et al. 2015).  

In the second chapter, we have studied the impact of several TE insertions in a highly conserved 

and ecologically relevant trait: the immune response. To do that, we first performed a new 

genome-wide screening in order to identify a bigger dataset of candidate TEs involved in 

adaptation. By increasing the number of populations and the number of TEs analyzed, we were 

able to increase the number of identified candidate TEs. Interestingly, we found that genes 

associated with those TEs are enriched for immune-related functions. We were also able to 

associate the candidate TEs with gene expression changes, and determine some of the molecular 

mechanisms behind these expression changes. 

 

  

1

Figure 4. Strategies followed in this thesis for the characterization of the        

candidate TEs for adaptation.  

2
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4.1 Exploring the Phenotypic Space and the Evolutionary History of the 

Natural FBti0019386 Insertion in Drosophila melanogaster 

FBti0019386 was previously identified as a candidate insertion likely involved in adaptation to 

temperate environments (González et al. 2008, González et al. 2010). We have explored the 

phenotypes associated with FBti0019386 in different developmental stages, embryo and adult, 

and in different environmental conditions, non-stress conditions and cold, osmotic, and 

starvation stress conditions. Overall, we found that FBti0019386 mediates sensitivity to cold 

stress conditions and is associated with faster developmental time (DT) (Figures 3.1.3 and 3.1.4). 

These two phenotypic effects have plausible fitness consequences in nature that could explain 

why the mutation increased in frequency in natural populations but has not reached fixation. 

Increased sensitivity to cold stress conditions is likely to reduce fitness of the flies that carry 

FBti0019386 insertion, and may represent the cost of selection of this mutation. On the other 

hand, faster DT is likely to increase the fitness of flies with FBti0019386 insertion. Thus, it is 

plausible that FBti0019386 increased in frequency in natural populations because of its positive 

effect on DT whereas it did not reach fixation because of its negative effect on cold-stress 

resistance. Our results emphasize the importance of exploring different phenotypes to fully 

characterize the effects of natural mutations, as have been suggested before (Mackay et al. 2010; 

Guio et al. 2014). Although our results provide a plausible explanation for the effect of 

FBti0019386 insertion in natural populations, experiments under natural conditions are needed 

to unequivocally identify the effect of this insertion in nature. 

 

 

4.1.1 FBti0019386 Has Signatures of Positive Selection and It Is Not Involved in 

Temperate Climate Adaptation 

By combining several tests that capture different signatures of selection at the DNA level, we 

demonstrate that FBti0019386 shows signatures of positive selection suggesting that it is an 

adaptive mutation (Table 3.1.1, Annex Figure S1). However, our results also suggest that 

FBti0019386 might not be involved in temperate adaptation as has been previously proposed 

(González et al. 2010). First, adaptation to temperate climates has been associated with 

increased stress resistance, increased DT and decreased fecundity (Stanley and Parsons 1981; 

Hoffmann et al. 2003; Schmidt et al. 2005; Folguera et al. 2008; Schmidt and Paaby 2008) but 

see also (James and Partridge 1995; James et al. 1997; Trotta et al. 2006). However, we found 

that FBti0019386 is associated with increased sensitivity to cold stress (Figure 3.1.3), with shorter 

DT (Figure 3.1.4) and does not significantly affect fecundity (Figure 3.1.1). Thus, the phenotypic 

effects of FBti0019386 are not consistent with a role of this insertion in temperate adaptation. 

Second, our global analyses of FBti0019386 population frequency showed that FBti0019386 

frequency correlates with latitude and with climatic variables in North America and in Australia 
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but not in Europe (Figure 3.1.5, Table S1.6). We suggest that the clinal frequency patterns in 

North America and in Australia could be due to the dual colonization of these two continents by 

European and African populations rather than to the operation of spatially varying selection 

(Caracristi and Schlotterer 2003; Rouault et al. 2004; Duchen et al. 2013; Bergland et al. 2014). 

The lack of clinal frequency patterns in Europe would support this conclusion. However, it is 

also possible that phenotypic effects of FBti0019386 not yet characterized could be consistent 

with a role of this natural mutation in temperate adaptation. Additionally, although there is 

evidence for the presence of clinal variation in European populations (David et al. 1985, 1986, 

1998; Costa et al. 1992), other works have shown that clines are weaker in Europe compared to 

other continents (Oakeshott et al. 1983; Oakeshott et al. 1983). This could be partly due to 

differences in the latitudinal ranges spanned by populations analyzed in the different continents. 

In this work, the latitudinal range spanned by North American (25.82º to 45.06º) and Australian 

(-16.88º to -42.83º) populations is larger than the range spanned by European populations 

(41.13º to 59.33º). In any case, genome-wide scan studies that identify loci that are differentiated 

between populations should be taken as a first step towards the identification of loci that are 

subject to spatially varying selection (González et al. 2010; Kolaczkowski et al. 2011; Fabian et 

al. 2012; Reinhardt et al. 2014). Further functional validation should be gathered before 

concluding that the candidate loci are under spatially varying selection (Bergland et al. 2014).  

 

 

4.1.2  FBti0019386 Is Associated with sra Up-Regulation 

Our results also shed light on the molecular processes that link genotype to phenotype variation. 

We found that FBti0019386 is associated with up-regulation of sra (Figure 3.1.6C). As previously 

described for other elements from the invader4 family, we showed that FBti0019386 has piRNA 

binding sites (Figure 3.1.7A) (Sentmanat and Elgin 2012). We also showed that HP1a binds 

specifically to the FBti0019386 sequence, further suggesting that FBti0019386 could be inducing 

the ectopic assembly of heterochromatin (Figure 3.1.7B). These results highlight the potential 

role of TE remnants as silencing signals to be used by piRNAs to direct heterochromatin 

formation (Sentmanat et al. 2013). Although we observed an up-regulation of sra in adult 

females, we cannot discard that heterochromatin assembly induced by FBti0019386 could be 

affecting gene expression in other developmental stages and/or specific tissues. In the case of 

Bin1, we did not find differences in expression associated with the presence of FBti0019386 in 

adult females and embryos. Other developmental stages, tissues, or environmental conditions 

should be explored in order to discard a role of FBti0019386 in Bin1 expression regulation. 

Indeed, we later found that FBti0019386 is associated with Bin1 up-regulation after infection in 

adult females (see Results Chapter 2). 
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Although sra and Bin1 have not been associated with DT, both genes play important roles 

during development and have been associated with a wide range of biological processes (Chang 

et al. 2003; Ejima et al. 2004; Horner et al. 2006; Takeo et al. 2006, 2010; Chang and Min 

2009; Matyash et al. 2009; Costa et al. 2011; Nakai et al. 2011). A genome-wide screening 

looking for genes influencing DT in D. melanogaster has shown that the many candidate genes 

were involved in a wide range of biological processes such as cellular metabolic processes, 

organismal development, and response to stress (Mensch et al. 2008). More recently, 

developmental timing in insects has been associated with hormonal and circadian control (Di 

Cara and King-Jones 2013; Yadav et al. 2014). Interestingly, sra is regulated by Shaggy/GSK-3 

β (sgg), a Ser–Thr kinase involved in the regulation of circadian rhythmicity (Martinek et al. 

2001). On the other hand, both Bin1 and sra are stress-response genes: Bin1 is up-regulated in 

response to stress and sra is down-regulated (Figure 3.1.6). Bin1 is a known key player in 

transcriptional response to environmental stress (Costa et al. 2011). Although there was no 

previous evidence for a direct role of sra in response to stress, sra could be affecting stress 

response through its role in the calcium pathway (Takeuchi et al. 2009; Teets et al. 2013; Davies 

et al. 2014). sra inhibits calcineurin, a highly conserved protein in eukaryotes that has the ability 

to sense calcium (Hogan et al. 2003). Although it is not deeply understood, calcium pathways 

play a role during general cell-stress response including cold stress response (Takeuchi et al. 

2009; Teets et al. 2013; Davies et al. 2014). Note that many genes that affect complex traits in 

Drosophila had well-characterized roles in early development and were not previously annotated 

to affect adult quantitative traits (Mackay 2010). FBti0019386 adds to the growing list of TE-

induced adaptive mutations that have been linked to their fitness effects and their underlying 

molecular mechanisms in Drosophila melanogaster (Schmidt et al. 2010; Magwire et al. 2011; Guio 

et al. 2014; Mateo et al. 2014; Merenciano et al. 2016; Le Mahn et al. 2017).  

 

4.2 Genome-Wide Screening for Candidate TEs Involved in Adaptation 

In the second chapter of this thesis, we followed a trait-specific strategy: we looked for candidate 

TEs involved in adaptation to a specific trait. To do that, we first performed a genome-wide 

screening looking for candidate adaptive TE insertions in order to explore what traits are more 

likely to be under selection in D. melanogaster natural populations. A previous genome-wide 

screening in one African natural population and a few North American D. melanogaster natural 

populations, identified a total of 13 candidate TEs for out-of-Africa adaptation (González et al. 

2008). This study was based on PCR estimations of the frequencies of a total of 902 TEs 

annotated in the reference genome. In a follow-up study, the same authors analyzed latitudinal 

frequencies in North American and Australian populations and ended up with a list of 18 

candidate TEs for out-of-Africa adaptation (González et al. 2010). However, authors claimed 

that the screening was probably underestimating the number of candidate TEs, as other TEs 
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might be contributing to adaptation in other out-of-Africa populations, as well as in populations 

with different environments (González et al. 2008).  

 

In this thesis, we performed a similar genome-wide screening by considering more natural 

populations and more TEs. Thus, while González and collaborators analyzed only one 

population from North America and one from Africa, we also added two European populations. 

Moreover, we analyzed a different North American population from North Carolina (Mackay et 

al. 2010), and a different African population from the ancestral range of D. melangoaster. We 

analyzed a total of 1,630 TEs annotated in the D. melanogaster reference genome (Annex Table 

S2.8), that is, 728 TEs more compared to the previous screening. Moreover, instead of 

performing PCRs to identify the TE frequencies in the populations analyzed, we run the 

software T-lex2 (Fiston-Lavier et al. 2015) with the NGS data available for the populations 

analyzed. Note that T-lex2 software identifies only TEs that are annotated in the reference 

genome (Fiston-Lavier et al. 2015). Thus, we cannot detect other insertions present in the 

genomes of the populations analyzed. D. melanogaster strains derived from natural populations 

have, on average, between 550 and 670 new TE insertions present in euchromatic regions 

compared to the reference genome (Rahman et al. 2015). We also included in our screening a 

small subset of TEs that are not annotated in the reference genome, which are present at high 

frequencies in the North American population from North Carolina (Rahman et al. 2015, 

Mackay et al. 2010). Overall, we were able to identify a total of 121 candidate TEs: 109 

annotated TEs and 12 non-annotated TEs (Annex Table S2.3). From the set of 109 TEs, a total 

of 61 TEs were absent or present at very low frequencies (<10% frequency) in the African 

population from the D. melanogaster ancestral range. These TEs have likely increased its 

frequency in natural populations during the recent out-of-Africa expansion, suggesting a 

possible role in adaptation to out-of-Africa environments. Thus, we identified 3.5 times more 

candidate TEs for out-of-Africa adaptation compared to the previous work (González et al. 

2010). Moreover, we have also identified 48 TEs that are high frequent in Africa as well as out-

of-Africa populations, suggesting that they could be playing a role in global adaptation. 

 

Two other genome-wide screenings previously performed in D. melanogaster populations revealed 

a total of 22 TEs associated with signatures of positive selection (Kofler et al. 2012; Blumenstiel 

et al. 2014). Kofler and collaborators considered as candidates TEs fixed in one European 

population, some of them not annotated in the reference genome. Thus, considering the three 

genome-wide screenings available before this work, a total of 38 TEs were identified as 

candidates for adaptation. With our screening, we detected all the 38 TEs but four: two TEs are 

not annotated in the reference genome, one TE is not present among the 1,630 TEs analyzed, 

and for another TE we could not obtain frequency estimations. As our screening is focused in 
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the identification of polymorphic TEs, although we detected the rest of candidate insertions, 

they were not considered because they are fixed (9 TEs) or absent (4 TEs) in the four 

populations analyzed. Moreover, two other polymorphic insertions were not considered because 

they are located in low recombination regions (Fiston-Lavier et al. 2010). 

Note that our 121 candidate TEs contain most of the candidate TEs for adaptation identified so 

far in D. melanogaster, including six TEs that have been connected to ecologically relevant 

phenotypes (Table 4).  

 

TE 
TE 

class 
TE 

family 
Phenotype Mechanism References 

FBti0019430 non-
LTR 

Doc Insecticide and 
virus resistance 

Modifies 
transcript 
structure 

Aminetzach et al. 2005; 
Magwire et al. 2011 

NA LTR Accord Insecticide 
resistance Enhancer 

Chung et al. 2007; 
Daborn et al. 2002; 
Schmidt et al. 2010 

FBti0018880 DNA Bari1 
Oxidative 

stress 
resistance 

Adds antioxidant 
response elements 

González et al. 2009; 
Guio et al. 2014; Guio 

et al. 2015 

FBti0019627 DNA pogo 
Xenobiotic 

stress 
resistance 

Modifies 
transcript 
structure 

González et al. 2008; 
Mateo et al. 2014 

FBti0020155 DNA 1360 Lifespan and 
fecundity 

Up-regulates gene 
expression 

Zhu et al. 2014 

FBti0019386 LTR invader4 
Shorter 

developmental 
time 

Probably adds 
regulatory regions 

González et al. 2008; 
Ullastres et al. 2015 

FBti0019985 LTR roo Cold stress 
resistance 

Adds TSS Merenciano et al. 2016 

FBti0019170 non-
LTR 

F Heavy metal 
stress response 

Probably adds 
regulatory regions 

Mahn Le et al. 2017 

FBti0020123 
non-
LTR 

Doc 
Cold stress 
resistance 

Probably adds 
regulatory regions 

Falqués et al. (personal 
communication) 

 

Table 4. TEs linked to fitness advantageous phenotypes. All of them provide evidences of 

selective sweeps associated with the TE and phenotypic assays. With our screening we were not able 

to detect FBti0019430 (because it is fixed in the four populations analyzed), Accord (because it is not 

annotated in the reference genome), and FBti0019170 (because could not estimate the frequencies). 

 
 
Overall, by increasing the number of populations and annotated TEs analyzed, as well as 

considering a small subset of TEs that are not annotated in the reference genome, we were able 

to identify a bigger dataset of TEs likely involved in adaptation. Thus, we confirmed the 

predictions of González et al. (2008) that more TEs could be identified if more population were 

analyzed. Moreover, it is probable that besides the 121 candidate TEs identified in this thesis, 

there are still more TEs to be identified that would be found if more natural populations were 

analyzed. Furthermore, genome-wide studies focusing only in TEs annotated in the reference 

genome are underestimating the number of TE insertions that might be playing a role in 
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adaptation. In fact, one of the eight TEs with demonstrated advantageous fitness effects, Accord, 

is not annotated in the reference genome (Chung et al. 2007; Daborn et al. 2002; Schmidt et al. 

2010), and two non-annotated TEs characterized in this thesis are likely playing a role in 

immune response (see below). Thus, new sequencing techniques that enable to obtain longer 

reads, such as PacBio, and thus to de novo annotate TEs, will help to uncover more candidate 

TEs present in the natural populations (Barrón et al. 2014; Disdero and Fileé 2017; Villanueva-

Cañas et al. 2017).  

 

4.2.1 TEs Are Likely Playing a Role in Stress Response 

TEs have often been related to stress response in different organisms (Hua Van et al. 2011; 

Casacuberta and González 2013; Chuong et al. 2016; Ullastres et al. 2016). Previous genome-

wide screenings looking for adaptive TEs were limited by the small number of candidates 

identified to determine what type of biological processes are being selected during adaptation 

(González et al. 2008; Kofler et al. 2012; Blumenstiel et al. 2014). From the total of 121 TEs, we 

found functional information for the genes nearby 81 TEs based on literature search. Our 

results show that 58% of these 81 TEs are associated with genes involved in stress response, 

including xenobiotic stress, oxidative stress, and immune response (Table 3.2.3 and Annex 

Table S2.3). We also found that TEs were associated with genes involved in behavior, 

metabolism, or circadian rhythm (Annex Table S2.3). All these traits have been previously 

associated with adaptation in studies looking for candidate SNP variants. For example, the 

comparison of African populations with North American and Caribbean populations detected 

candidate SNPs associated with genes involved in immune response, behavior, metabolism, 

circadian rhythm, stress response, development and morphogenesis (Yukilevich et al. 2010). 

Independent studies on clinal adaptation in the east coast of North America and Australia 

detected genes involved in olfaction and metabolism (Mackay et al. 2012; Machado et al. 2016; 

Kolaczkowski et al. 2011; Levine et al. 2011). Other studies of candidate SNPs along both North 

America and Australia both east and west coasts, showed that, besides olfaction and metabolism, 

immune response is also a significant trait (Fabian et al. 2012; Turner et al. 2008). Among the 

genes associated with the candidate SNPs for these traits in other publications, there are 135 

genes that are also associated with our candidate TE dataset (Merenciano et al. personal 

communication). None of the identified SNP has been validated, therefore, it should be further 

studied in order to check whether they are involved in adaptation. Considering the nature of TE 

mutations, the candidate TEs identified in this work are the genetic variants more likely to affect 

gene regulation. Moreover, it is also probable that the SNPs found to be associated with these 

genes are in linkage disequilibrium with the candidate TEs. However, some of these SNPs might 

also be playing a role in adaptation, thus, different types of mutations in the same gene would be 

contributing to adaptation of a specific trait. Therefore, when screening for candidate mutations 
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for adaptation, integrating different types of mutation increases our power to identify what traits 

are more likely to be involved in adaptation. For example, we identified 21 genes associated only 

with TE insertions. 

 

Further investigation analyzing more populations, as well as considering all the TE insertions 

present in the populations, will increase the number of candidate TEs for both local and global 

adaptations. A larger number of candidate adaptive TEs would also give a better picture of the 

traits and biological processes that are behind adaptation. This type of reverse genetics 

approaches will ultimately allow us to better understand what are the genetic basis underlying 

adaptation processes. 

 

4.3 The Role of TEs in Immune Response 

We found that our candidate TE dataset is enriched for genes involved in immune response 

(Table 3.2.3, Annex Table S2.3). As mentioned above, immune response is one of the traits that 

often arise when comparing different populations looking for signals of selection (Fabian et al. 

2012; Kolaczkowski et al. 2011; Levine et al. 2011; Fumagalli et al. 2011, Tinsley et al. 2006; 

Lazzaro et al. 2008; Juneja et al. 2016). Recently, Juneja and collaborators found that cis-

regulatory variation contribute to latitudinal differences of immune-related genes expression 

both in North America and Australia D. melanogaster natural populations. Although the authors 

detected several genes with allele expression changes, they did not identify the causal genetic 

variants for the gene expression variation observed (Juneja et al. 2016).  

In this thesis, we have explored for the first time the possible genome-wide role of TEs in 

regulating the oral immune response to the gram-negative bacteria Pseudomonas entomophila, a 

natural D. melanogaster pathogen (Vodovar et al. 2005). It is known that local, but not systemic 

immunity, contributes to resistance against oral infection with P. entomophila (Liehl et al. 2006). 

In nature, bacteria are found at high concentrations in decaying fruits. The gut is the first 

barrier that pathogens encounter during infection, thus, adaptations improving the gut immune 

response are advantageous for the organism fitness (Buchon et al. 2014; Bonfini et al. 2016; 

Capo et al. 2016). The D. melanogaster gut is a compartmentalized tissue with rich gene 

expression diversity (Chintapalli et al. 2007; Buchon et al. 2013): more than half of the D. 

melanogaster annotated genes (62%) are expressed in the gut (Buchon et al. 2013). Moreover, a 

total of 460 transcription factors are expressed along the gut, 52 of them are expressed in a 

patterned manner, suggesting a high complex gene expression regulatory network (Buchon et al. 

2013).  
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4.3.1 TEs Are Associated with Immune-Related Gene Expression Changes  

We found that most of the TEs were associated with expression changes, both up-regulation and 

down-regulation, of the nearby genes in non-infected and/or infected conditions, and in at least 

one of the two genetic backgrounds analyzed (Figure 3.2.1). For that, we performed ASE 

analysis on heterozygous flies carrying one allele with the TE and the other allele without the 

TE. With this technique, we are able to detect the effect of cis-changes in the same genetic 

environment (Wittkopp et al. 2004). We found that four out of the 16 genes analyzed in our 

study showed TE-allele expression changes both in non-infected and infected conditions, while 

six genes showed TE-allele expression differences only in non-infected conditions and three only 

in infected conditions (Figure 3.2.1). Both Imd pathway and gut epithelium renewal are 

stimulated at a basal level by the gut microbiota (Buchon et al. 2009). Thus, gene expression 

regulation by the TEs not only can be regulating the response to infection in the gut but also 

might be playing a role in the gut-microbiota interactions. A transcriptome analysis comparing 

resistant and susceptible natural strains revealed that very few genes were expressed differently 

after P. entomophila oral infection (Bou Sleiman et al. 2015). Actually, resistant and susceptible 

strains differed in the basal intestinal transcriptome profile, i.e. in non-infected conditions. This 

suggests that gene expression variability in non-infected conditions would pre-dispose to enteric 

infection susceptibility (Bou Sleiman et al. 2015).  

 

In the same study, Bou Sleiman and colleagues identified a total of 1,287 genes with expression 

differences comparing non-infected and infected flies, 4 hours after P. entomophila exposure (Bou 

Sleiman et al. 2015). This study included 14 out of the 16 genes analyzed in our study, nine of 

them showed expression differences after infection: six were up-regulated and three were down-

regulated (Bou Sleiman et al. 2015). Note that with our ASE analysis we can only detect 

expression differences between the allele with the TE and the allele without the TE. Therefore, 

we cannot compare gene expression between non-infected and infected conditions. However, 

we found that five of our genes were associated with TE-allele expression changes in non-

infected conditions in the same direction as Bou Sleiman and collaborators found they changed 

after infection. Thus, flies with the TE would have higher (or lower) gene expression levels 

before the infection happens, suggesting that these flies might be predisposed to a better 

response to infection.  

While most of the TEs showed association with expression changes at basal levels, only three 

TEs were associated with expression changes only after infection. This suggests that these three 

TEs might be regulating gene expression specifically during infection. One of the TEs is 

FBti0019386, associated with Bin1 allele up-regulation (Figure 3.2.1). This is likely due to the 

TSS signal present in FBti0019386 (further discussed below). The other two TEs, FBti0018868 

and FBti0020137, associated with TM4SF and NUCB1 respectively, showed gene expression 
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changes associated with the presence of the TE after infection: up-regulation in one background 

and down-regulation in the other background, however this was only significant in one of the 

backgrounds.  

 

4.3.2 Background-Dependence in the Allele Specific Expression Changes 

We found the same results in the two backgrounds in 17 out of the 32 expression analysis: 

CG10943 showed up-regulation in non-infected conditions, CG8008 showed down-regulation in 

infected conditions, and the other 15 genes did not show significant differences in any of the two 

backgrounds (Figure 3.2.1). However, for eight analyses, both backgrounds showed changes in 

expression in the same direction although results were only significant in one of the two 

backgrounds: five genes in non-infected conditions (CG2233, AGO2, CG15829, CG8008, and 

CG15096), and three genes in infected conditions (CG10943, CG8628, and Bin1) (Figure 3.2.1). 

Finally, only seven genes differed in the direction of the change of expression in the two 

backgrounds, although results were only statistically significant in only one of the genetic 

backgrounds analyzed: four genes in non-infected conditions (Dif, CG8628, Mef2, and cbx), and 

three genes in infected conditions (cbx, TM4SF, and NUCB1) (Figure 3.2.1). 

The fact that we cannot detect statistically significant differences in the ASE analysis could be 

because we only used three biological replicates for each background and condition (Figure 

3.2.1, Annex Table S2.4). Thus, by increasing the number of biological replicates we might gain 

statistical power to detect such allele expression differences in both backgrounds (Blainey et al. 

2014). It might also be possible that other variants besides the TEs interfere in the gene 

expression regulation. Thus, epistatic interactions between the TE and other variants present in 

a genetic background may hinder the regulatory effect of the TE in that background (Chandler 

et al. 2013; Gasch et al. 2016). A detailed study in yeast on the quantitative trait nucleotides 

(QTN) interaction with both environment and genetic background found that, although the 

QTN effects were consistent in direction across backgrounds, the magnitude of their effect 

varied (Gerke et al. 2010). The analysis of the TEs 1kb flanking regions in the DGRP strains did 

not reveal the presence of other possible mutations in the regions conserved, considered as 

possible regulatory regions (Annex Table S2.5). Thus, we expect that the TE is the strongest 

candidate cis genetic variant explaining the gene expression changes found in the ASE. 

However, we cannot discard the presence of other variants in regions that are further from the 

1kb flanking regions analyzed, which could be affecting the allele expression differences. Finally, 

although the expression changes were only significant in one of the genetic backgrounds 

analyzed, we found seven TEs to be associated with up-regulation in one background and 

down-regulation in the other background (Figure 3.2.1). Thus, it could be that a single TE 

insertion causes different effects depending on the genetic background (see below).  

 



04 Discussion 

	   73	  

4.3.3 TEs Regulate Nearby Gene Expression by Adding Promoter and Enhancer 

Sequences 

We explored the molecular mechanisms behind the expression changes detected in the ASE for 

five TEs: FBti0019386 and FBti0018868, both up-regulated after infection, FBti0061506, up-

regulated in non-infected conditions, FBti0019985, down-regulated both in non-infected and 

infected conditions, and tdn8, up-regulated in both conditions (Figure 3.2.1). 

 

FBti0019386 and FBti0018868 Add a TSS to Their Nearby Genes. In D. melanogaster, a 

genome-wide in silico study showed that TEs provide promoters that drive the expression of 

hundreds of annotated genes in different developmental stages (Batut et al. 2013). Two of these 

reported TEs are FBti0019386 and FBti0018868, for which we confirmed the transcription 

initiation of their nearby genes, Bin1 and TM4SF respectively, in the gut. Interestingly, 

FBti0019386 only initiated transcription of Bin1 in infected guts, which is consistent with the up-

regulation of Bin1 TE-allele found in the ASE analysis of infected guts. As seen in the first 

chapter, FBti0019386 has signals of positive selection, and it is associated with a shorter 

developmental time and increased sensitivity to cold stress. Cold stress response has often been 

linked to immune response, as immune-related genes have been found up-regulated after cold 

exposure (Vermeulen et al. 2013; Zhang et al. 2011; MacMillan et al. 2016). Moreover, flies 

exposed to cold stress survive better to fungal infections (Marshall and Sinclair 2011; Le Bourg 

et al. 2009). Altogether these results suggest that FBti0019386 might also be associated with an 

immune response phenotype. Previous evidences showed that Bin1 mutant larvae are more 

sensitive to fungal infection (Costa et al. 2011). In this second chapter, we showed that adult 

mutant flies up-regulating Bin1 gene, had a higher survival compared to wild-type flies to P. 

entomophila oral infection, although it was marginally statistically significant (Table 3.2.5, Annex 

Figures S4 and S5). Further phenotypic experiments using natural strains with and without 

FBti0019386 should be performed in order to associate the TE with an increased survival after 

gram-negative infection. Moreover, it would be interesting to study the molecular and survival 

phenotypes of flies with and without FBti0019386 after fungal infection. 

 

We also detected that FBti0018868 is modifying the transcript structure of the nearby gene 

TM4SF by adding a new TSS (Figure 3.2.5). However, we were not able to associate this change 

with the up-regulation of the allele in infected conditions. We also discarded that FBti0018868 is 

playing a role as an enhancer in the gut (Figure 3.2.5). TM4SF RNAi mutants were more 

resistant to P. entomophila oral infection compared to the wild-type strain during the firsts 30 

hours and, after that, they become more sensitive (Table 3.2.5, Annex Figures S4 and S5). 

Although TM4SF function is not known, this evidence showing susceptibility of the TM4SF 

mutant flies suggests that this gene is required for immune response to gram-negative bacteria.  
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In Drosophila, there are evidences for another TE involved in immune response by modifying the 

gene transcript structure (Magwire et al. 2011). In this case, the TE FBti0019430 truncates the 

structure of CHKov1 gene and generates two new transcripts, thus producing a shorter protein 

product (Aminetzach et al. 2005). Flies with FBti0019430 insertion are more resistant to sigma 

virus infection compared to flies without the TE (Magwire et al. 2011).  

