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Abstract

ABSTRACT. Transposable elements (TE) are repetitive sequences whose ability to 

change their location in the genome defines them. They made up a important proportion 

of the eukaryotic genomes, and although they are often considered as genetic parasites, 

it  has  been also  argued that  they  might  have  some still  unknown cellular  function. 

Nevertheless, it is clear that they play a role as drivers of their host evolution, due to the 

fact that TEs generate genetic variability.

The  TE  Galileo  is involved  in  the  generation  of  adaptive  chromosomal 

rearrangements in natural populations of Drosophila buzzatii, indicating that it would be 

a driver  of adaptation in  its  host.  Moreover,  all  Galileo  elements  found in previous 

works  were  incomplete  –  mainly  composed  by  Foldback-like  structures  –  and 

homology relationships could not be established with any known sequence. With this 

background, this thesis was proposed to characterise the mobile genetic element Galileo  

in different  Drosophila species and analyse its evolutionary dynamics. Thus, in a first 

phase we searched for complete copies of Galileo in different species of the Drosophila  

genus:  D.  buzzatii,  D.  mojavensis,  D.  virilis,  D.  willitoni,  D.  ananassae,  D. 

pseudoobscura  and  D. persimilis, using both bioinformatic and experimental methods 

(depending on whether the analysed genome was available or not). The copies found 

present long TIR (up to 1.2 Kb), high sequence identity with previously found Galileo  

sequences  and,  moreover,  they  harbour  coding  sequences  that  have  allowed  the 

classification of  Galileo  as a member of the  P-element  superfamily. Subsequently, by 

means of phylogenetic analyses, we have found that there are  Galileo  subfamilies in 

three different species (D. buzzatii,  D. mojavensis,  D. virilis) and evidence of recent 

transpositional activity (in D. willitoni, D. ananassae, D. pseudoobscura, D. persimilis  

and  D. mojavensis). In a second phase of the thesis, we have conducted experiments 

with  part  of  the  Galileo  protein  and  detected  specific  binding  to  the  Galileo  TIR, 

confirming that this sequence is responsible for the transposition reaction. Finally, we 

have thoroughly studied the Galileo variability in the D. mojavensis genome and found 

a  striking  structural  variation,  suggesting  that  the  exchange  of  sequences  among 

different Galileo copies might be quite common and important for TEs evolution.





Resum

RESUM. Els elements transposables (TEs) són seqüències repetitives amb el tret 

definitori  de  canviar  la  seva  posició  al  genoma.  Ocupen  fraccions  importants  dels 

genomes eucariotes, y, tot i que solen considerar-se paràsits genètics, també s'especula 

amb  la  possibilitat  de  que  tinguessin  alguna  funció  cel·lular  que  encara  ens  és 

desconeguda. Tot i així, sembla evident que tenen un paper important com facilitadors 

de l'evolució, ja que generen variabilitat al genoma de l'hoste. 

El  TE  Galileo  està  implicat  en  la  generació  de  reordenacions  cromosòmiques 

adaptatives naturals a l'espècie Drosophila buzzatii, en la que hauria generat variabilitat 

amb valor adaptatiu per a l'hoste. A més, tots els elements  Galileo  trobats en treballs 

anteriors eren defectius – composats bàsicament d'estructures similars a la dels elements 

Foldback  – i no es van poder establir  relacions d'homologia amb ninguna seqüència 

coneguda. Amb aquest rerefons, en aquesta tesi es va plantejar caracteritzar l'element 

genètic mòbil  Galileo en diferents espècies de Drosophila i analitzar la seva dinàmica 

evolutiva.  D'aquesta  forma,  en  una  primera  fase  es  van  buscar  elements  Galileo  

complets en diferents espècies del gènere  Drosophila:  D. buzzatii,  D. mojavensis,  D. 

virilis,  D. willitoni,  D. ananassae,  D. pseudoobscura  i  D. persimilis,  fent servir  tant 

mètodes bioinformàtics com experimentals (depenent de si el genoma analitzat estava 

seqüenciat  o  no).  Les  còpies  trobades  presenten  llargues  Repeticions  Invertides 

Terminals  (TIR) de fins a 1,2 Kb, una elevada identitat  amb seqüències  de  Galileo 

descrites anteriorment i, a més, contenen una zona codificant que ha permès classificar 

Galileo  com a membre de la  superfamília  de l'element  P.  Posteriorment,  mitjançant 

anàlisis filogenètiques, hem trobat l'existència de subfamílies de Galileo en tres espècies 

(D. buzzatii, D. mojavensis, D. virilis) i evidència d'activitat transposicional recent (D. 

willitoni,  D.  ananassae,  D.  pseudoobscura, D.  persimilis  i  D.  mojavensis).  En  una 

segona fase de la tesi,  hem dut a terme experiments amb part de la proteïna que es 

codifica  a  Galileo  i  hem  comprovat  que  interacciona  amb  les  TIR  de  Galileo, 

confirmant  que  aquesta  seqüència  és  la  responsable  de  la  reacció  de  transposició. 

Finalment, hem analitzat en detall la diversitat de Galileo al genoma de D. mojavensis i 

hem detectat  una  diversitat  estructural  molt  important,  on l'intercanvi  de seqüències 

entre elements pareix força freqüent per l'evolució dels TEs. 





Resumen

RESUMEN. Los  elementos  transponibles  (TEs)  son  secuencias  repetitivas  cuya 

característica definitoria es la capacidad de cambiar de posición en el genoma. Ocupan 

fracciones  muy  importantes  de  los  genomas  de  eucariotas,  y  aunque  se  suelen 

considerar parásitos genéticos, también se especula con la posibilidad de que pudieran 

tener alguna función celular que aún nos es desconocida. No obstante, parece evidente 

que  tienen  un  papel  importante  como  facilitadores  de  la  evolución,  al  generar 

variabilidad en el genoma del huésped.

El  TE  Galileo  está  implicado en la  generación de reordenaciones  cromosómicas 

adaptativas  naturales  en la  especie  Drosophila  buzzatii,  con  lo  que habría  generado 

variabilidad  adaptativa  para  el  huésped.  Además,  todos  los  elementos  Galileo  

encontrados  en  trabajos  anteriores  eran  defectivos  –  compuestos  básicamente  de 

estructuras similares  a las de los elementos  Foldback  – y no se pudieron establecer 

relaciones de homología con ninguna secuencia conocida. Con este trasfondo, en esta 

tesis se planteó caracterizar el elemento genético móvil  Galileo  en diferentes especies 

de Drosophila y analizar su dinámica evolutiva. De esta manera, en una primera fase se 

buscaron elementos Galileo completos en en diferentes especies del género Drosophila: 

D. buzzatii, D. mojavensis, D. virilis, D. willitoni, D. ananassae, D. pseudoobscura y D. 

persimilis, utilizando métodos tanto bioinformáticos como experimentales (dependiendo 

de si el genoma analizado estaba secuenciado o no). Las copias encontradas presentan 

largas Repeticiones Invertidas Terminals (TIR) de hasta 1,2 Kb, una elevada identidad 

con secuencias  de  Galileo  descritas  con anterioridad y,  además,  contienen una zona 

codificante que ha permitido clasificar  Galileo  como miembro de la superfamilia del 

elemento  P.  Posteriormente,  mediante  análisis  filogenéticos, hemos  encontrado  la 

existencia de subfamilias de  Galileo  en tres especies (D. buzzatii,  D. mojavensis,  D. 

virilis) y evidencias de actividad transposicional reciente (D. willitoni, D. ananassae, D. 

pseudoobscura, D. persimilis y D. mojavensis). En una segunda fase de la tesis, hemos 

llevado a cabo experimentos  con parte de la proteína que codifica  Galileo  y hemos 

comprobado que interacciona con las TIR de Galileo, confirmando que esta secuencia 

es  la  responsable  de  la  reacción  de  transposición.  Finalmente,  hemos  analizado  en 

detalle la diversidad de Galileo en el genoma de D. mojavensis y hemos detectado una 

diversidad estructural muy importante, lo que sugiere que el intercambio de secuencias 

entre elementos podría ser bastante frecuente para la evolución de los TEs.
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Introduction

1.- Transposable Elements

Transposable elements  (TEs) are  genetic  entities  with the capability  of changing 

their location within the genome. They were discovered by Barbara McClintock in the 

50s of the last century when she was exploring the origin and behaviour of mutable loci  

in maize  (McClintock 1950, 1951). McClintock's discovery challenged the concept of 

the genome as a static set of instructions passed between generations, as genetic maps 

had shown. Thus, her theories about how changes in gene expression could appear in 

two  successive  generations  were  received  with  huge  scepticism.  Finally,  since  her 

observations and theories were corroborated in other organisms, she was awarded in 

1983  with  the  Nobel  Price  of  Physiology  and  Medicine  for  her  discovery  of 

transposition.

Usually, movement of TEs results in their multiplication, that can give rise to high 

copy numbers. TEs have been included in the fraction of middle repetitive DNA of the 

genome, as interspersed repeats (Britten & Kohne 1968). So far, TEs have been found 

in  almost  all  studied  species,  prokaryotes  and  eukaryotes,  except  in  the  protozoan 

Plasmodium falciparum (Gardner et al. 2002). In all species, TEs make up a significant 

but variable proportion of the genome, e.g.: 12 % in  Caenorhabditis elegans (The C. 

elegans Sequencing Consortium 1998), 14 % in  Arabidpsis thaliana (Hua-Van et al. 

2005),  16  % in  Drosophila melanogaster (Kidwell  2002;  Drosophila  12  Genomes 

Consortium et al. 2007),  45 % in humans (Lander et al. 2001) and 80% in some crops 

(Wicker et al. 2007).

TE activity in the genomes causes a broad range of mutations. Since their movement 

is often random, a priori, they can insert anywhere in the genome. By chance, they can 

insert in regions where they will not affect any function (heterochromatin, intergenic 

regions,  etc),  but  likewise,  they  can  interfere  in  the  cell  working  machinery.  For 

example, a gene can be inactivated because a TE insertion breaks the ORF or affects the 

splicing, or the TE impairs the expression of the gene. In addition, TE activity generates 

deletions, duplications and rearrangements in the genome. In summary, TEs generate a 

huge range of mutations with a broad impact on host fitness  (Kidwell & Lisch 2002; 

Feschotte & Pritham 2007).
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The expansive nature of TEs, occupying important fractions of genomes, along with 

their mutational activity due to its random movement, made them to be considered as 

selfish and/or junk DNA because no positive role for the cell was apparent (Doolittle & 

Sapienza 1980; Orgel & Crick 1980). Likewise, the broad distribution among species 

suggests they have a very successful parasitic strategy, although this broad distribution 

could be also be pointing out a putative role for the cell, as it has been seen in some 

cases; e.g. the telomere-length manteinance in  Drosophila  genus, which is carried out 

by the retrotransposons HeT-A, TART and TAHRE (Casacuberta & Pardue 2005; Pardue 

et al. 2005; Pardue & DeBaryshe 2011). Nevertheless, although most of the time the TE 

activity  has  deleterious  effects,  it  also  generates  variability  and  even  advantageous 

mutations,  which  indicates  that  they  are  facilitators  of  evolution  (Kazazian  2004; 

Cordaux et al. 2006; Oliver & Greene 2009, 2011).

1.1.- The evolutionary life-cycle of transposable elements

TEs are dynamic entities which multiply, move, evolve and interact with the host. 

Their ability to invade genomes along with the fact that they do not play any cellular 

function  in  the  host  makes  them to  be  considered  parasitic  sequences  (Doolittle  & 

Sapienza 1980; Orgel & Crick 1980). Thus, the evolutionary life-cycle of TEs has been 

suggested to be analogous to that of parasitic organisms, with a first phase characterised 

by the invasion and establishment of the host genome followed by a decrease of TE 

activity  and  a  phase  of  coexistence  of  different  mutant  sequences  until  the 

disappearance of the mobile  element  (Figure 1)  (Silva et  al.  2004; Le Rouzic et  al. 

2007). During all this cycle, there are evidences of TE parasitism, such as their use of 

the cell machinery for spreading themselves and the host fitness decrease due to TE 

insertion mutations and chromosomal instability  (Doolittle & Sapienza 1980; Orgel & 

Crick 1980).

The  complex  evolutionary  dynamics  of  TEs  has  required  the  development  of  a 

theoretical framework based on population genetics models which provide a series of 

predictions that can be tested later on empirical grounds. In the 80s of the last century,  

several models were proposed to account for parasitic nature of TEs, such as the models 

of  Brookfield (1982) and Hickey (1982). Afterwards, Charlesworth and Charlesworth 

(1983) modelled the dynamics of copy number taking into account the transposition rate 
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and the selective pressure against the TEs insertions. The exploration of the simulations 

stated  that  copy  number  should  reach  an  equilibrium  between  these  two  forces, 

transposition and selection. This way, although element frequencies could change as a 

result of different phenomena (such as, replicative transposition, loss of elements from 

occupied sites,  selection  on copy number per  individual,  and genetic  drift)  the final 

balance would depend on a strong transposition control or a high selective pressure, or 

both (Charlesworth & Charlesworth 1983).

Purifying selection is a force opposing the spread of TEs, and it would act against (i) 

TE  insertions  which  disrupt  functional  genetic  units  and  (ii)  TEs  which  generate 

deleterious  products.  Regarding  these  statements,  it  would  be  expected  that  the  X 

chromosome, where selection is stronger than in autosomes due to the hemizygous state 

in males, would present a reduced number of TEs than the autosomes. This hypothesis 

was tested with three TE families of D. melanogaster and there was no evidence for any 

reduction in copy number for the X chromosome, leading to the suggestion that meiotic 

recombination  between  transposable  elements  at  non-homologous  sites  would  be 

responsible for the containment of TEs number in natural populations (Montgomery et 

al. 1987). Thus, a new model was proposed taking into account the distribution of TEs 

across  genomic  regions  with  different  rates  of  unequal  exchange  or  ectopic 

25

Figure 1.  Schematic view of TE dynamics after entering the genome. HT means horizontal transfer of the TE to  
another host. The different steps are: (i) An element is transferred into a germline cell of host A. (ii) Transposition  
activity starts after a successful integration of the TE. There is a rapid increase in copy number. (iii) Repression of  
transposition arises  the rate  in  copy number slows.  (iv)  Mutations accumulate  in  the different  copies  and the 
number of functional elements in the genome slowly decreases. This process that can take many millions of years 
(abbreviated period represented by a dashed line). (v) Finally, no functional elements are left in the genome of host  
A, and this TE lineage becomes extinct. Sometime between (ii) and (v), a functional element may be transferred  
horizontally (HT) to a new host and the process begins anew . Taken from Silva et al. (2004).
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recombination (Langley et al. 1988; Charlesworth & Langley 1991). This would mean 

that a TE insertion would disappear more quickly if it is located in a high recombination 

rate region because it would be more prone to recombine with a non-allelic homologous 

TE.  This  recombination  event  leads  to  the  production  of  deleterious  chromosomal 

rearrangements, thus lowering the fitness of individuals as a function of the number of 

elements carried. This model has been confirmed by some empirical data and seems to 

fit quite well with the actual distribution of TEs in natural populations (Charlesworth et 

al. 1992; Bartolomé et al. 2002; Petrov et al. 2003, 2010). 