 

FBti0019985 and tdn8 Act as Enhancer Elements. Besides triggering structural changes, 

TEs can also add new regulatory regions able to enhance the expression of their nearby genes 

(Van’t Hof et al. 2016; Chuong et al. 2016). We showed that at least two out of the four 

analyzed TEs that are associated with gene expression up-regulation, FBti0019985 and tdn8, add 

enhancer regulatory sequences able to increase the expression of the nearby gene.  

 

We found that tdn8 is associated with CG10943 up-regulation likely because it is adding 

enhancer regulatory sequences upstream the gene (Figure 3.2.3). This gene was found to be up-

regulated in immune challenged flies in several studies (Table 3.2.4) (Broderick et al. 2014; 

Roxstrom-Lindquist et al. 2004; Bou Sleiman et al. 2015).  

We also found that FBti0019985 act as an enhancer sequence in the anterior part of the gut 

both in non-infected and infected conditions (Figure 3.2.6). These results would explain the 

marginally significant up-regulation of cbx associated with FBti0019985 in the first genetic 

background analyzed in the ASE. Moreover, the regionalization of FBti0019985 enhancer 

ability would explain why we did not detect statistically significance in the expression results 

using the whole gut (Figure 3.2.1, Annex Table S2.4).  

Interestingly, FBti0019985 is associated with cbx down-regulation in the second genetic 

background analyzed. Thus, it is probable that the same TE is causing gene expression changes 

in a background-dependent manner, and this could also be caused by different molecular 

mechanisms. More experiments should be performed with different genetic backgrounds to try 

to better understand the molecular mechanisms and molecular effects of FBti0019985. 

cbx mutant flies are more sensitive to infection by injection with gram-positive bacteria but not 

gram-negative (Ayres et al. 2008). We also observed that cbx mutants do not show differences 

after oral infection with the gram-negative bacteria P. entomophila (Table 3.2.5, Annex Figure 

S4). cbx is an ubiquitin-conjugating enzyme that might have a role in crystal cell development 

(Milchanowski et al. 2004). Crystal cells compose 5% of Drosophila hemocyte and participate in 

immune response and wound healing through melanization, however, enzymes associated with 

melanization process and crystal cells are not expressed in the Drosophila gut (information from 

Flybase). Thus, more experiments should be performed in order to assess a possible role of 

FBti0019985 in gram-positive bacteria response.  
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Besides locating in the first intron of cbx gene, FBti0019985 overlaps with the 5’UTR of another 

gene, CG18446 (Gramates et al. 2017). This TE adds a TSS to CG18446 that is associated with 

embryo cold stress survival (Merenciano et al. 2016). Interestingly, this genomic region has been 

repeatedly reused as an insertion site for other TEs from the same family. The sequences of the 

different TEs barely vary (Merenciano et al. 2016), suggesting that probably all of them might 

be playing a role as an enhancer for cbx gene. 

 

There are other examples in the literature showing how TEs regulate immune response by 

acting as enhancer regulatory sequences. For example, a study performed in human populations 

has linked the presence polymorphic TEs with immune gene expression differences (Wang et al. 

2016). One of these insertions is associated with increased expression of PAX5, an important 

transcription factor for B cell differentiation. This suggests a possible impact of TEs on the 

whole regulatory network and, therefore, an important impact on the phenotype. A different 

study in mammalian cells, revealed that LTR retrotransposons nest interferon-γ-inducible 

enhancers in their sequences, which induced the expression of immune responsive genes to 

Vaccinia virus in cells (Chuong et al. 2016).  

 

Finally, we were not able to link FBti0061506, associated with Dif up-regulation, with an 

enhancer role (Figure 3.2.4). With our experiments we cannot discard that FBti0061506 can 

drive nearby gene expression, as it is known that some enhancer sequences might play their 

function only when placed into their genetic context (Spitz and Furlong 2012). 

 

 

4.3.4 Other Molecular Mechanisms Could Underlie the Expression Changes  

In our ASE analysis, there are eight other immune-related genes showing expression differences 

associated with the presence of TEs, most of them are associated with gene down-regulation 

(Figure 3.2.1). Thus, other mechanisms such as the addition of heterochromatin marks or the 

addition of downstream regulatory sequences should be explored. TEs are able to recruit 

heterochromatin proteins that participate in silencing the nearby genes (Sentmanat et al. 2012; 

Huisinga et al. 2016; Guio et al. personal communication). For example, in Arabidopsis thaliana, 

the TE COPIA-R7 mediates the regulation of RPP7 gene, an immune regulatory protein that 

gives fungal resistance, by recruiting the histone mark H3K9me2 (Tsuchiya et al. 2013). 

Another possible mechanism that could be explored is the modification of downstream 

regulatory sequences. For example, FBti0019602 is located 12 bp downstream CG2233, likely 

modifying the gene polyadenilation signal (PAS). Downstream structural changes can modify 

the transcript expression levels, as seen for the TE FBti0019627 associated with CG11699 up-

regulation (Mateo et al. 2014). This TE truncates CG11699 PAS and generates a shorter 
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transcript that is associated with gene overexpression in flies with FBti0019627 (Mateo et al. 

2014). 

 

Finally, it is also possible that the TEs are associated with other transcript changes that are not 

detectable with our ASE analysis. For example, differential expression of gene alternative 

transcripts associated with the presence of the TE. Moreover, it is also possible that some of the 

analyzed TEs show expression changes when infected with a different pathogen such as gram-

positive bacteria or virus.  

 

Overall, the examples presented in this thesis highlight the variety of mechanisms underlying 

adaptive mutations and point toward a significant role of TEs in response to stress (Casacuberta 

and González 2013). Although we found evidences supporting a role of TEs in immune-related 

gene expression regulation, more evidences are needed to conclude that these changes trigger 

phenotypic adaptation. Moreover, some TEs might exhibit their adaptive effect in a different 

timing, a different developmental stage, after infecting with a different pathogen, or even using a 

different infection route. Indeed, FBti0019386 has been associated with expression changes in 

different developmental stages: females and gut, and under different conditions: non-stress, cold 

stress and infection. Moreover, we have also linked this insertion to several phenotypes: shorter 

developmental time, cold stress sensitivity, and probably immune response. Although we found 

evidences pointing to a possible role of TEs in immune response regulation, more experiments 

should be performed in order to link the identified TEs with a fitness effect in this trait. 
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5. CONCLUSIONS 

 

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

 

1. FBti0019386 has genomic signatures of positive selection, thus reinforcing the previous 

identification of this TE as a candidate for adaptation. 

 

2. Flies with FBti0019386 have a shorter developmental time and are more sensitive to 

stress, which are likely to be the adaptive effect and the cost of selection of this mutation, 

respectively. 

 

3. The observed phenotypic effects of FBti0019386 are not consistent with a role of this TE 

in temperate adaptation as has been previously suggested. Indeed, our global analysis of 

the population frequency of FBti0019386 show that climatic variables explain well the 

TE frequency patterns only in Australia. Thus, further functional validation should be 

gathered before concluding that a candidate loci is under spatially varying selection. 

 

4. FBti0019386 is associated with up-regulation of sra in adult females. There are no direct 

associations between sra and developmental time or stress. However, the role of sra as a 

calcium pathway regulator could be indirectly associated with both phenotypes.  

 

5. Genome-wide screening of TE insertions, including natural populations from three 

different continents, as well as including both annotated and a subset of non-annotated 

TEs in the reference genome, allowed detecting more candidate insertions for 

adaptation compared to previous works.  

 

6. Most of the candidate adaptive TEs are nearby genes associated with stress response. 

This suggests that TEs could be playing an important role in regulating genome 

response to environmental stressors in Drosophila.  

 

7. An important part of the identified candidate TEs, 23%, are nearby immune-related 

genes. This suggests that TEs might be generating adaptive regulatory variation in 

immune response in Drosophila.  

 

8. The immune-related genes nearby the candidate TEs show allele-specific expression 

changes in the gut associated with the TEs both in non-infected and infected conditions. 
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Thus, besides regulating the immune response, TEs might be also predisposing to a 

better response to oral infection.  

 

9. Although we found background-dependent allele-specific expression changes, the 

analysis of the flanking regions show that the TEs identified are the strongest candidate 

cis genetic variants explaining the observed expression changes, as no other variants 

were detected. 

 

10. We found that the candidate TEs were associated with both up-regulation and down-

regulation of the nearby genes. This suggests that they might be modifying gene 

regulation by using different molecular mechanisms. 

 

11. We found the mechanism underlying the expression changes for three out of the five 

TEs analyzed: FBti0019386 adds a TSS to its nearby gene Bin1, and FBti0019985 and 

tdn8 act as enhancer elements. Therefore, most of the genes showing up-regulation 

associated with the candidate TEs add promoter or enhancer regulatory sequences. 
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6. MATERIAL AND METHODS 

 

6.1 CHAPTER 1 

6.1.1 Sequence Analysis of the FBti0019386 Flanking Regions 

Single nucleotide polymorphism (SNP) data were downloaded from the DGRP2 webpage 

(https://www.hgsc.bcm.edu/arthropods/drosophila-genetic-reference-panel) in vcf format. 

Strains with (N = 65) and without (N = 38) FBti0019386 insertion were filtered using vcftools 

v_0.1.10 (http://vcftools.sourceforge.net/). 

We used three different statistics to detect positive selection: Nucleotide diversity (π), Tajima’s 

D, and the CL of SNPs. Positive selection results in the elimination of standing genetic variation 

that is linked to the adaptive mutation. Thus, if FBti0019386 has increased in frequency due to 

positive selection, we expect a decrease in π in flies with the insertion compared with flies 

without the insertion. π is calculated as the mean number of pairwise differences between two 

given sequences (Hudson et al. 1992). Tajima’s D statistic is calculated as the ratio between the 

mean number of pairwise differences and the number of segregating sites (Tajima 1989). This 

ratio is expected to be 0 in a neutrally evolving population whereas negative values of Tajima’s 

D can be taken as evidence of positive selection (Tajima 1989). Finally, CL test is calculated by 

multiplying the marginal likelihoods for each site along the studied sequences (Nielsen et al. 

2005).  

π, Tajima’s D, and CL were calculated for the two sets of sequences, with and without the 

insertion, using the PopGenome package in R (Pfeifer et al. 2014). Sliding windows analyses 

were performed for 200-bp-size windows spanning 1 and 2-kb regions flanking the insertion. 

Differences between strains with and without the insertion were more drastic for the 1-kb region 

flanking the insertion; therefore, we focused our analysis in this region. 

Simulations were performed using the MS program (Hudson 2002). Theta values were 

estimated using the 205 DGRP2 strains for the 2-kb region around FBti0019386 (theta = 

4.77/kb) and for the 3R chromosomal arm (theta = 4.5/kb). Thus, simulations were performed 

for theta values of 4/kb and 5/kb, which are frequently used as neutral values in D. melanogaster. 

Ad hoc perl scripts were used for the resampling analyses. In total, 1,000 random samples of the 

103 DGRP strains analyzed were obtained keeping the same proportion as in the original 

present and absent data sets (60%/40%, respectively) and a sample size of nearly 50% of the 

total data set. 

We also computed CLR as 2*(log CL (present) _ log CL (absent)), for a 1-kb region around the 

TE insertion. Because demography could produce similar patterns as positive selection, we 

performed a random sampling of 1,000 1-kb-long regions from the 3R chromosome for the 

absent and present data sets and calculated π, Tajima’s D, CL, and CLR tests in each one of 

them. 
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6.1.2 Fly Strains 

Outbred Strains 

We selected six inbred strains from the Drosophila Genetic Reference Panel (Mackay et al. 

2012; Huang et al. 2014) homozygous for the presence of FBti0019386 insertion (RAL-21, 

RAL-40, RAL-177, RAL-402, RAL-405, and RAL-857). We placed ten virgin females and ten 

males of each strain in a fly chamber to create an outbred population sharing the TE insertion. 

We also selected six inbred strains without the insertion (RAL-75, RAL-138, RAL-383, RAL-

461, RAL-822, and RAL-908) and created an outbred strain following the same procedure 

explained above. Each outbred population was maintained by random mating (N=800 flies per 

generation) for at least ten generations before starting the experiments. 

 

Introgressed Strains 

We selected two DGRP strains: One homozygous for the presence of FBti0019386 insertion 

(RAL-177) and one homozygous for the absence (RAL-802). We crossed RAL-177 virgin 

females with RAL-802 males and backcrossed the virgin females that carry FBti0019386 

insertion from the following generations with RAL-802 males for 12 generations. After that, we 

did brother–sister crosses until we obtained homozygous strains for the absence and 

homozygous strains for the presence of FBti0019386.  

 

Individual DGRP Strains 

We used a couple of individual DGRP strains differing by the presence/absence of FBti0019386 

insertion to perform our phenotypic assays. We used RAL-857 (homozygous for the presence of 

FBti0019386 insertion) and RAL-802 (homozygous for the absence). 

 

Presence/Absence of In(3R)Payne in the Analyzed Strains 

To discard the effect of In(3R)Payne inversion on FBti0019386 phenotypic effects, we genotyped 

the strains analyzed to detect the presence/absence of this inversion: The two outbred, the two 

introgressed, and the two individual DGRP strains. We used the primer sequences described in 

Matzkin et al. (2005). As a positive control, we used a strain that was previously genotyped in 

our laboratory and that carries the In(3R)Payne inversion. 

 

6.1.3 Phenotypic Assays 

All experiments were performed using outbred populations. Additionally, we used introgressed 

and individual DGRP strains to perform CCRT assay, survival after chill-coma, and DT assays. 

Fecundity 
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In total, 40 virgin females from each strain were placed individually in vials with one male from 

the same strain. During 17 days flies were moved to new vials every 2 days and the number of 

eggs laid per female during that period was counted. Total fecundity, that is, average of the total 

number of eggs laid per female during the 17 days, and early fecundity, that is, average of the 

total number of eggs laid per female during the first 48 h of egg laying, was compared between 

flies with and without FBti0019386. 

 

Egg Hatchability and Hatching Time  

In total, 800 4- to 8-day-old flies were allowed to lay eggs for 3 h on apple juice-agar medium 

with fresh yeast. Embryos were separated in groups of 20 or 50 and placed into food vials. Vials 

were kept at room temperature (19–22 ºC) and checked during the following hours for hatched 

eggs (2–5 times per day). We analyzed the average time over the midpoint of each successive 

interval in order to estimate the hatching time. Two experiments were performed following this 

protocol: A first pilot experiment with 150 embryos per strain, and one replica with 500 

embryos per strain. 

Egg hatchability and egg hatching time were also analyzed under cold stress conditions. 

Embryos were placed at 1ºC overnight for 14 h and at 18ºC during the day, and this cycle was 

maintained until all the eggs had hatched. We performed a pilot experiment with 100 embryos 

per strain and additional experiments with 240 and 160 embryos per strain, respectively. 

 

Cold Stress in Embryos 

In total, 800 7- to 10-day-old flies were allowed to lay eggs for 3 h on apple juice-agar medium 

with fresh yeast. Embryos were collected following the methodology described in Schou (2013), 

and placed into food vials in groups of 50. When embryos were 3–6 h old, vials were placed at 

1ºC for 14 h, and maintained at 18ºC until adult emergence. Simultaneously, control vials were 

always maintained at 18ºC and not cold-exposed to control for other variables affecting egg to 

adult survival. We performed a first pilot experiment using 280 embryos per strain and three 

biological replicas using 350 embryos per strain (replica 1) and 750 embryos per strain (replica 2 

and replica 3, respectively). In all cases, we analyzed egg to adult survival after all the adults had 

emerged. 

 

Chill-Coma Recovery Time 

In total, 500 3- to 5-day-old flies were separated by sex and by strain and placed into five empty 

vials in groups of 50. We allowed flies to recover from CO2 anesthesia for 1 h and then vials 

were put in ice and kept in a 4ºC chamber for 16 h as described in David et al. (1998). After the 

cold shock, adults were transferred to Petri dishes at room temperature (22–24ºC), and recovery 

time was monitored for successive intervals of 30 s during 2 h. We considered as recovered flies 
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those that were able to stand on their legs. As a control, we monitored survival of flies that were 

kept at room temperature: Three vials of 20 flies each, by sex and strain. 

 

Survival after Chill-Coma 

In total, 400 5- to 8-day-old flies were separated by sex and strain and placed into six food vials 

in groups of 20. We allowed flies to recover from CO2 anesthesia for at least 2 days. After that, 

flies were changed to empty food vials and were put in ice, and kept in a 4ºC chamber for 16 h. 

When adults were recovered from chill-coma, we transferred them to food vials and we 

monitored mortality during the next 5 days. As a control, we monitored survival of flies that 

were kept at room temperature: Three vials of 20 flies each, by sex and strain. 

 

Osmotic Stress 

In total, 2,000 4- to 7-day-old flies were separated by sex and strain and placed in groups of 20 

into 20 food vials containing 3% of NaCl, and into five vials with normal food as a control. Flies 

were maintained at room temperature (22–24 ºC) and dead flies were counted every 12–24 h 

until all the treated flies were dead. 

 

Starvation Stress 

In total, 2,000 3- to 4-day-old flies per strain were separated by sex and strain and placed in 

groups of 20 into 20 food vials containing only 1.5% agar, and into five vials with normal food 

as a control. Flies were maintained at room temperature (22–24 ºC) and dead flies were counted 

three times a day until all the treated flies were dead.  

 

Developmental Time 

In total, 800 7- to 10-day-old flies were allowed to lay eggs for 3 h. A total of 500 embryos per 

strain were collected and distributed in groups of 50 per food vial and were maintained at 18ºC. 

Vials were checked every 6–8 h for emerging adults until all flies had emerged. We estimated 

the average DT over the midpoint of each successive interval. 

 

Statistical Analyses of the Phenotypic Assays 

Analyses were performed with SPSS v21. We first tested whether data followed a normal 

distribution by performing Kolmogorov–Smirnov test. T-test was performed for normal data 

and Mann–Whitney test for non-normal data. Survival curves were compared with log-rank 

test. When the statistical test was significant, we estimated the size effect of the mutation by 

calculating the odds-ratio and its confidence interval.  

 

6.1.4 FBti0019386 Frequency Estimation for Natural Populations 
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To obtain FBti0019386 frequency, we run T-lex2 (Fiston-Lavier et al. 2015) using Drosophila 

whole-genome sequences available from a total of 23 populations from North America, 

Australia, Europe, and Africa (Annex Table S1.5).  

The accuracy of TE frequency estimates using T-lex2 is affected by coverage. However, 

coverage for all samples was higher than 20x except for Lyon (France) and California (USA), 

which had 8x and 4.7x coverage respectively, suggesting that overall frequency estimates are 

accurate. 

 

6.1.5 Correlation Analysis of FBti0019386 Frequency with Geographic and Climate 

Variables  

We analyzed whether the frequency of FBti0019386 insertion correlated with different 

geographical and climate variables in North America, Australia, and Europe using Pearson 

product– moment correlations. We also performed a PCA to disentangle the relationships 

between the climatic variables using Statistica (v8.0, StatSoft, Inc. 2007). Climatic data were 

obtained from the weather stations adjacent to collection sites of each population, available in 

Peel et al. (2007). When necessary, data were transformed as described in Sokal and Rohlf 

(2012) (see pages 411–422). 

 

6.1.6 mRNA Transcript Levels Analysis (quantitative reverse transcription 

polymerase chain reaction) 

Total RNA was extracted from three biological samples of 40 adult females (5-day old) from 

outbred populations differing by the presence/absence of FBti0019386 insertion using Trizol 

reagent and PureLink RNAMini kit (Ambion). RNA was treated on-column with DNase I 

(Trizol) and after RNA purification. Reverse transcription was carried out using 1 mg of total 

RNA, Anchored-oligo(dT) primer, and Transcription First Strand cDNA Synthesis Kit (Roche). 

The resulting cDNA was used for quantitative reverse transcription polymerase chain reaction 

with SYBR Green (BioRad) on an iQ5 Thermal cycler. sra total expression was measured using 

a pair of primers specific to a 124-bp cDNA amplicon spanning the 50- UTR/exon junction of 

the gene (5’-ACAACAACGGTGGAGAAGAGCCGT-3’ and 5’-

GGTGCATCGGCGGACGCA TTG-3’). For Bin1, we measured the 66-bp cDNA amplicon 

spanning the 50-UTR/exon junction using specific primers (5’-

TGTCGTCCCGTAGAGCAGAA-3’ and 5’-CA AGCAGATTGACCGCGAGA-3’). In both 

cases, we normalized the expression with Act5C (5’-GCGCCCTTA CTCTTTCACCA-3’ and 

5’-ATGTCACGGACGATTTCA CG-3’). Expression was measured in nonstress conditions 

and in cold-stress conditions: 16 h at 4ºC and 2h at room temperature to allow flies to recover. 

We also analyzed the expression of both genes in 0–2 h embryos using the same procedure. We 

collected the embryos from population cages containing approximately 800 flies from outbred 
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populations differing by the presence/ absence of FBti0019386 insertion. Briefly, 4 - to 8-day-

old flies were allowed to lay eggs for 2 h on apple juice-agar medium with fresh yeast. Then, 

embryos were collected using a small brush and cleaned with water. Embryos were 

dechorionized by submerging them for 5 min in 50% bleach. After that, embryos were placed in 

a microcentrifuge tube, the excess of water was eliminated, and the samples were frozen at -

80ºC until RNA extraction.  

 

6.1.7 Detection of piRNA reads binding to FBti0019386 sequence 

We used small RNA sequencing data to check whether piRNAs reads mapped to FBti0019386 

sequence, following a methodology similar to that described in Sentmanat and Elgin (2012). 

Briefly, we obtained the small RNA reads from Oregon R ovaries (accession number 

SRP000458) (Li et al. 2009), and from wild type ovaries (accession number: SRX470700) 

(Satyaki et al. 2014). We aligned the reads by using BWA-MEM package version 0.7.5 a-r405 

(Li 2013) to the 14.6-kb sequence obtained from Drosophila reference genome, containing Bin1 

and sra genes, and FBti0019386 (release five chromosomal coordinates 3R: 12,010,721– 

12,025,306). Then, we used samtools and bamtools (Barnett et al. 2011) to index and filter by 

sense/antisense reads. Finally, we obtained the total read density using R (Rstudio v0.98.507). 

 

6.1.8 Detection of HP1a Protein Binding in FBti0019386 Sequence 

We downloaded all available raw data from modEncode HP1a protein ChIP-Seq experiments: 

Embryos (ID 3391 and 3392), third instar larvae (ID 4936), and adult heads (ID 5592) 

(http://data.modencode.org). Then, we mapped the reads against the 14.6-kb region described 

above. We performed the alignments following the same methodology as for the piRNA reads 

analysis. 
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6. MATERIAL AND METHODS  

6.1 CHAPTER 2 

6.2.1 Fly Strains 

DGRP strains. Raw reads from 141 DGRP strains were used to estimate the frequencies of 

TEs annotated in the D. melanogaster reference genome, (M.G. Barrón, personal communication) 

(Mackay et al. 2012). A subset of 37 DGRP strains were also used to analyze by PCR a subset of 

TEs not annotated in the reference genome (Rahman et al. 2015). Finally, DGRP strains were 

also used to perform allele specific expression analyses (ASE), transcription start site 

identification (TSS), and enhancer assays. The identity of the strains used for the different 

experiments can be found in Annex Table S2.5A.  

African strains. A subset of 66 African strains collected in Siavonga (Zambia) with no 

evidence of cosmopolitan admixtures were used to estimate the frequency of TEs annotated in 

the reference genome (Lack et al. 2015) (Annex Table S2.5B). 

European strains. Raw reads from 73 European strains: 57 from Stockholm (Sweden) and 16 

from Bari (Italy) were used to estimate the frequencies of TEs annotated in the D. melanogaster 

reference genome, (M.G. Barrón, personal communication) (Ullastres et al. 2015) (Annex Table 

S2.5C). Additionally, one strain from Bari (CAS-49) was used for ASE and TSS experiments 

and one strain from Munich (MUN-8) was used for ASE experiments (Annex Table S2.5C). 

Mutant strains. We used three RNAi mutant stocks from the VDRC stock center (Annex 

Table S2.5D). To generate the mutants, we crossed the stocks carrying the RNAi controlled by 

an UAS promoter with flies carrying a GAL4 driver to silence genes ubiquitously. We performed 

the experiments with F1 flies that were obtained from each cross. Based on the phenotypic 

markers, we separated the RNAi mutant flies from the rest of the F1 that do not have the gene 

expression altered. The flies with normal expression levels were used as a baseline of the 

experiment. To overcome the lethality of silencing CG15829 during development, we used an 

Act5c-GAL4 strain regulated by the temperature sensitive repressor GAL80 (Annex Table 

S2.5D). For this mutant, we transferred flies from 25ºC to 29ºC 24h before performing the 

experiment. 

We also used four mutant stocks generated with different transposable element insertions. In this 

case, we used strains with similar genetic backgrounds as a baseline for the experiments (Annex 

Table S2.5D).  
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6.2.2 Transposable Element Datasets 

TEs annotated in the reference genome. There are 5,416 TEs annotated in the v6 of the 

D. melanogaster reference genome (Gramates et al. 2017). We did not consider the 2,234 TEs that 

belong to the INE-1 family, because this family has not been active for more than 3 million 

years. Thus INE-1 TEs are not likely to be involved in recent adaptation (Kapitonov and Jurka, 

2003; Sackton et al., 2009; Singh and Petrov, 2004). We neither considered TEs that are flanked 

by simple repeats, nested TEs, or TEs that are part of segmental duplications because 

frequencies cannot be accurately estimated for these TEs using T-lex2 (Fiston-Lavier et al. 

2015). Finally we discarded TEs present in genomic regions with a recombination rate = 0 

according to Fiston-Lavier et al. (2010) or Comeron et al. (2012). Thus, we ended up with a 

dataset of 815 annotated TEs for which we estimated frequencies using T-lex2 (Fiston-Lavier et 

al. 2015). We considered high frequent TEs those present at a population frequency ≥ 10%. 

 

TEs non-annotated in the reference genome. We also analyzed a subset of 25 TEs 

identified by Rahman et al. (2015) in DGRP strains that are not annotated in the reference 

genome (Annex Table S2.2). These 25 TEs are present in regions with recombination rate > 0 

(Fiston-Lavier et al. 2010 and Comeron et al. 2012) and were inferred to be present in at least 

15 DGRP strains out of the 177 strains analyzed by Rahman et al. (2015). We first confirmed 

the presence of these 25 TEs by PCR on a total of 37 DGRP strains (see below). For each TE, 

we sequenced at least one of the PCR products to confirm the presence and the family identity 

of the TE. We estimated the frequency of each TE based on the PCR results for a minimum of 

seven strains and considered as high frequent those present at a population frequency ≥ 10%.  

 

6.2.3 Presence/Absence of TEs in the Analyzed Strains 

We performed PCRs to confirm the in silico results obtained with T-lex2 (Fiston-Lavier et al. 

2015) and TIDAL (Rahman et al. 2015). We designed specific primers for each analyzed TE, in 

order to confirm the presence and/or absence of that TE, using the online software Primer-

BLAST (Ye et al. 2012) (Annex Table S2.7). Briefly, we designed a primer pair flanking the TE 

(FL and R primers), which produces a PCR product with different band sizes when the TE is 

present and when the TE is absent. For those TEs that are present in the reference genome, we 

also designed a primer inside the TE sequence (L primer) that, combined with the R primer, 

only amplifies when the TE is present (González et al. 2008). To perform the PCRs, genomic 

DNA was extracted from 10 females from each analyzed strain. 
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6.2.4 Functional Annotation of Genes Nearby Candidate Adaptive TEs 

In order to search for enriched biological functions of the genes associated with the candidate 

TEs, we analyzed the Biological Process gene ontology (GO) terms using the DAVID functional 

annotation tool (Huang et al. 2009). We considered all the genes that were located less than 1kb 

from the candidate TEs. If the candidate TEs did not have any gene located in the 1kb flanking 

regions, then we considered only the closest gene. We compared the genes associated with the 

candidate TEs with the genes associated with all the polymorphic TEs. We run DAVID with the 

default parameters and using the statistical threshold with high stringency (Huang et al. 2009). 

We considered as significant gene functional clusters those above 1.3 Enrichment Score (ES), as 

recommended by Huang et al. (2009).  