These models provide predictions for populations in which TEs have reached an 

asymptotic equilibrium state, but before this equilibrium is reached there are other steps 

in a TE cycle which are sensitive for the success or survival of mobile elements, such as 

the colonization of a new genome. Furthermore, the equilibrium could be affected by 

demographic events of the host or reactivation of a TE (such as stress responses or 

secondary contacts between geographically distant populations). Hence, not all genomes 

might be at equilibrium, rather they could be in an unstable TE-host state. Recently, 

new mathematical models have been proposed for predicting/modelling the whole cycle 

of  TE. Le Rouzic and Capy have run simulations to predict the behaviour of TEs in 

different steps of the cycle: the invasion, the competition among subfamilies and the 

long-term evolution (Le Rouzic & Capy 2005, 2006, 2009; Le Rouzic et al. 2007). Their 

simulations predict that for a successful 

genome  invasion,  after  a  horizontal 

transfer  event  or  a  TE reactivation,  a 

high  transposition  activity  is  needed 

followed by a tight control of it, which 

means a transposition burst. This way, 

the  TE  that  arrived  itself  to  a  new 

genome  would  overcome  the  genetic 

drift  and  its  extinction.  After  the 

establishment,  TE  activity  starts  to 

generate  mutant  copies,  either 

transposition  machinery-coding 

mutants  or  transposition  efficiency 

26

Figure 2. Simple representation of the different genomic 
forces which interact and affect TEs dynamics. The size 
of the arrows depicts an schematic contribution of each 
phenomenon to the TE copy number. Modified from Le 
Rouzic and Capy (2009)
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mutants. Competition among these copies seems to prevent the system for achieving a 

stable transposition-selection equilibrium, rendering non-autonomous copies to multiply 

and spread at the expense of the autonomous elements  (Leonardo & Nuzhdin 2002). 

This  results  in  a  mainly  cyclic  dynamics  which  highlight  the  similarities  between 

genomic  selfish  DNA  and  host-parasite  systems  (Le  Rouzic  &  Capy  2006). 

Furthermore,  long-term  evolution  was  explored  introducing  variability  in  both  the 

effects of the insertion on host fitness and  the production of functional transposition 

proteins, along with mutations in transposition efficiency of the copies (Le Rouzic et al. 

2007). The most common dynamics was found to be the occurrence of one or more 

invasion-regression  cycles  (transposition  bursts)  followed by the  definitive  TE loss. 

This questions the likelihood of the sustainable long-term stable transposition-selection 

equilibrium  of  older  models.  Furthermore,  TE  domestication  events  could  appear, 

allowing the survival and fixation of those TE copies that enhance the fitness of the 

host.

When genomes are explored, the proportion of active copies is highly heterogeneous 

among  species.  For  example,  active  copies  account  for:  less  than  20%  in  D. 

melanogaster  (Bartolomé  et  al.  2002), less  than  5% in  Schizosaccaromyces  pombe 

(Bowen et al. 2003), and only 1% of LINEs in the human genome (Ostertag & Kazazian 

2001). Le Rouzic et al. (2007) propose two hypotheses for this heterogeneity. On the 

one hand, different TE families and subfamilies are in different phases of their cycle, for 

example, some of them are actively colonising the genome whereas others are in the 

final  step  where  there  is  no  more  mobilisation  and  the  copies  are  accumulating 

mutations.  On  the  other  hand,  long-term  evolution  of  a  TE  family  is  affected  by 

characteristics  of  the  TE,  the  host  and  specific  TE-host  interactions,  because  slight 

changes in the parameters of the model (transposition rate, deletion rate, impact in host 

fitness, transposition activity and TE mutation) lead to distinct dynamics. Moreover, the 

two hypothesis are not mutually exclusive and its combination is likely to shape the TE 

ditribution observed in genomes (Le Rouzic et al. 2007).

In summary, although different models have been proposed, the TE dynamics are 

complex to infer, but it seems clear that the genetic drift and the purifying selection play 

a major role in TE control (Figure 2).
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1.2.- Classification of transposable elements

The  increasing  amount  of  TEs  being  discovered  makes  necessary  to  develop  a 

method  of  classifying  and  arranging  all  their  information.  Furthermore,  the 

classification along with all the knowledge of TEs is a fundamental tool for the proper 

sequencing, assembly and annotation of the numerous genome projects that are being 

carried out  (Edgar & Myers 2005; Han & Wessler 2010). One of the first methodical 

attempts to classify eukaryotic TEs was carried out by Finnegan (1989), who defined 

two main classes of TEs: Class I are TEs with a retrotranscription step, where a RNA 

state of the element is found and is retrotranscribed to DNA, while Class II are devoid 

of this step and are always found as DNA molecules  (Finnegan 1989). More recently, 

Wicker et al. (2007) elaborated on this basic scheme and proposed different levels of 

classification, such as; subclass, order, superfamily and family. Subclass is used, within 

Class II,  to  distinguish elements  that  copy themselves  for insertion,  from those that 

leave the donor site to reintegrate elsewhere. It concomitantly reflects the number of 

DNA strands that are cut at the TE donor site. At the next level, order takes into account 

the element structure, for example, the existence of TIRs or LTR in the different classes. 

These  structural  traits  reflects  major  differences  in  the  insertion  mechanism  and, 

consequently,  the  overall  organization  and  enzymology.  The  final  levels are 

superfamily,  family  and  subfamily,  where  phylogenetic  relationship  along  with 

nucleotide identity are taken into account in each level of classification (Figure 3).

Class I

Class I of TEs, also known as retroelements, are characterised by a transposition 

reaction where an intermediate molecule of RNA is transcribed from the donor site and, 

afterwards, this RNA molecule will be retrotranscribed to DNA and inserted elsewhere 

in the genome. Thus, the main trait  of this group is the retrotranscription step.  It is 

noteworthy that this step is replicative (hence the “copy-and-paste” term often used to 

refer to this group). Consequently, retrotransposons may reach high copy numbers and 

are often the major contributors to the repetitive fraction in large genomes. Following 

the more detailed classification of Wicker et al. (2007) this class is subdivided in five 

orders on the basis of their mechanistic features, organization and reverse transcriptase 

phylogeny:  LTR  retrotransposons  (Long  Terminal  Repeats),  DIRS-like  elements 
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(Dictyostelium intermediate  repeat sequence;  Cappello 1985), Penelope-like elements 

(PLEs), LINEs and SINEs. Prior to this classification, Class I elements were usually 

subdivided in LTR versus non-LTR elements  (Kumar & Bennetzen 1999; Jurka et al. 

2007).

LTR elements range in size from a few hundred base pairs up to, exceptionally, 25 

kb  (Wicker et al. 2007). The length of LTR range from a few hundred base pairs to 
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Figure 3. Classification of transposable elements proposed by Wicker et al (2007).
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more than 5 kb, and start with 5'-TG-3' and end with 5'-CA-3'. Upon integration, LTR 

retrotransposons  generate  a  target  site  duplication  (TSD)  of  4-6  bp.  They  typically 

contain ORFs for GAG, a structural protein for virus-like particles and for POL.  Pol 

generally encodes an aspartic proteinase (AP), reverse transcriptase, RNaseH and DDE 

integrase (INT). Occasionally, there is an additional ORF of unknown function (Wicker 

et al. 2007).

DIRS-like elements contain a tyrosine recombinase gene instead of an integrase and, 

therefore,  they  do  not  generate  TSD  upon  insertion.  Their  termini  are  unusual, 

resembling either split direct repeats (SDR) or inverted repeats. These features indicate 

a mechanism of integration that is  different from that  of LTR elements and LINEs. 

Nevertheless, their RT places them in Class I. Members of this order have been detected 

in  diverse  species,  ranging  from  green  algae  to  animals  and  fungi.  Penelope-like 

elements (PLEs) encode a RT that is more closely related to telomerase than to the RT 

of LTR retrotransposons or LINEs. Furthermore, they code for an endonuclease that is 

related both to intron-encoded endonucleases and to the bacterial DNA repair protein 

UvrC. These elements also have LTR-like sequences that can be in direct or an inverse 

orientation (Wicker et al. 2007).

LINEs lack LTR, can reach several kilobases in length and encode at least a RT and 

a nuclease in their pol ORF for transposition. Sometimes there is also a gag-like ORF, 

and other containing RNaseH. LINEs generate TSDs of 7-20 bp length upon insertion, 

and usually they present truncated 5' ends as result from premature termination of their 

primed  reverse  transcription  (Ostertag  & Kazazian  2001). At  their  3'  end,  they  can 

display either a poly(A) tail, a tandem repeat or merely an A-rich region (Wicker et al. 

2007).  SINEs are non-autonomous elements  but they are not deletion  derivatives  of 

autonomous ones; instead, they originate form accidental retrotransposition of various 

polymerase III  (pol III) transcripts.  Unlike retroprocessed pseudogenes,  they possess 

internal Pol III promoters which allow them to be expressed. They rely on LINEs for 

trans-acting  transposition  functions  such  as  RT.  Some SINEs  present  a  unique  and 

obligatory  partner  whereas  others  are  generalists.  SINEs are  small  (80-500 bp)  and 

generate TSDs (5-15bp). The Pol III promoter region defines SINE superfamilies and 

reveals their origin: tRNA, 7SL RNA and 5S RNA. SINE internal regions (50-200 bp) 

are family-specific and of variable origin, sometimes deriving from SINE dimerization 
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or  trimerization  (Kramerov  &  Vassetzky  2005).  The  best  known  SINE  is  the  Alu 

element, which presents at least >106 copies in the human genome (Lander et al. 2001).

Class II

Class II elements are devoid of the retrotranscription step. In this class there are 

different strategies of transposition and some of them imply a direct replicative step. 

Two different subclasses have been proposed, one with the cut-and-paste elements and 

another one that entails replication without a double-stranded cleavage  (Wicker et al. 

2007). The first subclass is comprised by two orders: TIR containing elements and no-

TIR elements  (Crypton).  TIR elements  are  subdivided in  superfamilies  but  different 

proposed classifications do not agree in the number of them. For example, Feschotte 

and Pritham (2007) proposed 10 superfamilies of eukaryotic TIR transposons. However, 

Jurka  et  al.  (2007) and  Wicker  et  al.  (2007)  recognized  13  and  9  superfamilies, 

respectively. Recently,  Yuan & Wessler (2011) have proposed to revise the number of 

cut-and-paste transposons because their phylogenetic analysis of the catalytic domain 

uncovered new relationships among the different groups. They propose 17 superfamilies 

clustered in three supergroups. Although the definition and number of superfamilies has 

not reached a consensus, these clusterings are very useful for uncovering the TEs in the 

different genome projects, because generally, they are searched by means of similarity 

tools  for locating  and annotating  different  TEs.  The second subclass is  split  in  two 

orders,  Helitrons and  Mavericks/Polintons.  Helitrons replicate  using  a  rolling-circle 

strategy, whereas transposition reaction for  Mavericks is still  unknown  (Feschotte  & 

Pritham 2007; Wicker et al. 2007).

The TEs studied in this thesis belong to the cut-and-paste class II transposons. In the 

sections below these elements are explained in detail.
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2.- The Drosophila P-element

The  Drosophila  P-element  is  one  of  the  best-studied  eukaryotic  mobile  DNA 

elements.  It  was  discovered  in  the  late  1960s  because  it  causes  in  Drosophila  

melanogaster  a syndrome of genetic traits termed hybrid dysgenesis (HD) (Kidwell et 

al. 1977). HD is a term used to describe a collection of symptoms including high rates 

of  sterility,  mutation  induction,  male  recombination  and chromosomal  abnormalities 

and rearrangements (Kidwell 1977; Kidwell & Novy 1979; Kidwell et al. 1977; Engels 

1979). The unstable nature and reversibility of the mutations caused by hybrid dysgenic 

crosses first suggested that they might be caused by mobile element insertions (Kidwell 

et al. 1973). A detailed molecular analysis of hybrid dysgenesis-induced mutations at 

the  white locus  allowed  the  isolation  and  molecular  cloning  of  the  P transposable 

element  (Bingham et al. 1982; Rubin et al. 1982). The characterization of  P-elements 

rapidly let to the development of its use as a vector for efficient germ line transfer in 

Drosophila (Rubin & Spradling 1982; Spradling & Rubin 1982). Since then, P-element  

vectors  have  been  widely  used  for  transforming  D.  melanogaster (Figure  4). 
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Figure 4. General procedure for Drosophila transformation using P-element-based vectors. General 
traits of vectors are shown on top. The procedure for Drosophila transformation is sketched as well. 
Adapted from Rio (2002).
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Furthermore, these elements have found additional and critically important uses as the 

molecular genetics of Drosophila has evolved, such as, mutagenesis and gene-tagging, 

enhancer  trapping,  homologous  gene  targeting  and gene  replacement  (Engels  1996; 

Rong  & Golic  2000;  Rubin  et  al.  2000). Nowadays,  new  vectors  for  transforming 

Drosophila  are being developed and they  are  P-element  based vectors,  so germinal 

transformation is still the best choice for Drosophila transformation (Kondo et al. 2006; 

Bachmann & Knust 2008).

2.1.- P-element structure

The  P-element  is  a  cut-and-paste  transposon  from  Class  II  of  mobile  elements 

(subclass I, TIR order, Wicker et al. 2007). The autonomous and complete copy is ~2.9 

kb  long  and  its  structure  consists  of  two  31-bp  terminal  inverted  repeats  (TIRs) 

surrounding an ORF encoding the transposase (Figure 5).  This ORF comprises four 

exons and three introns and encodes the enzyme responsible for the transposition of the 

element. This protein is able to bind close to the ends of the transposon, join and cut  

them and insert the element in a new location (see below). Moreover, the alternative 

splicing of the transposase ORF generates a transposition inhibitor (KP protein), that 

directly  binds to the transposase DNA binding sites and blocks the  P-element  DNA 

cleavage (Misra et al. 1993; Lee et al. 1998). Other important regions in the P-element  

are the binding sites, where the transposase binds (BS). The binding sites are not located 

inside the TIRs and are not equidistant from the transposon ends, one is 21 bp from the 

5' TIR and the other is 9 bp from the 3'TIR (Rio 2002). These sequences are 10-bp long 

and correspond to GTTAAGTGGAT (3' end) and TTTAAGTGTAT (5' end) (Sabogal 

et al. 2010). Finally, there are two internal inverted repeats of 11 bp (ATTAACCCTTA) 

located  126 bp from the 

5'  end  and 201 bp from 

the 3'  end. Although not 

absolutely  required  for 

the transposition reaction, 

they act as transpositional 

enhancers (Rio 2002).
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Figure  5. D. melanogaster P-element  canonical  sequence structure.  Total 
length 2.9 kb.  The binding sites (BS) of the transposase and the internal 
inverted repeats that act as transpositional enhancers (Enh) are shown. The 
transposase CDS is  depicted with  its  structure  of  4  exons and  3 introns. 
Adapted from Rio (2002).
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2.2.- P-element transposase

The P-element transposase is a trans-acting protein of 87 kDa, 751 amino-acids, that 

catalyses the P-element mobilization through a cut-and-paste reaction. This protein has 

a modular structure with different domains that are responsible for different steps of the 

transposition reaction (Figure 6).