Additionally, we looked for functional information of the genes associated with the candidate 

adaptive TEs using Flybase (Gramates et al. 2017). We considered GO annotations based on 

experimental evidence and we also obtained functional information based on the publications 

cited in Flybase. Several lines of evidence were considered: genome-wide association studies in 

which SNPs in the analyzed genes were linked to a phenotypic trait, differential expression 

analyses, and phenotypic evidences based on the analyses of mutant stocks. We then classified all 

the TEs based on the gene functions associated with their nearby genes. 

 

6.2.5 Bacterial Infection  

We infected 5- to 7- day-old female flies with the gram-negative bacteria Pseudomonas entomophila 

(Vodovar et al. 2005). Flies were separated into food vials under CO2 anesthesia two days before 

the bacteria exposure and were kept at 25ºC. The experiments were performed as described in 

Neyen et al. (2014). Briefly, flies were starved for two hours and then they were flipped to a food 

vial containing a filter paper soaked with 1.25% of sucrose and bacterial pellet. The bacterial 

preparation was adjusted to a final OD600 = 100, corresponding to 6.5 x1010 colony forming 

units per ml (Vallet-Gely et al. 2010). Flies were kept at 29ºC and 70% humidity, which are the 

optimal infection conditions for P. entomophila. In parallel, we exposed non-infected flies to sterile 

LB with 1.25% sucrose.  

 

6.2.6 Survival Experiments 

We performed infection survival experiments with mutant flies, and we compared the mortality 

of the mutant flies to the mortality of flies with similar genetic backgrounds (Annex File S2.5D). 

Female flies were placed in groups of 10 per vial, and we performed the experiments with 5-12 

vials (see Annex Figure S4), except for cn1 considered as a wild-type background for which we 
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used 3 vials. As a control for each experiment, we exposed 3-4 vials containing 10 flies each to 

sterile LB with 1.25% sucrose. 

Fly mortality was monitored at different time points until all the flies were dead. Survival curves 

were analyzed with log-rank test using SPSS v21 software. If the test was significant, we 

calculated the odds-ratio and its 95% confidence interval when 50% of the flies were dead. 

 

6.2.7 RNA Extraction and cDNA Synthesis from Non-Infected and Infected Guts 

We dissected 20-30 guts from both non-infected and orally infected 5- to 6-day-old females. Flies 

were infected with the gram-negative bacteria P. entomophila as mentioned above, and they were 

dissected after 12 hours of bacterial exposure. Samples were frozen in liquid nitrogen and stored 

at -80ºC until sample processing. RNA from gut tissue was extracted using Trizol reagent and 

PureLink RNA Mini kit (Ambion). We treated RNA on-column with DNase I (Thermo) during 

the RNA extraction, and we did an additional treatment after the RNA purification. We 

synthesized cDNA from a total of 500 ng – 1,000 ng of RNA using the Anchored-oligo (dT) 

primer and Transcription First Strand cDNA Synthesis kit (Roche). 

 

6.2.8 Allele-Specific Expression Analysis (ASE) 

For each TE analyzed, we first identified two strains homozygous for the presence of the TE and 

two strains homozygous for the absence of the TE according to T-lex2 or TIDAL (Fiston-Lavier 

et al. 2015; Rahman et al. 2015). We then looked for a synonymous SNP linked to the presence 

of the TE and located in the coding region of the nearby gene. Note that we only selected a SNP 

when it is present in the coding region of all the alternative transcripts described for that gene. 

To select the SNP, we downloaded the coding region of the nearby gene from the sequenced 

DGRP strains available in http://popdrowser.uab.cat/ (Ràmia et al. 2012). Once we identified 

a diagnostic SNP, we re-sequenced the strain to confirm the presence of the SNP and we 

performed a PCR to confirm the presence of the TE. We selected a synonymous SNP that is not 

linked to the TE in all the strains analyzed.  

We also analyzed the coding region of the gene in order to discard the presence of 

nonsynonymous SNPs that could be linked to the TE (Annex Table S2.6A). Additionally, we 

analyzed the flanking regions of each TE in order to discard other variants that could be linked 

to the TE, or that could be potentially modifying the gene regulatory regions (Annex Table 

S2.6B). To do this, we used VISTA to define the conserved regions in the 1 kb TE flanking 

sequences between D. melanogaster and D. yakuba, which diverged approximately 11.6 Mya 
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(Junqueira et al. 2016). We then checked whether there is any SNP linked to the presence of the 

TE in the DGRP strains (Annex Table S2.6B).  

We were not able to analyze five of the candidate TEs: for three TEs, FBti0019381, 

FBti0061105 and FBti0062242, we could not identify homozygous strains for the presence or for 

the absence of the TE. For FBti0019564, we could not identify a diagnostic SNP. Finally, for 

tdn17, we could not design primers to validate the diagnostic SNP due to the presence of 

repetitive sequences in the nearby gene. 

We then crossed a strain with the TE with a strain without the TE differing by the diagnostic 

SNP to obtain heterozygous flies in which allele-specific expression was measured (Annex Table 

S2.8). Note that for each TE two crosses were performed so that ASE was measured in two 

different genetic backgrounds.  

ASE was measured in non-infected and infected conditions. We obtained cDNA samples from 

three biological replicates. We also extracted genomic DNA (gDNA) from 15-20 heterozygous 

females for each cross, which is needed to correct for any bias in PCR-amplification between 

alleles (Wittkopp et al. 2011). cDNA and gDNA samples were sent to an external company for 

primer design and pyrosequencing. We analyzed the pyrosequencing results as described in 

Wittkopp et al. (2011). Briefly, we calculated the ratios of the allele with the TE and the allele 

without the TE of the cDNA samples, and we normalized the values with the gDNA ratio. In 

order to perform the statistics, we transformed the ratios with log2 and we applied a two-tailed t-

test in order to check whether there were allele expression differences between the alleles. We 

corrected the p-values for multiple testing using Benjamini-Hochberg’s false discovery rate 

(FDR) (Benjamini and Hochberg 1995). 

 

6.2.9 TSS Detection 

To detect whether FBti0019386 and FBti0018868 are adding a Transcription Start Site (TSS) to 

their nearby gene, as suggested by Batut et al. (2013), we performed RT-PCR in gut tissue of 

non-infected and infected flies. For FBti0019386, associated with Bin1 gene, we used the forward 

primer 5’- ATCTGAAGCTCGTTGGTGGG-3’ and the reverse primer 5’ 

ATGAGACTCCTGTTTCGCCG- 3’ to detect Bin1 transcript starting in the TE, and the 

same forward primer with the reverse primer 5’ AAGAGCAAAGAGAAGCCGGAA-3’ to 

detect Bin1 short transcript. For FBti0018868, we used the forward primer located inside the TE 

sequence 5’-TCTTGGCGTTGTCCTTAGTCA -3’ and the reverse primer 5’- 

CTGTCCCTTTCCCGCAATCA -3’ to detect the TM4SF transcript starting in FBti0018868. 
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6.2.10 Enhancer Assays 

We generated transgenic flies carrying the TE sequence in front of the reporter gene LacZ by 

using the placZ.attB vector (Bischoff et al. 2007, accession number: KC896840). In order to 

construct a clone with the correct orientation in the promoter region of lacZ, two cloning steps 

were necessary. We first had to introduce specific restriction sites into the flanking regions for 

each TE sequence. For that, we amplified the genomic regions containing the TE sequence by 

using a high fidelity Taq DNA polymerase (Expand High Fidelity PCR system from Sigma), and 

introduced the restriction sites with the primers used to amplify the region (Annex Table S2.9). 

After that, we cloned the PCR product into the vector pCR®4-TOPO® (Invitrogen). Finally, 

we digested both vectors and ligated the TE sequence into the placZ.attB and we sequenced the 

cloned insert to ensure that no polymerase errors were introduced in the PCR step. We purified 

the vector with the GeneEluteTM Plasmid Miniprep kit (Sigma), and prepared the injection mix 

at 300 ng/µl vector concentration diluted with injection buffer (5 mM KCl, 0.1 mM sodium 

phosphate, pH 6.8). The injection mix was sent to an external company to inject embryos from 

a strain that contain a stable integration site (Bloomington stock #24749). After microinjection, 

surviving flies were crossed in pairs and the offspring was screened for red eye color, which was 

diagnostic for stable mutants. We established three transgenic strains for each analyzed TE, 

which were considered as biological replicates in the expression experiments. As a negative 

control, we also established transgenic strains with the placZ.attB empty vector, in order to 

control for possible LacZ expression driven by the vector sequence. 

For FBti0018868 and FBti0019985, we designed primers flanking the TEs and cloned the PCR 

product in front of the reporter gene lacZ (Annex Table S2.9). For the TE FBti0061506, which 

spans only 48 bp, we constructed two different clones to generate two transgenic strains. One 

strain carries the TE and part of the flanking genomic region, and the other strain contains the 

same genomic region without the TE. Finally, for the TE tdn8 we also produced two different 

clones to generate two transgenic strains. One strain carries the upstream region of CG10943, 

including the 5’UTR, with tdn8, and the other strain carries the same genomic region without 

tdn8 (Annex Table S2.9). 

 

6.2.11 qRT-PCR Expression Analysis 

For the transgenic strains generated in the enhancer assays, we checked lacZ expression in non-

infected and infected conditions. For most the mutant strains used in the infection survival 

experiments, we checked by qRT-PCR whether the expression of the mutated gene was affected 

in non-infected females (Annex Figure S5). We compared this expression to the expression 

measured in flies with a similar genetic background without the mutation. In all the cases, gene 
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expression was normalized with the housekeeping gene Act5c. The specific primers used for each 

gene can be found in Annex Table S2.10. We performed all RNA extractions and cDNA 

synthesis as mentioned above. We performed the qRT-PCR analysis with SYBR Green 

(BioRad) on an iQ5 Thermal cycler. Results were analyzed using the dCT method and 

following the recommendations of the MIQE guideline (Bustin et al. 2009). 

 

6.2.12 Immunofluorescence Staining 

We performed immunofluorescence gut staining to localize β-GAL expression in the transgenic 

flies from the enhancer assays, both in non-infected and infected conditions. Flies were dissected 

and gut tissue was fixed with 4% Formaldehyde. The tissue was then stained by using the 

primary antibody mouse anti-βGalactosidase (Hybridoma bank 40-1a), and the secondary 

antibody anti-mouse Alexa Fluor ® 555 (Sigma). Images were analyzed and captured using a 

Leica SP5 confocal microscope. 
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Annex Figure S1: Nucleotide diversity (A) and Tajima´s D (B) in the 2kb region around 

FBti0019386 insertion. The arrow indicates the location of the TE. Box plot representation of 

nucleotide diversity (C) and Tajima´s D (D) estimated for 1,000 random 1kb regions.	  	    
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Annex Figure S2. Flies with FBti0019386 are more sensitive to osmotic and starvation stress. (A) 

Females from outbred populations with the FBti0019386 insertion (red) showed more mortality than 

females without FBti0019386 insertion (gray). (B) Males with the FBti0019386 insertion died more 

than males without the insertion. Survival under control conditions is represented as dashed lines.   
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Annex Figure S3. Graphical representation of the Principal Component Analyses 

(PCA). (A) Grouping of the climatic variables (blue) in the PCA with latitude and TE frequency 

projected on the PCA. Variable are as follows: 1 AvMonTemp, 2 thermalAmp, 3 HotMont h, 4 

ColdMonth, 5 summerSEASON, 6 winterSEASON, 7 monthabove10, 8 MAP, 9 Cv, 10 

DryMonth, 11 summer_P,12 summer_DryM, 13 summer_wetM, 14 winter_P, 15 winter_DryM, 

16 winter_wetM. (B) Correlation analyses between TE frequency and the first component of the 

PCA for the three continents. 
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Annex Figure S4. Mutant infection survival curves. N: total number of infected flies in each 

experiment. Because of the high sensitivity of CG15829 mutant flies, this strain was infected with a 

total OD600 = 50. The rest of the mutant strains were infected with OD600=100.  
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Annex Figure S5. Expression analysis for some of the mutant flies used for the infection 

experiments. Each bar represents the average ratio of gene expression relative to the housekeeping 

gene Act5c. Note that we only analyzed the expression of one biological replica.  
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Annex Table S1.1. Sliding windows analysis of the 2kb region flanking FBti0019386 
insertion (1kb on each side). 

  Tajima's D Nucleotide diversity 
Chr.start Chr.end FBti0019386+ FBti0019386- FBti0019386+ FBti0019386- 
12014186 12014385 -0.44 0.09 0.56 1.90 
12014386 12014585 -1.25 -0.68 0.46 0.71 
12014586 12014785 -1.57 -0.38 0.05 0.84 
12014786 12014985 -0.87 -0.02 0.15 1.21 
12014986 12015186 -0.82 0.21 0.05 1.12 
12015532 12015731 -1.55 1.26 0.22 1.60 
12015732 12015931 -0.67 1.19 0.62 1.85 
12015932 12016131 1.72 -0.77 0.47 0.98 
12016132 12016331 -1.39 -1.10 0.20 1.06 
12016332 12016532 -1.44 -0.23 0.27 1.10 
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Annex Table S1.3. Statistics estimated in the 1000 datasets obtained by randomization of strains 
keeping the same proportion of the strains with and without the element. 

dataset CL log(CL) Tajima D π 
1 5.90E-12 -11.229313 0.8235081 3.797123 
2 3.55E-15 -14.44944 -0.1670349 3.216816 
3 1.94E-10 -9.7126312 0.21460617 2.785239 
4 1.56E-13 -12.808249 0.27298718 3.352201 
5 2.42E-08 -7.6157158 0.82448776 2.997203 
6 1.07E-13 -12.972461 0.70823342 4.061495 
7 8.45E-13 -12.073024 1.26670688 4.001695 
8 1.56E-13 -12.808249 0.11532612 3.119774 
9 5.76E-15 -14.239613 0.58744939 3.480829 

10 8.45E-13 -12.073024 0.41540641 3.185876 
11 1.43E-12 -11.84578 0.29438122 3.012121 
12 5.41E-11 -10.266844 0.61799472 3.302458 
13 3.55E-15 -14.44944 0.13584718 3.561608 
14 2.66E-14 -13.574521 0.21921987 3.310996 
15 2.66E-14 -13.574521 0.05058662 3.206061 
16 4.13E-11 -10.384354 0.59262359 3.278314 
17 5.71E-12 -11.24372 0.65259945 3.269474 
18 3.85E-11 -10.414416 0.40631308 3.137401 
19 1.83E-12 -11.738279 -0.4277619 2.732946 
20 3.34E-17 -16.475968 0.06155533 3.601242 
21 2.30E-14 -13.637553 0.64237548 3.634585 
22 1.01E-12 -11.995585 0.71481474 3.988701 
23 3.55E-15 -14.44944 0.22382834 3.686441 
24 2.53E-15 -14.597012 0.6030543 4.023266 
25 1.01E-14 -13.994952 0.26938517 3.604851 
26 8.45E-13 -12.073024 0.47907708 3.246893 
27 1.05E-12 -11.978945 0.60661451 3.576885 
28 3.85E-11 -10.414416 0.85970978 3.5147 
29 6.06E-09 -8.2177758 1.21843182 3.324942 
30 3.55E-15 -14.44944 -0.0259769 3.332401 
31 1.43E-12 -11.84578 0.82062707 3.553146 
32 6.22E-13 -12.206189 0.67898357 3.629837 
33 1.50E-15 -14.824256 0.24455025 3.685352 
34 3.65E-10 -9.4375399 0.47367056 3.263158 
35 4.09E-08 -7.388472 0.5119349 2.824026 
36 2.14E-15 -14.669788 0.15736122 3.73705 
37 3.79E-10 -9.4218958 0.36990539 2.604039 
38 4.85E-11 -10.314691 1.00641645 3.402546 
39 7.18E-12 -11.143995 0.83076601 3.299313 
40 3.89E-14 -13.410309 0.39565522 3.342657 
41 1.94E-10 -9.7126312 0.83120533 3.263403 
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42 4.57E-13 -12.340339 -0.0688167 3.039337 
43 3.75E-16 -15.426316 0.2547472 3.629061 
44 9.22E-14 -13.035493 0.92413619 3.878322 
45 4.20E-12 -11.376885 0.36138798 3.327877 
46 1.84E-09 -8.7357549 1.3499977 3.74504 
47 1.58E-14 -13.801765 -0.195301 2.962302 
48 1.15E-10 -9.9398751 0.44993913 2.875587 
49 1.58E-14 -13.801765 0.084436 3.203313 
50 4.85E-11 -10.314691 1.10396651 3.563842 
51 7.18E-12 -11.143995 0.56291425 2.991304 
52 1.94E-10 -9.7126312 0.85323799 3.266023 
53 1.79E-12 -11.746055 1.18963955 3.565847 
54 5.71E-12 -11.24372 0.43088248 3.180328 
55 7.18E-12 -11.143995 0.79730766 3.288701 
56 5.64E-17 -16.248724 -0.0795204 3.454785 
57 1.54E-10 -9.8123561 0.44153628 3.232305 
58 1.68E-11 -10.774825 0.13860677 3.143503 
59 6.00E-15 -14.222196 0.47601221 4.000605 
60 3.69E-13 -12.433433 0.69462182 3.645688 
61 3.75E-16 -15.426316 0.35458249 3.835593 
62 2.62E-13 -12.581005 -0.1273064 2.812587 
63 2.26E-16 -15.646664 -0.1657208 3.310642 
64 8.88E-16 -15.0515 -0.325746 3.08409 
65 4.59E-10 -9.337815 0.57113254 3.048611 
66 6.22E-13 -12.206189 0.20734012 3.213559 
67 3.69E-13 -12.433433 0.77827037 3.79548 
68 1.50E-15 -14.824256 0.15079809 3.511414 
69 1.47E-12 -11.831373 0.24170571 3.206349 
70 2.53E-15 -14.597012 0.17422824 3.581845 
71 4.20E-12 -11.376885 0.56804048 3.558964 
72 2.28E-11 -10.64166 1.02347141 3.688323 
73 4.32E-08 -7.3645163 0.15564298 2.264972 
74 6.00E-15 -14.222196 -0.0707918 3.281585 
75 7.18E-12 -11.143995 0.35753312 2.840559 
76 2.28E-11 -10.64166 0.01952139 2.750117 
77 2.24E-10 -9.6491396 0.62208249 2.861449 
78 4.20E-12 -11.376885 0.55893698 3.508159 
79 3.38E-12 -11.470964 0.80273633 3.557062 
80 3.55E-15 -14.44944 0.51307238 4.016384 
81 3.74E-14 -13.426949 0.11223464 3.293155 
82 1.94E-10 -9.7126312 0.99565894 3.376398 
83 5.90E-12 -11.229313 0.21413921 3.121739 
84 4.59E-10 -9.337815 1.00660914 3.437996 
85 1.94E-10 -9.7126312 0.42160423 2.93284 
86 2.28E-11 -10.64166 0.48063711 3.227922 
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87 3.75E-16 -15.426316 0.20782261 3.55528 
88 5.64E-17 -16.248724 0.24214847 3.861072 
89 2.87E-11 -10.541935 0.84739479 3.277855 
90 2.28E-11 -10.64166 0.26138021 2.999008 
91 2.14E-15 -14.669788 0.05936358 3.577856 
92 2.11E-13 -12.675084 0.5223665 3.146316 
93 8.45E-13 -12.073024 0.71791969 3.415851 
94 3.85E-11 -10.414416 0.72111352 3.437996 
95 1.94E-10 -9.7126312 0.51370991 3.015336 
96 1.07E-13 -12.972461 0.19553048 3.303599 
97 8.45E-13 -12.073024 0.29758708 2.964397 
98 1.07E-13 -12.972461 0.06094805 3.125263 
99 2.26E-16 -15.646664 -0.0440309 3.61948 

100 1.07E-13 -12.972461 -0.2294247 2.992136 
101 2.53E-15 -14.597012 0.40171985 3.774327 
102 3.69E-13 -12.433433 0.67668383 3.627506 
103 4.20E-12 -11.376885 0.07727958 2.934035 
104 1.07E-13 -12.972461 -0.3358119 2.791142 
105 2.53E-13 -12.597645 0.24278094 3.354069 
106 2.62E-13 -12.581005 0.29808452 3.224759 
107 1.94E-10 -9.7126312 0.81372005 3.214493 
108 2.53E-15 -14.597012 0.00432936 3.305947 
109 2.53E-15 -14.597012 -0.2492292 3.079254 
110 3.95E-15 -14.403825 -0.1083576 3.015803 
111 7.19E-13 -12.143158 0.45287336 3.682179 
112 3.95E-15 -14.403825 -0.0549024 3.134849 
113 1.50E-15 -14.824256 -0.0432031 3.334821 
114 6.00E-15 -14.222196 0.27251523 3.670862 
115 3.27E-10 -9.4853874 0.62870669 3.034429 
116 4.26E-13 -12.370401 0.62678747 3.803775 
117 2.40E-14 -13.620136 0.03958285 3.365217 
118 9.22E-14 -13.035493 0.56403689 3.493854 
119 6.06E-09 -8.2177758 0.86418173 3.119481 
120 1.80E-11 -10.744762 0.66078628 3.591747 
121 3.89E-14 -13.410309 0.32390323 3.26993 
122 3.38E-12 -11.470964 0.31592484 3.051091 
123 9.44E-11 -10.025193 -0.0054748 2.955357 
124 5.41E-11 -10.266844 1.01929082 3.722718 
125 6.31E-14 -13.199705 0.63496009 3.833566 
126 3.75E-16 -15.426316 0.36218596 3.690115 
127 1.65E-10 -9.7822937 1.06907513 3.750583 
128 2.28E-11 -10.64166 0.82698329 3.519814 
129 6.31E-14 -13.199705 -0.175894 2.88967 
130 1.07E-13 -12.972461 -0.3870417 2.776838 
131 2.24E-10 -9.6491396 1.00899944 3.167163 
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132 1.21E-11 -10.916751 0.45610353 2.881064 
133 9.22E-14 -13.035493 0.35210534 3.226583 
134 3.95E-15 -14.403825 0.02323482 3.17669 
135 2.53E-13 -12.597645 0.24795225 3.397717 
136 2.16E-10 -9.6647837 0.53256047 3.239161 
137 1.05E-12 -11.978945 0.12558127 2.998519 
138 6.09E-15 -14.2153 -0.3136064 3.220238 
139 9.35E-15 -14.029009 0.43351162 3.576812 
140 1.50E-13 -12.824889 0.03018131 3.184149 
141 9.63E-12 -11.016476 0.47566164 3.223162 
142 1.94E-10 -9.7126312 0.51016919 3.031073 
143 4.20E-12 -11.376885 0.43612834 3.40377 
144 2.49E-12 -11.604129 0.60286877 3.594395 
145 8.97E-10 -9.0470796 0.99403892 3.171867 
146 5.71E-12 -11.24372 0.2997674 3.096189 
147 9.22E-14 -13.035493 0.83822475 3.698947 
148 9.35E-15 -14.029009 0.64019759 3.77856 
149 9.95E-12 -11.002069 -0.0628818 2.859526 
150 1.94E-10 -9.7126312 0.53407516 2.981563 
151 1.15E-10 -9.9398751 0.22279505 2.72028 
152 1.35E-11 -10.868904 0.69735035 3.477919 
153 3.95E-15 -14.403825 0.03363356 3.130673 
154 3.75E-16 -15.426316 0.33270904 3.717296 
155 1.50E-13 -12.824889 -0.107236 3.057044 
156 4.20E-12 -11.376885 0.53193171 3.46137 
157 1.05E-12 -11.978945 0.54496036 3.455901 
158 2.66E-14 -13.574521 -0.3288654 2.798601 
159 1.94E-10 -9.7126312 0.39139443 2.887897 
160 3.79E-10 -9.4218958 0.71828691 2.959322 
161 1.50E-15 -14.824256 0.3034645 3.728671 
162 3.69E-13 -12.433433 -0.0162291 2.872066 
163 1.56E-13 -12.808249 0.35422994 3.363277 
164 3.69E-13 -12.433433 0.51585466 3.426501 
165 5.71E-12 -11.24372 0.39426753 3.089552 
166 3.81E-16 -15.41942 -0.0900951 3.511898 
167 5.85E-16 -15.233129 0.63791859 3.90565 
168 1.54E-10 -9.8123561 0.56111594 3.285218 
169 1.01E-14 -13.994952 -0.0983386 3.25035 
170 5.28E-14 -13.277144 0.74138113 3.385368 
171 1.65E-10 -9.7822937 0.75152342 3.487044 
172 8.45E-13 -12.073024 0.66803409 3.368298 
173 2.53E-15 -14.597012 0.35050933 3.64036 
174 9.02E-16 -15.044604 0.14416273 3.767857 
175 6.31E-14 -13.199705 0.42196527 3.648863 
176 1.01E-14 -13.994952 0.57954211 3.954617 
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177 2.11E-13 -12.675084 0.36824295 3.140678 
178 1.43E-12 -11.84578 0.63699786 3.303106 
179 1.50E-13 -12.824889 0.34395913 3.564781 
180 5.71E-12 -11.24372 0.4686498 3.196925 
181 5.68E-14 -13.24532 0.52347328 4.028249 
182 3.34E-17 -16.475968 0.38194272 4.027972 
183 2.87E-11 -10.541935 0.44146655 2.88323 
184 1.43E-12 -11.84578 0.50373117 3.144021 
185 2.49E-12 -11.604129 0.81046584 3.743196 
186 1.21E-11 -10.916751 0.60141947 3.058275 
187 2.14E-15 -14.669788 0.35191744 3.946584 
188 1.15E-10 -9.9398751 1.05925894 3.503966 
189 9.63E-12 -11.016476 0.41925924 3.079812 
190 5.71E-12 -11.24372 0.68014557 3.344099 
191 2.30E-14 -13.637553 0.40083671 3.292645 
192 1.43E-12 -11.84578 0.24943234 2.987599 
193 2.42E-08 -7.6157158 0.24179852 2.561017 
194 9.02E-16 -15.044604 -0.4934054 2.941201 
195 2.56E-09 -8.5925919 0.91266395 3.02543 
196 5.99E-13 -12.222829 0.44743461 3.65377 
197 5.71E-12 -11.24372 0.6239228 3.290683 
198 2.53E-13 -12.597645 -0.1587673 3.045198 
199 1.08E-08 -7.9665762 0.85341251 2.77381 
200 1.58E-14 -13.801765 0.66849692 3.790078 
201 4.04E-12 -11.393525 -0.1995824 3.074773 
202 7.18E-12 -11.143995 1.11112948 3.447612 
203 8.45E-13 -12.073024 1.27578088 3.875231 
204 1.65E-10 -9.7822937 0.86799065 3.522567 
205 1.70E-12 -11.768341 -0.2348516 2.843897 
206 9.37E-17 -16.028376 -0.0654469 3.287646 
207 2.62E-13 -12.581005 0.46694725 3.414918 
208 9.63E-12 -11.016476 0.31077347 3.010097 
209 1.58E-14 -13.801765 -0.3638617 2.870779 
210 2.53E-15 -14.597012 -0.1004337 3.207039 
211 3.55E-15 -14.44944 0.26172886 3.636962 
212 4.20E-12 -11.376885 0.00722615 2.968254 
213 5.71E-12 -11.24372 0.9235927 3.672881 
214 7.19E-13 -12.143158 0.56097574 3.84755 
215 3.75E-16 -15.426316 0.15742577 3.636419 
216 6.50E-11 -10.187172 0.44823883 3.140913 
217 1.65E-10 -9.7822937 0.72383798 3.336842 
218 1.31E-09 -8.8833275 1.17889958 3.631073 
219 4.20E-12 -11.376885 0.39243558 3.339394 
220 4.85E-11 -10.314691 0.87350682 3.301166 
221 2.49E-12 -11.604129 0.53366713 3.463126 
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222 8.88E-16 -15.0515 0.0810311 3.499207 
223 5.68E-14 -13.24532 0.30109216 3.774576 
224 9.63E-12 -11.016476 0.86098361 3.59175 
225 5.55E-17 -16.25562 0.41480603 3.749352 
226 3.81E-16 -15.41942 0.14416791 3.904962 
227 2.87E-11 -10.541935 0.64006001 3.128503 
228 5.71E-12 -11.24372 0.57119735 3.275991 
229 1.56E-13 -12.808249 0.51024373 3.402973 
230 3.38E-12 -11.470964 0.75117675 3.447552 
231 2.14E-15 -14.669788 0.28314957 3.910023 
232 4.20E-12 -11.376885 0.75525931 3.668323 
233 2.66E-14 -13.574521 0.6922643 3.917163 
234 1.05E-12 -11.978945 0.11180044 3.001174 
235 5.07E-15 -14.294972 -0.1922504 3.299379 
236 8.36E-18 -17.078028 -0.0853665 3.426501 
237 1.80E-11 -10.744762 0.7395828 3.733474 
238 1.52E-15 -14.81736 -0.1855476 3.569796 
239 7.09E-12 -11.149641 0.77836066 3.710711 
240 5.28E-14 -13.277144 0.73991401 3.475939 
241 4.20E-12 -11.376885 0.8257689 3.739545 
242 6.22E-13 -12.206189 0.67655093 3.58882 
243 6.00E-15 -14.222196 0.26830095 3.623602 
244 4.26E-13 -12.370401 0.4999244 3.83508 
245 6.31E-14 -13.199705 -0.2220694 2.875362 
246 1.43E-12 -11.84578 0.5894918 3.257971 
247 2.87E-11 -10.541935 0.456822 2.896894 
248 1.52E-15 -14.81736 0.31208951 3.921422 
249 2.28E-11 -10.64166 1.13201639 3.830357 
250 1.71E-14 -13.767708 0.27202865 3.692956 
251 6.06E-09 -8.2177758 0.70933863 2.871222 
252 1.01E-12 -11.995585 0.67315482 3.919619 
253 1.84E-09 -8.7357549 0.04566916 2.633394 
254 1.01E-14 -13.994952 -0.939998 2.315972 
255 2.53E-15 -14.597012 0.00712918 3.46461 
256 6.06E-09 -8.2177758 1.54595384 3.63247 
257 4.20E-12 -11.376885 0.39179694 3.319579 
258 6.22E-13 -12.206189 0.02605948 2.91471 
259 8.45E-13 -12.073024 0.08623795 2.748612 
260 3.27E-10 -9.4853874 0.73570822 3.214172 
261 3.65E-10 -9.4375399 0.01433939 2.822142 
262 5.64E-17 -16.248724 0.11821411 3.787571 
263 6.22E-13 -12.206189 0.31977721 3.246708 
264 1.50E-15 -14.824256 0.29449203 3.793103 
265 9.44E-11 -10.025193 0.74935571 3.701166 
266 2.24E-10 -9.6491396 0.40118583 2.660714 
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267 2.30E-14 -13.637553 0.28020811 3.225641 
268 2.28E-11 -10.64166 0.45577579 3.165967 
269 3.10E-09 -8.5085113 0.75339195 3.313068 
270 4.26E-13 -12.370401 -0.1081257 3.123412 
271 1.65E-10 -9.7822937 0.58102721 3.388961 
272 6.22E-13 -12.206189 1.00474126 3.981151 
273 3.95E-15 -14.403825 -0.0256262 3.144841 
274 1.58E-14 -13.801765 0.61859644 3.794996 
275 1.01E-14 -13.994952 0.0147266 3.378555 
276 6.31E-14 -13.199705 0.0623769 3.17971 
277 1.31E-09 -8.8833275 0.28403852 2.936327 
278 4.09E-08 -7.388472 0.88251536 3.078794 
279 7.18E-12 -11.143995 0.9941444 3.408858 
280 3.38E-12 -11.470964 -0.0035508 2.746032 
281 2.49E-12 -11.604129 0.4163529 3.363636 
282 6.22E-13 -12.206189 1.05985539 4.082486 
283 3.75E-16 -15.426316 0.01320781 3.421999 
284 2.28E-11 -10.64166 0.60157759 3.385965 
285 1.47E-12 -11.831373 0.23750576 3.145342 
286 2.53E-15 -14.597012 -0.5007693 2.81498 
287 5.71E-12 -11.24372 0.26330425 3.040113 
288 1.31E-09 -8.8833275 0.82690308 3.315254 
289 5.74E-08 -7.2408996 0.81671365 3.006944 
290 1.94E-10 -9.7126312 0.41913134 2.863354 
291 4.85E-11 -10.314691 0.71976685 3.199894 
292 6.00E-15 -14.222196 0.16232613 3.59175 
293 1.07E-13 -12.972461 0.22989823 3.464972 
294 3.95E-15 -14.403825 0.13409691 3.27568 
295 6.31E-14 -13.199705 -0.054479 3.09324 
296 3.55E-15 -14.44944 0.64609748 3.990526 
297 6.31E-14 -13.199705 -0.1230964 3.061343 
298 3.65E-10 -9.4375399 -0.0851405 2.65035 
299 4.20E-12 -11.376885 0.37541748 3.322145 
300 1.50E-15 -14.824256 0.05074093 3.339504 
301 1.42E-14 -13.84738 -0.0563244 3.276997 
302 2.28E-11 -10.64166 0.99818061 3.79026 
303 1.07E-13 -12.972461 0.27157184 3.443357 
304 6.22E-13 -12.206189 0.75661262 3.633839 
305 5.71E-12 -11.24372 0.49202607 3.219246 
306 6.83E-14 -13.165648 0.2330452 3.626107 
307 6.72E-11 -10.172765 0.87194728 3.89096 
308 9.13E-11 -10.0396 0.31740975 3.113128 
309 2.49E-12 -11.604129 0.74203563 3.782214 
310 2.83E-11 -10.547581 0.15389276 3.205195 
311 4.85E-11 -10.314691 0.56661436 3.101633 



08 Annexes 
	  

	   133	  

312 1.58E-14 -13.801765 0.40409948 3.545342 
313 5.71E-12 -11.24372 0.88807224 3.617663 
314 1.94E-10 -9.7126312 0.74764505 3.155694 
315 9.95E-12 -11.002069 -0.0139003 3.058001 
316 9.63E-12 -11.016476 0.8811111 3.590774 
317 1.54E-10 -9.8123561 0.6209212 3.476621 
318 2.66E-14 -13.574521 0.04186581 3.157764 
319 4.46E-09 -8.3509298 0.09438273 2.787578 
320 3.74E-14 -13.426949 -0.1625648 2.99752 
321 9.02E-16 -15.044604 0.43164516 4.041408 
322 1.27E-15 -14.897032 0.19309095 3.826389 
323 1.15E-10 -9.9398751 1.05008342 3.630204 
324 4.20E-12 -11.376885 0.42674565 3.484416 
325 6.82E-12 -11.166281 0.23042133 3.465537 
326 1.58E-14 -13.801765 0.4011069 3.674531 
327 4.57E-13 -12.340339 0.542654 3.778953 
328 1.94E-10 -9.7126312 0.37320034 2.854545 
329 1.50E-13 -12.824889 0.756067 4.00899 
330 1.94E-10 -9.7126312 0.78890385 3.225641 
331 3.95E-15 -14.403825 0.28270574 3.396714 
332 2.53E-13 -12.597645 0.4330483 3.735065 
333 2.28E-11 -10.64166 1.02032977 3.72371 
334 7.75E-10 -9.1105712 1.26928463 3.733212 
335 2.16E-10 -9.6647837 0.39701371 3.2355 
336 1.35E-11 -10.868904 1.03206866 3.776836 
337 2.53E-13 -12.597645 -0.2535973 2.920677 
338 1.43E-12 -11.84578 0.33546347 3.051282 
339 2.87E-11 -10.541935 0.7588966 3.254237 
340 1.05E-12 -11.978945 0.82949831 3.690175 
341 3.38E-12 -11.470964 0.27156355 2.972783 
342 2.87E-11 -10.541935 0.77821853 3.252247 
343 9.22E-14 -13.035493 0.37964903 3.307287 
344 2.24E-10 -9.6491396 1.15287136 3.322599 
345 1.94E-10 -9.7126312 1.1676532 3.641863 
346 1.01E-12 -11.995585 0.14727617 3.330853 
347 9.59E-14 -13.018076 -0.119882 3.319419 
348 6.00E-15 -14.222196 0.17247928 3.458246 
349 1.51E-09 -8.8198357 0.86791048 3.049603 
350 8.45E-13 -12.073024 0.95496457 3.68165 
351 2.26E-16 -15.646664 0.22309971 3.793375 
352 2.11E-13 -12.675084 0.25804909 2.854562 
353 1.50E-13 -12.824889 -0.0585651 3.255656 
354 1.58E-14 -13.801765 -0.2259705 2.909091 
355 3.75E-16 -15.426316 0.39127738 3.783582 
356 8.36E-18 -17.078028 0.25155603 3.896329 
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357 2.87E-11 -10.541935 0.50698572 2.957419 
358 3.75E-16 -15.426316 0.12121345 3.499301 
359 4.50E-12 -11.346823 0.57339658 3.543155 
360 9.13E-11 -10.0396 0.34033027 2.989263 
361 2.87E-11 -10.541935 0.75809165 3.198135 
362 1.51E-09 -8.8198357 1.06425902 3.308176 
363 9.22E-14 -13.035493 0.42003249 3.367366 
364 3.69E-13 -12.433433 0.65448742 3.625496 
365 6.22E-13 -12.206189 0.38139451 3.290683 
366 8.18E-11 -10.087447 0.49592688 2.964103 
367 6.31E-14 -13.199705 0.35760828 3.653247 
368 6.22E-13 -12.206189 -0.0767652 2.845478 
369 3.74E-14 -13.426949 0.12832371 3.37931 
370 1.07E-13 -12.972461 -0.1082909 2.997101 
371 1.77E-12 -11.751701 0.03439814 3.037288 
372 3.89E-14 -13.410309 -0.0195263 2.885714 
373 7.75E-10 -9.1105712 0.88511949 3.329365 
374 2.66E-14 -13.574521 0.04399585 3.219742 
375 8.45E-13 -12.073024 0.99881649 3.581419 
376 3.59E-09 -8.4450195 0.55010797 2.753731 
377 5.85E-16 -15.233129 0.61987586 3.839286 
378 2.87E-11 -10.541935 0.68901512 3.10352 
379 2.26E-16 -15.646664 0.15646518 3.860859 
380 3.38E-12 -11.470964 0.53618125 3.261409 
381 8.45E-13 -12.073024 0.34450336 3.139141 
382 2.34E-15 -14.631069 0.72423059 3.99887 
383 1.68E-11 -10.774825 0.61898335 3.610788 
384 6.22E-13 -12.206189 -0.2668218 2.68998 
385 4.13E-11 -10.384354 0.1569513 2.881119 
386 9.59E-14 -13.018076 0.30090371 3.681299 
387 1.58E-14 -13.801765 0.14523255 3.307692 
388 1.58E-14 -13.801765 0.40837367 3.682396 
389 1.58E-14 -13.801765 0.40870697 3.531299 
390 8.45E-13 -12.073024 0.46995895 3.179487 
391 9.22E-14 -13.035493 0.04514776 2.968832 
392 2.92E-11 -10.534159 0.40670705 3.655932 
393 7.18E-12 -11.143995 0.40854959 2.838811 
394 2.66E-14 -13.574521 0.05095794 3.186567 
395 4.20E-12 -11.376885 0.1909018 3.154762 
396 3.69E-13 -12.433433 0.08927396 3.09322 
397 1.05E-12 -11.978945 0.11532612 3.119774 
398 2.40E-14 -13.620136 0.27428101 3.719196 
399 9.35E-15 -14.029009 0.51370833 3.747753 
400 2.14E-15 -14.669788 -0.0753922 3.639413 
401 4.09E-08 -7.388472 0.31297351 2.657143 
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402 3.95E-15 -14.403825 0.46737602 3.653613 
403 6.22E-13 -12.206189 0.27064842 3.324675 
404 3.38E-12 -11.470964 0.82013624 3.513287 
405 2.24E-10 -9.6491396 0.85698954 3.024242 
406 9.63E-12 -11.016476 0.52099364 3.266526 
407 3.27E-10 -9.4853874 0.36079087 2.878371 
408 3.55E-15 -14.44944 -0.049001 3.306294 
409 4.20E-12 -11.376885 0.44585222 3.479734 
410 6.22E-13 -12.206189 -0.0185634 3.005445 
411 5.71E-12 -11.24372 0.27021125 3.00744 
412 3.38E-12 -11.470964 0.76786606 3.482639 
413 1.34E-16 -15.873908 0.26980045 3.918155 
414 1.58E-14 -13.801765 0.08973564 3.389238 
415 1.94E-10 -9.7126312 0.91505963 3.39435 
416 3.34E-17 -16.475968 0.22067169 3.835431 
417 6.22E-13 -12.206189 0.68030971 3.611501 
418 2.28E-11 -10.64166 0.66919826 3.351185 
419 1.56E-13 -12.808249 0.29287827 3.219491 
420 1.05E-12 -11.978945 0.10636888 2.995696 
421 6.06E-09 -8.2177758 0.60299662 2.828869 
422 1.50E-15 -14.824256 0.28076084 3.702877 
423 1.58E-14 -13.801765 -0.0579013 3.110119 
424 3.55E-15 -14.44944 0.11071239 3.668175 
425 1.94E-10 -9.7126312 0.62864192 3.065847 
426 9.22E-14 -13.035493 0.47520504 3.334035 
427 1.47E-12 -11.831373 0.02217693 2.964103 
428 5.71E-12 -11.24372 0.46673964 3.256503 
429 6.32E-16 -15.199072 0.01209269 3.334161 
430 3.65E-10 -9.4375399 0.78632096 3.610762 
431 5.71E-12 -11.24372 0.53891844 3.245221 
432 3.79E-10 -9.4218958 0.57709287 2.823903 
433 4.59E-10 -9.337815 -0.221534 2.393224 
434 6.22E-13 -12.206189 0.55603245 3.592257 
435 7.71E-13 -12.113095 -0.018249 3.152778 
436 6.22E-13 -12.206189 0.80178877 3.734416 
437 1.21E-10 -9.9154588 0.69346155 3.732607 
438 1.35E-11 -10.868904 0.83529755 3.527739 
439 5.99E-13 -12.222829 0.52240599 3.805808 
440 2.14E-15 -14.669788 0.02028866 3.696915 
441 9.35E-15 -14.029009 0.27822087 3.471726 
442 7.18E-12 -11.143995 0.45761992 2.965098 
443 8.45E-13 -12.073024 0.62878283 3.27856 
444 5.61E-09 -8.2512049 1.05996427 3.54507 
445 1.58E-14 -13.801765 0.36642812 3.612429 
446 1.56E-13 -12.808249 -0.3146827 2.587578 
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447 2.30E-14 -13.637553 0.77289816 3.66784 
448 1.51E-09 -8.8198357 1.06376815 3.19627 
449 1.47E-12 -11.831373 0.51345883 3.503437 
450 1.50E-15 -14.824256 0.29449203 3.793103 
451 3.10E-09 -8.5085113 0.38423127 2.918079 
452 2.87E-11 -10.541935 0.98572997 3.384109 
453 2.24E-10 -9.6491396 0.91077295 3.085317 
454 9.63E-12 -11.016476 -0.1003864 2.672131 
455 1.52E-15 -14.81736 0.0289425 3.735714 
456 7.18E-12 -11.143995 0.25708151 2.704225 
457 1.05E-12 -11.978945 0.78272829 3.777366 
458 1.34E-16 -15.873908 0.37559204 3.974741 
459 5.71E-12 -11.24372 0.71373253 3.493648 
460 2.53E-15 -14.597012 0.32139867 3.79774 
461 4.85E-11 -10.314691 0.14942014 2.689053 
462 3.95E-15 -14.403825 0.34051091 3.496927 
463 1.07E-13 -12.972461 0.54532425 3.830611 
464 2.87E-11 -10.541935 0.95657233 3.341615 
465 6.22E-13 -12.206189 0.2480017 3.277677 
466 5.23E-09 -8.2812674 0.94435701 3.347234 
467 2.87E-11 -10.541935 0.42527264 2.974592 
468 1.54E-10 -9.8123561 0.59815911 3.283582 
469 8.97E-10 -9.0470796 1.06314313 3.286364 
470 9.59E-14 -13.018076 -0.0750554 3.321523 
471 6.22E-13 -12.206189 0.67070449 3.621445 
472 5.71E-12 -11.24372 1.22014569 3.857143 
473 1.31E-09 -8.8833275 0.99314114 3.464407 
474 1.01E-14 -13.994952 0.15907339 3.500207 
475 1.56E-13 -12.808249 0.71926544 3.563104 
476 3.79E-10 -9.4218958 0.62247668 2.799172 
477 6.22E-13 -12.206189 0.5479843 3.477612 
478 1.50E-15 -14.824256 -0.3768014 2.894824 
479 1.71E-14 -13.767708 0.36451436 3.753292 
480 1.58E-14 -13.801765 0.59279469 3.76734 
481 6.00E-15 -14.222196 0.27673127 3.633126 
482 1.01E-14 -13.994952 0.249957 3.582942 
483 9.02E-16 -15.044604 -0.0693611 3.536753 
484 1.62E-13 -12.790832 0.00875342 3.393849 
485 8.45E-13 -12.073024 1.11309183 3.792541 
486 2.53E-15 -14.597012 0.47155898 3.919643 
487 2.34E-15 -14.631069 0.85163129 4.044776 
488 6.83E-14 -13.165648 -0.0235556 3.357143 
489 1.43E-12 -11.84578 1.02462105 3.748281 
490 3.74E-14 -13.426949 0.32043285 3.437011 
491 6.00E-15 -14.222196 0.45278479 3.898313 
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492 4.27E-15 -14.369768 0.10077637 3.41471 
493 2.34E-15 -14.631069 0.74825097 3.893975 
494 4.34E-14 -13.36283 0.04025519 3.386304 
495 1.71E-14 -13.767708 0.44902233 3.969752 
496 1.43E-12 -11.84578 0.51691009 3.224242 
497 5.85E-16 -15.233129 0.74306484 3.94965 
498 4.05E-14 -13.392892 -0.0924646 3.196792 
499 6.22E-13 -12.206189 0.57980522 3.491097 
500 2.66E-14 -13.574521 -0.3168989 2.75626 
501 1.35E-11 -10.868904 0.5489591 3.219462 
502 4.20E-12 -11.376885 0.71411136 3.707562 
503 1.58E-14 -13.801765 0.54564313 3.759425 
504 7.18E-12 -11.143995 0.20506162 2.688323 
505 1.43E-12 -11.84578 0.77617762 3.490575 
506 1.15E-10 -9.9398751 0.85904637 3.306052 
507 9.35E-15 -14.029009 0.08637825 3.187011 
508 1.51E-09 -8.8198357 0.84234265 2.996488 
509 1.54E-10 -9.8123561 0.50419416 3.212121 
510 4.95E-18 -17.305272 0.20967679 3.84623 
511 2.87E-11 -10.541935 0.74132095 3.27987 
512 1.07E-13 -12.972461 0.56416107 3.825989 
513 6.31E-14 -13.199705 0.17282095 3.279343 
514 1.15E-10 -9.9398751 0.38686845 3.005279 
515 1.58E-14 -13.801765 0.52948807 3.679503 
516 3.27E-10 -9.4853874 0.69414911 3.124232 
517 1.58E-14 -13.801765 0.52561805 3.675362 
518 5.76E-15 -14.239613 0.05795228 2.963975 
519 3.89E-14 -13.410309 0.46104179 3.429067 
520 5.71E-12 -11.24372 0.78221508 3.458736 
521 4.27E-15 -14.369768 0.1030901 3.457419 
522 1.52E-15 -14.81736 -0.0366247 3.484472 
523 1.01E-12 -11.995585 -0.0313534 3.160233 
524 2.87E-11 -10.541935 1.15849198 3.678546 
525 3.85E-11 -10.414416 0.5173974 3.283616 
526 3.85E-11 -10.414416 0.94335516 3.670545 
527 9.35E-15 -14.029009 0.7238512 3.907814 
528 3.61E-15 -14.442544 0.06838187 3.653613 
529 9.59E-14 -13.018076 -0.4931441 2.845584 
530 6.22E-13 -12.206189 -0.1928763 2.677897 
531 6.31E-14 -13.199705 0.41068136 3.6367 
532 1.01E-12 -11.995585 0.46788146 3.63345 
533 1.07E-13 -12.972461 0.35320701 3.510536 
534 6.60E-10 -9.1802336 0.84145577 3.44807 
535 4.26E-13 -12.370401 0.33485653 3.628571 
536 4.49E-14 -13.347278 -0.2136931 2.985876 
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537 1.58E-14 -13.801765 0.35426183 3.575886 
538 6.22E-13 -12.206189 -0.510077 2.462189 
539 1.15E-10 -9.9398751 0.66377533 3.131448 
540 3.27E-10 -9.4853874 0.56594131 3.101028 
541 2.87E-11 -10.541935 0.38676939 2.901639 
542 3.74E-14 -13.426949 -0.0026933 3.129061 
543 5.41E-11 -10.266844 0.55488227 3.279266 
544 1.44E-08 -7.8429596 0.8874068 3.138961 
545 6.22E-13 -12.206189 0.67250034 3.6036 
546 3.38E-12 -11.470964 0.58512183 3.327869 
547 1.14E-13 -12.942399 -0.1542274 2.966637 
548 3.17E-16 -15.499092 0.48855345 4.131694 
549 2.83E-11 -10.547581 0.30935546 3.364286 
550 3.95E-15 -14.403825 0.40199913 3.650847 
551 1.01E-14 -13.994952 0.07337155 3.467262 
552 8.45E-13 -12.073024 0.80989267 3.485075 
553 2.34E-15 -14.631069 0.2558778 3.386749 
554 5.71E-12 -11.24372 0.20975079 2.9688 
555 1.58E-14 -13.801765 0.19389144 3.339772 
556 3.85E-11 -10.414416 0.36823146 3.082517 
557 1.21E-10 -9.9154588 0.47547056 3.509982 
558 5.71E-12 -11.24372 0.74488947 3.480698 
559 2.53E-13 -12.597645 -0.2767667 2.854545 
560 1.58E-14 -13.801765 0.69349599 4.017532 
561 1.54E-10 -9.8123561 1.08943633 3.751097 
562 1.58E-14 -13.801765 0.29218382 3.445127 
563 9.02E-16 -15.044604 0.10747824 3.634977 
564 1.50E-15 -14.824256 0.30992953 3.713287 
565 9.22E-14 -13.035493 0.31760794 3.244513 
566 4.20E-12 -11.376885 0.58150422 3.61827 
567 1.50E-15 -14.824256 0.29610911 3.851153 
568 1.01E-14 -13.994952 0.18044331 3.612374 
569 1.71E-14 -13.767708 0.1777667 3.521325 
570 1.56E-13 -12.808249 -0.1222874 2.85669 
571 3.74E-14 -13.426949 0.03268839 3.251977 
572 8.97E-10 -9.0470796 0.34463118 2.613591 
573 4.04E-12 -11.393525 0.02291804 3.29026 
574 1.51E-09 -8.8198357 0.70388817 2.852504 
575 2.28E-11 -10.64166 0.71010972 3.32386 
576 5.90E-12 -11.229313 0.50282325 3.451282 
577 1.31E-09 -8.8833275 1.0264192 3.372455 
578 8.45E-13 -12.073024 0.16618961 2.967937 
579 1.58E-14 -13.801765 0.33539271 3.511888 
580 1.34E-16 -15.873908 -0.0850184 3.426915 
581 1.71E-14 -13.767708 0.11123537 3.466637 
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582 8.45E-13 -12.073024 0.69510314 3.498701 
583 1.43E-12 -11.84578 0.74599513 3.481756 
584 1.94E-10 -9.7126312 0.82811869 3.243635 
585 9.22E-14 -13.035493 0.82740865 3.741201 
586 2.49E-12 -11.604129 -0.3664313 2.672727 
587 1.58E-14 -13.801765 -0.0200933 3.150794 
588 3.81E-16 -15.41942 -0.0857924 3.626834 
589 9.22E-14 -13.035493 0.25636298 3.164389 
590 1.01E-14 -13.994952 -0.1274686 3.239087 
591 1.31E-09 -8.8833275 0.98121674 3.474289 
592 5.55E-17 -16.25562 0.18924395 3.514476 
593 2.88E-14 -13.540465 0.19604205 3.584149 
594 8.45E-13 -12.073024 -0.0331608 2.717758 
595 1.56E-13 -12.808249 0.22167725 3.186012 
596 3.74E-14 -13.426949 0.35140778 3.673655 
597 1.02E-08 -7.9905321 0.27259842 2.553571 
598 2.79E-10 -9.5550498 0.27726362 2.995804 
599 2.53E-15 -14.597012 0.297184 3.698834 
600 6.22E-13 -12.206189 0.33671826 3.323638 
601 1.15E-10 -9.9398751 0.71703107 3.179067 
602 1.58E-14 -13.801765 0.66510481 3.805164 
603 4.20E-12 -11.376885 0.23881274 3.183683 
604 7.18E-12 -11.143995 0.55180662 3.013986 
605 9.22E-14 -13.035493 0.12682211 3.03354 
606 2.28E-11 -10.64166 0.60323334 3.288411 
607 3.79E-10 -9.4218958 1.03662171 3.225424 
608 1.56E-13 -12.808249 0.41129347 3.358508 
609 5.71E-12 -11.24372 1.26178478 3.975145 
610 1.07E-13 -12.972461 0.33138022 3.574576 
611 9.59E-14 -13.018076 -0.3090979 3.032738 
612 7.18E-12 -11.143995 0.65751657 3.163277 
613 2.30E-14 -13.637553 0.18357432 3.147321 
614 5.85E-16 -15.233129 0.36508401 3.523266 
615 1.02E-08 -7.9905321 0.97130617 3.119347 
616 2.53E-15 -14.597012 -0.2413383 3.067603 
617 1.01E-14 -13.994952 0.57634514 4.03869 
618 1.50E-15 -14.824256 0.27489859 3.631056 
619 1.21E-11 -10.916751 0.38421624 2.937689 
620 3.27E-10 -9.4853874 0.7343821 3.128326 
621 9.22E-14 -13.035493 0.23674673 3.266183 
622 1.05E-12 -11.978945 0.71385542 3.626501 
623 6.83E-14 -13.165648 0.03835276 3.500302 
624 5.71E-12 -11.24372 0.91094879 3.683001 
625 2.28E-11 -10.64166 0.79651517 3.472344 
626 3.38E-12 -11.470964 0.80901766 3.542041 
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627 5.71E-12 -11.24372 0.28655603 3.004662 
628 1.58E-14 -13.801765 0.608331 3.744523 
629 2.14E-15 -14.669788 0.07574615 3.686012 
630 1.73E-07 -6.7624563 1.67130767 3.405258 
631 9.95E-12 -11.002069 0.59987241 3.54965 
632 6.83E-14 -13.165648 0.38599156 3.799534 
633 5.71E-12 -11.24372 0.88007215 3.589782 
634 1.50E-15 -14.824256 0.69575519 4.128183 
635 1.42E-14 -13.84738 0.42591118 3.801656 
636 2.87E-11 -10.541935 0.65729922 3.108159 
637 3.89E-14 -13.410309 -0.0875481 2.912994 
638 1.31E-09 -8.8833275 0.92617079 3.366071 
639 3.38E-12 -11.470964 0.17423069 2.880158 
640 3.79E-10 -9.4218958 0.50254717 2.714223 
641 2.53E-15 -14.597012 0.12314498 3.52381 
642 3.75E-16 -15.426316 -0.0475284 3.161096 
643 1.05E-12 -11.978945 0.000836 2.857193 
644 3.38E-12 -11.470964 0.92566462 3.653622 
645 5.71E-12 -11.24372 0.38203413 3.06087 
646 1.56E-13 -12.808249 0.451309 3.399068 
647 2.11E-13 -12.675084 0.20029075 2.888199 
648 2.40E-14 -13.620136 -0.0066771 3.333187 
649 1.51E-09 -8.8198357 0.95561565 3.106294 
650 1.05E-12 -11.978945 0.77445598 3.70676 
651 3.69E-13 -12.433433 0.93159302 3.975802 
652 6.22E-13 -12.206189 -0.1362031 2.785338 
653 1.31E-09 -8.8833275 0.39446954 2.841408 
654 8.45E-13 -12.073024 0.48903285 3.197669 
655 1.56E-13 -12.808249 -0.4681013 2.449517 
656 8.45E-13 -12.073024 0.90367984 3.699351 
657 1.07E-13 -12.972461 0.07314539 3.272871 
658 9.22E-14 -13.035493 0.26620152 3.174327 
659 2.87E-11 -10.541935 0.3478016 2.866737 
660 2.53E-15 -14.597012 0.52464891 3.854035 
661 2.34E-15 -14.631069 0.13940141 3.367232 
662 2.53E-13 -12.597645 0.09626789 3.197574 
663 1.71E-14 -13.767708 -0.0599676 3.362712 
664 1.05E-12 -11.978945 0.79050857 3.723003 
665 2.53E-13 -12.597645 0.48525326 3.717081 
666 1.50E-13 -12.824889 -0.0519073 3.116567 
667 9.22E-14 -13.035493 0.84821112 3.781387 
668 9.95E-12 -11.002069 0.73923684 3.690909 
669 5.41E-11 -10.266844 0.84899164 3.540793 
670 1.01E-14 -13.994952 0.42178555 3.863095 
671 3.75E-16 -15.426316 0.5098478 3.89648 
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672 1.58E-14 -13.801765 0.4300286 3.573085 
673 1.94E-10 -9.7126312 0.73475865 3.319759 
674 1.42E-14 -13.84738 0.17281441 3.628249 
675 9.13E-11 -10.0396 0.28942483 3.108442 
676 3.04E-11 -10.517519 0.21659885 3.124224 
677 6.22E-13 -12.206189 0.63528845 3.585548 
678 1.43E-12 -11.84578 0.64797877 3.330992 
679 1.21E-10 -9.9154588 0.13971537 3.144633 
680 5.71E-12 -11.24372 0.56817506 3.255048 
681 6.06E-09 -8.2177758 1.26505023 3.435572 
682 1.35E-11 -10.868904 1.09261905 3.813326 
683 4.05E-14 -13.392892 -0.0222766 3.336597 
684 3.74E-14 -13.426949 0.52921395 3.660016 
685 9.95E-12 -11.002069 -0.335342 2.583845 
686 9.37E-17 -16.028376 0.02930844 3.334116 
687 1.07E-13 -12.972461 -0.258468 2.894345 
688 4.85E-11 -10.314691 0.81372005 3.214493 
689 2.53E-15 -14.597012 -0.0792087 3.251097 
690 6.32E-16 -15.199072 -0.1283523 3.216317 
691 1.07E-13 -12.972461 0.37898259 3.625989 
692 1.51E-09 -8.8198357 0.88695096 3.082496 
693 1.05E-12 -11.978945 -0.0858852 2.914689 
694 1.47E-12 -11.831373 0.73411277 3.706349 
695 2.27E-13 -12.64326 0.24583211 3.663194 
696 8.45E-13 -12.073024 1.21840126 4.027254 
697 6.22E-13 -12.206189 0.29407741 3.202484 
698 2.92E-07 -6.5352125 0.9688049 2.948288 
699 2.28E-11 -10.64166 0.9133184 3.621528 
700 2.53E-13 -12.597645 0.13872021 3.300699 
701 5.71E-12 -11.24372 0.82241068 3.534722 
702 5.71E-12 -11.24372 0.52631127 3.251984 
703 6.31E-14 -13.199705 0.45481178 3.661706 
704 1.68E-11 -10.774825 0.4672875 3.395961 
705 4.26E-13 -12.370401 0.47866695 3.606025 
706 6.22E-13 -12.206189 0.28785469 3.273929 
707 1.56E-13 -12.808249 0.53323327 3.462687 
708 3.75E-16 -15.426316 0.22828587 3.691525 
709 1.56E-13 -12.808249 0.5494697 3.460455 
710 1.43E-12 -11.84578 -0.339209 2.462712 
711 9.95E-12 -11.002069 0.54047515 3.553107 
712 1.58E-14 -13.801765 0.48800902 3.697421 
713 1.54E-10 -9.8123561 0.64127288 3.424077 
714 6.00E-15 -14.222196 -0.0974386 3.230465 
715 1.35E-11 -10.868904 0.51767666 3.263353 
716 2.34E-15 -14.631069 0.15776543 3.245465 
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717 8.45E-13 -12.073024 0.65422548 3.393971 
718 1.05E-12 -11.978945 0.1890879 3.173453 
719 3.95E-15 -14.403825 -0.3379827 2.788811 
720 4.50E-12 -11.346823 0.54128118 3.434272 
721 1.58E-14 -13.801765 0.31359472 3.555367 
722 1.94E-10 -9.7126312 0.63892279 3.187662 
723 2.28E-11 -10.64166 1.05000123 3.732401 
724 1.94E-10 -9.7126312 1.04730912 3.42236 
725 9.22E-14 -13.035493 0.46188782 3.40979 
726 1.07E-13 -12.972461 -0.1791683 3.023164 
727 2.87E-11 -10.541935 0.59387718 3.068948 
728 2.87E-11 -10.541935 0.86847707 3.314484 
729 6.32E-16 -15.199072 -0.0602031 3.272608 
730 8.97E-10 -9.0470796 0.09122181 2.490566 
731 2.66E-14 -13.574521 0.24317933 3.434028 
732 2.36E-11 -10.627253 -0.3161602 2.639881 
733 2.87E-11 -10.541935 0.55424747 3.070621 
734 1.47E-12 -11.831373 0.55058742 3.480246 
735 1.51E-09 -8.8198357 1.03821694 3.331429 
736 1.56E-13 -12.808249 -0.1269658 2.85193 
737 1.35E-11 -10.868904 0.71184228 3.491833 
738 6.22E-13 -12.206189 0.20143109 3.108903 
739 1.50E-15 -14.824256 0.14670451 3.528205 
740 4.05E-14 -13.392892 -0.4650692 2.776604 
741 2.26E-16 -15.646664 0.18121456 3.682807 
742 2.53E-15 -14.597012 0.11666555 3.472783 
743 2.49E-12 -11.604129 0.32441702 3.355717 
744 6.00E-15 -14.222196 -0.0341495 3.417423 
745 6.06E-09 -8.2177758 0.73383192 2.972316 
746 4.26E-13 -12.370401 -0.3949957 2.837013 
747 3.95E-15 -14.403825 0.06989554 3.169405 
748 1.94E-10 -9.7126312 0.75506999 3.271022 
749 4.85E-11 -10.314691 0.50261292 3.024294 
750 2.87E-11 -10.541935 0.71787913 3.162238 
751 5.71E-12 -11.24372 0.25162453 3.072078 
752 3.74E-14 -13.426949 0.3303221 3.527778 
753 2.11E-13 -12.675084 1.20245316 3.858648 
754 2.53E-15 -14.597012 -0.4081501 2.965537 
755 2.30E-14 -13.637553 0.76794817 3.700176 
756 9.37E-17 -16.028376 -0.0191896 3.362103 
757 1.01E-14 -13.994952 0.35187103 3.718012 
758 9.95E-12 -11.002069 0.80684929 3.759441 
759 2.28E-11 -10.64166 -0.0284079 2.704429 
760 5.71E-12 -11.24372 0.22004191 2.941259 
761 2.40E-14 -13.620136 -0.0647883 3.436758 
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762 4.85E-11 -10.314691 0.6809725 3.146825 
763 2.87E-11 -10.541935 1.04851541 3.556494 
764 1.01E-14 -13.994952 0.204712 3.572432 
765 6.22E-13 -12.206189 0.47487819 3.509377 
766 1.50E-15 -14.824256 0.55276825 4.011905 
767 2.53E-15 -14.597012 0.29542457 3.654244 
768 6.22E-13 -12.206189 0.79850406 3.693662 
769 8.88E-16 -15.0515 0.00264089 3.386905 
770 3.04E-11 -10.517519 0.36946725 3.356954 
771 3.34E-17 -16.475968 0.41903896 4.072261 
772 6.22E-13 -12.206189 0.26789428 3.141799 
773 2.49E-12 -11.604129 0.6699919 3.582195 
774 6.60E-10 -9.1802336 0.66342846 3.311424 
775 5.71E-12 -11.24372 0.61748634 3.251759 
776 2.40E-14 -13.620136 -0.4346117 2.912216 
777 1.51E-09 -8.8198357 0.68892427 2.813333 
778 1.58E-14 -13.801765 0.62909732 3.849206 
779 8.45E-13 -12.073024 0.88462217 3.55619 
780 1.58E-14 -13.801765 0.22337916 3.371378 
781 2.53E-13 -12.597645 0.19471055 3.34065 
782 6.83E-14 -13.165648 0.12015638 3.476734 
783 1.51E-09 -8.8198357 0.74211254 2.928671 
784 3.95E-15 -14.403825 0.18273446 3.308489 
785 6.31E-14 -13.199705 0.60201716 3.84294 
786 1.94E-10 -9.7126312 -0.0952495 2.436364 
787 5.71E-12 -11.24372 0.82427839 3.447612 
788 9.59E-14 -13.018076 0.00457117 3.345917 
789 1.50E-15 -14.824256 -0.4983838 2.796737 
790 1.46E-09 -8.83548 0.71228248 3.429563 
791 4.85E-11 -10.314691 0.67265129 3.139385 
792 1.21E-11 -10.916751 0.43162783 2.890255 
793 2.79E-10 -9.5550498 0.66584615 3.447671 
794 1.70E-12 -11.768341 0.15375539 3.296752 
795 2.42E-08 -7.6157158 0.62219215 2.828904 
796 3.75E-16 -15.426316 0.28992962 3.713294 
797 6.40E-09 -8.19382 1.65742506 3.335681 
798 3.81E-16 -15.41942 0.20488491 3.793679 
799 8.97E-10 -9.0470796 0.46686325 2.749153 
800 1.58E-14 -13.801765 0.28974769 3.484127 
801 7.75E-10 -9.1105712 0.88672359 3.368927 
802 1.51E-09 -8.8198357 0.50485602 2.763617 
803 3.38E-12 -11.470964 0.17192423 2.877963 
804 3.27E-10 -9.4853874 0.99938148 3.37971 
805 6.22E-13 -12.206189 0.40828338 3.33626 
806 1.47E-12 -11.831373 0.48321986 3.542208 
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807 4.85E-11 -10.314691 0.64015685 3.060041 
808 3.95E-15 -14.403825 0.72908375 3.979905 
809 2.40E-14 -13.620136 0.08799924 3.507139 
810 5.71E-12 -11.24372 0.60830756 3.29324 
811 6.00E-15 -14.222196 0.19577323 3.629825 
812 2.66E-14 -13.574521 0.18037624 3.325285 
813 1.62E-11 -10.791465 0.49064991 3.722898 
814 1.21E-11 -10.916751 0.45892543 3.00484 
815 1.62E-13 -12.790832 0.32836168 3.831821 
816 1.43E-12 -11.84578 0.8612185 3.552448 
817 1.58E-14 -13.801765 0.65797266 3.816977 
818 1.01E-12 -11.995585 0.14783748 3.31049 
819 1.62E-13 -12.790832 -0.0029562 3.297731 
820 5.71E-12 -11.24372 0.47093709 3.18042 
821 5.55E-17 -16.25562 0.22531149 3.639881 
822 2.49E-12 -11.604129 -0.1803575 2.777778 
823 5.71E-12 -11.24372 0.63943285 3.400565 
824 1.58E-14 -13.801765 0.61802802 3.815385 
825 2.53E-13 -12.597645 -0.0558836 3.133792 
826 1.58E-14 -13.801765 0.19081889 3.356643 
827 9.35E-15 -14.029009 -0.0594022 3.031299 
828 1.50E-15 -14.824256 -0.070792 3.459276 
829 1.05E-12 -11.978945 0.38385894 3.350694 
830 5.71E-12 -11.24372 0.69721777 3.415179 
831 3.75E-16 -15.426316 0.53976022 3.973893 
832 1.43E-12 -11.84578 0.01509211 2.681229 
833 1.05E-12 -11.978945 0.52550902 3.537853 
834 3.38E-12 -11.470964 0.71501241 3.377226 
835 2.14E-15 -14.669788 0.05295092 3.736237 
836 1.07E-13 -12.972461 0.13958853 3.301632 
837 6.32E-16 -15.199072 0.2921771 3.764407 
838 2.53E-13 -12.597645 0.51336803 3.724702 
839 3.55E-15 -14.44944 -0.0366539 3.342262 
840 3.75E-16 -15.426316 -0.1856166 3.195664 
841 4.26E-13 -12.370401 -0.056518 3.111607 
842 1.21E-10 -9.9154588 0.7006682 3.716384 
843 1.50E-15 -14.824256 0.32514856 3.629825 
844 7.75E-10 -9.1105712 0.22377796 2.705004 
845 3.75E-16 -15.426316 -0.0848108 3.310418 
846 1.51E-09 -8.8198357 0.20071902 2.562987 
847 2.88E-12 -11.541098 0.4322192 3.637401 
848 3.81E-16 -15.41942 0.03689419 3.593503 
849 9.22E-14 -13.035493 0.51917691 3.509254 
850 3.95E-15 -14.403825 -0.1942341 2.984664 
851 2.11E-13 -12.675084 0.25799207 2.926839 
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852 1.80E-11 -10.744762 0.38359682 3.44026 
853 1.56E-13 -12.808249 0.06164173 2.967702 
854 5.71E-12 -11.24372 0.9501258 3.618525 
855 1.07E-13 -12.972461 -0.0712724 3.095734 
856 2.53E-15 -14.597012 0.11004671 3.508929 
857 6.32E-16 -15.199072 -0.2227205 3.088674 
858 4.61E-13 -12.336345 -0.1525851 3.257062 
859 9.02E-16 -15.044604 0.36866617 4.012121 
860 6.22E-13 -12.206189 0.4246262 3.435028 
861 2.28E-11 -10.64166 0.61172432 3.374011 
862 9.35E-15 -14.029009 0.18277878 3.369048 
863 1.47E-12 -11.831373 0.24268271 3.207341 
864 6.83E-14 -13.165648 0.03528391 3.401865 
865 4.27E-15 -14.369768 0.14991001 3.489855 
866 4.26E-13 -12.370401 0.46292376 3.608282 
867 3.95E-15 -14.403825 0.30887488 3.574713 
868 1.24E-08 -7.9064512 0.80039314 3.235897 
869 7.18E-12 -11.143995 0.40158318 2.863477 
870 2.66E-14 -13.574521 0.02599873 3.140787 
871 2.28E-11 -10.64166 0.25740882 3.034463 
872 1.79E-12 -11.746055 0.6583437 3.109091 
873 8.88E-16 -15.0515 -0.0555446 3.343733 
874 5.55E-17 -16.25562 0.2882173 3.735061 
875 4.20E-12 -11.376885 -0.1814524 2.722153 
876 1.94E-10 -9.7126312 0.3585776 2.841492 
877 6.22E-13 -12.206189 0.2863861 3.17723 
878 6.82E-12 -11.166281 0.67935426 3.903274 
879 2.53E-15 -14.597012 0.13164428 3.430581 
880 2.40E-14 -13.620136 0.33583173 3.742657 
881 2.28E-11 -10.64166 0.55806783 3.195483 
882 6.22E-13 -12.206189 0.40025173 3.309731 
883 4.85E-11 -10.314691 0.19183226 2.785065 
884 6.31E-14 -13.199705 -0.0235375 3.087785 
885 1.58E-14 -13.801765 0.3961745 3.577156 
886 2.53E-13 -12.597645 0.46259492 3.741077 
887 3.69E-13 -12.433433 0.2785611 3.205004 
888 2.56E-09 -8.5925919 0.70003248 2.909722 
889 6.31E-14 -13.199705 -0.3353777 2.791608 
890 6.82E-12 -11.166281 0.07242551 3.318814 
891 6.31E-14 -13.199705 0.21436902 3.361721 
892 6.31E-14 -13.199705 -0.208211 2.948413 
893 6.60E-10 -9.1802336 0.86024035 3.551515 
894 8.45E-13 -12.073024 0.62768968 3.368588 
895 2.28E-11 -10.64166 1.15564158 3.873612 
896 8.45E-13 -12.073024 0.45977116 3.151888 
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897 7.18E-12 -11.143995 1.14087857 3.522388 
898 1.07E-13 -12.972461 -0.1834408 2.996298 
899 9.22E-14 -13.035493 0.76775365 3.719814 
900 8.97E-10 -9.0470796 0.87186523 2.977786 
901 1.01E-14 -13.994952 0.16538519 3.619774 
902 1.31E-09 -8.8833275 0.58545992 3.118572 
903 1.70E-12 -11.768341 -0.0651319 3.146328 
904 4.85E-11 -10.314691 1.09276863 3.431322 
905 9.13E-11 -10.0396 0.57554507 3.24472 
906 2.26E-16 -15.646664 0.04215982 3.645833 
907 3.38E-12 -11.470964 0.88763056 3.638418 
908 4.85E-11 -10.314691 0.62352822 3.113696 
909 2.34E-15 -14.631069 0.39487203 3.575758 
910 4.82E-12 -11.31681 -0.2881429 3.180294 
911 2.14E-15 -14.669788 0.16025119 3.894156 
912 4.85E-11 -10.314691 0.94977489 3.352063 
913 2.87E-11 -10.541935 1.02103257 3.450893 
914 8.45E-13 -12.073024 0.88532549 3.521909 
915 2.66E-14 -13.574521 -0.5798073 2.529138 
916 1.56E-13 -12.808249 0.62306603 3.637288 
917 3.95E-15 -14.403825 0.0546439 3.190518 
918 6.06E-09 -8.2177758 0.34935944 2.687662 
919 5.20E-12 -11.283791 -0.0943588 3.012008 
920 3.38E-12 -11.470964 0.86464202 3.555711 
921 3.89E-14 -13.410309 0.10818733 3.051282 
922 1.43E-12 -11.84578 0.05774693 2.804563 
923 2.53E-15 -14.597012 0.12679625 3.444053 
924 1.44E-14 -13.840484 0.19559119 3.967156 
925 3.55E-15 -14.44944 0.09389218 3.490575 
926 9.22E-14 -13.035493 0.47568628 3.423776 
927 1.15E-10 -9.9398751 0.35755485 2.857639 
928 2.11E-13 -12.675084 0.72838613 3.44494 
929 1.01E-14 -13.994952 0.32677404 3.830006 
930 6.31E-14 -13.199705 0.08869302 3.207867 
931 7.18E-12 -11.143995 0.4925367 3.055844 
932 1.04E-09 -8.9830523 1.08325829 3.764103 
933 1.05E-12 -11.978945 0.42961491 3.440113 
934 3.59E-09 -8.4450195 1.04853339 3.217345 
935 9.35E-15 -14.029009 0.03820664 3.101053 
936 7.18E-12 -11.143995 0.13720475 2.715668 
937 1.62E-13 -12.790832 0.10786366 3.506448 
938 1.80E-11 -10.744762 0.4914689 3.550649 
939 1.07E-13 -12.972461 0.5301333 3.700176 
940 9.95E-12 -11.002069 0.3799972 3.488688 
941 2.49E-12 -11.604129 0.59365688 3.487089 
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942 2.11E-13 -12.675084 0.44784528 3.123395 
943 2.28E-11 -10.64166 0.20903532 3.009074 
944 3.89E-14 -13.410309 0.01089096 3.109351 
945 3.85E-11 -10.414416 0.53928161 3.193662 
946 3.89E-14 -13.410309 0.53158197 3.424491 
947 1.05E-12 -11.978945 0.19725229 3.16121 
948 7.75E-10 -9.1105712 1.15019245 3.648052 
949 2.34E-15 -14.631069 0.15695475 3.32028 
950 5.71E-12 -11.24372 0.74082613 3.519661 
951 6.60E-10 -9.1802336 0.30373176 3.058699 
952 6.06E-09 -8.2177758 1.20964444 3.370056 
953 2.53E-13 -12.597645 -0.1009857 3.023705 
954 3.95E-15 -14.403825 0.17632376 3.362103 
955 1.14E-13 -12.942399 0.26531083 3.457837 
956 3.74E-14 -13.426949 0.48524258 3.694444 
957 5.23E-09 -8.2812674 0.94386447 3.346795 
958 6.00E-15 -14.222196 -0.2174101 3.136905 
959 1.35E-11 -10.868904 0.17546231 2.955932 
960 1.43E-12 -11.84578 0.30339278 3.003073 
961 1.05E-12 -11.978945 0.74009155 3.653002 
962 1.07E-13 -12.972461 -0.1439515 2.923732 
963 6.66E-15 -14.176581 0.04537907 3.22123 
964 5.99E-13 -12.222829 0.08099507 3.281333 
965 8.88E-16 -15.0515 0.09126434 3.423602 
966 4.27E-15 -14.369768 0.06120844 3.389648 
967 5.23E-09 -8.2812674 1.07663885 3.581818 
968 1.07E-13 -12.972461 0.31121905 3.445963 
969 9.22E-14 -13.035493 0.50209639 3.394757 
970 1.56E-13 -12.808249 0.78896619 3.783712 
971 1.05E-12 -11.978945 -0.1814643 2.83908 
972 3.69E-13 -12.433433 0.65017286 3.642517 
973 1.43E-12 -11.84578 0.22507768 3.094268 
974 6.22E-13 -12.206189 0.80439189 3.73705 
975 3.74E-14 -13.426949 0.19352705 3.283599 
976 3.79E-10 -9.4218958 0.60359193 2.829365 
977 3.89E-14 -13.410309 -0.0136991 2.927739 
978 3.38E-12 -11.470964 0.9613555 3.731397 
979 5.71E-12 -11.24372 0.87770277 3.549605 
980 1.56E-13 -12.808249 0.08593002 3.010097 
981 1.52E-15 -14.81736 0.16873696 3.773427 
982 1.58E-14 -13.801765 -0.0009174 3.290706 
983 1.01E-12 -11.995585 -0.3008867 2.84871 
984 1.50E-13 -12.824889 -0.0137512 3.117208 
985 4.85E-11 -10.314691 0.55807351 3.01958 
986 7.18E-12 -11.143995 0.9483856 3.303221 
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987 1.44E-08 -7.8429596 0.4995482 2.813636 
988 3.38E-12 -11.470964 0.74082613 3.519661 
989 2.28E-11 -10.64166 0.26894935 2.987879 
990 6.31E-14 -13.199705 0.03766266 3.134977 
991 1.94E-10 -9.7126312 1.00149109 3.398156 
992 3.38E-12 -11.470964 0.35881026 3.131638 
993 5.71E-12 -11.24372 0.80059283 3.513889 
994 8.88E-16 -15.0515 0.21714221 3.654151 
995 2.40E-14 -13.620136 -0.1665888 3.17296 
996 2.30E-14 -13.637553 0.59573287 3.545455 
997 3.75E-16 -15.426316 0.04998475 3.488136 
998 5.28E-14 -13.277144 0.55618143 3.243635 
999 1.58E-14 -13.801765 0.08001386 3.280275 