THAP domain

The DNA binding domain (DBD) of the transposase is located in the N-terminus 

and has been described as a special kind of zinc finger, the THAP domain (Roussigne et 

al. 2003; Clouaire et al. 2005). This domain is shared with other cellular proteins found 

in  different  animals,  from  Drosophila  to  humans,  that  are  implicated  in  different 

pathways, such as, cellular cycle, apoptosis and chromatin-associated proteins among 

others (Figure 7)  (Roussigne et al. 2003). This domain begins with a C2CH (cystein-

cystein-cystein-histidine)  zinc  coordinating  region  and  ends  with  an  AVP  (alanine-

proline-valine) motif. Compared with the most common zinc fingers (e.g. C2H2 or C4-

type, Lee et al. 1989; Pavletich & Pabo 1991) the THAP domain can be considered as a 

long domain.

Among  the  conserved  features  of  the  THAP  domain  are  its  location  at  the  N-

terminus of the proteins, its size about 90 residues and, most importantly, the presence 

of conserved sequence motifs. The defined THAP domain includes: a C2CH signature 

(consensus  cystein-Xaa2-4-cystein-Xaa35-50-cystein-Xaa2-histidine);  three  additional  key 

residues that are strictly conserved in all THAP domains (proline (P), tryptophan (W), 

phenylalanine (F), see Figure 8); a C-terminal  AVPTIF box (consensus: alanine(A)-

valine(V)-proline(P)-threonine(T)-isoleucine(I)-phenylalanine(F));  and  several  other 

conserved  amino  acid  positions  with  distinct  physico-chemical  properties  (e.g. 

hydrophobic and polar) (Roussigne et al. 2003).
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Figure 6. Structure of D. melanogaster P-element transposase. The different domains and their coordinates are 
depicted. Adapted from Rio (2002).
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Recently, the three dimensional structures of two different THAP domains bound to 

DNA  have  been  characterised:  the  human  protein  THAP1  and  the  P-element  

transposase  (Figure  8)  (Bessière  et  al.  2008;  Sabogal  et  al.  2010).  Despite  the 

conservation of the key residues of the domain, the overall sequence conservation is 

very low. Nevertheless, the spatial conformation seems to be highly conserved and a 

new DNA interaction manner  has been proposed: a β-sheet  interacts  with the target 

DNA through the major groove and a downstream loop in the domain interacts with the 

minor groove of the double helix. Since the DNA interaction is conserved, it has been 

proposed  that  the  THAP DNA consensus  binding  sequence  is  TXXGGGX(A/T)  or 

TXXXGGCA (the X are spacing sequence of variable length;  (Clouaire et  al.  2005; 

Campagne et al. 2010; Sabogal et al. 2010). It can be noticed that this two proposed 
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Figure  7.  Alignment  of  different  THAP domains  from different  proteins.  dmTRP is  P-element  transposase 
THAP. The conserved key residues are underlined. Taken from Roussigne et al. (2003).
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consensus binding sequences share similarities in sequence, such as the core of 3 GC 

base pairs  (GGG or GGCA) which is  the major groove interacting  sequence,  and a 

conserved AT base pair, which is the minor groove interacting sequence (Sabogal et al. 

2010).  Furthermore,  the  size  of  the  two proposed consensus  binding  sequences  are 

similar  (~10  bp),  although  they  correspond  to  a  Drosophila  and  a  human  THAP1 

protein, respectively.

Oligomerization region

After the DNA binding domain, there is an oligomerization region. It consists of a 

leucine  zipper  (Landschulz  et  al.  1988) responsible for  the  multimerization  of  the 

transposase.  After  this  leucine  zipper,  there  is  a  second  oligomerization  region 
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Figure  8.  THAP domain  3D structure  interacting  with  DNA.  a)  Protein-DNA interface  b)  Structure-based 
multiple  sequence  alignment  of  DmTHAP,  human THAP1,  THAP2,  THAP7,  THAP9 and THAP11 and  C. 
elegans CtBP where conserved residues are highlighted; zinc-coordinating C2CH motif is highlighted in green; 
base-specific DNA-binding residues of DmTHAP are indicated by magenta. The secondary structure diagram is 
shown above the alignment. c) Schematic representation of all base-specific contacts in the major and minor  
grooves . d) Surface representation of DmTHAP. Sequence-specific DNA-binding residues are highlighted in  
magenta. DNA backbone is shown as lines with subsite positions labelled. Modified from Sabogal et al. (2010).
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consisting of an unstructured region, possibly a coiled-coil region (Rio 2002; Sabogal et 

al. 2010). The multimerization is not necessary for the high-affinity site-specific DNA 

interaction, but it is essential for the transposition reaction (Rio 2002).

Putative regulatory domain

In the amino-terminal region, there is a regulatory domain that contains potential 

sites  for  phosphorylation  by  different  kinases,  such  as  the  DNA  repair-checkpoint 

phosphatidyl  inositol-3-phosphate(PI3)-related  protein  kinases  DNA-PK  and  ATM 

(Ataxia telangiectasia mutated, Ku p70 and Ku p80 in Drosophila). Alterations of these 

potential phosphorylations sites by mutagenesis to alanine result in both increased and 

decreased transposase activity in vivo and in vitro. In this sense, when the transposase is 

produced in bacteria,  the enzyme is  not  active,  due to  the  lack  of  phosphorylation. 

Similarly, transposases treated with phosphatases presented reduced activity (Rio 2002).

GTP-binding domain

The  P-element  transposase  has  a  unique  requirement  for  guanosine  triphosphate 

(GTP) binding that distinguishes it from smaller transposases (e.g. those of Tn5 and 

Mu). However, GTP is known to take part as a cofactor in many diverse biochemical  

processes, such as Ras cellular signal transduction pathways, the assembly of dynamin 

in  vesicle  transport,  and  the  self-splicing  of  group  I  introns,  among  other  cellular 

functions (Bourne et al. 1991; Doudna & Cech 2002; Praefcke & McMahon 2004; Tang 

et al. 2005). Thus, it has been of interest to understand the role of GTP in a transposase, 

which has a very different function compared to the cellular proteins which need this 

nucleotide.  The GTP molecule is considered to be an allosteric effector required for 

proper folding and domain positioning of the P-element  transposase, because different 

experiments  have  shown  that  the  GTP  is  not  hydrolysed  during  the  transposition 

reaction (Kaufman & Rio 1992). Without GTP, the transposase is not able to form the 

synaptic complex which is vital for the transposition reaction. The synaptic complex is 

the conformation when the transposase is bound to the two ends of the transposon (Rio 

2002; Tang et al. 2005).

The GTP domain of the P-element transposase is a non-canonical version compared 

to  the  motifs  found  in  the  GPTase  superfamily  (Bourne  et  al.  1991;  Rio  2002). 

Consequently,  the  boundaries  of  the  domain  could  not  been  determined  through 
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sequence comparison. However, the GTP binding domain of the P-element transposase 

has been recently characterised thanks to a green fluorescent protein (GFP) solubility 

screening in E. coli (Sabogal & Rio 2010). This assay has allowed to locate the whole 

region  responsible  for  the  GTP  binding  in  coordinates  from  275  to  409  of  the 

transposase.  The GTP domain is able to bind GTP itself,  without need of the other 

protein  domains  or  multimerization,  thus  it  is  a  single  and  functional  domain. 

Furthermore,  no GTPase activity  has been detected,  which is  in agreement  with the 

observation that the GTP has a role of allosteric co-factor (Sabogal & Rio 2010).

Catalytic domain

The C-terminus of the P-element transposase protein contains many acidic residues 

which would make up the catalytic  domain of the transposase.  Mechanistically,  this 

domain  is   thought  to  belong  to  the  RNaseH-like  superfamily  of  polynucleotidil 

transferases. This superfamily includes different transposases and integrases such as: the 

bacterial  Tn5  transposase,  the  Mos1  transposase,  the  HIV integrase,  the  phage  Mu 

transposase, the Holliday junction nuclease Ruv C and the RAG1 V(D)J recombinase, 

among other proteins (Capy et al. 1996; Nowotny 2009; Hickman et al. 2010). Although 

mechanistically  the  P-element  transposase  is  related  to  this  superfamily  of  proteins, 

sequence and structure-based alignments reveal little or no sequence similarity. Thus, it 

seems that  the  P-element  transposase  would  have  evolved  from a  different  type  of 

polynucleotidil  transferase,  that  could be related  to  the  nucleic  acid  polymerases  or 

restriction-endonucleases (Rio 2002).

However, a recent sequence analysis of different transposases where no DDE motif 

was found, has uncovered the putative DDE motif in the P-element superfamily (Yuan 

& Wessler  2011).  The proposed residues for  the catalytic  domain of  the  P-element  

would be located in D230, D303 and E531 (Figure 9). These residues appear conserved 

in  the  different  transposases  of  the  P-element  superfamily  along  with  surrounding 

residues.  However,  the  residues  proposed  by  Yuan  and  Wessler  (2011)  are  in 

disagreement  with those proposed previously by Rio (2002) (D444, D528, E531and 

D545/628) which were seemingly detected through random mutagenesis of the catalytic 

domain (Rio 2002). Experiments that could corroborate the residues proposed by Yuan 
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and Wessler (2011) would be very interesting for finally including all the eukaryotic 

transposases in the RNaseH superfamily of polynucleotidil transferases.

Regardless whether this catalytic domain harbours the DDE signature or not, this 

kind of enzymes, where the P-element transposase can be mechanistically included, use 

metal ion-mediated catalysis  to hydrolyse the phosphodiester bond. The metal ion is 

bivalent,  usually Mg++,,  and it is coordinated with the protein through acidic  protein 

residues. This essential co-factor is needed for both DNA strand cleavage and strand 

transfer, which means the double-strand breaks and the insertion of the transposon steps 

(Hickman et al. 2010).
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Figure  9.  a)  Alignment  of  the  catalytic  region of  different  transposases  of  the  P-element  superfamily.  The 
conserved DDE residues are indicated. A part from the DDE residues, there is a region D(2)H which is conserved 
among all the transposases. b) Putative secondary structure of the P-element catalytic domain. The DDE residues 
are indicated with asterisks.  Notice  D. buzzatii  Galileo  element has been included.  From Yuan and Wessler 
(2011).
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2.3.- P-element transposition reaction

After transcription and translation of the  P-element  transposase ORF, the protein 

assembles itself as a tetramer (Tang et al. 2007). This pre-formed tetramer binds to one 

of the P-element ends and through a “looping" or intersegmental transfer (action helped 

by the GTP interaction) the tetramer binds the second binding site (synapsis)  (Tang et 

al. 2007). After the binding, the transposase catalytic domains cut the transposon ends 

through a strand-transfer reaction. This is a staggered cut that leaves 17-bp overhangs at 

each  3'  end.  After  that,  the  transpososome (transposon along with  the  transposition 

machinery)  goes  to  a  new  location  where  there  is  a  target  insertion  sequence.  A 

staggered cut (8 bp length lag) is performed and the transposon inserts there. An eight 

base pair target site duplication (TSD) surrounds the element in its new location after 

the polymerase closes de remaining gaps (Rio 2002).

The  gap  left  by  the  transposon  jump,  can  generally  have  two  different  fates 

depending  on  the  repairing  pathway.  On  the  one  hand,  the  pathway  may  be  non-

homologous end joining repair (NHEJ), where the two 17 bp overhangs will be joined 

and a transposon footprint will appear surrounded by the 8-bp TSDs (Beall & Rio 1997; 

Dynan & Yoo 1998; Rio 2002). On the other hand, the repair  may be done by the 

synthesis-dependent strand annealing pathway (SDSA), a gap repair process that uses 

the sister chromatid or the homologous chromosome as a template (Engels et al. 1990; 

Rio 2002). In that case, the whole  P-element  would be copied again in the location 

where  it  jumped  from.  This  last  step  would  be  the  responsible  of  the  replicative 

transposition of the element and the rapid spread of P-elements in wild populations. If 

this  repair  synthesis  is  interrupted,  this  could  give  rise  to  the  internally  deleted  P-

elements observed naturally (Rio 2002).

2.4.- Insertional preference of the P-element

The initial DNA sequence analysis of several cloned P-element insertions revealed 

that 8-bp duplications of the target site (TSD) were found flanking all the  P-elements 

analysed. Comparisons of these target site sequences revealed a general high GC base 

composition in the 8-bp sites,  with the consensus sequence being 5'-GTCCGGAC-3' 

(O’Hare & Rubin 1983). Another study analysed 2266  P-element  insertion sites from 

the Berkeley Drosophila Genome Project and showed that the 8-bp GC-rich TSD was 
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centred in a longer 14-bp palindromic target sequence  (Liao et al. 2000). Recently, a 

more exhaustive bioinformatic analysis of the P-element insertion sites (over 10000 P-

element insertions) has uncovered the putative consensus sequence for this 14-bp target 

palindrome (Linheiro & Bergman 2008). This sequence is 5'-ATRGTCCGGACWAT-

3' where the 8-bp palindromic target site duplication is shown in bold characters. All the 

positions of the motif presented strong statistical support deviating significantly from 

the overall  D. melanogaster base composition. Strikingly, in this work from Linheiro 

and Bergman (2008), they found that the sequence of the P-element TIR restores the 14 

bp palindrome after insertion. This suggests a mechanistic link between staggered-cut 

palindromic target sites and the structure of the transposon TIRs, specially involving the 

terminal nucleotides of the TIR. Moreover, this special role for terminal nucleotides in 

the P-element  TIRs could explain the strong conservation of only the first 3 bp of the 

TIRs among the P-element family members in insects and vertebrates (see below). A P-

element insertion becomes a new site for another P-element insertion. The fact that the 

sequence  recognized  by  the  transposase  is  a  palindrome  is  consistent  with  the 

transposase acting as an homomultimeric complex with the target DNA  (Linheiro & 

Bergman 2008).

2.5.- D. melanogaster P-element origin

To  study  the  evolutionary  origin  and  history  of  mobile  elements  a  survey  of 

phylogenetic distribution is very useful. These studies revealed P-element homologous 

sequences were distributed throughout the species groups that comprise the subgenus 

Sophophora, but were absent from the species most closely related to D. melanogaster 

(Brookfield et  al.  1984;  Anxolabehere  et  al.  1985;  Lansman et  al.  1985;  Daniels  & 

Strausbaugh 1986). This  fact  together  with the  P-element  absence in  old laboratory 

strains of D. melanogaster, suggested P-element might had entered in D. melanogaster 

through horizontal transfer from a distantly related member of the genus (Bingham et al. 

1982; Anxolabéhère et al. 1988).

An exhaustive screening using Southern blot of 136 species of  Drosophila genus 

uncovered a broad distribution of P-element in the Sophophora subgenus and a lack in 

the  Drosophila  subgenus.  Furthermore,  the  strongest  signals  were  found  in  the 

willistoni and saltans species group (Daniels et al. 1990). The candidate source species 

41



Introduction

for the putative horizontal transfer of the P-element were narrowed taking into account 

the species in  sympatry with  D. melanogaster. Finally, a whole  P-element  from  D. 

willistoni was  isolated  and  presented  only  one  base-pair  missmatch  with  D. 

melanogaster P-element canonical sequence (Daniels et al. 1990). Given the time lapse 

between  the  first  collection  of  the  stock  flies  and  the  new captures,  the  horizontal 

transfer event of the  P-element  into the  D. melanogaster genome and its  immediate 

spreading into different populations would have happened in the very short span of 40 

years.