1000 6.00E-15 -14.222196 0.34170519 3.820904 
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Annex Table S1.4. Composite Likelihood (CL) and Ratio (CLR) estimated in 1000 regions of 1kb 
taken randomly from the 3R chromosome in the datasets with (FBti0019386 +) and without 
(FBti0019386 -) the element.  

chr.start chr.end dataset sample_id 
CL 

CLR  FBti0019386 + FBti0019386 - 
20078025 20079025 568 586 4.45E-05 5.43E-18 8.56 
12015987 12016987 941 971 1.58E-07 5.77E-19 4.63 
20154668 20155668 539 554 1.36E-03 1.94E-10 3.98 
16592452 16593452 636 657 4.13E-08 2.53E-18 2.83 
12030464 12031464 133 136 1.59E-20 1.38E-42 2.26 

264845 265845 408 422 1.00E+00 1.48E-01 0.83 
353411 354411 176 179 8.19E-02 2.31E-03 0.46 

2951623 2952623 134 137 1.56E-02 1.31E-04 0.27 
185647 186647 404 418 1.00E+00 1.00E+00 0.00 

2723396 2724396 415 429 1.56E-02 3.20E-04 -0.12 
21690092 21691092 710 732 2.50E-01 2.50E-01 -0.60 
3749567 3750567 945 975 3.91E-03 1.31E-04 -0.93 
134551 135551 679 701 3.70E-02 1.56E-02 -1.06 

7837217 7838217 521 536 3.70E-02 1.56E-02 -1.06 
516917 517917 580 598 3.20E-04 1.25E-06 -1.09 

25563991 25564991 293 300 2.50E-01 1.00E+00 -1.20 
10581903 10582903 380 393 2.14E-05 1.03E-08 -1.35 

578232 579232 992 1022 1.56E-02 8.64E-03 -1.55 
81752 82752 834 860 1.28E-03 6.10E-05 -1.57 

142216 143216 124 127 5.49E-03 1.28E-03 -1.63 
1984213 1985213 785 810 1.48E-01 1.00E+00 -1.66 

13994239 13995239 553 570 1.68E-03 1.31E-04 -1.67 
14576729 14577729 28 28 1.61E-06 1.54E-10 -1.77 
17300978 17301978 10 10 2.46E-09 5.43E-16 -1.95 
12128397 12129397 411 425 1.10E-08 1.90E-14 -2.20 
27843708 27844708 394 408 3.70E-02 2.50E-01 -2.26 

751957 752957 622 643 1.28E-03 3.43E-04 -2.32 
27551611 27552611 127 130 1.24E-03 3.43E-04 -2.35 
1294422 1295422 932 962 1.28E-03 4.12E-04 -2.40 
313386 314386 306 314 5.49E-03 1.52E-02 -2.70 

27482632 27483632 878 906 1.94E-05 2.38E-07 -2.80 
27555017 27556017 895 924 8.07E-06 4.13E-08 -2.80 

337231 338231 501 516 3.20E-04 8.57E-05 -2.92 
5589861 5590861 382 395 3.20E-04 8.57E-05 -2.92 
3741902 3742902 583 601 4.32E-08 1.70E-12 -2.96 
4103830 4104830 361 372 1.12E-06 1.31E-09 -3.02 
267400 268400 93 96 1.31E-04 1.94E-05 -3.05 
472634 473634 688 710 1.28E-03 2.31E-03 -3.15 

12124139 12125139 788 813 6.40E-09 6.31E-14 -3.19 
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20135081 20136081 357 368 3.17E-16 2.62E-28 -3.42 
5161509 5162509 765 790 5.08E-11 7.81E-18 -3.48 
1736399 1737399 11 11 3.11E-04 3.43E-04 -3.55 

11313422 11314422 894 922 3.81E-06 5.54E-08 -3.58 
1393207 1394207 358 369 5.79E-04 1.28E-03 -3.58 
3719761 3720761 825 850 5.79E-04 1.28E-03 -3.58 
6174906 6175906 82 84 5.79E-04 1.28E-03 -3.58 

10768402 10769402 258 263 6.55E-06 1.65E-07 -3.59 
3724019 3725019 933 963 3.11E-04 5.79E-04 -3.78 
5967117 5968117 461 476 1.61E-06 2.42E-08 -3.97 
9843571 9844571 609 630 1.61E-06 2.56E-08 -3.99 

14514563 14515563 123 126 1.76E-19 3.19E-34 -4.01 
19947731 19948731 63 64 6.18E-23 4.62E-41 -4.08 
3735941 3736941 265 270 3.20E-04 1.28E-03 -4.10 

19792741 19793741 759 784 1.94E-05 4.86E-06 -4.11 
10707087 10708087 296 304 1.34E-06 2.94E-08 -4.21 
11670240 11671240 224 228 1.56E-11 4.95E-18 -4.31 
5876848 5877848 999 1029 1.28E-03 3.70E-02 -4.35 

10759035 10760035 913 942 7.49E-12 1.82E-18 -4.51 
12288497 12289497 959 989 8.57E-05 3.11E-04 -4.63 
1009138 1010138 317 325 9.54E-07 4.13E-08 -4.66 
8027973 8028973 920 949 6.06E-09 2.19E-12 -4.78 

20139339 20140339 43 43 2.38E-07 3.59E-09 -4.80 
8902560 8903560 733 758 9.54E-07 6.97E-08 -4.88 

11736664 11737664 370 382 4.38E-08 2.33E-10 -5.08 
17446600 17447600 110 113 6.82E-12 6.53E-18 -5.15 

383217 384217 947 977 1.28E-03 2.50E-01 -5.18 
4817465 4818465 188 191 6.61E-07 6.97E-08 -5.20 
6685010 6686010 526 541 1.21E-06 2.38E-07 -5.21 

27736407 27737407 255 259 1.21E-06 2.38E-07 -5.21 
16906690 16907690 640 661 8.46E-14 1.21E-21 -5.23 

16180 17180 151 154 7.77E-05 1.28E-03 -5.33 
14412372 14413372 118 121 1.24E-12 6.82E-19 -5.64 
8100359 8101359 665 687 2.24E-10 2.66E-14 -5.72 
7322854 7323854 369 381 1.28E-06 1.18E-06 -5.86 
3191773 3192773 773 798 5.79E-04 2.50E-01 -5.87 