2.6.- P-element in other species

The  P-element  was first  isolated  in  D. melanogaster (Bingham et  al.  1982),  but 

further investigations led to the discovery of  P homologs in many Drosophila species 

(Clark & Kidwell 1997; Pinsker et al.  2001) and even in closely related genera like 

Scaptomyza (Simonelig  &  Anxolabéhère  1991).  Sequences  homologous  to  the  P-

element  have also been detected  in  other  Diptera,  like  Musca domestica (Lee et  al. 

1999), Lucilia cuprina (Perkins & Howells 1992), or Anopheles (Sarkar 2003; Oliveira 

de  Carvalho et  al.  2004) and have  been detected  in  humans as  well  (Hagemann  & 

Pinsker  2001).  The  study  of  P-element  distribution  reveals  several  discontinuities 

suggesting the occurrence of horizontal gene transfer or differential loss of the element 

(Pinsker et al. 2001).

Moreover, recent studies have uncovered the presence of sequences similar to  P-

element homologous sequences in different vertebrates besides humans, such as Danio 

rerio,  Gallus gallus, mouse and rat  (Quesneville et al. 2005). These sequences, except 

for that of Danio rerio, seem to be located in an orthologous position and that could be 

the  result  of  an  ancient  P-element  domestication  (Hammer  et  al.  2005).  Finally, 

Kimbacher et al. (2009) looked for P-element homology in the Ciona sp. genome. This 

organism  is  a  direct  descendant  of  the  chordate  ancestor,  urochordata,  located 

phylogenetically at the base of the chordate lineage. The finding of P-element sequences 

with the typical transposon traits (TIRs and TSDs) revealed that this TE could have 

existed already in the base of vertebrate evolution. Likewise, the stable integration of 

this  P-element  into the genome in higher vertebrates  could be result  of a molecular 

domestication event during evolution of these animals (Kimbacher et al. 2009).
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Besides  the  sequence  diversity  and  subfamilies  of  P-element  found  in  different 

species  (for example,  the  P-element  clades  in  Clark & Kidwell  (1997)), a structural 

dynamism in the copies has been observed as well. Incomplete copies are found that 

have lost part of the middle region, were the transposase is located. This seems to have 

an explanation. When a P-element has jumped from the donor site, this site has a DSB 

which needs to be repaired. As mentioned above, this repairing can be done by NHEJ or 

homologous recombination (gap repair). In this last case, if the synthesis of the new 

copy of the transposon is accidentally stopped, as the DNA synthesis is triggered from 

the transposon ends, the central part of the transposon is more prone to disappear from 

the  new copy  of  the  transposon  (synthesis-dependent  strand  annealing  SDSA)  (Rio 

2002). Furthermore,  it  seems  that  the  shorter  a  transposon  is  the  higher  is  its 

transpositional efficiency, so this accidental shortening might favour the spreading of 

the short and non-autonomous copies (Atkinson & Chalmers 2010).

In this  sense,  in some genomes were the  P-element  has been studied with more 

depth, these short copies, which are called MITEs, have been detected. Usually these 

shortest copies outnumber the longest and complete ones. For example, in  Anopheles  

gambiae,  the  length  of  these  P-element  MITEs  covers  from  205  bp  to  2450  bp 

(Quesneville et al.  2006). MITEs have been found in other transposon superfamilies, 

and since sometimes their relationship with the whole copies is not very clear, it could 

be possible  that  its  origin would be by chance  through recombination  (Gonzalez  & 

Petrov 2009).

2.7.- P-element-related elements: 1360

Element  1360 (also referred to as  Hoppel by Reiss et al. 2003 and as  Proto-P by 

Kapitonov & Jurkal 2003) was discovered in the 80s in a region of the long arm of the 

Y chromosome of D. melanogaster (Kholodilov et al. 1988). This sequence was found 

to harbour terminal inverted repeats and it was repetitive and variable among different 

strains. In the 90s, more 1360-like elements were found in the D. melanogaster genome. 

Although none of the copies harboured a coding region, the TIR and TSD structure 

along  with  the  repetitiveness  in  the  genome,  indicated  that  this  was  a  class  II 

transposable element (Kurenova et al. 1990). The lack of a coding region prevented the 

element to be assigned to a known superfamily of transposons.
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The  sequencing  of  the  D.  melanogaster (Adams  et  al.  2000), provided  the 

opportunity to look for  P-element  related sequences. The reason for this searches was 

that, after the discovery of the P-element in D. melanogaster, this transposon was found 

to have a wide distribution in the  Sophophora subgenus, with the exception of the D. 

melanogaster sugroup. This wide distribution suggested the existence of a P-element in 

the ancestor  of this  subgenus and when the  D. melanogaster genome sequence was 

available, different research groups searched for  P-element  sequences descendants of 

this  putative  subgenus  ancestor.  These  searches  were  fruitful  and  confirmed  the 

hypothesis, mainly thanks to the use of the P transposase sequence as query in similarity 

searches  (Kapitonov & Jurka 2003; Reiss et al. 2003).

The  P related  element  found turned out  to  be  1360 elements  longer  than  those 

characterised  in  the  90s,  encoding  a  truncated  transposase  sequence  which  made 

possible to place 1360 or Hoppel in the P-element superfamily of DNA transposons. All 

the  longest  1360 copies  harboured  truncated  transposase  sequences  and  seemed 

incomplete, but a consensus sequence generated with the different copies pointed out 

that the putative complete copy would be 4480 bp long, with 31-bp TIR and ~2.6 kb of 

putative  coding  region  (Kapitonov  &  Jurka  2003). Although  the  putative  1360 

transposon encodes the same protein domains present in the P-element transposase with 

similarity values of about 40%,  1360 do not harbour any intron  (Reiss et  al.  2003). 

Another difference between these two elements is the length of the TSD: 8 bp in the P-

element and 7 bp in the 1360 element, but this kind of differences among members of 

the same superfamily is not uncommon (Kapitonov & Jurka 2003).

Furthermore,  1360 element is the most abundant DNA cut-and-paste transposon of 

the D. melanogaster euchromatic genome fraction, reaching a total of 105 copies in the 

sequenced strain  (Kaminker et al. 2002). These copies harbour different deletions and 

most of them could be considered as non-autonomous elements. Moreover, the  1360 

element has been correlated with variegation through iRNA dependent mechanism in D. 

melanogaster, providing  insights  into  a  role  for  TEs  in  sequence-specific 

heterochromatic  silencing  (Haynes et  al.  2006).  This  fact,  along with the high copy 

number of this transposon suggests an important role in genomic regulation and host 

evolution of TEs.
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3.- The Foldback element

Foldback  elements  are  a  special  group  of  TEs  with  a  common  structural  trait, 

namely, very long and internally repetitive TIRs. Although the existence of terminal 

inverted repeats and TSD suggest they could be classified as class II elements, the fact  

that they did not present sequence homology to known transposons and most of them 

did not harbour any coding sequence, made them to be included in a putative class III of 

TEs (Capy 1998). After the first foldback element was discovered in D. melanogaster, 

structurally similar elements were found in different species, in both animals and plants, 

such as, sea urchin, Chironomus thummi, rice, tomato, Arabidopsis, and rye (Hoffman-

Lieberman et al. 1989; Hankeln & Schmidt 1990; Rebatchouk & Narita 1997; Cheng et 

al. 2000; Alves et al. 2005; Daskalova et al. 2005; Marquez & Pritham 2010). All these 

elements only share structural features, never share similarities in their proteins or DNA 

sequences.  This  observation  suggests  that  this  group is  a  kind  of  hotchpotch  where 

elements from different origins have been put together.

The first foldback element (FB) was discovered in D. melanogaster in the last 80s. 

Since  at  this  time  sequencing  techniques  were  expensive  and  laborious,  indirect 

techniques to uncover the nature of the DNA sequences were used, such as the search of 

inverted repeat structures through electron microscopy (Potter et al. 1980). After the de-

naturalization  and  re-naturalization  of  the  DNA,  stem-and-loop  structures  appeared 

because of the presence of inverted repeats. The detailed study of the sequences that had 

“folded back” (this is the 

origin of the name of this 

class  of  elements), 

uncovered  the  unusual 

highly repetitive structure 

of the  FB TIRs: where a 

10  bp  sequence  is 

repeated  generating  a 

longer  repetitive  unit  in 

the  TIR  (Figure  10)

(Truett  et  al.  1981).  The 

sequences of the TIRs are 
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Figure 10. Restriction enzyme maps of a FB element containing clone. The 
repetitive structure of the FB TIR is depicted. Different repetitive motifs are 
found along the TIR sequence. From Harden and Ashburner (1990).
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similar, but not identical; some sequences are longer than others because the numbers of 

repetitive units in the TIRs are variable. Likewise, the central region of the FB element 

could be TIR sequence that is missing in the other TIR, because there is an important 

length  difference  between  the  two  TIR.  However,  in  some  copies  of  FB an  extra 

sequence with putative coding capabilities was found. It was named NOF and presented 

no  similarity  to  other  known  transposases  or  proteins,  rendering  the  transposition 

reaction of these elements as a mystery.

It has been proposed that NOF would be an independent transposon with insertion 

preference  for  FB,  because  NOF is  present  in  few  copies  of  the  FB element  and 

possesses its own TIR of 308 bp along with a putative coding region with 1 to 3 ORF 

depending  on  the  FB-NOF copy  observed  (Templeton  &  Potter  1989;  Harden  & 

Ashburner  1990;  Badal  et  al.  2006b). However,  the  ratio  of  autonomous  to  non-

autonomous  elements  (if  NOF were  the FB transposase),  is  similar  to  other  TEs. 

Furthermore, a  NOF element without  FB TIRs has never been found. Thus, it seems 

reasonable to consider that NOF is the transposase-coding ORF of FB. Recently, since 

the  TEs catalogue  has  greatly  increased  it  has  been possible  to  locate  the  FB-NOF 

protein within a the MuDR superfamily of DNA transposons (class II, subclass I, TIR 

elements order (Feschotte & Pritham 2007; Wicker et al. 2007).

The contribution of  FB and FB-NOF elements to genome plasticity is well known 

since  they  are  able  to  promote  all  sort  of  genomic  rearrangements:  inversions, 

duplications  and translocations  involving pairs  of  FB elements  have  been described 

(Collins  &  Rubin  1984;  Moschetti  et  al.  2004;  Badal  et  al.  2006a). Likewise,  FB 

elements have been reported in the molecular descriptions of different D. melanogaster 

unstable eye mutants. In this sense,  FB elements have been found responsible for the 

white crimson phenotype in the white locus. In these cases the instability has been found 

to be due to the precise excision of FB which originates phenotype revertants (Collins & 

Rubin 1983; Paro et al. 1983). Nevertheless, there are other cases where interaction with 

zeste1 mutants  is  the  responsible  for  the  eye  colour  instability  (Bingham & Zachar 

1985;  Rasmuson-Lestander  &  Ekström  1996;  Badal  et  al.  2006a).  Thus,  the  FB 

transposon generates instability due to both processes, transposition activity and ectopic 

recombination.
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4.- The Galileo element

The  Galileo  element was discovered when the breakpoints of the  2j polymorphic 

chromosomal inversion of Drosophila buzzatii were isolated and annotated (Cáceres et 

al. 1999, 2001). A Galileo copy was found in each of the inversion breakpoints. These 

two  Galileo  copies  presented  exchanged  TSD,  which  would  be  a  sign  of  ectopic 

recombination responsible for the chromosomal inversion (Figure 11). This was the first 

time  a  transposon was directly  involved  in 

the generation of a chromosomal inversion in 

natural  population.  Previously,  other 

inversions  were  known  to  have  been 

generated  by  transposable  elements  but  in 

laboratory experimental populations  (Engels 

& Preston 1984; Schneuwly et al. 1987; Lim 

&  Simmons  1994). Furthermore,  the  2j 

inversion presents  an adaptive  effect  in  D. 

buzzatii, because different pieces of evidence 

have  been  found,  such  as,  (I)  the  clinal 

variation of the inversion frequencies along 

latitunial and altitudinal geographic gradients or (ii) its effect on the adult fly size and 

the development time (Ruiz et al. 1991; Hasson et al. 1995; Betrán et al. 1998).

In the last decade, our research group has analysed the breakpoints of another  two 

D. buzzatii polymorphic inversions, 2q7 and 2z3 (Casals et al. 2003; Delprat et al. 2009). 

These two inversions were generated by the same transposable element and the same 

mechanism,  i.e.  Galileo  was  the  substrate  for  the  ectopic  recombination  event  that 

generated the inversion. The fact that the same element is involved in three different 

inversions  is  noteworthy  and  suggests  Galileo  unusual  structure  and/or  its 

transpositional  activity  contribute  to  its  ability  of  generate  chromosomal  inversions 

(Delprat et al. 2009).

The Galileo  copies found in the inversion breakpoints were seemingly incomplete 

because they did not contain any significant coding regions. In a subsequent study in 

our group (Casals et al. 2005), new Galileo copies were isolated from D. buzzatii (total 
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Figure 11.  Schematic model for the generation of 
2j  chromosomal  inversion in  D. buzzatii through 
ectopic recombination between two Galileo copies. 
The model explains why the TSD of the  Galileo  
elements have been exchanged. From Cáceres et al 
(1999).
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length  ranging  from 392 to  2304 bp)  which  corroborated  the  long  TIR of  Galileo 

(lengths up to 1115 bp) and its internally repetitive structure with tandem repeats of 136 

bp (three and a half repetitions). Furthermore,  Galileo  elements presented target sites 

duplications of 7 bp, with the palindromic consensus sequence GTAGTAC (Cáceres et 

al.  2001; Casals et  al.  2005).  Since  Galileo  copies did not present any similarity  to 

known transposons, it was tentatively classified as a Foldback element, using structural 

criteria because of its main trait: long and internally repetitive TIR (Cáceres et al. 2001; 

Casals  et  al.  2005). Furthermore,  the  study of  the  breakpoints  variability  of  the  2j 

inversion in different D. buzzatii strains, uncovered the existence of two closely related 

elements,  which  were  named  Kepler and  Newton  (Figure  12).  These  elements  also 

harboured long TIRs, along with an average 73% sequence identity  to  Galileo  TIR, 

identical 40 bp of the terminal TIR region and TSD of 7 bp long (Cáceres et al. 2001). 

These traits suggested these elements belonged to the same family, because they shared 

both structure and sequence identity (Casals et al. 2005).

In neither Galileo, Kepler and Newton copies a putative ORF that could encode the 

element  transposase  was found,  although in  some  Galileo  copies  there  was a  short 

region encoding a putative protein product with low similarity  to the transposase of 

1360  (Hoppel)  element  (Casals  et  al.  2005). Therefore,  the  Galileo  copies  isolated 

seemed to be non-autonomous elements in which the coding region could have been 

deleted  and  longer  Galileo  copies  could  exist  in  the  genome  with  whole  coding 

capability.

The abundance of Galileo elements in D. buzzatii was assessed by Southern blot and 

in situ hybridization. Southern blot yielded from 21 to 29 Galileo copies/genome, with 

an  average  of  26.7  copies/genome  and  no  significant  different  means  among  the 

different  D.  buzzatii strains  (Casals  et  al.  2005).  In  situ  hybridization  yielded  a 

somewhat  higher  copy  number  with  no  differences  among  strains  but  a  significant 

accumulation in the pericentromeric regions and dot chromosome (Casals et al. 2005). 

Furthermore, when the presence of Galileo was explored in other species of the repleta 

group, it  was detected  only in species closely related  to  D. buzzatii  of the  buzzatii, 

martensis and  stalkeri clusters. No  Galileo  signal was detected in other more distant 

species from the repleta group, such as D. mulleri or D. repleta. This could be due to a 

narrow species distribution of  Galileo  elements or it could be due to the fact that the 
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sequence divergence of the elements makes them undetectable with the techniques used 

(Casals et al. 2005).
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Figure  12.  Galileo,  Kepler and  Newton schematic  structure.  The  TIR  region  are  the  different  segments 
considered inverted repeat (IR). The tandem repeats are the dashed rectangles, where the number depicts the 
number of repetitions. The short region that presented homology with 1360 transposase is depicted. Taken from 
Casals et al. (2005).
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5.- Drosophila as a model organism

One of the most studied eukaryotes is the fruit fly Drosophila melanogaster which 

has been used as model organism since the beginning of the last century (Figure 13). 

Thomas H. Morgan was the first scientist  to use  this fly systematically for Genetics 

studies,  because  of  its  short  generation  time  (10  days),  along  with  the  numerous 

offspring individuals and the phenotypic mutations easy to detect. All these traits made 

Drosophila  of  exceptional  utility  for  detecting  and  studying  the  inheritance  of 

mutations. Furthermore, since D. melanogaster is an organism easy to handle and cheap 

to maintain, its use has been extended to other Biology fields, such as, development, 

behaviour, physiology, immunology, neuroscience, along with evolution and population 

genetics.  It  is  worth to  mention  that  75% of  the genes  that  are  involved in  human 

illnesses possess an ortholog gene in  D. melanogaster genome, a fact that emphasises 

the importance of the generated knowledge in these flies and encourages further studies 

(Rubin et al. 2000). 

Furthermore,  because of its historical importance,  large research community,  and 

powerful research tools, as well as its modest genome size (~180 Mb), Drosophila was 

chosen as a test system to explore the applicability of whole-genome shotgun (WGS) 

sequencing for large and complex eukaryotic genomes (Venter et al. 1998; Adams et al. 

2000). This way, the genome of D. melanogaster was the second animal genome to be 

sequenced  and  annotated. This  fact  made  D.  melanogaster a  model  organism  for 

genomics as well, providing the foundation for a new era of sophisticated functional 

studies and the set up of tools for whole-genome analysis for more complex genomes.
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Figure 13. a) Drosophila melanogaster 10 days life cycle. b) Media flask where Drosophila are 
kept. This media is cheap and easy to handle. Pictures taken from http://www.hoxfulmonsters.com
and http://en.wikipedia.org.

http://www.hoxfulmonsters.com/
http://en.wikipedia.org/
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5.1.- The Drosophila genus

The genus Drosophila is a very large group of well over 2000 described species that 

belong to the family Drosophilidae (Markow & O’Grady 2007). Its members are usually 

called fruit flies (or vinegar fly) because some of its species linger around overripe or 

rotting fruit. Currently, Drosophila is divided into ten subgenera, the largest of which is 

undoubtedly  the  subgenus  Drosophila.  The  subgenus  Sophophora,  with  over  300 

described  species,  is  the  second  largest.  Together,  the  subgenera  Drosophila  and 

Sophophora account for roughly 90 per cent of the diversity in the genus Drosophila. 

Generally, Drosophila phylogenetic studies have focused on different groups or species 

complexes of this  genus, which imply that few studies have worked with the whole 

genus and many aspects of drosophilid phylogeny are controversial or poorly studied 

(Ashburner  et  al.  2005;  Markow  &  O’Grady  2006). However,  recent  molecular 

systematic studies have shown that this genus is comprised of at least three independent 

lineages  and  that  several  other  genera  are  actually  embedded  within  Drosophila  

(O’Grady & Markow 2009; van der Linde et al. 2010). Since the phylogenetic basis of 

the genus are not in total agreement with the developed  Drosophila  taxonomy, some 

Drosophila  researchers are advocating dividing this genus into three or more separate 

genera, but others favour maintaining  Drosophila  as a single large genus (Figure 14) 

(Markow & O’Grady 2006; O’Grady & Markow 2009; van der Linde et al. 2010). The 

large number of species, along with the huge variability in the ecological habitats and 

geographical regions where these flies are found, are probably a reflection of the age of 

the genus, estimated in 40 to 60 myr (Russo et al. 1995; Tamura et al. 2004).

Although D. melanogaster is the most studied species of this genus, the other groups 

of species have been of interest as well,  because they are good models for studying 

speciation patterns, adaptation and relationship with latitudinal gradients, chromosomal 

evolution and morphology evolution. For example, one of the most eye-catching groups 

is  the Hawaiian  Drosophila  flies,  which show a huge variability  in size,  colour and 

shapes,  along with behaviour  (for  an example  of  wing diversity  see  Edwards  et  al. 

2007). This group comprise a radiation of approximately 1000 species and it seems to 

be the result of a single colonist lineage that arrived in the islands 25 myr ago (Russo et 

al.  1995;  Markow & O’Grady  2006). This  species  diversity  is  a  putative  result  of 
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different  factors,  such  as,  sexual  selection,  geographic  isolation,  host  plant 

specialization  and  morphological  innovation  (Craddock  2000;  Boake  2005). Other 

species groups which have been studied by ecologist and evolutionary biologist are, for 

example, the  obscura group, where we find  D. pseudoobscura, a well known species 

studied by Dobzhansky and colleagues.  Another  example  is  the  virilis  group whose 

speciation and chromosome evolution has been studied broadly  (Popadić & Anderson 

1994; Caletka & McAllister 2004). 

Another important Drosophila species group is the repleta group. This group is one 

of the largest and most extensively studied groups in the subgenus  Drosophila, with 

more than 90 species classified in six species subgroups – mulleri, hydei, mercatorum, 

repleta, fasciola, and inca. (Markow & O’Grady 2006; Bächli 2007). Many species of 

the repleta group are adapted to arid or semiarid places and are cactophilic, feeding and 

breeding on the rotting cactus tissues (Ruiz et al. 1990; Wasserman 1992). The repleta  
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Figure  14.  Genus  Drosophila  phylogenetic  trees  showing:  a)  monophyletic,  b)  paraphyletic,  c)  polyphiletic 
groups  in  pink  d)  simplified  version  of  phylogenetic  relationships  to  illustrate  the  polyphyly  of  the  genus 
Drosophila. Taken from O'Grady and Markow (2009).



Introduction

group has  served as  a  model  system for  evolutionary  and ecological  studies.  Some 

species  have  been  studied  regarding  their  plant-insect  interactions  or  insect-plant-

microbe interactions, along with adaptation to extreme environments (Barker & Starmer 

1982; Ruiz & Heed 1988; Barker et al. 1990; Etges et al. 1999; Matzkin & Markow 

2009). Furthermore, detailed polytene chromosome maps were conducted for almost all 

the species of the group and more than 296 inversions were mapped. Several of the 

chromosomal inversions were variable among closely related species which provided a 

valuable tool for understanding the phylogeny of this group (Wasserman 1982, 1992). 

The  availability  of  molecular  data  offered  the  opportunity  to  test  and complete  the 

phylogeny provided by the cytological studies. Although some molecular works did not 

support the monophyletic nature of the repleta group, more recent data seem to point in 

the opposite direction (Durando et al. 2000; Oliveira et al. 2011). 

Drosophila buzzatii is a cactophilic species that breeds and feeds in the necroses of 

Cactaceae, mainly Opuntia and secondarily Trichocereus (Hasson et al. 1992). It has an 

American  origin  and  has  recently  spread  reaching  a  sub-cosmopolitan  distribution 

which covers South America, South Europe, North Africa and Australia (Fontdevila et 

al. 1981, 1982; Barker & Starmer 1982). Different aspects of D. buzzatii  evolutionary 

biology have been studied such as: geographical patterns of inversion frequencies in 

both  the  original  species  range  and  the  colonizing  population  of  the  Old  World 

(Fontdevila  et  al.  1982;  Hasson  et  al.  1995);  latitudinal  and  altitudinal  clines  in 

inversion  frequencies  (Hasson  et  al.  1995);  the  relationship  between  second 

chromosome  inversions  and  different  phenotypic  traits,  such  as,  body  size, 

developmental  time,  viability  and  longevity  (Ruiz  et  al.  1991;  Betrán  et  al.  1995; 

Rodriguez et al. 1999; Fernandez Iriarte et al. 2003); and natural selection in the wild 

because  the  knowledge  of  its  breeding  sites  allows  the  assessment  of  changes  of 

inversion  frequencies  during life  cycle  (Ruiz et  al.  1986;  Hasson et  al.  1991).  This 

species names its  own species complex,  the  buzzatii complex,  which belongs to the 

mulleri subgroup in the  repleta  group in the  Drosophila  subgenus  (Wasserman 1992; 

Ruiz & Wasserman 1993).
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5.2.- Drosophila 12 genomes consortium

The extraordinary diversity of  Drosophila  has led to widespread use of species in 

this  genus  as  model  systems  for  many  aspects  of  genetics,  ecology,  evolutionary 

biology, and comparative biology. The existence of the extraordinarily well-annotated 

genome of D. melanogaster (Adams et al. 2000) embedded in the context of a species 

group  with  a  long  history  of  biological  research,  immediately  motivated  the 

development of comparative genomics in this genus. The  D. pseudoobscura genome 

was sequenced in 2005,  triggering  comparative  genomics  studies  in  the  Drosophila  

genus (Richards et al. 2005). Afterwards, 10 more  Drosophila species were chosen to 

generate a set of 12 Drosophila sequenced genomes: D. melanogaster, D. simulans, D.  

sechellia,  D.  erecta,  D.  yakuba,  D.  pseudoobscura,  D.  persimilis,  D.  willistoni,  D.  

virilis, D. mojavensis and D. grimshawi (Figure 15). These genome sequences provide 

an  unprecedented  dataset  to  contrast  genome  structure,  genome  content,  and 

evolutionary  dynamics  across  the  well-defined  phylogeny  of  the  sequenced  species 

(Clark et al. 2003; Singh et al. 2009).

The group of 12 sequenced species, capture a range of evolutionary distances, from 

closely  related  sibling  species  pairs  such as  D. simulans and  D. sechellia,  to  more 

distantly  related  species  defined  by  the  subgenera  of  Sophophora and Drosophila. 

Furthermore, there are species with broad distribution, such as the cosmopolitan species 

D. melanogaster and D. simulans, as well as species with highly restricted geographic 

ranges  such as  D. sechellia,  whose  distribution  is  limited  to  the  Seychelles  Islands 

(Indian Ocean). Moreover, generalist and specialist species are multiply represented, a 

large range of body sizes is encompassed, and a remarkable array of courtship and other 

behaviours  are  sampled,  as  are  divergent  life  histories  (Powell  1997;  Markow  & 

O’Grady 2007). Besides the common traits, these differences among the 12 Drosophila  

species would be studied in depth thanks to the availability of the sequenced genomes 

and it allows Drosophila researchers to place their questions in a phylogenetic context.
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The 12 Drosophila genomes provide a tool to study the evolution of other types of 

DNA sequences  besides  the protein-coding genes,  such as  the TEs.  These genomes 

provide a landscape where the relationship among the different genomes and TEs could 

be studied, not only in one species, but rather from a phylogenetic perspective. Genomic 

TE content is a variable trait that differ among the species. Some TEs appeared to be in 
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Figure  15.  Phylogeny of  the  12  sequenced  species  of  Drosophila  showing host  preference  for  oviposition, 
developmental time from egg to adult in days, and the approximate geographic ranges of the species. Divergence 
times between species are in millions of years (Tamura et al. 2004) . Geographic ranges of different species (the  
ones with a “range jey”) are depicted. Modified from Signh et al (2009).
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the genus from the beginning, such as the telomeric retrotransposons (Villasante et al. 

2007). Other present a patchy distribution among the species, which could be a result of  

genomic losses or horizontal transfer events (Loreto et al. 2008). Furthermore, different 

classes  of  transposable  elements  can  vary  in  abundance  owing to  a  variety  of  host 

factors, motivating an analysis of the intragenomic ecology of transposable elements in 

the 12 genomes. Although comprehensive analysis of the structural and evolutionary 

relationships  among families  of transposable elements  in  the 12 genomes remains a 

major challenge for  Drosophila  genomics, some initial  insights can be gleaned from 

analysis  of  particularly  well-characterised  transposable  element  families.  The use of 

these 12 genomes also facilitated the discovery of transposable element lineages not yet 

documented in  Drosophila, and a deeper study of the already known  (Drosophila  12 

Genomes Consortium et al. 2007; Singh et al. 2009).
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Objectives

The Galileo element has been directly involved in the generation of three different 

natural  chromosomal  inversions  in  D.  buzzatii.  All  copies  found  in  the  inversion 

breakpoints  as  well  as  other  copies  isolated  in  our  research  group were  incomplete 

copies  with  no  significant  similarity  to  any  known TE  neither  any  known protein. 

Hence, the Galileo element was worth to study in more depth due to its implication in 

the D. buzzatii chromosomal evolution and its unknown nature as TE. Furthermore, the 

availability of the 12 sequenced  Drosophila  genomes provided a very useful tool, not 

only to look for  Galileo-like elements, but also for studying the TE from a genomic 

perspective.

The main objective of this thesis is to fully characterise the transposon Galileo along 

with  its  classification  based  on  functional  means,  such  as  the  putative  Galileo 

mobilization proteins. Moreover, the classification allows the comparison of  Galileo  

with related transposons. Furthermore, other objectives of this thesis are to analyse the 

Galileo  copies found in different genomes and compare them inter-species and intra-

species, to test biochemically that the detected transposase interacts with  Galileo  TIR 

sequences and, finally, characterise and study the dynamics of the Galileo long TIR.

This  thesis  is  divided  in  three  chapters.  Each  of  them  has  different  specific 

objectives that are in part a consequence of previous results. 

In the first chapter, the objectives are: 

– To find a complete or nearly-complete copy of Galileo (which means a copy 

with a protein-coding ORF) in the genome where  Galileo  was discovered, 

D. buzzatii.

– To look for similar elements in the publicly available sequenced genomes of 

12 Drosophila species.

– To unequivocally classify Galileo.

– To compare Galileo with other related TEs.

– To analyse the different Galileo elements found in each genome

In the second chapter, the objectives are:
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– To reconstruct nucleotide coding for a functional  Galileo transposase in D. 

buzzatii and nucleotide coding sequences for the transposase DNA binding 

domain  in  three  different  species  (D.  buzzatii,  D.  mojavensis and  D. 

ananassae).

– To express and purify the transposase DNA binding domains and  in vitro  

test its binding properties

– To isolate and determine the nucleotide sequence of the binding site of the 

transposase binding domain in D. buzzatii

– To test  Galileo  whole  transposition  reaction  in  D. melanogaster through 

plasmid transformation of embryos and fly crosses.

In the third chapter of this thesis the objectives are:

– To isolate all Galileo copies in the D. mojavensis sequenced genome.

– To carefully annotate all the regions in each Galileo copy.

– To  study  the  phylogenetic  relationship  among  the  elements  taking  into 

account the TIR and the transposase sequence and compare the results.

– To  study  the  Galileo chormosomal  distribution  and  its  relation  with  D. 

mojavensis genes

– To study the composition and the cause of variation in  Galileo  TIR length 

and propose mechanism responsible for it.
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Materials and Methods

1.- Drosophila strains

In this work the following Drosophila strains have been used for molecular work:

– D. buzzatii st-1, Maz-4, j-9, jq7-4, jz3-2, jq7-1, Sar-9 and j-4.