10477157 10478157 558 576 2.57E-15 5.84E-24 -5.94 
402803 403803 163 166 3.28E-05 1.28E-03 -6.08 

6410797 6411797 520 535 8.07E-06 7.77E-05 -6.08 
4407849 4408849 245 249 3.69E-07 1.65E-07 -6.08 
2709771 2710771 754 779 2.56E-08 1.51E-09 -6.36 
709377 710377 633 654 1.80E-11 9.16E-16 -6.45 

19636899 19637899 336 346 1.94E-05 1.28E-03 -6.53 
2213292 2214292 218 222 4.86E-06 8.57E-05 -6.56 
7758018 7759018 778 803 4.86E-06 8.57E-05 -6.56 
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5811275 5812275 996 1026 8.37E-08 2.56E-08 -6.56 
892470 893470 899 928 2.38E-07 2.38E-07 -6.62 

20062696 20063696 366 378 1.21E-11 6.78E-16 -6.66 
3496643 3497643 222 226 2.38E-07 2.92E-07 -6.71 

57908 58908 161 164 4.32E-08 1.08E-08 -6.76 
9264488 9265488 956 986 2.72E-09 4.85E-11 -6.82 

22194235 22195235 625 646 2.45E-12 3.99E-17 -6.82 
19106356 19107356 205 209 2.24E-10 3.57E-13 -6.85 

636992 637992 298 306 6.97E-08 4.13E-08 -6.93 
1287609 1288609 231 235 1.65E-07 2.79E-07 -7.01 
805607 806607 184 187 2.38E-07 6.61E-07 -7.07 

12309787 12310787 676 698 1.15E-10 1.62E-13 -7.09 
27773025 27774025 696 718 1.02E-08 1.31E-09 -7.10 
5506404 5507404 74 76 4.86E-06 3.20E-04 -7.13 
3830468 3831468 505 520 1.21E-06 2.14E-05 -7.16 
4628411 4629411 56 57 2.38E-07 9.54E-07 -7.22 
203530 204530 603 623 8.57E-05 1.48E-01 -7.30 

3070846 3071846 413 427 6.97E-08 1.02E-07 -7.32 
4897515 4898515 437 451 4.67E-06 5.79E-04 -7.42 
1994432 1995432 412 426 2.70E-09 1.94E-10 -7.42 

10717306 10718306 809 834 2.70E-09 1.94E-10 -7.42 
5355672 5356672 101 104 2.38E-07 1.61E-06 -7.45 

27410247 27411247 362 373 2.38E-07 1.61E-06 -7.45 
677017 678017 842 868 1.21E-06 4.35E-05 -7.47 

19812327 19813327 776 801 4.50E-12 7.20E-16 -7.55 
17289907 17290907 349 360 1.52E-15 1.12E-22 -7.68 
2972913 2973913 326 335 6.97E-08 2.38E-07 -7.69 

13112840 13113840 794 819 1.10E-08 6.04E-09 -7.70 
25773483 25774483 576 594 1.21E-06 8.57E-05 -7.76 
8263013 8264013 419 433 2.62E-06 5.79E-04 -7.93 
1472405 1473405 122 125 1.60E-09 2.24E-10 -7.94 
4090204 4091204 216 220 1.08E-08 1.08E-08 -7.97 
9482496 9483496 795 820 1.40E-09 1.94E-10 -7.99 

16046580 16047580 931 961 2.38E-07 6.44E-06 -8.05 
3010383 3011383 974 1004 7.75E-10 9.13E-11 -8.18 

12978288 12979288 966 996 7.52E-12 8.78E-15 -8.19 
27566940 27567940 574 592 7.18E-12 9.72E-15 -8.28 
9857197 9858197 644 665 1.51E-09 4.59E-10 -8.30 

20135933 20136933 130 133 3.02E-17 2.28E-25 -8.40 
12469035 12470035 375 388 7.83E-10 1.54E-10 -8.40 

591857 592857 140 143 6.06E-09 1.08E-08 -8.47 
17098298 17099298 76 78 6.50E-11 1.25E-12 -8.47 
20259414 20260414 810 835 6.97E-08 1.61E-06 -8.52 
21565759 21566759 150 153 1.51E-09 8.66E-10 -8.58 
8276639 8277639 954 984 4.13E-08 6.91E-07 -8.61 
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7919821 7920821 268 273 4.26E-13 9.37E-17 -8.71 
18238582 18239582 88 91 6.31E-14 2.09E-18 -8.72 
15933318 15934318 482 497 1.10E-08 6.97E-08 -8.76 
3048705 3049705 263 268 1.21E-11 8.91E-14 -8.78 
7464218 7465218 930 960 2.53E-15 4.22E-21 -8.82 
6228556 6229556 917 946 3.95E-15 1.10E-20 -8.85 
1305493 1306493 416 430 1.03E-08 1.02E-07 -8.98 
8664966 8665966 643 664 6.91E-07 5.79E-04 -9.08 

20023523 20024523 550 567 1.44E-08 2.94E-07 -9.15 
8273232 8274232 305 313 2.38E-07 8.57E-05 -9.18 
5576235 5577235 581 599 4.10E-07 3.43E-04 -9.31 

21093976 21094976 911 940 9.24E-13 2.05E-15 -9.38 
2423635 2424635 697 719 1.03E-08 2.79E-07 -9.42 

16611187 16612187 165 168 8.18E-11 1.93E-11 -9.46 
9491012 9492012 417 431 1.79E-12 9.72E-15 -9.48 
3757231 3758231 614 635 3.59E-09 4.38E-08 -9.53 

23406053 23407053 286 293 1.39E-07 7.77E-05 -9.60 
5948382 5949382 995 1025 5.61E-11 1.35E-11 -9.63 
1745767 1746767 656 677 3.57E-13 5.49E-16 -9.64 
1802823 1803823 695 717 1.21E-11 7.14E-13 -9.69 

27631661 27632661 209 213 1.10E-08 6.61E-07 -9.74 
27499664 27500664 820 845 9.54E-07 5.12E-03 -9.75 
20342870 20343870 832 857 3.52E-31 9.44E-52 -9.88 
4570503 4571503 902 931 2.70E-09 5.96E-08 -9.91 

16945011 16946011 922 951 4.50E-12 1.76E-13 -9.94 
11713671 11714671 549 566 2.72E-09 8.37E-08 -10.05 
1765353 1766353 442 456 1.21E-11 1.70E-12 -10.07 

11723039 11724039 672 694 4.62E-14 3.18E-17 -10.17 
4060398 4061398 838 864 1.03E-08 1.61E-06 -10.18 
706822 707822 217 221 5.61E-11 4.85E-11 -10.19 

1231404 1232404 20 20 5.65E-07 5.49E-03 -10.24 
949526 950526 646 667 3.95E-15 2.70E-19 -10.24 

3346763 3347763 612 633 3.79E-10 2.58E-09 -10.26 
17489180 17490180 504 519 5.73E-18 6.74E-25 -10.31 
12806266 12807266 322 331 1.71E-15 6.75E-20 -10.37 
19089324 19090324 257 262 6.31E-14 9.66E-17 -10.38 
1850513 1851513 935 965 7.18E-12 1.79E-12 -10.54 
3781076 3782076 570 588 7.75E-10 2.09E-08 -10.54 
3781076 3782076 624 645 7.75E-10 2.09E-08 -10.54 
4241788 4242788 605 625 2.40E-14 2.03E-17 -10.55 

27250147 27251147 800 825 3.79E-10 6.06E-09 -10.63 
5927092 5928092 229 233 3.79E-10 6.40E-09 -10.65 
5731225 5732225 314 322 1.50E-15 1.01E-19 -10.65 

21174877 21175877 637 658 2.41E-12 2.62E-13 -10.66 
11052834 11053834 535 550 1.03E-08 4.86E-06 -10.66 
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8290264 8291264 190 193 1.51E-09 1.39E-07 -10.78 
19952840 19953840 516 531 1.02E-16 6.46E-22 -10.79 
1148799 1149799 648 669 4.85E-11 1.54E-10 -10.82 

14741938 14742938 837 863 1.51E-20 1.53E-29 -10.83 
18875574 18876574 167 170 2.26E-16 3.45E-21 -10.83 
2181783 2182783 427 441 5.28E-14 2.22E-16 -10.90 
2047231 2048231 398 412 1.21E-11 1.21E-11 -10.92 

15762999 15763999 494 509 1.56E-22 2.32E-33 -10.98 
12448596 12449596 660 682 1.01E-14 1.02E-17 -11.00 
13212476 13213476 112 115 1.79E-12 3.69E-13 -11.06 
2617799 2618799 197 200 1.58E-14 3.43E-17 -11.14 

10006226 10007226 493 508 2.62E-13 1.01E-14 -11.17 
27853927 27854927 873 901 1.51E-09 3.59E-07 -11.19 
13106878 13107878 943 973 3.48E-19 2.63E-26 -11.34 
27765361 27766361 828 853 1.62E-13 5.76E-15 -11.34 
6889393 6890393 573 591 2.42E-16 1.40E-20 -11.38 
487111 488111 113 116 1.79E-12 7.71E-13 -11.38 

18771680 18772680 106 109 4.00E-10 4.13E-08 -11.41 
2812814 2813814 971 1001 1.21E-11 5.61E-11 -11.58 

18672043 18673043 46 46 1.54E-10 1.08E-08 -11.66 
755363 756363 454 468 4.13E-08 1.28E-03 -11.88 

7574926 7575926 790 815 8.88E-16 6.37E-19 -11.91 
1651240 1652240 691 713 6.06E-09 3.23E-05 -11.94 
1387246 1388246 905 934 4.85E-11 2.56E-09 -12.04 
5568571 5569571 908 937 5.61E-11 3.59E-09 -12.06 
1875209 1876209 944 974 2.41E-12 7.09E-12 -12.09 
8416300 8417300 745 770 1.18E-10 2.56E-08 -12.26 

21073538 21074538 736 761 2.81E-18 1.66E-23 -12.32 
17122143 17123143 812 837 6.97E-13 1.02E-12 -12.32 

889915 890915 55 56 1.39E-17 5.18E-22 -12.43 
2289083 2290083 206 210 9.87E-16 2.81E-18 -12.46 

19013532 19014532 67 68 2.81E-18 3.19E-23 -12.61 
11379846 11380846 340 350 1.38E-25 8.46E-38 -12.64 
7895976 7896976 111 114 3.57E-13 6.22E-13 -12.69 

23095221 23096221 774 799 1.40E-17 1.01E-21 -12.71 
12836923 12837923 214 218 2.04E-20 2.15E-27 -12.72 
6186828 6187828 758 783 3.79E-10 9.54E-07 -12.82 

20344573 20345573 593 611 1.01E-14 9.02E-16 -12.95 
16653766 16654766 331 341 1.44E-14 2.34E-15 -13.05 
4526220 4527220 350 361 4.93E-11 3.20E-08 -13.12 

20818911 20819911 793 818 1.75E-25 4.51E-37 -13.17 
3356982 3357982 579 597 2.88E-10 1.28E-06 -13.19 

10206350 10207350 242 246 6.31E-14 6.31E-14 -13.20 
22040948 22041948 189 192 2.62E-13 1.09E-12 -13.20 

837116 838116 243 247 2.72E-09 1.20E-04 -13.21 
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24863130 24864130 973 1003 7.20E-11 1.02E-07 -13.30 
1819004 1820004 135 138 1.50E-13 5.48E-13 -13.39 
964855 965855 682 704 3.89E-14 3.89E-14 -13.41 
480298 481298 775 800 5.76E-15 8.88E-16 -13.43 

12114772 12115772 181 184 2.81E-18 2.53E-22 -13.51 
19483612 19484612 237 241 5.22E-19 9.98E-24 -13.56 
7478696 7479696 22 22 2.11E-13 1.79E-12 -13.60 

12477551 12478551 770 795 3.23E-13 4.68E-12 -13.65 
16106192 16107192 613 634 4.64E-11 1.02E-07 -13.68 
18760609 18761609 100 103 4.89E-22 1.37E-29 -13.76 
12417088 12418088 396 410 2.85E-14 5.28E-14 -13.81 
18404643 18405643 407 421 4.49E-13 1.35E-11 -13.83 
4647146 4648146 597 616 1.21E-11 1.02E-08 -13.84 
5238152 5239152 868 896 2.31E-14 3.74E-14 -13.85 

13290823 13291823 783 808 4.95E-18 1.78E-21 -13.86 
20188732 20189732 215 219 3.38E-12 8.97E-10 -13.89 
18634573 18635573 424 438 4.05E-27 1.41E-39 -13.94 
27633364 27634364 632 653 1.00E-10 9.54E-07 -13.98 

811568 812568 928 957 1.56E-13 2.39E-12 -14.00 
23408608 23409608 148 151 9.02E-16 8.30E-17 -14.01 
3276081 3277081 228 232 1.01E-14 1.38E-14 -14.13 
8125055 8126055 866 894 6.09E-15 6.00E-15 -14.21 
5016738 5017738 727 751 1.59E-14 5.28E-14 -14.32 
8219582 8220582 686 708 1.68E-11 6.97E-08 -14.39 

24348767 24349767 247 251 1.62E-18 7.04E-22 -14.43 
11173761 11174761 410 424 5.71E-12 1.08E-08 -14.52 
8224692 8225692 397 411 1.42E-11 7.13E-08 -14.55 
5459567 5460567 817 842 4.81E-10 8.57E-05 -14.57 
1022764 1023764 620 641 8.97E-10 3.20E-04 -14.60 

12606141 12607141 771 796 4.97E-20 9.96E-25 -14.61 
19866829 19867829 365 377 1.02E-17 5.59E-20 -14.73 
8797814 8798814 503 518 3.75E-16 7.59E-17 -14.73 
8806330 8807330 668 690 1.58E-16 1.39E-17 -14.74 
2016573 2017573 972 1002 4.34E-14 1.47E-12 -14.89 
9484199 9485199 982 1012 3.50E-12 1.08E-08 -14.94 
7821036 7822036 844 870 5.08E-18 2.36E-20 -14.96 
1640169 1641169 569 587 1.43E-12 2.56E-09 -15.10 
1855622 1856622 571 589 8.90E-17 1.12E-17 -15.15 

22874658 22875658 934 964 1.84E-12 5.61E-09 -15.22 
27268882 27269882 211 215 6.56E-14 7.18E-12 -15.22 
12773054 12774054 846 872 6.32E-16 7.19E-16 -15.26 
18785305 18786305 821 846 2.00E-18 8.14E-21 -15.31 
21137407 21138407 262 267 8.28E-21 1.50E-25 -15.34 
16789170 16790170 146 149 1.44E-15 5.76E-15 -15.44 
2122171 2123171 48 48 1.77E-12 9.46E-09 -15.48 
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3060627 3061627 15 15 2.88E-14 2.88E-12 -15.54 
20834240 20835240 288 295 3.25E-16 4.26E-16 -15.61 
12155648 12156648 383 396 4.50E-12 1.02E-07 -15.70 
6214930 6215930 129 132 6.78E-16 2.53E-15 -15.74 

11845668 11846668 718 741 1.06E-23 6.93E-31 -15.79 
7953033 7954033 307 315 1.07E-16 7.59E-17 -15.82 
7871280 7872280 420 434 2.59E-17 4.95E-18 -15.87 

25753897 25754897 647 668 3.34E-17 8.36E-18 -15.87 
14270155 14271155 327 336 5.15E-20 2.00E-23 -15.88 
12865026 12866026 769 794 1.58E-14 2.49E-12 -16.00 
8674333 8675333 712 734 3.65E-17 1.39E-17 -16.02 

19741645 19742645 156 159 8.91E-14 9.13E-11 -16.06 
19807218 19808218 843 869 2.36E-16 6.52E-16 -16.07 
15367860 15368860 533 548 1.51E-17 2.73E-18 -16.08 
11513547 11514547 811 836 5.85E-18 5.22E-19 -16.18 
16352302 16353302 302 310 1.01E-14 1.79E-12 -16.24 
14558846 14559846 792 817 1.44E-15 3.74E-14 -16.26 
19240056 19241056 120 123 1.99E-15 7.32E-14 -16.27 
7254726 7255726 455 469 1.12E-12 2.56E-08 -16.31 
3035080 3036080 373 385 5.76E-15 8.45E-13 -16.41 

12685340 12686340 339 349 1.75E-24 7.83E-32 -16.41 
4894109 4895109 489 504 7.52E-12 1.61E-06 -16.45 

18415714 18416714 86 89 5.55E-17 9.52E-17 -16.49 
6906425 6907425 402 416 1.52E-15 7.32E-14 -16.50 

20457835 20458835 955 985 5.76E-15 1.05E-12 -16.50 
17889429 17890429 557 575 1.31E-29 9.26E-42 -16.73 
2218401 2219401 492 507 5.76E-15 1.79E-12 -16.73 

27688718 27689718 354 365 3.65E-17 9.37E-17 -16.85 
12274020 12275020 453 467 1.72E-17 2.09E-17 -16.85 
9259378 9260378 980 1010 1.73E-17 2.56E-17 -16.93 
2826439 2827439 431 445 2.22E-21 4.44E-25 -16.95 
6080379 6081379 423 437 6.31E-14 3.79E-10 -16.98 
8079921 8080921 483 498 3.52E-18 1.19E-18 -16.98 
6581116 6582116 545 561 2.71E-15 7.05E-13 -16.98 

15605454 15606454 714 736 9.02E-16 8.11E-14 -17.00 
20042258 20043258 114 117 2.36E-16 6.66E-15 -17.08 
20961127 20962127 169 172 1.76E-18 4.16E-19 -17.13 
2434706 2435706 143 146 4.93E-11 3.43E-04 -17.15 
2722545 2723545 807 832 9.35E-15 1.35E-11 -17.19 

27746626 27747626 906 935 2.42E-16 9.72E-15 -17.22 
13157122 13158122 699 721 4.02E-22 2.70E-26 -17.22 
9106091 9107091 300 308 3.57E-13 2.56E-08 -17.30 
7017132 7018132 631 652 5.85E-18 8.00E-18 -17.37 
1696374 1697374 508 523 3.81E-16 3.74E-14 -17.41 
4567097 4568097 602 622 1.46E-16 5.76E-15 -17.43 
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12891425 12892425 958 988 2.47E-16 2.40E-14 -17.60 
12921231 12922231 171 174 2.19E-24 1.94E-30 -17.61 
12492028 12493028 761 786 1.90E-17 1.46E-16 -17.61 
4250304 4251304 462 477 3.14E-17 4.08E-16 -17.62 
8968133 8969133 16 16 9.22E-14 3.59E-09 -17.63 
5288396 5289396 337 347 3.19E-13 4.38E-08 -17.63 

18870465 18871465 984 1014 1.81E-25 1.45E-32 -17.65 
7704368 7705368 324 333 5.85E-16 1.56E-13 -17.66 
1171792 1172792 204 208 1.01E-14 5.61E-11 -17.74 
3843242 3844242 191 194 7.18E-12 3.28E-05 -17.80 

10567426 10568426 50 50 1.87E-21 2.61E-24 -17.87 
15958014 15959014 737 762 3.05E-20 7.18E-22 -17.89 
23250211 23251211 983 1013 1.36E-16 1.42E-14 -17.89 
2998461 2999461 829 854 1.02E-17 8.13E-17 -17.89 
7505947 7506947 405 419 7.92E-17 6.00E-15 -17.98 

19702472 19703472 144 147 9.65E-25 9.03E-31 -17.99 
20837646 20838646 681 703 3.49E-21 1.23E-23 -18.00 
5548133 5549133 269 274 1.07E-13 1.44E-08 -18.10 
1587370 1588370 560 578 5.55E-17 4.57E-15 -18.17 

12893128 12894128 225 229 3.60E-16 2.11E-13 -18.21 
17444045 17445045 942 972 5.20E-15 4.60E-11 -18.23 

558645 559645 748 773 3.28E-14 2.00E-09 -18.27 
3836429 3837429 693 715 3.57E-13 2.38E-07 -18.27 

11828636 11829636 487 502 1.71E-19 5.59E-20 -18.28 
1333595 1334595 862 890 9.72E-15 2.24E-10 -18.38 
4952017 4953017 986 1016 5.76E-15 9.46E-11 -18.46 

17108517 17109517 236 240 1.67E-18 8.36E-18 -18.48 
13367466 13368466 220 224 3.25E-16 3.57E-13 -18.53 
2700403 2701403 421 435 3.61E-15 4.85E-11 -18.57 

16248408 16249408 939 969 9.87E-16 4.50E-12 -18.66 
4372933 4373933 723 746 6.47E-18 2.48E-16 -18.77 
2371688 2372688 376 389 3.95E-17 9.72E-15 -18.79 

11674498 11675498 904 933 1.72E-19 1.92E-19 -18.81 
25414962 25415962 406 420 6.25E-22 2.95E-24 -18.88 
19871087 19872087 192 195 1.20E-20 1.56E-21 -19.03 
12641908 12642908 187 190 1.92E-19 4.04E-19 -19.04 
5420394 5421394 967 997 1.21E-15 1.62E-11 -19.04 
2272052 2273052 551 568 6.47E-13 4.67E-06 -19.05 

16105340 16106340 351 362 5.35E-16 3.38E-12 -19.07 
16364224 16365224 145 148 5.36E-15 3.79E-10 -19.12 
14678920 14679920 356 367 5.85E-16 5.71E-12 -19.22 
6528317 6529317 52 53 9.37E-17 1.56E-13 -19.25 

12375359 12376359 629 650 3.58E-18 3.04E-16 -19.38 
5559203 5560203 246 250 1.51E-18 7.92E-17 -19.54 
6094856 6095856 364 375 6.91E-17 1.73E-13 -19.56 
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2822181 2823181 886 914 3.81E-16 7.18E-12 -19.69 
27882029 27883029 888 916 1.79E-13 2.64E-06 -19.92 
27755994 27756994 756 781 2.26E-16 4.50E-12 -19.95 
1269726 1270726 730 754 4.59E-20 2.24E-19 -20.02 

13498612 13499612 393 407 3.24E-25 1.16E-29 -20.04 
10446500 10447500 541 557 4.56E-19 2.34E-17 -20.05 
7034164 7035164 595 614 1.76E-18 3.86E-16 -20.10 

13989130 13990130 715 737 2.96E-19 1.43E-17 -20.21 
769840 770840 675 697 7.39E-16 9.13E-11 -20.22 

27724485 27725485 530 545 3.18E-19 1.98E-17 -20.29 
19876197 19877197 285 292 9.61E-30 1.82E-38 -20.29 
11617441 11618441 915 944 8.18E-21 1.38E-20 -20.31 
3775114 3776114 334 344 3.96E-21 4.17E-21 -20.42 
3805772 3806772 60 61 2.34E-15 1.51E-09 -20.44 
4831942 4832942 893 921 1.58E-16 7.18E-12 -20.46 

13180115 13181115 379 392 2.50E-21 1.91E-21 -20.48 
8205957 8206957 989 1019 9.52E-17 3.38E-12 -20.57 
809865 810865 969 999 4.73E-24 8.61E-27 -20.58 

7621763 7622763 663 685 1.83E-14 1.65E-07 -20.69 
20053328 20054328 968 998 3.45E-21 5.90E-21 -20.69 
26514370 26515370 865 893 7.72E-29 3.15E-36 -20.72 
13015758 13016758 936 966 3.19E-23 6.13E-25 -20.78 
4309915 4310915 180 183 9.82E-17 7.31E-12 -20.88 

23845475 23846475 630 651 5.11E-22 2.16E-22 -20.92 
4877077 4878077 994 1024 2.94E-18 9.72E-15 -21.05 
5485966 5486966 44 44 8.73E-22 8.73E-22 -21.06 

12693855 12694855 292 299 1.33E-19 2.03E-17 -21.06 
18225808 18226808 25 25 8.76E-21 9.31E-20 -21.08 
27803683 27804683 352 363 1.24E-18 2.34E-15 -21.18 
7295603 7296603 395 409 3.98E-22 2.47E-22 -21.19 
3369756 3370756 709 731 9.67E-16 1.51E-09 -21.21 
2672301 2673301 924 953 1.15E-20 2.24E-19 -21.23 

11484592 11485592 554 571 4.20E-21 3.93E-20 -21.35 
7659233 7660233 610 631 1.36E-18 6.00E-15 -21.51 

21609190 21610190 304 312 1.23E-27 4.89E-33 -21.51 
22316865 22317865 54 55 3.17E-16 3.50E-10 -21.54 
20229608 20230608 722 745 1.51E-26 8.32E-31 -21.56 
4607122 4608122 497 512 1.51E-17 8.45E-13 -21.57 
8703287 8704287 752 777 1.58E-16 1.15E-10 -21.66 
9153780 9154780 753 778 2.94E-29 4.61E-36 -21.73 

10361340 10362340 926 955 1.67E-18 1.55E-14 -21.75 
3963317 3964317 261 266 5.85E-18 2.11E-13 -21.79 

22396063 22397063 617 638 2.34E-21 3.95E-20 -21.86 
2574367 2575367 108 111 5.22E-19 2.34E-15 -21.93 
3052963 3053963 484 499 1.67E-18 2.66E-14 -21.98 
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8886380 8887380 703 725 2.07E-21 4.39E-20 -22.01 
19323513 19324513 13 13 3.22E-24 1.09E-25 -22.02 
27706601 27707601 542 558 1.79E-22 4.47E-22 -22.14 
27706601 27707601 707 729 1.79E-22 4.47E-22 -22.14 
23391576 23392576 607 627 5.33E-16 4.16E-09 -22.17 
11082640 11083640 430 444 1.23E-17 2.31E-12 -22.18 
11082640 11083640 517 532 1.23E-17 2.31E-12 -22.18 
19234947 19235947 95 98 3.00E-21 2.21E-19 -22.39 
15174548 15175548 634 655 3.90E-22 4.22E-21 -22.44 
14638896 14639896 877 905 3.12E-27 3.05E-31 -22.50 
20341167 20342167 653 674 1.91E-33 1.46E-43 -22.60 
4033999 4034999 414 428 3.43E-17 4.85E-11 -22.61 

19650525 19651525 577 595 3.35E-27 4.75E-31 -22.63 
21792283 21793283 725 749 2.52E-25 3.06E-27 -22.68 
13557372 13558372 279 286 3.42E-26 5.67E-29 -22.69 
19446994 19447994 173 176 6.59E-23 2.36E-22 -22.74 
2238839 2239839 198 201 3.39E-17 6.72E-11 -22.77 

20852975 20853975 62 63 1.78E-21 1.92E-19 -22.78 
18446371 18447371 853 879 5.18E-22 1.85E-20 -22.84 
6509582 6510582 555 573 1.56E-27 1.81E-31 -22.87 

11876326 11877326 626 647 6.00E-15 2.80E-06 -22.89 
3333989 3334989 159 162 4.56E-19 1.83E-14 -22.95 

10325573 10326573 174 177 1.05E-21 9.98E-20 -22.95 
4179621 4180621 883 911 4.74E-18 2.41E-12 -23.03 

13651898 13652898 75 77 1.09E-21 1.28E-19 -23.03 
6523207 6524207 152 155 5.22E-19 3.89E-14 -23.15 

18560485 18561485 856 883 1.03E-24 1.75E-25 -23.22 
3362092 3363092 53 54 1.33E-19 3.71E-15 -23.32 

15732342 15733342 102 105 7.76E-30 1.35E-35 -23.35 
6045463 6046463 136 139 3.78E-16 3.22E-08 -23.35 
6045463 6046463 977 1007 3.78E-16 3.22E-08 -23.35 
8126758 8127758 89 92 4.81E-20 5.35E-16 -23.36 

21925131 21926131 847 873 3.73E-19 3.89E-14 -23.45 
16747442 16748442 443 457 1.62E-22 7.66E-21 -23.47 
12215260 12216260 290 297 4.37E-25 6.23E-26 -23.51 
5142774 5143774 871 899 4.41E-28 6.41E-32 -23.52 

15818353 15819353 141 144 3.36E-29 4.18E-34 -23.57 
25728349 25729349 319 327 6.13E-25 1.50E-25 -23.60 
16707417 16708417 374 387 1.92E-25 1.51E-26 -23.61 
20367566 20368566 253 257 8.94E-27 3.32E-29 -23.62 
8844652 8845652 422 436 5.22E-19 1.14E-13 -23.62 