– D. mojavensis 15081-1352.22, Tucson Stock Center. This is the stock used for 

genome sequencing (Drosophila 12 genomes consortium 2007).

– D. melanogaster white strain (w1118)

The 12 sequenced  Drosophila  genomes have been used for  in silico analyses. For 

the  genomes  of  D.  melanogaster (strain  reference:  10421-0231.36,  Tucson  Stock 

Center) and  D. simulans (strain reference: 10421-0251.195, Tucson Stock Center) the 

assembly which has been analysed corresponds to CAF1 chromosomes. For the rest of 

species D. sechellia (strain reference: 10421-0248.25, Tucson Stock Center), D. yakuba 

(strain  reference:  10421-0231.36,  Tucson Stock Center),  D. erecta  (strain  reference: 

10421-0224.01, Tucson Stock Center), D. ananassae (strain reference: 10421-0371.13, 

Tucson  Stock  Center),  D.  pseudoobscura  (strain  reference:  10421-0121.94,  Tucson 

Stock Center), D. persimilis (strain reference: 10421-0111.49, Tucson Stock Center), D. 

willistoni  (strain  reference:  10421-0811.24,  Tucson  Stock  Center),  D.  virilis (strain 

reference: 10421-1051.87, Tucson Stock Center) and  D. grimshawi (strain reference: 

10421-2541.00, Tucson Stock Center) the CAF1 contigs assembly was analysed. In the 

case of  D. mojavensis  (strain reference:  10421-1352.22, Tucson Stock Center),  both 

CAF1 contigs and scaffolds assemblies have been explored.
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2.- Molecular techniques

2.1.- Nucleic acids isolation (Genomic and plasmid)

Total genomic DNA was extracted from 0.2 g of adult flies following the protocol 

described by Piñol et al. (1988). Plasmid DNA was extracted using standard methods 

(Sambrook et al. 1989). The quality of the purified DNA was checked with an agarose 

gel. 

2.2.- PCR

PCRs were performed in a total volume of 25 μl, including 1 μl of cDNA or 100-

200 ng of genomic DNA, 10 pmol of each primer, 200 μM dNTPs, 1.5 mM MgCl2, and 

1.5 units of Taq DNA polymerase (Roche or Bioron) or Phusion enzyme (Finnzymes). 

Typical  cycling  conditions  were  30  rounds  of  30  sec  at  94ºC,  30  sec  at  55-60ºC 

(depending on the primer pair used), and 60 sec at 72ºC. The PCR products were loaded 

in an agarose gel and purified with QiaQuick kit (Qiagen). 

2.3.- Plasmid generation

For testing the transposition reaction of Galileo in vivo, a two plasmid system was 

generated consiting in a helper plasmid, where  Galileo  transposase was cloned, and a 

donor plasmid, where the miniwhite gene was contained in between two Galileo TIRs 

with TSD. The co-injection of these two plasmids in Drosophila white embryos and the 

posterior screening of the F1 generation should show when the transposition reaction 

has happened because individuals with coloured eyes shall appear. In this experiment 

the P-element transformation vectors were used as positive control, whereas the donor 

plasmid  alone  was  used  as  negative  control.  The  details  of  the  generation  of  the 

plasmids are found in the second chapter of results.

2.4.- Protein assays

Protein expression and purification

Different ORF of the putative DNA binding domain proteins inferred (see below) 

were cloned in  expression vectors  (N-ter  MBP-tag  vector  from The Oxford Protein 

Production Facility, UK) and transformed in Escherichia. coli BL21 (DE3) expression 

cell strain. The protein expression was induced in DO680 =0.5 LB cultures with 100 
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ug/ml ampicillin cultures, 1mM of IPTG and 100uM of ZnCl2 at 16ºC over night. The 

cells were harvested by centrifugation and resuspended in HSG buffer (50mM HEPES 

pH 7.5, 200mM NaCl, 2mM dithiothreitol (DTT), 5mM EDTA and 10% glycerol). The 

cells  were  lysed  in  a  French  press  and  centrifuged  at  25000g  for  30  min.  The 

supernatant  was loaded onto an amylose resin column (New England Biolabs).  The 

column was washed several times with HSG buffer and the protein eluted with HGS 

buffer plus 10mM maltose. The fractions containing MBP transposase were pooled and 

aliquots were stored at -80ºC.

Electrophoretic mobility shift assay

This  assay  was  performed  to  test  the  binding  activity  of  the  expressed  Galileo  

protein domains. The purified recombinant THAP domains were incubated for 2 hours 

at room temperature with the labelled TIR in 20 ul reaction of binding buffer (20 mM 

Tris-HCl, pH 7.5, 100 mM KCl, 100 g/ml bovine serum albumin, 2.5 mM DTT, 5% 

glycerol).  Different  conditions were tested:  different protein concentration (1,  1:100, 

1:10000 from the stock protein solution (5ug/μL or 94 μM), addition of ZnCl2 (100 μM 

final  concentration)  and  addition  of  unspecific  competitor  DNA  (pBlueScript, 

~500ng/reaction). The reactions were loaded in a 4% TAE-polyacrilamide gel and run 

for 2 hours at 300V at 4ºC.

Footprint assay

A sample of the EMSA reaction was digested by 0.05U of DNase I for 1 minute at  

room temperature.  The  enzyme  was  diluted  to  1U/μL  with  dilution  buffer  (5  mM 

MgCl2, 0.5 mM CaCl2). The reaction was stopped using 1 μL of 500 mM EDTA. DNA 

was purified by phenol-chloroform extraction and ethanol precipitation. The cleavage 

pattern  was  analysed  by  electrophoresis  on  a  5%  polyacrylamide  sequencing  gel. 

DMS/piperidin  reactions  were  performed following standard  procedures  to  reveal  G 

positions and were used to localize the DNase I protected regions.
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3.- Sequence analysis

The sequences obtained in the different PCRs were assembled with Geneious and 

aligned with Muscle 3.6 software (Edgar 2004; Drummond et al. 2010). The sequences 

were compared to previous ones using Blast searches and alingments  (Altschul et al. 

1997; Katoh et al. 2002; Edgar 2004).

The 12 genomes searches were performed with Blast algorithms, using tBlastn for 

looking for putative ORF and Blastn for non-coding sequences. Different thresholds of 

scores have been used in the different searches during this thesis: an e-value of 10-20 

(which corresponds to a fragment of at least ~200 amino-acids with a ~30 % of identity 

for tBlastn searches); an e-value of 10-3 for Blastn searches (which corresponds to 21-22 

identical consecutive nucleotides); and an 80-80 criteria, where at least an 80% of the 

length  of  the  query  was  found  along  with  a  minimum  of  80%  identity.  Different 

sequences have been used as query, such as Galileo TIR, Galileo transposase, Galileo 

whole  element  of  each  species.  In  each  of  the  results  chapters,  these  details  are 

specified. The parameters of the different Blast searches have been used as they are set 

by default. 

The  sequences  detected  with  the  different  Blast  searches  have  been  thoroughly 

annotated using a group of different tools, most of them implemented in the Geneious 

software,  such  as  dotplot  graphics  for  detecting  repetitions  and  its  span,  different 

alignment algorithms and custom Blast searches with specific  Galileo and Drosophila  

TEs  databases  (Drummond  et  al.  2010).  All  the  Galileo  copies  found  have  been 

classified regarding identity and phylogenetic inference in different subfamilies, and the 

internal structure of each copy has been explored, annotating TIR regions, transposase 

regions, F1 and F2 spacing regions, tandem repeat regions and insertions.

The  putative  ORF found  in  this  work  have  been  conceptually  translated.  In  all 

copies  Galileo  ORF presented  frame-shift  and premature  stop  codons mutations.  In 

these  cases  a  consensus  was  reconstructed  using  all  the  sequences  available  and  a 

majority rule. The obtained sequences have been analysed using Blastp and domains 

have  been  detected  with  Domain  Conserve  Search,  InterProScan  and  Coils  servers 

(Lupas et al. 1991; Zdobnov & Apweiler 2001; Marchler-Bauer et al. 2005).
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The MEGA software  have  been used for  calculation  of  the  pairwise  number  of 

differences among different sets of sequences (p-distance) (Tamura et al. 2004). These 

nucleotide differences  have been transformed to absolute time using the  Drosophila  

evolutionary rates of 0.016 changes/position/myr and 0.011 changes/position/myr  (Li 

1997; Tamura et al. 2004).

The different set of sequences have been aligned and filtered with Gblocks using 

relaxed parameters (Talavera & Castresana 2007). jModelTest was run to find the best 

evolutionary  model  for  the different  sets  of  sequences  and  phylogenetic  trees  were 

inferred.  For these inferences,  different  computer  programs have been used,  such as 

MEGA 4 for  Neighbor-joining  trees,  PhyML and RAxML for  maximum-likelihood 

inferences and BEAST for Bayesian inferences (Guindon & Gascuel 2003; Stamatakis 

2006; Drummond & Rambaut 2007; Tamura et al. 2007).

Ad  hoc perl  scripts  have  been  used  to  analyse  the  inter-chromosomal  and 

intrachromosome distribution of Galileo and to compare their position to the predicted 

genes in the genome. The software package JMP 8.0.2 (SAS Institute Inc. 2009) has 

been used for performing statistical tests.
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Results

1.- The Foldback-like element Galileo belongs to the P-element  
superfamily of DNA transposons and is widespread within 
the Drosophila genus.
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SI Figure 5. Neighbor-joining phylogenetic tree built with 14 Galileo copies found 
in the D. virilis genome by using MEGA (16409 is the most-complete copy, see Fig. 
1B). The two TIRs of each copy were included in the tree as separate sequences to 
allow their comparison within and between copies. TIRa is the TIR located at 5' 
from the TPase or the first TIR that appears in the contig if the copy could not be 
oriented. The complete deletion option was used leaving 76 informative sites (an 
almost  identical  tree  results  when  omitting  some  of  the  shortest  sequences, 
increasing the number of informative sites to 258). Bootstrap values of main nodes 
are  shown.  Groups  A  and  B  show  a  ~68% divergence  indicating  ~20  myr  of 
separation. Details of these Galileo copies are given in SI Tables 4 and 5.
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SI  Figure 6. Multiple  alignment  of  22  proteins:  eight  Galileo  TPases,  eigth  1360 
TPases, five representative P-element TPases and THAP9 protein from Homo sapiens. 
The  alignment  of  the  THAP  domain  region  was  corrected  by  hand  to  align  the 
functional and conserved amino acids of the domain. Conserved blocks selected with 
Gblocks  are  marked  with  a  blue  box.  Identical  positions  are  black-shaded  and  the 
positions with similar amino acids are gray-shaded. THAP domain conserved residues 
are marked with a red star and the three final residues (AVP) are included in a red box. 
A red line marks the entire THAP domain region. The coiled-coil region is marked with 
an orange-filled box. The Leucine amino acids of the Leucine zipper coiled-coil motif 
of  the  Dmel\P TPase  are  marked with  a  yellow triangle.  GTP binding sites  of  the 
Dmel\P TPase  are  marked  with  a  yellow-filled  box.  The  catalytic  amino  acids  are 
labeled  with  a  green  star.  The  fourth  acidic  catalytic  amino  acid  of  the  P-element  
transposase that is not conserved in the TPases of Galileo and 1360 is indicated with a 
gray star. Accession numbers for P-element TPases and THAP9 are: Dmel\P: Q7M3K2, 
Dbif\P:  AAB31526,  Dhel\P:  AAK08181,  Dwil\P:  AAT96022,  Spal\P:  M63341, 
THAP9: NP_078948. 
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SI Figure 7. Isolation of Galileo in D. buzzatii. (A) Molecular structure of the putative 
full  Galileo element from D. buzzatii. The big blue arrows are the TIRs and the white 
rectangle is the ORF coding for the TPase with the THAP domain shown in red. Primer 
location  is  indicated  by small  arrows underneath.  (B)  PCR amplification  of  the full 
Dbuz\Galileo  copy.  Four  PCR  reactions  yielded  relatively  long  products  that  were 
subsequently sequenced and assembled. The fact that  each PCR product produced a 
single  nucleotide  sequence  and  that  the  overlapping  portions  between  the  four 
sequences were 99.99% identical (a single mismatch), suggests that they come from a 
single  genomic  Galileo  copy.  The  sequence  of  the  TIR  ends  was  taken  from  the 
previously  known  D.  buzzatii Galileo-3  sequence  (accession  no.  AF368897).  (C) 
Sequences  of  the  primers  used  for  amplification  and  sequencing  of  PCR products. 
Primers  M13F  and  M13R  are  universal  primers  from  the  sequencing  vector, 
bacteriophage M13. 
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SI Table 1.9. Sequences used to construct the consensus transposases of Galileo and 
1360 in the different species. Coordinates corresponding to the transposase sequence 
inside each contig are given following the transcriptional direction (from Methionine to 
STOP codon).
A. Galileo sequences

Species Contig Coordinates
D. ananassae 9736 951-1

11169 745-2142
15556 3049-5748
15979 73038-74395
16864 8193-6713
19410 8996-11618

D. pseudoobscura 384 17-532
521 5574-4963
1362 13473-13218
2192 3433-4322
2193 3840-4137
3151 21387-23048
3152 9685-8131
3311 5683-4590
3409 5918-6991
3514 4441-3863
3688 28103-29511
4007 55218-55959
4025 782-265
4842 7178-6832
5255 6307-6857
5529 5015-4446
5668 514-1070

D. persimilis 2279 35952-37131
2979 65246-64154
7728 2360-3504
7729 4139-5587
7807 4183-4785
9771 76484-77861
11866 2506-3153
12167 28-218
12803 984-2401
12806 4579-4847
13439 740-141
13644 5604-6247
14651 3800-4468
16801 936-669

D. willistoni 480 2760-1949
1514 1430-255

(Continue on next page)
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Species Contig Coordinates
D. willistoni 1633 1484-3134

1765 758-1818
3103 2956-1579
3729 2677-1005
4852 3775-2272
5955 5147-3320
5995 709-2234
6043 7043-5519
8665 22915-21026
9276 484-1020
9858 3576-3081
10048 88633-85942
12170 994-1320
16933 1388-1

D. virilis 1717 1-1012
15993 12835-13499, 14137-15635
15994 525-1189, 1833-3328
16046 32251-30912
16409 4899-7707

D. mojavensis 7794 15733-16250, 16996-17354, 17922-19752
8435 2326-4274
9930 6622-3845, 2943-2925
10367 5542-4941
10369 33528-35574
10376 5737-8521
10758 41776-38993
10765 58610-56353, 55103-54923
10770 11540-14367
10773 38494-36616, 35773-35425
10792 25781-23831
10918 8142-8284, 9122-9799, 10584-12359
10924 27530-30351
10946 8917-8941, 9824-12351
11233 8461-5654
11255 2735-5284
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B. 1360 sequences

Species Contig Coordinates 

D. melanogaster Chr 4 812470-809907
Chr 2L 20145959-20144580
Hoppel-1 Ref. 25
Hoppel-2 Ref. 25
Hoppel Delta 5’ Ref. 25

D. simulans Chr 2L Random 797960-799694
Chr 2L Random 802845-804906
Chr 2R 1199657-1199795
Chr 2R 1200547-1201734
Chr 2R 1208090-1206110
Chr 3L 18143039-18143892
Chr U 8188307-8185783

D. sechellia 3536 2255-2621
9279 386-2615
6826 2014-40
11410 1640-11
5259 2194-4726
12180 2014-313
5902 5125-2571
3527 1-1564

D. erecta 7363 803868-801367
6939 4861-5757
7407 140279-137852
7373 87864-86694
7387 150284-149418
7387 135352-137773
7387 108989-106572
6826 4906-5127

D. yakuba 260.3 23020-20458
5.41 7616-10177
0.40 345812-348373
2.7 423893-421332

D. pseudoobscura 784 23339-25777
1994 72290-72758
4431 49805-50291
520 17194-17712

D. persimilis 17644 428-816
9857 66929-64479
11446 2544-2069
11871 3502-3042, 1903-1373

(Continue on next page)
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Species Contig Coordinates 

D. persimilis 14344 495-1631
D. virilis 17532 8869-8505

13070 7536-6667
15641 25683-27672, 28440-28823
17537 36198-33865, 33361-33160
4746 3288-4134
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2.1.- Abstract

Background: Transposable elements (TE) present huge variability in structure and 

transposition strategies.  Galileo is a class II transposon involved in the generation of 

natural chromosomal inversions in Drosophila.  It has been classified as a  P-element  

superfamily  thanks  to  the  truncated  transposase  coding  region  found in  the  longest 

copies, although its long internally repetitive terminal inverted repeats (TIR) resemble 

the foldback-like type of TE. As repetitive sequences are a genomic instability source, 

the long Galileo TIR could affect the transposition reaction and/or have an active role in 

chromosomal rearrangements.

Results:  In  order  to  track  possible  effects  of  these  long TIRs in  the  transposon 

mobilization, we  tested the DNA binding activity,  the first step of the transposition 

reaction. We inferred consensus and ancestor sequences for the DNA binding domain – 

THAP domain – of Galileo from three different species. We expressed these sequences 

and tested their binding activity showing specific DNA binding activity to the endmost 

part  (150  bp)  of  the  Galileo TIR.  The  DNA  binding  site  was  isolated  and  shared 

common traits  with  other  THAP domains  binding  sequences.  Furthermore,  putative 

secondary binding sites were found in the tandem repeats of the TIR, which shed some 

light about why Galileo TIRs are so long. Finally an in vivo transposition experiment 

was carried out in Drosophila embryos where no  transposition activity was detected.

Conclusions: Galileo THAP DNA binding domains were successfully reconstructed 

and expressed and showed specific binding activity. The length of the Galileo TIR seem 

to have tranposition role: provide secondary binding sites.

127



Results

2.2.- Introduction

Transposable  elements  (TEs)  are  mobile  genetic  components  of  virtually  all 

eukaryotic species  (Feschotte & Pritham 2007; Wicker et al.  2007). These repetitive 

sequences make up a substantial proportion of most genomes and have a huge impact on 

the  evolution  of  their  hosts  (Lander  et  al.  2001;  Kidwell  2002;  Kazazian  2004; 

Morgante 2006; Jurka et al. 2007). TEs are very diverse and employ many different 

mechanisms for mobilization. Two major groups are recognized depending on whether 

they use a retrotranscription step (retrotransposons or class I elements) or not (DNA 

transposons or class II elements) (Finnegan 1989). After this functional split TEs can be 

further grouped into subclasses, orders and superfamilies depending on their structure 

and sequence similarities  (Feschotte & Pritham 2007; Jurka et al. 2007; Wicker et al. 

2007).  TIR  transposons  are  recognized  as  an  order  of  DNA  transposons  and 

characterised by their terminal inverted repeats (TIRs) of variable length. They encode a 

protein,  called  transposase  (TPase),  that  catalyzes  their  mobilization  by  a  “cut-and-

paste” reaction. All TIR transposon families comprise autonomous and non-autonomous 

copies.  Autonomous  copies  possess  the  capability  of  catalyzing  their  own 

transposition/movement.  Non-autonomous  copies  contain  internal  deletions  or  point 

mutations in the transposase coding sequences that render them non-functional. These 

non-autonomous copies, which often outnumber their full-length counterparts, exploit 

the gene products of the autonomous copies (Feschotte & Pritham 2007).

The characterization of the different biochemical steps in the cut-and-paste reaction 

helps understanding how TIR transposons behave in the genome and make possible to 

recruit them as genetic tools. Since most of the transposon copies found in the genomes 

harbour mutations in the transposase coding region, rendering the encoded protein non 

functional, different strategies are used for inferring the possible functional sequences. 

Sometimes, a consensus sequence constructed from different genomic copies results in 

the restoring of the protein function (Ivics et al. 1997; Miskey et al. 2003; Sinzelle et al. 

2008), but in other cases, because non functional sequences outnumbers the functional 

ones,  the  consensus  results  in  a  non  functional  sequence.  For  this  reason,  ancestor 

reconstruction is an alternative strategy that can be used for transposon recovery, where 

phylogenetic  relationship  among  the  sequences  is  taken  in  account  for  the  putative 
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ancestral sequence deduction. This approach has successfully been used for the revival 

of different transposons, such as Hsmar1 (Miskey et al. 2007).

The  P-element  is  one of  the most intensively  studied  TEs. It  was discovered  in 

Drosophila melanogaster as the agent responsible for P-M hybrid dysgenesis (Rubin et 

al.,  1982; Kidwell,  1985). It has since been studied in vivo and in vitro and is now 

widely used as  a genetic  engineering  tool  for  genomic  analysis  of  D. melanogaster 

(Rubin et al. 1985; Daniels et al. 1987; Spradling et al. 1995, 1999; Beall & Rio 1997; 

Rio  2002;  Ryder  &  Russell  2003).  The  P-element  defines  a  superfamily  of  TIR 

transposons, which includes 1360 and  Galileo  (see below). These elements harbour a 

transposase coding region surrounded by TIR, which are needed for the transposition 

reaction.  The  P-element  transposase contains four functional domains: an N-terminal 

DNA binding domain, a coiled coil region involved in protein-protein interactions, a 

GTP binding domain and a catalytic domain with four acidic key residues  (Rio 2002; 

Sabogal & Rio 2010). The P-element catalytic domain is thought to belong to the RNase 

H-like  superfamily  of  polynucleotidyl  transferases,  although  this  remains  uncertain 

because of the extreme divergence of its amino acid sequence (Rio 2002; Hickman et al. 

2010; Sabogal & Rio 2010).

The  cut-and-paste  reaction  of  TIR  transposons  begins  with  the  recognition  and 

binding of the transposase to the transposon ends. The P-element transposase contains a 

THAP domain, which is responsible for site-specific DNA binding. The THAP domain 

is an evolutionary conserved motif shared by different animal proteins, including cell-

cycle  regulators,  pro-apoptotic  factors,  transcriptional  repressors  and  chromatin-

associated  proteins  (Roussigne  et  al.  2003;  Clouaire  et  al.  2005;  Quesneville  et  al. 

2005). The domain has a long zinc finger (~90 amino-acids) in which key residues are 

highly conserved (Roussigne et al. 2003). Recently, the THAP domain 3D-structure has 

been  elucidated  in  two  different  proteins:  the  human  THAP1  protein  and  the  D. 

melanogaster P-element transposase (Campagne et al. 2010; Sabogal et al. 2010). The 

THAP domain interacts  with its binding sequence in a bipartite manner, through the 

major and minor grooves of the DNA  (Bessière et  al.  2008; Campagne et  al.  2010; 

Sabogal et al. 2010).
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The Galileo transposon was discovered in Drosophila buzzatii, where it has recently 

caused three large chromosomal inversions  (Cáceres et  al.  1999; Casals et  al.  2003; 

Delprat et  al.  2009). Although originally considered a  Foldback-like element,  it  was 

later included in the  P-element  superfamily of cut-and-paste transposons based on the 

sequence  of  the  putative  transposase  (Marzo  et  al.  2008).  Galileo  is  probably 

widespread within the Drosophila genus because it has been found in species of the two 

subgenera of Sophophora and Drosophila (Marzo et al. 2008). Many incomplete (non-

autonomous) copies of  Galileo  have been detected in all  species tested and in some 

cases two or more Galileo subfamilies have been found coexisting in the same genome 

(Figure 2.1). For instance, three subfamilies are present in D. buzzatii (G, K and N for 

Galileo, Kepler and Newton), while D. mojavensis harbours four subfamililes (C, D, E 

and F) (Marzo et al. 2008; Delprat et al. 2009). To date no potentially active copies of 

the transposon have been found because they all harbour premature stop codons and/or 

frameshifts. Nevertheless, consensus sequences present putative ORFs which harbours 

the main domains of the P-element transposase.

The most conspicuous features of  Galileo  are the 0.5 to 1.2 kb long TIRs which. 

This is considerably longer than other members of the P-element superfamily, in which 

the TIRs are 31 bp long. Indeed, it was the extreme length of Galileo TIRs that defined 

it as a 'foldback' family of transposons before they were recognized as members of the 

P-element superfamily. Galileo TIRs have another interesting property: namely, that the 

sequence conservation between elements in different species is restricted to the outer 

~40 bp (Marzo et al. 2008). One obvious possibility is that these regions are functional 

transposition sequences, and would be the equivalent of the short TIRs of the P-element. 

If true, this leaves the function of the remaining 0.5 to 1.2 kb open to question. The fact 

that  they  are  not  conserved  between  elements  in  different  species,  and  that  they 

sometimes  contain  internal  tandem repeats,  suggests  that  secondary  structure  of  the 

DNA may play a role in transposition. The mechanism of  Galileo  transposition may 

therefore  prove  to  be  of  considerable  interest,  and may  explain  the  frequency  with 

which this element is able to generate chromosomal inversions in Drosophila. In the 

present work we have focused on the reconstruction of an active transposase and its 

binding to the inverted repeat. Although we have not succeeded in a full reconstitution 

of the transposition reaction, we have detected transposase binding to the extremities of 

130



Results

Galileo  and putative secondary binding sites in the tandem repeats of the TIR. This 

represents  the  first  steps  in  the  characterization  of  Galileo  recombination.  Further 

characterization promises to reveal fascinating details of the interactions between this 

transposon  and  its  host  and  perhaps  even  the  reason  it  promotes  chromosomal 

inversions so frequently.
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Figure  2.1.  Structure of representative  Galileo  copies found in the species of  Drosophila  used in this work. 
Black arrows are the Terminal Inverted Repeats (TIR) of each element and white triangles are internal tandem 
repeats. Gray rectangles are the transposase coding regions and black arrowheads are internal inverted repeats 
found in some D. mojavensis copies. No copies harbour an intact ORF. Dbuz\GalileoSyn (constructed copy) and 
D. mojavensis (contigs: 10758, 9847, 9930 and 11679) and D. ananassae (contigs 15556 and 16052) copies are 
from Marzo et al 2008. Dbuz\GalileoN1 and Dbuz\GalileoK5 are Newton1 and Kepler5 elements from Casals et 
al 2005.. 
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2.3.- Results

Galileo   sequence reconstruction  . We generated four different consensus sequences: 

one  using  multi-strain  PCR  amplification  sequences  of  the  Dbuz\Galileo  whole 

transposase, and the other three using the THAP domains from genomic sequences of 

Dmoj\Galileo  subfamilies C and D and D. ananassae. These sequences showed a few 

differences  when  compared  with  previous  studies  (Marzo  et  al.  2008).  Thus,  the 

consensus sequence of the Dbuz\Galileo transposase no longer contains premature stop 

codons, and presented two amino-acid changes. Likewise, the THAP domain sequence 

obtained  for  the  Dmoj\GalileoC was  identical  to  the  previously  published,  and  the 

sequences for Dmoj\GalileoD and Dana|Galileo had two and one amino-acid changes, 

respectively. Additionally, we also reconstructed the ancestral sequences of the THAP 

domains by maximum likelihood.  When the inferred ancestor and consensus pair  of 

sequences were compared, three, two and three differences were found in D. ananassae, 

the Dmoj\Galileo subfamilies C and D, respectively (Figure 2.2). Although one of the 

amino-acid changes affected one of the key residues of the domain, it was a functionally 

similar amino-acid replacement (a Valine replaced by an Isoleucine). The comparison of 

the reconstructed sequences of the Galileo DNA binding domains with those of the P-

element  of D. melanogaster and the human THAP1 protein showed that the structural 

key residues of the THAP domain are conserved (Figure 2.2).  However,  the THAP 

domains of Galileo showed a longer and more variable N-terminus, along with a shorter 

and highly conserved loop 4 (L4).

Testing  the  first  step  of  the  transposition  reaction:  DNA  binding  activity. The 

reconstructed amino-acid sequences (ancestor and/or consensus) of the different Galileo 

THAP  domains  were  E.  coli  codon-optimised,  chemically  synthesised  and,  finally, 

cloned into protein expression vectors. Seven THAP proteins were obtained D. buzzatii 

(two  proteins  of  90  and  150  amino  acid  length),  the  consensus  of  D.  ananassae 

(ancestral  sequence  could  not  be  purified),  the  consensus  and  the  ancestral 

reconstruction  of  Dmoj\Galileo  C  and  D  subfamilies(Figure  2.3A).  Electrophoretic 

mobility shift assays (EMSA) were performed for each of the seven proteins with their 

cognate labelled TIR sequence (150 bp endmost portion). Different conditions for the 

assay were used: three different protein concentrations, presence/absence of ZnCl2 and
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addition of unspecific DNA competitor (pBlueScript). Similar results were obtained for 

the  seven proteins,  but  only  the  results  for  Dbuz\Galileo  THAP are  shown (Figure

2.3B). These assays showed specific binding activity to the TIR independently of the 

addition of ZnCl2 or pBS to the reaction for all the tested THAP proteins. Furthermore, 

when an EMSA was performed with the same TIR and the respective  ancestor and 

consensus proteins, no qualitative differences in binding activity were detected (Figure 

3C). It is noteworthy that some extra shifted bands appeared with the highest protein 

concentrations  (Figure 2.3 B and C). Thus,  a fine titration was carried out with the 

Dbuz\GalileoG-THAP-90 amino acid domain (Figure 2.3D). The results showed that 

the second and subsequent shifted bands are concentration-dependent, probably due to 

protein aggregation. 