20742268 20743268 949 979 2.52E-21 2.95E-18 -23.67 
6962630 6963630 70 72 5.55E-17 1.60E-09 -23.72 

20363309 20364309 79 81 2.43E-28 3.22E-32 -23.74 
24173339 24174339 671 693 1.71E-19 1.59E-14 -23.74 
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27032139 27033139 172 175 8.36E-18 4.93E-11 -23.85 
9941505 9942505 618 639 1.36E-25 1.35E-26 -23.86 

15707646 15708646 294 302 1.60E-26 1.89E-28 -23.87 
10095643 10096643 221 225 1.19E-22 1.29E-20 -23.96 
1485179 1486179 652 673 1.41E-17 2.79E-10 -24.15 
8489537 8490537 879 907 1.03E-19 1.58E-14 -24.17 

11220598 11221598 99 102 4.16E-19 2.62E-13 -24.18 
18100624 18101624 154 157 6.43E-24 6.63E-23 -24.21 
2698700 2699700 284 291 1.66E-23 4.48E-22 -24.21 

13470509 13471509 272 277 4.77E-22 3.77E-19 -24.22 
13470509 13471509 360 371 4.77E-22 3.77E-19 -24.22 
6957520 6958520 611 632 8.28E-21 1.34E-16 -24.29 
4496414 4497414 979 1009 1.53E-15 4.86E-06 -24.32 

19114021 19115021 731 755 1.10E-24 2.84E-24 -24.37 
11637879 11638879 434 448 6.98E-28 1.32E-30 -24.43 
24243170 24244170 85 87 2.51E-27 1.84E-29 -24.47 
6506176 6507176 137 140 1.95E-28 1.14E-31 -24.48 

27084086 27085086 251 255 2.31E-22 1.71E-19 -24.50 
8090991 8091991 58 59 2.96E-25 3.24E-25 -24.57 

18933483 18934483 155 158 2.77E-30 2.98E-35 -24.59 
23218702 23219702 301 309 2.12E-18 1.80E-11 -24.60 
15091943 15092943 985 1015 1.72E-34 1.26E-43 -24.63 
23107995 23108995 529 544 4.49E-23 9.21E-21 -24.66 
18150868 18151868 903 932 1.10E-24 6.98E-24 -24.76 
23016875 23017875 687 709 3.66E-23 8.28E-21 -24.79 
4515149 4516149 244 248 3.10E-19 7.19E-13 -24.87 
3420851 3421851 182 185 2.56E-25 7.38E-25 -25.05 

21616003 21617003 128 131 3.80E-20 2.10E-14 -25.16 
11195902 11196902 698 720 1.12E-23 1.84E-21 -25.17 
11406246 11407246 23 23 9.37E-21 1.30E-15 -25.17 
15799618 15800618 21 21 8.94E-27 1.33E-27 -25.22 
11393472 11394472 287 294 6.33E-29 6.72E-32 -25.23 
10296619 10297619 104 107 3.21E-24 2.06E-22 -25.30 
23079041 23080041 36 36 4.20E-25 4.15E-24 -25.37 
9089059 9090059 14 14 1.56E-20 6.53E-15 -25.43 

10618522 10619522 496 511 8.96E-27 2.24E-27 -25.45 
11452232 11453232 199 202 1.03E-24 3.91E-23 -25.56 
18285420 18286420 923 952 7.57E-23 2.24E-19 -25.59 
19714394 19715394 515 530 1.12E-23 5.90E-21 -25.67 
8729687 8730687 323 332 1.60E-19 1.79E-12 -25.85 

11800534 11801534 818 843 2.12E-26 4.39E-26 -25.99 
19670963 19671963 645 666 1.56E-22 2.55E-18 -26.02 
25697692 25698692 29 29 5.90E-23 3.73E-19 -26.03 
2799188 2800188 885 913 2.52E-24 7.76E-22 -26.09 

11405394 11406394 289 296 6.13E-25 4.86E-23 -26.11 
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26365341 26366341 694 716 1.89E-23 5.15E-20 -26.16 
16661431 16662431 24 24 1.07E-22 1.67E-18 -26.16 
10156106 10157106 739 764 8.14E-30 1.12E-32 -26.23 
10145887 10146887 321 330 1.85E-31 6.93E-36 -26.31 
4080837 4081837 657 678 1.23E-19 3.38E-12 -26.35 
3495792 3496792 705 727 1.05E-21 3.04E-16 -26.44 

17455116 17456116 960 990 4.31E-28 6.12E-29 -26.52 
16049986 16050986 273 278 8.23E-22 2.47E-16 -26.56 
18656715 18657715 27 27 2.95E-30 8.04E-33 -26.97 
12897386 12898386 869 897 6.47E-26 3.86E-24 -26.97 
13482431 13483431 230 234 1.08E-35 1.11E-43 -26.98 
24195480 24196480 998 1028 3.24E-25 1.11E-22 -27.03 
17291610 17292610 311 319 2.27E-41 6.03E-55 -27.07 
14300813 14301813 562 580 2.01E-25 4.86E-23 -27.08 

815826 816826 264 269 8.09E-24 9.43E-20 -27.16 
8620683 8621683 523 538 1.52E-20 3.57E-13 -27.19 

20917696 20918696 757 782 2.78E-25 1.28E-22 -27.22 
23779903 23780903 57 58 3.66E-26 2.29E-24 -27.23 
3988013 3989013 852 878 2.31E-22 9.37E-17 -27.24 
7326260 7327260 835 861 5.31E-21 6.56E-14 -27.37 
9661330 9662330 532 547 2.96E-25 2.18E-22 -27.40 
8362650 8363650 18 18 2.50E-20 1.70E-12 -27.44 

19590061 19591061 378 391 5.30E-27 1.05E-25 -27.57 
4803840 4804840 341 351 5.11E-22 9.93E-16 -27.58 
4810652 4811652 465 480 5.60E-22 1.21E-15 -27.59 

18765719 18766719 519 534 3.58E-26 6.52E-24 -27.71 
20530221 20531221 436 450 2.15E-33 2.55E-38 -27.74 
3097246 3098246 392 406 1.65E-23 1.51E-18 -27.74 
3812585 3813585 31 31 2.02E-26 2.34E-24 -27.76 

23648757 23649757 170 173 3.54E-28 8.80E-28 -27.85 
16274807 16275807 728 752 2.71E-25 5.25E-22 -27.85 
4691429 4692429 320 329 2.31E-26 3.86E-24 -27.86 

21288991 21289991 963 993 4.75E-31 1.72E-33 -27.88 
6969443 6970443 38 38 1.29E-22 1.34E-16 -27.90 
7118471 7119471 559 577 2.26E-21 4.34E-14 -27.93 

15110678 15111678 919 948 2.17E-23 4.05E-18 -27.93 
5398252 5399252 186 189 1.20E-22 1.28E-16 -27.95 

24150346 24151346 861 889 2.57E-31 6.33E-34 -27.98 
17530056 17531056 929 958 2.78E-23 7.81E-18 -28.00 
7137206 7138206 426 440 2.37E-25 6.28E-22 -28.05 
8937476 8938476 975 1005 7.03E-19 5.61E-09 -28.06 
7382465 7383465 962 992 1.36E-24 2.85E-20 -28.19 

23252766 23253766 855 882 1.92E-25 6.17E-22 -28.22 
8442700 8443700 248 252 3.36E-29 1.99E-29 -28.25 
2239691 2240691 115 118 2.26E-21 9.22E-14 -28.26 
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9426290 9427290 565 583 3.40E-25 2.19E-21 -28.28 
8739906 8740906 677 699 9.88E-27 2.19E-24 -28.35 

19222173 19223173 851 877 2.09E-27 9.79E-26 -28.35 
21527437 21528437 751 776 1.76E-21 7.32E-14 -28.37 
8663262 8664262 784 809 2.40E-21 1.62E-13 -28.45 

13268681 13269681 762 787 6.62E-23 1.29E-16 -28.47 
6660314 6661314 720 743 1.65E-23 8.36E-18 -28.49 

17867287 17868287 403 417 3.56E-27 4.04E-25 -28.51 
17867287 17868287 606 626 3.56E-27 4.04E-25 -28.51 
5124039 5125039 651 672 1.22E-28 5.01E-28 -28.53 

20267078 20268078 863 891 7.03E-29 1.76E-28 -28.55 
8699029 8700029 540 555 1.54E-22 8.88E-16 -28.57 

14392785 14393785 548 565 4.43E-29 7.92E-29 -28.61 
7634537 7635537 91 94 2.31E-22 2.34E-15 -28.64 

14420036 14421036 7 7 5.63E-40 1.62E-50 -28.71 
10237859 10238859 744 769 1.95E-31 3.07E-33 -28.91 
16544762 16545762 45 45 3.84E-26 1.57E-22 -29.03 
18643089 18644089 260 265 1.65E-23 3.34E-17 -29.09 
6558974 6559974 543 559 6.03E-26 4.60E-22 -29.10 

18349289 18350289 4 4 2.36E-25 7.63E-21 -29.14 
11166948 11167948 511 526 5.52E-20 4.72E-10 -29.19 
1757689 1758689 98 101 9.88E-25 1.76E-19 -29.25 
8532117 8533117 880 908 3.09E-23 1.80E-16 -29.28 

18115101 18116101 916 945 5.51E-28 6.04E-26 -29.30 
5318202 5319202 444 458 1.20E-26 3.19E-23 -29.35 

10777770 10778770 210 214 1.25E-29 3.60E-29 -29.36 
2870722 2871722 282 289 3.02E-27 2.70E-24 -29.47 

20613677 20614677 281 288 1.11E-26 4.54E-23 -29.57 
14881600 14882600 742 767 1.90E-30 1.41E-30 -29.59 
26522034 26523034 997 1027 1.34E-28 8.94E-27 -29.69 
7036718 7037718 582 600 3.19E-23 5.85E-16 -29.76 
2394681 2395681 599 618 7.54E-22 3.57E-13 -29.80 
8554258 8555258 486 501 1.21E-31 9.73E-33 -29.82 

14047889 14048889 346 356 8.28E-29 5.30E-27 -29.89 
22706894 22707894 160 163 3.95E-32 1.24E-33 -29.90 
23668344 23669344 119 122 1.69E-32 2.38E-34 -29.92 
23454594 23455594 371 383 1.31E-31 2.97E-32 -30.24 
5204940 5205940 952 982 3.62E-25 2.67E-19 -30.31 

17819598 17820598 249 253 3.14E-27 2.07E-23 -30.32 
19210251 19211251 803 828 1.34E-28 4.39E-26 -30.38 
15305693 15306693 80 82 1.76E-32 8.00E-34 -30.41 
25030894 25031894 766 791 1.56E-24 6.47E-18 -30.43 
23463961 23464961 849 875 1.85E-25 1.01E-19 -30.47 
25925067 25926067 621 642 2.61E-23 2.34E-15 -30.54 
23303862 23304862 827 852 2.25E-30 1.84E-29 -30.56 
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21434613 21435613 740 765 2.37E-27 2.07E-23 -30.57 
24310445 24311445 457 472 1.11E-26 5.60E-22 -30.66 
6283058 6284058 467 482 1.02E-25 4.81E-20 -30.66 
6822968 6823968 741 766 1.55E-31 1.21E-31 -30.71 

12333631 12334631 274 279 1.76E-32 1.61E-33 -30.72 
5651175 5652175 202 205 1.66E-23 2.05E-15 -30.87 
5651175 5652175 267 272 1.66E-23 2.05E-15 -30.87 
8109726 8110726 951 981 2.73E-32 6.38E-33 -30.93 
1888834 1889834 252 256 8.75E-24 9.02E-16 -31.07 
5489373 5490373 254 258 3.95E-24 2.47E-16 -31.20 

25829689 25830689 450 464 2.73E-26 1.20E-20 -31.21 
16845375 16846375 329 338 1.05E-24 1.98E-17 -31.25 
23828443 23829443 433 447 1.87E-44 6.73E-57 -31.28 
20888742 20889742 303 311 1.58E-30 5.09E-29 -31.31 
25913145 25914145 92 95 9.79E-38 2.29E-43 -31.38 
20710759 20711759 787 812 1.31E-29 5.30E-27 -31.49 
17403169 17404169 673 695 3.43E-24 4.51E-16 -31.58 
16702307 16703307 777 802 1.02E-30 4.28E-29 -31.61 
15582461 15583461 669 691 1.31E-24 9.37E-17 -31.74 
6072714 6073714 178 181 2.55E-20 3.79E-08 -31.76 

21728413 21729413 600 619 4.91E-29 1.43E-25 -31.77 
11420723 11421723 466 481 4.07E-31 1.02E-29 -31.79 
9881893 9882893 12 12 1.92E-31 3.51E-30 -31.98 

12747506 12748506 513 528 4.31E-38 1.85E-43 -32.00 
7691594 7692594 764 789 1.04E-22 1.87E-12 -32.23 

21808463 21809463 814 839 2.27E-28 1.12E-23 -32.34 
22931715 22932715 524 539 2.25E-30 1.32E-27 -32.42 
25638080 25639080 68 69 1.05E-34 3.16E-36 -32.46 
3461728 3462728 32 32 1.34E-28 7.21E-24 -32.60 
9047331 9048331 250 254 1.34E-28 9.15E-24 -32.70 

13494354 13495354 623 644 7.22E-33 3.30E-32 -32.80 
8874458 8875458 717 739 8.86E-31 5.76E-28 -32.87 

18391869 18392869 226 230 3.25E-44 8.47E-55 -32.91 
24976392 24977392 896 925 3.50E-35 1.25E-36 -33.01 
16809608 16810608 49 49 8.85E-36 8.37E-38 -33.03 
8544039 8545039 961 991 1.58E-23 2.93E-13 -33.07 

22723075 22724075 78 80 6.57E-27 5.15E-20 -33.08 
24110321 24111321 527 542 4.49E-33 2.69E-32 -33.13 
6921753 6922753 77 79 2.33E-31 8.42E-29 -33.19 

21282178 21283178 561 579 2.74E-31 1.24E-28 -33.22 
21375853 21376853 615 636 5.18E-38 4.86E-42 -33.26 
27061093 27062093 338 348 3.80E-26 2.94E-18 -33.31 
2463660 2464660 510 525 8.84E-29 1.70E-23 -33.34 

20885335 20886335 2 2 7.44E-35 2.12E-35 -33.58 
10965972 10966972 854 880 5.76E-28 1.59E-21 -33.68 
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7949627 7950627 125 128 9.09E-34 4.07E-33 -33.69 
7949627 7950627 276 282 9.09E-34 4.07E-33 -33.69 

18171306 18172306 17 17 4.31E-31 9.73E-28 -33.72 
18622651 18623651 399 413 1.26E-35 8.57E-37 -33.73 
22442049 22443049 377 390 8.96E-27 4.37E-19 -33.74 
2615244 2616244 946 976 2.73E-30 4.38E-26 -33.77 
9407555 9408555 463 478 1.46E-25 1.34E-16 -33.80 
4965642 4966642 937 967 7.32E-27 3.77E-19 -33.85 

16844523 16845523 546 562 6.14E-26 2.86E-17 -33.88 
19613054 19614054 59 60 1.88E-37 2.89E-40 -33.91 
18098921 18099921 8 8 6.73E-33 4.31E-31 -33.98 
25443917 25444917 683 705 6.93E-31 6.04E-27 -34.10 
20571949 20572949 459 474 6.42E-38 5.80E-41 -34.15 
12944224 12945224 528 543 5.65E-38 4.74E-41 -34.17 
15864339 15865339 468 483 1.96E-28 6.64E-22 -34.24 
26304026 26305026 239 243 9.09E-34 1.91E-32 -34.36 
23857398 23858398 400 414 8.77E-27 2.09E-18 -34.43 
24475655 24476655 456 471 1.08E-31 3.19E-28 -34.43 
18393572 18394572 743 768 3.21E-30 3.24E-25 -34.50 
9263636 9264636 586 604 6.10E-31 1.45E-26 -34.59 

11780947 11781947 109 112 1.58E-25 1.27E-15 -34.71 
11780947 11781947 892 920 1.58E-25 1.27E-15 -34.71 
11419020 11420020 446 460 6.08E-29 1.95E-22 -34.72 
17231998 17232998 721 744 4.21E-26 9.54E-17 -34.73 
9793327 9794327 841 867 2.47E-32 3.53E-29 -34.76 

19889822 19890822 772 797 2.08E-30 2.68E-25 -34.79 
14273562 14274562 836 862 9.02E-32 5.21E-28 -34.81 
3160264 3161264 438 452 3.10E-29 6.62E-23 -34.84 

11258920 11259920 451 465 1.42E-28 1.59E-21 -34.90 
23187193 23188193 1000 1030 3.31E-36 9.28E-37 -34.93 
13906525 13907525 73 75 7.77E-37 5.74E-38 -34.98 
24306187 24307187 666 688 6.38E-39 4.09E-42 -35.00 
24244021 24245021 823 848 1.12E-34 1.28E-33 -35.01 
24875052 24876052 333 343 3.43E-40 1.35E-44 -35.06 
7961549 7962549 870 898 5.25E-33 4.20E-30 -35.18 

15147297 15148297 41 41 1.82E-31 5.30E-27 -35.20 
15147297 15148297 848 874 1.82E-31 5.30E-27 -35.20 
9554029 9555029 19 19 2.62E-34 1.17E-32 -35.23 

22780131 22781131 716 738 1.09E-29 2.09E-23 -35.24 
18727397 18728397 445 459 1.32E-33 3.50E-31 -35.30 
12731326 12732326 312 320 3.81E-29 3.03E-22 -35.32 
9363272 9364272 564 582 1.62E-26 5.55E-17 -35.33 

18936037 18937037 381 394 9.65E-36 2.69E-35 -35.46 
14554588 14555588 594 612 1.12E-33 4.85E-31 -35.59 
4968197 4969197 87 90 4.01E-27 8.36E-18 -35.72 
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24293414 24294414 670 692 1.69E-32 1.52E-28 -35.72 
23940854 23941854 833 858 1.43E-34 2.31E-32 -36.05 
24116282 24117282 898 927 2.78E-32 8.95E-28 -36.06 
16895619 16896619 401 415 3.58E-32 1.95E-27 -36.18 
14194364 14195364 449 463 4.51E-34 3.29E-31 -36.21 
16331012 16332012 655 676 3.99E-33 3.36E-29 -36.32 
5468934 5469934 5 5 1.89E-28 9.31E-20 -36.42 

16187945 16188945 485 500 5.24E-29 9.02E-21 -36.52 
18861097 18862097 105 108 2.07E-29 2.07E-21 -36.68 
14431107 14432107 948 978 7.97E-29 3.27E-20 -36.71 
10512924 10513924 389 403 7.99E-40 3.78E-42 -36.77 
17684195 17685195 208 212 9.43E-48 5.59E-58 -36.80 
22944489 22945489 39 39 4.80E-38 1.51E-38 -36.82 
23538050 23539050 965 995 2.69E-29 5.72E-21 -36.90 
26516925 26517925 343 353 3.03E-33 8.17E-29 -36.95 
22395211 22396211 590 608 5.48E-28 3.08E-18 -37.01 
17037835 17038835 240 244 1.36E-37 2.24E-37 -37.08 
19142975 19143975 235 239 2.70E-40 8.77E-43 -37.08 
20533627 20534627 858 885 2.16E-33 6.13E-29 -37.12 
10227640 10228640 840 866 5.31E-36 3.83E-34 -37.13 
17575191 17576191 506 521 7.76E-30 1.05E-21 -37.24 
4099572 4100572 876 904 4.73E-35 4.52E-32 -37.31 

18161087 18162087 193 196 1.07E-41 2.67E-45 -37.37 
18161087 18162087 719 742 1.07E-41 2.67E-45 -37.37 
18061451 18062451 755 780 1.93E-29 1.00E-20 -37.43 
19269011 19270011 760 785 1.74E-35 8.40E-33 -37.44 
10164622 10165622 750 775 4.10E-36 4.82E-34 -37.46 
17110221 17111221 608 629 1.76E-30 1.80E-22 -37.76 
9669846 9670846 556 574 4.22E-30 1.05E-21 -37.77 

26944425 26945425 342 352 2.01E-33 3.14E-28 -37.89 
26451352 26452352 801 826 6.04E-37 3.52E-35 -37.98 
22707746 22708746 153 156 1.09E-36 1.39E-34 -38.07 
5922834 5923834 907 936 1.82E-31 4.15E-24 -38.10 
8603651 8604651 536 551 3.31E-30 1.39E-21 -38.10 

23207632 23208632 798 823 1.95E-32 4.84E-26 -38.11 
18809150 18810150 81 83 1.79E-43 4.46E-48 -38.14 
21017332 21018332 94 97 1.96E-36 5.63E-34 -38.16 
13736206 13737206 658 679 1.37E-38 3.12E-38 -38.22 
13926963 13927963 912 941 3.90E-36 2.75E-33 -38.26 
24842691 24843691 970 1000 2.27E-34 9.33E-30 -38.26 
14049593 14050593 604 624 3.63E-39 3.35E-39 -38.41 
4011006 4012006 316 324 1.50E-32 6.47E-26 -38.46 

16854742 16855742 232 236 3.52E-35 5.14E-31 -38.62 
9767779 9768779 391 405 1.66E-41 1.18E-43 -38.63 

16207531 16208531 498 513 3.97E-28 6.91E-17 -38.64 
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25922512 25923512 887 915 6.27E-36 2.63E-32 -38.83 
8482725 8483725 6 6 4.01E-34 1.24E-28 -38.89 

13586326 13587326 147 150 1.16E-32 1.05E-25 -38.89 
13567591 13568591 708 730 8.34E-37 5.63E-34 -38.91 
16778951 16779951 227 231 2.05E-37 6.86E-35 -39.21 
15973343 15974343 639 660 1.00E-34 1.73E-29 -39.24 
17914125 17915125 724 747 6.73E-40 8.13E-40 -39.25 
22616626 22617626 628 649 2.13E-33 8.61E-27 -39.28 
15992930 15993930 51 51 1.04E-32 2.09E-25 -39.28 
9219353 9220353 589 607 3.04E-32 2.80E-24 -39.48 
9278113 9279113 701 723 1.20E-32 4.41E-25 -39.49 
4713571 4714571 318 326 6.27E-36 1.66E-31 -39.63 

18789563 18790563 734 759 6.24E-33 1.91E-25 -39.69 
14584394 14585394 918 947 3.20E-38 5.29E-36 -39.71 
10980449 10981449 310 318 6.80E-47 2.57E-53 -39.74 
6247291 6248291 90 93 7.28E-39 3.01E-37 -39.75 

15172845 15173845 34 34 1.02E-36 6.18E-33 -39.77 
26448797 26449797 525 540 3.01E-38 5.78E-36 -39.81 
18998204 18999204 667 689 1.45E-47 1.52E-54 -39.86 
22172094 22173094 802 827 2.58E-34 5.76E-28 -39.94 
18564743 18565743 432 446 1.43E-34 1.85E-28 -39.95 
21817831 21818831 387 401 4.78E-32 2.07E-23 -39.96 
23428194 23429194 418 432 1.83E-38 3.57E-36 -40.03 
21369041 21370041 61 62 4.46E-47 2.81E-53 -40.15 
26156701 26157701 166 169 2.98E-33 1.27E-25 -40.15 
21246411 21247411 690 712 3.69E-36 2.43E-31 -40.25 
18562188 18563188 359 370 2.26E-38 1.62E-35 -40.50 
18565594 18566594 509 524 7.21E-37 2.69E-32 -40.71 
13943995 13944995 241 245 6.97E-39 2.76E-36 -40.75 
16061909 16062909 661 683 6.71E-24 2.89E-06 -40.81 
18884942 18885942 439 453 2.20E-36 4.43E-31 -40.96 
10575090 10576090 270 275 2.49E-37 6.73E-33 -41.03 
6971997 6972997 805 830 9.81E-36 1.18E-29 -41.09 

15997188 15998188 478 493 9.47E-45 1.25E-47 -41.14 
19917925 19918925 116 119 2.08E-49 6.43E-57 -41.17 
14288891 14289891 185 188 6.90E-37 8.44E-32 -41.25 
14288891 14289891 275 281 6.90E-37 8.44E-32 -41.25 
21584494 21585494 537 552 2.52E-44 1.31E-46 -41.32 
22299833 22300833 940 970 6.29E-38 9.09E-34 -41.36 
9830797 9831797 910 939 1.32E-38 5.94E-35 -41.53 

16115559 16116559 704 726 7.75E-41 2.07E-39 -41.54 
10512072 10513072 131 134 1.57E-42 9.46E-43 -41.58 
26996372 26997372 779 804 1.44E-38 1.05E-34 -41.70 
18572407 18573407 291 298 4.03E-34 9.21E-26 -41.75 
14615903 14616903 330 339 7.59E-44 5.51E-45 -41.98 
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22139733 22140733 372 384 7.67E-35 5.77E-27 -41.99 
21185948 21186948 441 455 1.68E-53 4.11E-64 -42.16 
11486296 11487296 522 537 3.37E-41 1.74E-39 -42.18 
14865419 14866419 107 110 6.62E-35 8.59E-27 -42.29 
8418003 8419003 9 9 2.10E-35 9.73E-28 -42.34 

22160171 22161171 822 847 3.16E-30 2.37E-17 -42.38 
9078840 9079840 678 700 4.22E-32 4.25E-21 -42.38 

16032103 16033103 726 750 1.84E-40 9.53E-38 -42.45 
23386466 23387466 781 806 1.75E-42 9.29E-42 -42.48 
24162268 24163268 702 724 3.33E-52 4.42E-61 -42.60 
18086999 18087999 384 397 9.21E-32 4.59E-20 -42.73 
15879668 15880668 490 505 1.79E-37 1.82E-31 -42.75 
27018513 27019513 309 317 3.52E-35 8.73E-27 -42.85 
16595006 16596006 566 584 3.25E-33 7.57E-23 -42.86 
23282572 23283572 348 358 8.44E-42 6.39E-40 -42.95 
26859265 26860265 388 402 1.13E-42 1.27E-41 -43.00 
13789005 13790005 889 917 5.77E-40 3.34E-36 -43.00 
24602542 24603542 746 771 5.92E-42 5.23E-40 -43.17 
26492229 26493229 650 671 8.88E-44 1.22E-43 -43.19 
7700962 7701962 42 42 2.75E-30 1.28E-16 -43.23 

16867516 16868516 662 684 1.19E-45 2.58E-47 -43.26 
14007865 14008865 475 490 8.04E-39 1.22E-33 -43.28 
11285319 11286319 35 35 4.75E-38 5.09E-32 -43.35 
6888541 6889541 797 822 2.22E-33 1.56E-22 -43.50 

21264295 21265295 458 473 3.59E-47 6.12E-50 -43.68 
12575484 12576484 481 496 3.60E-34 6.65E-24 -43.71 
16639289 16640289 179 182 2.04E-42 5.23E-40 -44.10 
26347458 26348458 914 943 8.76E-45 1.13E-44 -44.17 
23372841 23373841 164 167 5.74E-42 6.23E-39 -44.28 
11869513 11870513 909 938 1.96E-36 7.56E-28 -44.29 
13261017 13262017 448 462 7.71E-43 1.22E-40 -44.31 
19178742 19179742 534 549 1.62E-42 6.28E-40 -44.38 
17646725 17647725 782 807 2.26E-62 1.25E-79 -44.39 
25644893 25645893 830 855 3.76E-42 3.85E-39 -44.43 
5709084 5710084 65 66 7.27E-40 1.83E-34 -44.54 
8646231 8647231 390 404 5.47E-37 2.40E-28 -44.90 

20709056 20710056 881 909 4.48E-38 1.77E-30 -44.95 
23394131 23395131 313 321 5.35E-38 2.89E-30 -45.00 
26154146 26155146 277 283 2.53E-43 8.19E-41 -45.11 
25766671 25767671 689 711 3.86E-50 2.11E-54 -45.15 
25429440 25430440 901 930 3.66E-49 1.91E-52 -45.15 
15969085 15970085 233 237 3.33E-53 1.70E-60 -45.18 
7654124 7655124 685 707 4.06E-40 2.53E-34 -45.19 

10845897 10846897 584 602 1.56E-43 5.61E-41 -45.36 
21122930 21123930 40 40 7.26E-51 1.58E-55 -45.48 
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23843772 23844772 900 929 1.02E-45 3.38E-45 -45.52 
23326855 23327855 627 648 2.95E-36 4.21E-26 -45.68 
22953857 22954857 749 774 3.50E-41 7.43E-36 -45.78 
17018248 17019248 596 615 1.48E-42 1.41E-38 -45.81 
18160236 18161236 882 910 5.23E-47 2.04E-47 -45.87 
26390889 26391889 328 337 5.26E-37 2.15E-27 -45.89 
5205792 5206792 616 637 5.24E-36 2.41E-25 -45.94 

15831127 15832127 460 475 1.71E-39 2.69E-32 -45.96 
15200096 15201096 488 503 4.55E-50 2.14E-53 -46.01 
7129542 7130542 37 37 1.73E-31 3.25E-16 -46.04 

25552069 25553069 711 733 7.62E-38 6.64E-29 -46.06 
14033412 14034412 72 74 1.80E-43 4.00E-40 -46.09 
17802566 17803566 259 264 8.38E-44 1.08E-40 -46.19 
13375130 13376130 664 686 3.28E-42 2.30E-37 -46.33 
26241860 26242860 207 211 2.81E-40 1.74E-33 -46.34 
23719439 23720439 925 954 8.20E-36 1.74E-24 -46.41 
16495370 16496370 649 670 8.73E-40 2.16E-32 -46.45 
24723468 24724468 619 640 3.18E-40 3.63E-33 -46.55 
13980614 13981614 332 342 1.03E-47 4.27E-48 -46.60 
9782257 9783257 447 461 6.86E-49 2.21E-50 -46.67 

26459868 26460868 732 756 6.45E-41 3.60E-34 -46.94 
23424788 23425788 499 514 6.71E-42 5.78E-36 -47.11 
21420988 21421988 544 560 1.13E-42 1.79E-37 -47.15 
21316242 21317242 26 26 2.43E-46 1.68E-44 -47.45 
7133800 7134800 177 180 6.89E-37 1.43E-25 -47.48 

27188832 27189832 531 546 5.08E-41 8.05E-34 -47.49 
14007013 14008013 355 366 1.98E-43 1.41E-38 -47.55 
14380011 14381011 299 307 1.76E-46 1.89E-44 -47.78 
14380011 14381011 680 702 1.76E-46 1.89E-44 -47.78 
6573451 6574451 491 506 6.10E-42 5.02E-35 -48.13 

22166984 22167984 981 1011 1.07E-36 1.55E-24 -48.13 
12319154 12320154 452 466 3.20E-49 1.67E-49 -48.21 
23246805 23247805 988 1018 2.50E-42 1.32E-35 -48.33 
15215424 15216424 592 610 3.25E-44 2.38E-39 -48.35 
16894767 16895767 864 892 1.21E-43 4.31E-38 -48.47 
9619602 9620602 97 100 2.37E-41 1.72E-33 -48.49 

23475884 23476884 212 216 1.38E-47 8.32E-46 -48.64 
22729036 22730036 747 772 9.61E-41 4.17E-32 -48.65 
2352101 2353101 162 165 7.83E-32 2.85E-14 -48.67 

24613613 24614613 203 206 1.53E-44 1.92E-39 -48.91 
27208419 27209419 874 902 2.48E-39 6.54E-29 -49.03 
5041434 5042434 547 564 1.23E-38 3.00E-27 -49.30 

10552949 10553949 700 722 1.47E-49 5.90E-49 -49.43 
25549514 25550514 213 217 6.07E-43 1.10E-35 -49.48 
25549514 25550514 839 865 6.07E-43 1.10E-35 -49.48 
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26382373 26383373 588 606 1.68E-42 8.94E-35 -49.50 
8090140 8091140 767 792 2.09E-39 1.44E-28 -49.52 

17794902 17795902 256 261 1.50E-53 8.05E-57 -49.56 
20400779 20401779 659 680 6.34E-47 2.18E-43 -49.73 
25833947 25834947 308 316 7.63E-55 3.91E-59 -49.83 
16300355 16301355 789 814 6.70E-38 3.91E-25 -49.94 
25813508 25814508 3 3 7.90E-45 7.28E-39 -50.07 
26423249 26424249 976 1006 4.06E-40 1.99E-29 -50.08 
18899419 18900419 867 895 1.21E-38 2.22E-26 -50.18 
27097712 27098712 297 305 8.26E-44 1.16E-36 -50.23 
14278671 14279671 738 763 8.83E-40 1.60E-28 -50.31 
11515250 11516250 132 135 2.40E-43 1.58E-35 -50.44 
9600015 9601015 654 675 8.35E-51 1.98E-50 -50.45 

22430126 22431126 474 489 1.45E-32 7.32E-14 -50.54 
23180381 23181381 367 379 9.98E-41 7.60E-30 -50.88 
19767193 19768193 875 903 8.58E-52 7.90E-52 -51.03 
16488557 16489557 138 141 4.06E-45 2.07E-38 -51.10 
16980778 16981778 280 287 1.01E-51 2.17E-51 -51.33 
8890638 8891638 538 553 1.21E-43 3.14E-35 -51.33 
8102062 8103062 819 844 1.97E-45 1.20E-38 -51.49 

21183393 21184393 587 605 1.51E-48 8.58E-45 -51.58 
14718945 14719945 435 449 6.29E-46 3.93E-39 -52.00 
22088637 22089637 713 735 2.46E-48 6.58E-44 -52.04 
19076550 19077550 729 753 6.01E-46 4.19E-39 -52.06 
24251685 24252685 353 364 3.96E-43 2.25E-33 -52.16 
5693755 5694755 502 517 4.52E-43 3.74E-33 -52.26 

22031581 22032581 857 884 3.76E-50 3.88E-47 -52.44 
9392227 9393227 139 142 2.51E-45 3.05E-37 -52.68 

17742955 17743955 978 1008 1.43E-51 1.33E-49 -52.81 
26691501 26692501 845 871 9.76E-45 7.64E-36 -52.90 
20520002 20521002 476 491 2.24E-50 6.19E-47 -53.09 
15445355 15446355 469 484 1.44E-52 5.26E-51 -53.40 
23800341 23801341 791 816 2.51E-39 2.80E-24 -53.65 
22009439 22010439 763 788 4.83E-47 1.07E-39 -53.66 
24443294 24444294 385 399 7.28E-49 5.05E-43 -53.98 
20864897 20865897 121 124 1.36E-48 3.64E-42 -54.30 
21256630 21257630 831 856 4.74E-44 5.04E-33 -54.35 
11442013 11443013 796 821 1.62E-45 8.41E-36 -54.51 
26628484 26629484 363 374 7.95E-43 2.28E-30 -54.56 
23222109 23223109 479 494 1.17E-48 5.31E-42 -54.59 
13874164 13875164 315 323 1.94E-50 1.69E-45 -54.65 
13564184 13565184 335 345 5.07E-46 1.51E-36 -54.77 
21402253 21403253 567 585 3.41E-45 7.27E-35 -54.80 
13116246 13117246 223 227 3.75E-48 5.40E-40 -55.59 
25297443 25298443 200 203 1.57E-46 1.23E-36 -55.70 
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27130924 27131924 735 760 1.41E-43 1.31E-30 -55.82 
13430484 13431484 706 728 1.11E-45 1.32E-34 -56.03 
10579348 10580348 464 479 1.34E-56 3.18E-56 -56.25 
12681933 12682933 674 696 5.55E-49 1.31E-40 -56.63 
23514205 23515205 884 912 3.69E-45 8.10E-33 -56.77 
22448010 22449010 472 487 3.86E-46 9.30E-35 -56.79 
13975504 13976504 96 99 4.55E-50 1.54E-42 -56.87 
8357540 8358540 83 85 1.28E-48 2.89E-39 -57.25 

10935314 10936314 103 106 6.92E-49 1.22E-39 -57.41 
13307003 13308003 768 793 2.18E-56 1.60E-54 -57.53 
21388627 21389627 815 840 1.58E-53 1.32E-48 -57.72 
25137343 25138343 859 886 5.07E-48 1.48E-37 -57.76 
9778850 9779850 512 527 3.16E-51 5.96E-44 -57.78 

21724155 21725155 692 714 2.79E-46 1.19E-33 -58.19 
9605125 9606125 518 533 2.65E-49 2.86E-39 -58.61 

11417316 11418316 69 71 3.29E-49 5.90E-39 -58.74 
26134559 26135559 806 831 7.12E-56 4.03E-52 -58.90 
10833975 10834975 808 833 9.08E-51 6.91E-42 -58.92 
13869906 13870906 194 197 1.57E-54 4.67E-49 -59.28 
15641221 15642221 196 199 2.67E-44 1.36E-28 -59.28 
23179529 23180529 168 171 1.24E-49 1.07E-38 -59.84 
13867352 13868352 684 706 1.24E-55 1.11E-50 -59.86 
25456691 25457691 440 454 3.60E-53 1.13E-45 -59.94 
23377950 23378950 641 662 1.16E-53 1.95E-46 -60.16 
14730016 14731016 344 354 5.08E-59 4.91E-57 -60.28 
14730016 14731016 598 617 5.08E-59 4.91E-57 -60.28 
19085066 19086066 278 285 1.91E-52 1.26E-43 -60.54 
25725794 25726794 514 529 7.45E-56 3.64E-50 -60.82 
22690714 22691714 938 968 2.37E-53 9.36E-45 -61.22 
19211102 19212102 368 380 1.76E-61 7.56E-61 -61.39 
24204848 24205848 816 841 4.54E-56 5.85E-50 -61.45 
25718130 25719130 927 956 3.39E-51 6.39E-40 -61.75 
23971511 23972511 149 152 7.04E-61 7.86E-59 -62.20 
25477980 25478980 33 33 1.13E-52 2.17E-42 -62.23 
26468384 26469384 575 593 9.37E-58 1.75E-52 -62.30 
17563268 17564268 591 609 4.99E-66 5.24E-69 -62.32 
9496973 9497973 826 851 5.58E-57 9.27E-51 -62.47 

23627467 23628467 953 983 1.51E-55 1.41E-47 -62.79 
21628777 21629777 950 980 2.20E-62 3.76E-61 -62.89 
10418397 10419397 991 1021 6.30E-54 3.74E-44 -62.98 
15454722 15455722 993 1023 5.04E-56 6.90E-48 -63.43 
13691923 13692923 158 161 1.64E-60 8.81E-57 -63.52 
22452268 22453268 66 67 3.85E-49 7.92E-34 -63.73 
13306151 13307151 325 334 1.29E-50 1.27E-36 -63.88 
10080314 10081314 850 876 6.25E-57 1.80E-48 -64.66 



08 Annexes 
	  

	   170	  

24083070 24084070 824 849 1.80E-54 2.56E-43 -64.90 
10545285 10546285 480 495 3.60E-58 1.06E-50 -64.91 
23436710 23437710 295 303 1.70E-58 2.50E-51 -64.94 
19231540 19232540 1 1 3.89E-64 1.58E-62 -65.02 
8396714 8397714 428 442 6.38E-56 5.01E-46 -65.09 

13343621 13344621 921 950 6.13E-49 7.76E-32 -65.32 
26658289 26659289 572 590 1.16E-50 2.93E-35 -65.34 
14915663 14916663 813 838 1.74E-50 7.98E-35 -65.42 
9964498 9965498 347 357 2.26E-53 1.67E-40 -65.52 

25789664 25790664 477 492 1.58E-59 2.34E-52 -65.97 
16704010 16705010 157 160 1.96E-58 6.87E-50 -66.25 
8154009 8155009 890 918 3.95E-56 4.23E-45 -66.43 

26815834 26816834 47 47 9.28E-58 1.57E-47 -67.26 
13889493 13890493 175 178 2.93E-63 1.77E-58 -67.31 
13889493 13890493 283 290 2.93E-63 1.77E-58 -67.31 
10395404 10396404 585 603 1.25E-56 1.69E-44 -68.04 
16018477 16019477 429 443 1.68E-66 2.10E-63 -68.87 
24760938 24761938 495 510 2.74E-61 9.59E-53 -69.11 
9902331 9903331 30 30 9.35E-59 3.13E-47 -69.55 

10973636 10974636 201 204 2.19E-63 2.46E-56 -69.71 
15447910 15448910 126 129 1.70E-69 3.92E-68 -70.13 
12251027 12252027 238 242 7.01E-57 5.29E-42 -71.03 
22769061 22770061 117 120 1.19E-57 1.68E-43 -71.07 
16868368 16869368 500 515 5.06E-70 7.75E-68 -71.48 
15611416 15612416 563 581 5.78E-60 2.14E-47 -71.81 
23952776 23953776 552 569 4.99E-64 6.98E-55 -72.45 
14286336 14287336 897 926 3.83E-72 6.95E-71 -72.68 
9753302 9754302 891 919 2.60E-60 1.57E-46 -73.37 

24800963 24801963 470 485 7.26E-62 2.02E-49 -73.58 
25841611 25842611 780 805 8.03E-71 4.55E-67 -73.85 
22901909 22902909 345 355 7.35E-62 2.28E-48 -74.62 
26731526 26732526 872 900 2.18E-65 4.02E-55 -74.93 
25992343 25993343 386 400 1.06E-67 1.16E-59 -75.01 
25948912 25949912 84 86 5.92E-72 2.14E-67 -75.79 
26387482 26388482 642 663 3.72E-68 1.98E-58 -77.15 
11424129 11425129 638 659 5.45E-83 4.93E-83 -82.22 
9970459 9971459 271 276 5.25E-70 1.77E-54 -84.81 

14037670 14038670 507 522 3.86E-75 1.07E-63 -85.86 
14119423 14120423 471 486 2.84E-70 9.41E-54 -86.07 
23477587 23478587 987 1017 5.83E-73 2.52E-55 -89.87 
26332129 26333129 990 1020 5.48E-75 1.13E-58 -90.58 
14718094 14719094 195 198 2.25E-78 7.03E-64 -92.14 
26394295 26395295 71 73 5.00E-79 2.11E-62 -94.93 
26676173 26677173 601 621 1.04E-77 3.14E-59 -95.46 
14197770 14198770 957 987 8.21E-97 7.50E-97 -96.05 
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22742661 22743661 409 423 1.50E-84 2.70E-72 -96.08 
23656421 23657421 425 439 2.61E-82 4.71E-66 -97.84 
25158633 25159633 473 488 2.85E-90 6.59E-81 -98.91 
22445455 22446455 183 186 2.67E-69 1.12E-38 -99.19 
14988049 14989049 142 145 4.00E-95 1.96E-89 -100.09 
14618457 14619457 964 994 2.07E-97 1.11E-93 -100.41 
25512044 25513044 578 596 1.80E-96 5.92E-88 -104.26 
2646753 2647753 234 238 1.10E-100 2.72E-96 -104.35 

26338942 26339942 219 223 6.98E-84 4.21E-61 -105.94 
13442406 13443406 635 656 6.97E-103 7.63E-94 -111.20 
9898925 9899925 266 271 6.15E-98 3.68E-77 -117.99 

16130888 16131888 799 824 3.66E-175 9.74E-130 -219.86 
1578003 1579003 804 829 NA 1.00E+00 NA 

11642989 11643989 786 811 NA NA NA 
192460 193460 860 887 NA NA NA 
364482 365482 64 65 NA NA  NA 
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Annex	  Table	  S1.5	  Populations	  used	  to	  estimate	  the	  frequency	  of	  FBti0019386.	  
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Annex Table S1.6. (A) Pearson product-moment correlations between the frequency of the TE 
and geographical and climatic variables for each one of the three continents analyzed. Significant 
correlations are in bold and highlighted in gray. Data for each one of the geographic and climatic 
variables is detailed in (B). 

	  

	  



08 Annexes 
	  

	   174	  

	   	  



08 Annexes 
	  

	   175	  

	  

Annex Table S1.7. Pearson’s product-moment correlation coefficients among the different 
geographical and climatic variables in the three continents. Significant correlations are in bold. 
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Annex Table S1.8. Climatic variables importance (given by its modeling powera) and contribution 
(given as correlation coefficients) to the principal components obtained in the three continents.  
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Annex Table S1.9.  Principal Component Analysis for climatic variables in the three continents. 
USA: North America; AUST: Australia; EUR: Europe. 

 

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

 R²X R²X (Cumul.) Eigenvalues Q² 
USA         

1 0.467734 0.467734 10.75788 0.076350 

2 0.270011 0.737745 6.21025 0.293118 

AUST         
1 0.684061 0.684061 10.94498 0.542123 

2 0.207512 0.891573 3.32019 0.451575 

3 0.067786 0.959359 1.08457 0.308800 

EUR     
1 0.546608 0.546608 8.745728 0.217079 

2 0.268152 0.814760 4.290434 0.277424 
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Annex Table S2.1 Candidate adaptive TE dataset. TE genomic positions from v6 D. melanogaster 
genome annotation. % length is the percentage length of the TE compared to the canonical sequence. 
ZB: TE frequency (%) in Zambia. IT: TE frequency (%) in Italy. SW: TE frequency (%) in Sweden. NC: 
TE frequency (%) in North Carolina (USA). RR1: recombination rate estimated in  Comeron et al 
(2012). RR2: Recombination rate estimated in Fiston-Lavier et al (2010). The first 109 TEs correspond 
to the annotated TE dataset, and the last 12 TEs correspond to the non-annotated TE dataset. NA: no 
frequency data. ND: not determined. 
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Annex Table S2.1 (continued)!
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!""#$%&'()#%*+,+- TEs not annotated in D. melanogaster v6 reference 

genome. TE length is inferred from the PCR product size. TE frequencies in NC 

population are calculated based on the obtained PCR results. TE+: number of strains 

homozygous for the presence of the TE. TE-: number of strains homozygous for the 

absence of the TE.!
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Annex Table S2.4 Allele ratios from ASE analysis, t-test p-values and false 

discovery rates for each gene and background analyzed. Significant values are 

depicted in bold. FDR: p-value corrected for multiple testing for FDR (Benjamini and 

Hochberg 1995). 
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Annex Table S2.5 (continued) 
 
C. European Strains 



08 Annexes 

!

! "+'!

%
%
%
%
%
%
%
%
%
%
%
%
% %

D
. M

u
ta

n
t 

St
ra

in
s 

!"
"#
$%
&'
()
#%
*+
,?
%=2
5"
34
"1

#8
>%

 



08 Annexes 

!
!

"+(!

Annex Table S2.6: Analysis of the SNPs in the coding regions of the genes analyzed in the 

ASE (A), as well as the 1 kb TE flanking regions conserved between D. melanogaster and D. yakuba 

(B). *These SNPs are linked to the presence of the TE FBti0020119. 

 

 
 
 
 
 
 
  

A: SNPs present in the gene-coding region. Only genes with missense amino 
acid changes are shown. The rest of the genes contained only synonymous SNPs. 
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B: SNPs present in the 1kb TE flanking regions. 
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Annex Table S2.7. Primers used for the TE screening. To detect the presence/absence 
of the TE annotated in the reference sequence, two PCRs were performed: one PCR using the 
flanking primer (FL) and right primer (R), and the other PCR using the left primer (L) binding 
into the TE sequence, and the right primer (R). To detect the de novo TE insertions described 
in Rahman et al. 2015, we used only a flanking primer (F) and a reverse primer (R). 
 
FBti0019386 FL TTTGGAATCAATCACATCAACCC 
FBti0019386 L  TTCGCATTCCAGAAATTCCTTCT 
FBti0019386 R  CAATGTCCTGGGTGTAAGTCTCG 
 
FBti0018883 FL AGTGGTTGGCAGTACCATCG 
FBti0018883 L  ATCAGACGCCAACCAGAGTG 
FBti0018883 R  GCATAGCAAACACATCTCCGC 
 
FBti0019985 FL GGCATCATAAAACCGTTGAACAC 
FBti0019985 L  AGTCCCTTAGTGGGAGACCACAG 
FBti0019985 R  CGTAGGATCAGTGGGTGAAAATG 
 
FBti0018868 FL AGAGGAAGAGTGGGTGGTGTA 
FBti0018868 L  GTCCAAACCAGCCACTTCCA 
FBti0018868 R  TCTTGCGGATGCCTGTCTTT 
 
FBti0061506 FL TGCCATTCCAGTTCCCAGTC 
FBti0061506 L   TGGCCGTTACGCATCTTGT 
FBti0061506 R  TAGTGACCTGTTTTGCGGCT 
 
FBti0020057 FL AACAATAGGGTGGCGGATGT 
FBti0020057 L  CAATAACAGTAACATAACAGCGCA 
FBti0020057 R  GGAGATAGCCCCCGGATACA 
 
FBti0019602 FL ACGTTCACTGGACACCCATC 
FBti0019602 L  AAATTGCTTGGAGCCCCGTT 
FBti0019602 R  CAATCTGTGCCCCTCGATGT 
 
FBti0020137 FL TCGTTGTCGTGGTCCAGATG 
FBti0020137 L  GCTTTAAGCACGTTTGATCAGC 
FBti0020137 R  CCGACATTCGGGTGAGTAGG 
 
FBti0019457 FL CTTTGCTTTGTTCGGTGCGA 
FBti0019457 L  TGGGTTTGCAGCAATTAAGGC 
FBti0019457 R  CATTGCTCGAGTTCCCCGAT 
 
FBti0018877 FL TAGTTTCTCTGGGGGTGGCT 
FBti0018877 L  CACATGATTAGTGAGAGGTTTGGT 
FBti0018877 R  TTCCAGTTCAATAGGGCGCA 
 
 
FBti0020119  GCTCCATAAACTTTCGAAATGCC 
FBti0020119  AGCTAAAGCCAATGGGGAACATA 
FBti0020119  TGTACCTGCTGTTTGCCTTGTTT 
 
FBti0020046  TGGCTCGTGTTGAGTAAATGCTT 
FBti0020046  ACCTATCTGGACTTATGGCTCCG 
FBti0020046  GGCATCTAGGAAGGAGTCAGGAA 
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FBti0019381 FL GGTGCGTGTCTCTGCTAAGT 
FBti0019381 L  TAAATTGCTTGGAGCCCCGT 
FBti0019381 R  ACATTTTGGATTGCTCCGGC 
 
FBti0019564 FL ATCCGCCGAAAATCTCCTCC 
FBti0019564 R  GTTGGCAGCTAGGACGAACT 
 
FBti0061105 FL AGACCACCTTGACTGACTGAAC 
FBti0061105 R  GGCATGCTGGGGATTCACTAT 
 
 
Primers to detect de novo TEs (not annotated in the reference genome): 
 
tdn1 F  TTGCAGATGGCCAAGAACTGC 
tdn1 R  CAGGAAGAGCAAATGGCAGCA 
 
tdn2 F  GTGAGTTTGTGGCAGGTGTG 
tdn2 R  CGCTAACGAGGCGTGGTAAA 
 
tdn3 F  TTCTTGCGGTTGCAAAACGA 
tdn3 R  TCTGATAAGCGATTGGCGGT 
 
tdn4 F  GTCTGCAATCTTTGCTGCGT 
tdn4 R  ACTAATAGCAGGCCCCAACT 
 
tdn5 F  ATTTCTTGACGCATCCCGCT 
tdn5 R  AAAGCACTAGGTGCCATCCAT 
 
tdn6 F  GGTTTCTGTGGTCTTGCCGT 
tdn6 R  CGGTCTGCTGTCGCTCAAT 
 
tdn7 F  CTTCCTTCTGCGACCGTAGT 
tdn7 R  CTAACGCTTGTAGGCCAGGT 
 
tdn8 FL TTCGCTGGCGTCAGAAAATG 
tdn8 R  TTCATTGGCCCCGGATATGG 
 
tdn9 F  GAGGGGCCAACAACGACTAC 
tdn9 R  TTGCTCCGCAATTTATGGGC 
 
tdn10 F  GGATGGGATGGGATGGCTAC 
tdn10 R AACCAGAACAAGCGCAAACA 
 
tdn11 F  GCAATTCATTCGGCAGCAAC 
tdn11 R AGCAGTCAGACACAAGTCGAA 
 
tdn12 F  GTTGGCGATGTAAGTGCTGG 
tdn12 R TGCTTAAGATGCTGGAAGGCA 
 
tdn13 F  ACTTGTTGCCTTGTGCGTTG 
tdn13 R AACAAAAAGTTGCTGGCGCA 
 
tdn14 F  GGCACATCGCCTTGTTCATC 
tdn14 R GTAAAGGGGTCGTGAGGGTC 
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tdn15 F  CATCAATACTAAGGTCGCTGCT 
tdn15 R TTCTTCGTCGTCTGTTGCCT 
 
tdn16 F  TCGCTTTTGTATTTGCGGCT 
tdn16 R TGGAGAGGCCAACGAAAACA 
 
tdn17 FL ATTGGCCGTGGAGGTAAGTG 
tdn17 R ACCGGCATTCTCAATTGCAC 
 
tdn18 FL GGGTGGCTGGCTACTCAAA 
tdn18 R GCTCATGCGCGTTTTAATTGT 
 
tdn19 F  CTCTTGCCACCCTCTTGACT 
tdn19 R AATTACGCGGTGCTGACATT  
 
tdn20 F  ACAATCAACCAAATCCAAGAACG 
tdn20 R  ATTTGATGAGCTTGTCGCAGC 
 
tdn21 F  ATGCTCCGCTATGTGGCAAG 
tdn21 R AGGTGGCGAAGGTAGGAGAT 
 
tdn22 F  CGTTTTCCCGCTTCAGCATT 
tdn22 R CGGGCAAATGTATCCACAGC 
 
tdn23 F  ACATCCACACAACCACACCG 
tdn23 R TAAAATGGCCGCTCGCTGAA 
 
tdn24 F  TCAGCGTTTGTTGGTTGTCG 
tdn24 R GCTACCGAGGTGAACACGAA 
  
tdn25 F  ACATGTAGCTCCGGCCAATC 
tdn25 R TCTGGGTGGCTCAATTGGTG 
 
tdn26 F  AGACTGCGATCTGGTTGTGT 
tdn26 R GAAGCCAACGGTCAAATGGT  
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Annex Table S2.8 Fly strains and SNPs used in the ASE crosses for each gene. 
Females from the strains used in each cross are depicted in bold. 
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Annex Table S2.9. Primers used for the amplification of the genomic regions analyzed in the 
enhancer assay. Primers include in their 5’ region the restriction site for each enzyme used in the 
cloning process. 
 

	  
	  
 

 

Annex Table S2.10. Primers used for qRT-PCR gene expression quantification. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer 
ID 

Primer sequence (5’-3’) Enzyme 
D. mel  v6 

coordinates  
tdn8_F GGTACCTCGAAATCGTTGCAGTCACA KpnI 3L: 12862729-

12863886 tdn8_R GCGGCCGCTTGGCCCCGGATATGGACTA NotI 
18868_F AAGCTTGCCCAGATGCCAACAAGTATATTT

C 
HindIII 

2R: 23877727-
23878275 

18868_R GGTACCTCGTATGGGGTGCTTAATTGAT KpnI 
19985_F AAGCTTCGACGTTTCTCTGCGGACTA HindIII 2R: 9871040-

9871567 19985_R GGTACCACGAGAAGACAGCGTAGATCG KpnI 
61506_F GGTACCTTTTTGCGGTCCAGGAATGTG KpnI 2L: 17431911-

17432162 61506_R AAGCTTGTAAACGACCTGTTTCCACCT HindIII 

Primer ID Primer sequence (5’-3’) D. mel  v6 
coordinates 

Act5c_RT_forward GAGCAGTTGGAATCGGGTTTTAC chr2R: 9873109-
9873269 Act5c_RT_reverse GTATGAATCGCAGTCCAGC 

lacZ_RT_forward CCTGCTGATGAAGCAGAACAACT 
- 

lacZ_RT_reverse CACCACATACAGGCCGTAGC 
CG15829_RT_forward TGTCGAAGCCAACTAGCCAAC chr3L: 7128923-

7129109 CG15829_RT_reverse GCCGTAGAACTCGAGGAACT 
CG2233_RT_forward TCTCCTTTGCCAAGTACGCA chrX: 8036600-

8036794 CG2233_RT_reverse GGGACAACTTAACGATATCGGACT 
Bin1_RT_forward TGTCGTCCCGTAGAGCAGAA chr3R: 16186595-

16186733 Bin1_RT_reverse CAAGCAGATTGACCGCGAGA 
TM4SF_RT_forward GCAGCGAGGATAACGGGAAA chr2R: 23878871-

23879684 TM4SF_RT_reverse AGTAGACCGAGTGACCCCAG 
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