To test  if  a transposase would be able to bind or transpose different  families  or 

subfamilies of  Galileo  transposons that coexist in the same genome, we performed a 

cross-binding  EMSA with  Dbuz-THAP-protein  with  the  3 TIR sequences  from this 
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Figure  2.2. THAP domain protein sequences.  A) Domain structure  of  the  Galileo  transposase:  the  THAP 
domain  is  the  DNA  binding  domain,  the  coiled  coil  region  is  responsible  of  protein-protein  interactions 
(represented as two overlapping circles) and the catalytic domain is located in C-terminal region. B) Alignment of  
the consensus and ancestral Galileo THAP domain sequences with the THAP domain of the P-element TPase (D. 
melanogaster) and THAP1 protein (Homo sapiens).  The predicted secondary structures are shown above the 
alignment (adapted from (Bessière et al. 2008) and (Sabogal et al. 2010)): yellow arrows represent β sheets and  
yellow cylinders are α helix regions. Key residues are coloured: zinc coordination residues (C2CH) in yellow,  
conserved hydrophobic residues in green, invariant residues in pink,  nuclear localization signal (NLS) in light 
brown. Segments cloned for protein expression are between grey shaded residues. Residues coloured in cyan are 
the amino-acid changes between ancestor and consensus sequences.
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genome  (G,  K  and  N)(Figure  2.4A).  We  observed  that  the  Dbuz\GalileoG-THAP 

domain  binds  both  the  Dbuz\GalileoG  TIR  and  the  Dbuz\GalileoK  TIR,  although 

binding is weaker in the last case. However, no trace of binding activity was found with 

the Dbuz\GalileoN TIR. In this experiment, the size of the THAP domain (90 or 150 

amino acid) did not show a qualitative effect on binding activity. Likewise, when we 

tested the 90 amino-acids protein of D. buzzatii against all the TIRs used in this work 

(D. buzzatii (G, K and N), D. mojavensis (C and D) and D. ananassae) a weak binding 

activity  was  observed  in  Dana\Galileo  TIR  along  with  Dbuz\GalileoG  and 

Dbuz\GalileoK binding (Figure 2.4B).
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Figure  2.3.  Protein  assays.  A)  SDS-PAGE  with  the  7  expressed  THAP  domain  proteins,  ~5  μg 
protein/well.  1.  Dbuz\Galileo-THAP-90aa,  2.  Dbuz\Galileo-THAP-150aa,  3.  Dmoj\GalileoC-THAP-
Ancestor,  4.  Dmoj\GalileoC-THAP-Consensus,  5.  Dmoj\GalileoD-THAP-Ancestor,  6.  Dmoj\GalileoD-
THAP-Consensus  and  7.  Dana\Galileo-THAP-Consensus.  B)  EMSA  performed  with  Dbuz\Galileo-
THAP-90aa. Three different binding conditions were tested. First lane is Dbuz\GalileoG labelled TIR (2.2 
nM). Lanes 2, 3 and 4 are x100 increasing protein concentrations (470pM, 47nM and 4.7μM). Lanes 5, 6  
and 7 are the same protein conditions as the previous lanes but 100μM ZnCl2 reaction condition was  
added to the binding reaction. Lanes 8, 9 and 10 are the same conditions as in the previous 3 lanes but  
500ng of pBlueScript (Stratagene) plasmid was added as an unspecific DNA competitor. C) EMSA assay  
where  Dana\Galileo-THAP-Consensus  (lane  2),  Dmoj\GalileoC-THAP-Ancestor  (lane  4), 
Dmoj\GalileoC-THAP-Consensus  (lane  5),  Dmoj\GalileoD-THAP-Ancestor  (lane  7),  Dmoj\GalileoD-
THAP-Consensus (lane 9) have been tested to bind the consensus TIR of their Galileo subfamily. All the 
THAP domains bind their TIR DNA (final protein concentration: ~5.87 nM and TIR final concentration  
~0.28nM).  D)  Fine  titration  EMSA of  the  Dbuz\Galileo-THAP-90aa  with  its  TIR (0.14nM).  Protein 
concentrations (2 fold dilutions from 1/128 to 2X range): 0.184nM, 0.367 nM, 0.734 nM, 1.469 nM, 2.938 
nM, 5.875 nM, 11.75 nM, 23.5 nM, 47 nM and 94 nM. A concentration dependence of the extra shifted 
bands can be appreciated. 
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DNA binding site  of    Galileo.   We performed a DNase I  footprinting  analysis  to 

determine the Dbuz\GalileoG TIR binding site  sequence (Figure 2.5).  The protected 

region covers a continuous region of 18 bp from nucleotide +63 to +80 bp of the tested 

150 bp sequence. The second shifted band seen in the EMSA was footprinted as well 

(Figure 2.5). There is no difference in the protection pattern,  so the multiple shifted 

bands are due to protein aggregation in the same TIR location which is in agreement 

with the titration experiment.

The comparison of this 18 bp sequence with other THAP binding sites is shown in 

Figure 2.6. The Dbuz\GalileoG binding site is almost twice as long as the P-element and 
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Figure 2.4. Cross binding EMSA experiments. A) Dbuz\Galileo-THAP-90aa and Dbuz\Galileo-THAP-
150aa versus different Galileo TIRs from D. buzzatii. Lanes: 1. Dbuz\GalileoG-TIR, 2. Dbuz\GalileoG-
TIR  and  Dbuz\Galileo-THAP-150aa,  3.  Dbuz\GalileoG-TIR  and  Dbuz\Galileo-THAP-90aa,  4. 
Dbuz\GalileoN-TIR, 5. Dbuz\GalileoN-TIR and Dbuz\Galileo-THAP-150aa, 6. Dbuz\GalileoN-TIR and 
Dbuz\Galileo-THAP-90aa,  7.  Dbuz\GalileoK-TIR,  8.  Dbuz\GalileoK-TIR  and  Dbuz\Galileo-THAP-
150aa, 9. Dbuz\GalileoK-TIR and Dbuz\Galileo-THAP-90aa (final protein concentration: ~5.87 nM and 
TIR final concentration ~0.28nM). B) Dbuz\Galileo-THAP-90aa against Dbuz\GalileoG-TIR (lane 2), 
Dbuz\GalileoN-TIR  (lane  4),  Dbuz\GalileoK-TIR  (lane  6),  Dmoj\GalileoC-TIR  (lane  8), 
Dmoj\GalileoD-TIR (lane 10), Dana\Galileo TIR (lane 12).
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THAP1 binding sites (18 bp versus 11bp). Nonetheless, based on similarities with the 

interaction sites of the P-element and THAP1, we propose that the putative major and 

minor groove sites are the GGGGT region and the upstream T, respectively (Figure

2.6). When we compared the binding sequence of  Dbuz\GalileoG with the homologous 

regions  of  the  Dbuz\GalileoK and  Dbuz\GalileoN TIRs,  we observed  that  they  are 

poorly conserved (not shown). This could explain the weak binding to  GalileoK TIR 

and the absence of binding to GalileoN TIR. 
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Figure 2.5.  Sequence specific binding of THAP domain to  Galileo element. The DNaseI footprints of the 
indicated complexes were performed as described in material and method. The footprints were resolved on a 
DNA sequencing gel and the radioactive signals were recorded on a phosphoimager. Lane 1, G+A ladder;  
Lane 2, Free DNA treated with DNaseI; Lane 3 and lane 5, footprints of complex 1; Lane 4 and Lane 6,  
footprints of complex 2; Lane 7, footprint of complex 3. The protected DNA sequence was shown on the left 
of the gel. 
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The Dbuz\GalileoG TIR is up to 1.2 kb long, partially due to the presence of three 

(and a partial fourth) internal tandem repeats. For that reason, we searched within the 

TIR  for  sequences  similar  to  the  identified  binding  site  using  Blast-2-sequences 

program (Altschul et al. 1997)), and found two significantly similar sequences located 

in  the  first  two  tandem  repeats  (E-values  =  5x10-5  and  7x10-4,  respectively).  A 

comparison of the three binding sites located in the GalileoG TIR showed that the three 

sequences  are  very similar,  particularly  around the  proposed GGGGT major  groove 

region (Figure 2.6B). Although we did not test  these internal  sequences for binding 

activity with the THAP domain, the high sequence similarity with the identified binding 

site suggests that they might act as additional binding sites. 

Galileo   in vivo transposition  . We performed an in vivo experiment to test whether 

the consensus whole transposase from D. buzzatii was fully functional. To this end, we 

adapted  the  Drosophila  P-element-based  general  transformation  vectors  to  test  for 

Galileo  activity in  Drosophila  melanogaster  white strain. These vectors consisted in a 

helper plasmid where the transposase was cloned after a Hsp70 promoter, and a donor 

plasmid where a reporter gene (mini-white gene in this case) was cloned surrounded by 

the transposon TIRs. If the transposase is active, when these two plasmids are injected 
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Figure  2.6.  THAP domain binding sequence comparison.  A) Dbuz\GalileoG compared to  Dmel\P-element  
(Sabogal et al. 2010) and hTHAP1(Bessière et al. 2008; Campagne et al. 2010) binding sites. The major and 
minor  groove  interacting  regions  are  coloured.  A  putative  consensus  THAP  binding  sequences,  including  
Dbuz\GalileoG sequences has been proposed. This consensus is in agreement with the previously proposed by 
(Sabogal et al. 2010). B) Alignment of the Dbuz\GalileoG binding site with other putative binding sites found 
downstream in the Dbuz\GalileoG-TIR. C) Structure of the Dbuz\GalileoG-TIR where the tandem repeats are 
drawn as grey rectangles and the binding sites are drawn as white stripped rectangles (BS1, BS2 and BS3).
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into white (w-) Drosophila embryos, the enzyme will insert the mini-white gene in the 

precursors of the germinal cell line. Then, the crossing of injected individuals with non-

injected w- adultss enables the detection of the transposition activity by screening the 

F1 generation for red eyes.

In our experiment we performed three different injections: i) one using the general 

P-element transformation vectors as a positive control, ii) a second one using these P-

element  vectors with the original transposon sequences replaced by Galileo  sequences 

(the whole D. buzzatii consensus sequence of Galileo transposase in the helper plasmid 

and 150 bp of  Galileo  TIR in the donor plasmid), and iii) a third injection with the 

Galileo  donor  plasmid  but  without  the  Galileo  helper  plasmid  as  a  transposition 

negative  control.  The  injection-surviving  adults  were  crossed  with  D.  melanogaster 

white (w-) individuals. The offspring of these crosses was screened for transformed flies 

by observing the eyes pigmentation. In the positive control, transposition events were 

detected in 19 of 91 of the crosses (384 flies with red eyes of 26637 F1 screened flies). 

As expected, the negative control did not show any transformant (96 crosses, 31201 F1 

screened flies),  discarding the  spontaneous insertion  of  the  miniwhite gene.  Finally, 

when  the  offspring  from  Galileo  sequences  injection  was  screened,  no  transgenic 

individuals were found (99 crosses, 32537 F1 screened flies).
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2.4.- Discussion

TIR transposons encode a transposase that is required for their mobilisation by a 

cut-and-paste reaction. However, most of the transposon copies found in the genomes 

harbour mutations in the coding regions that render non-functional proteins. The revival 

of these proteins allows studying how the transposition processes take place in real time. 

Different strategies can be used for inferring the original functional sequences of these 

transposons.  Probably,  the  simplest  approach  is  the  construction  of  a  consensus 

sequence  using  different  transposon copies  from the  genome.  Alternatively,  a  more 

sophisticated  method  that  can  be  used  consists  in  the  reconstruction  of  ancestral 

sequences  under  a  model  of  evolution  by maximum-likelihood  methods.  These  two 

approaches have successfully been used for the revival of several different transposons, 

such as Sleeping Beauty, Frog Prince, Hsmar1 and Harbinger (Ivics et al. 1997; Miskey 

et al. 2003, 2007; Sinzelle et al. 2008).

The  transposon  Galileo  has  been  recently  active  in  the  genome  of  D.  buzzatii 

(Delprat  et  al.  2009)  and  perhaps  other  species  (Marzo  et  al.  2008).  However,  all 

Galileo  copies  found  so  far  are  not  functional  and  we  used  both  approaches  to 

reconstruct  the  DNA  binding  domain.  The  ancestrally  reconstructed  and  consensus 

sequences  showed  few differences  which  did  not  involve  the  domain  key  residues 

responsible  of stabilising  the hydrophobic core of the protein  (Sabogal et  al.  2010). 

When we compared these sequences with the homologues of other THAP domains, we 

found that the most divergent regions were the N-terminus and the Loop 4. The N-

terminus was longer and more variable in Galileo, with a length ranging from 12 to 28 

residues instead of the 2 to 5 residues found in other THAP domains. However, the 

Loop 4 was very conserved in all  Galileo  copies. This differentiation is in agreement 

with  the  binding-specificity  role  proposed  for  these  two  regions  in  P-element  and 

hTHAP1 after the analysis of their tridimensional structure by X-Ray diffraction and 

NMR (Campagne et al. 2010; Sabogal et al. 2010). 

We detected similar strength and specificity in the binding activity for sequences 

inferred by both strategies,  at least qualitatively. Moreover, we detected some cross-

binding where a Galileo THAP domain have been able to recognise and bind some TIR 

from different transposon subfamilies. This would be in agreement with the fact that, in 
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some cases,  elements  that do not own a transposase take advantage from functional 

transposons and use their transposition machinery. This is a general behavior found in 

different TE groups, for example SINEs parasitise LINEs and MITEs parasitise some 

class  II  elements,  (Jurka  et  al.  2007;  Wicker  et  al.  2007;  Yang  et  al.  2009).  If  a 

transposition reaction would be set  up,  it  could be tested that  Galileo  elements also 

suffer from its own parasites (Gonzalez & Petrov 2009). In addition, although multiple 

shifted bands were observed in the EMSA, we ruled out the possibility of the existence 

of  multiple  binding  sites  in  the  150  bp  tested  TIR  region  by  means  of  a  titration 

experiment  and  a  footprint  assay,  leaving  the  aggregation  of  proteins  as  the  only 

plausible explanation for our observations.

The isolated binding site of  Galileo  is almost twice as long as other THAP target 

sequences. This might be explained by the larger size of the protein due to the existence 

of an insertion of 16 amino-acids after the initial methionine, which seems important for 

the interaction with the binding site (Sabogal et al. 2010). However, we cannot discard 

that this length could be an experimental artefact due to steric hindrance between the 

large protein-expression tag MBP and the DNase I enzyme used in the assay. Despite 

this  noticeable  difference  in  length,  the  Galileo  binding  site  does  present  regions 

homologous to the major and minor grooves interacting zones of DNA that have been 

found  to  be  essential  for  the  recognition  by  the  THAP  domains  of  other  proteins 

(Campagne et al. 2010; Sabogal et al. 2010).

The location of the binding sites is strikingly similar in Galileo and the P-element, 

This way, 61 and 50 bp from each transposon end in the P-element, and at 63 bp from 

both transposon ends in  Galileo. In contrast with the  P-element, the binding sites of 

Galileo  are located within its long TIRs. When we extended the comparisons to the 

whole TIRs of  P-element  and  Galileo,  we found profound differences in length and 

structure. Thus, whereas  P-element  TIR is a non-repetitive region of 31bp length, the 

TIR of Galileo comprises up to 1.2 kb and harbours several internal tandem repeats. It is 

peculiar  that  although  the  part  of  the  TIRs  of  Galileo  involved  in  the  binding 

recognition did not show any conservation, we found that the endmost region is highly 

conserved across different species. This suggests that this region may have a role in the 

catalytic step of the transposition reaction, in a similar way to the short TIR of the P-

element (Rio 2002).
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The  existence  of  secondary  binding  sites  or  transposition  enhancers  has  been 

reported in different transposons and these sequences can be part of the TIR or not. For 

example,  P-element  has subterminal transposition enhancers located outside the short 

TIR (Rio 2002), whereas the secondary binding sites of Sleeping Beauty and Bari-like 

elements  lie  within the long TIRs in the form of tandem repeats  (Ivics et  al.  1997; 

Moschetti  et  al.  2008).  A  similar  structure  has  been  found  in  Tnr8  and  Phantom 

elements, although if their tandem repeats act as binding sites remains untested (Cheng 

et  al.  2000;  Marquez & Pritham 2010).  Although evolutionary  unrelated,  Galileo  is 

structurally  more similar  to  these  elements,  where  their  secondary  binding sites  are 

found as tandem repeats. All these TIR elements have a considerable size, which is a 

trait negatively correlated with the efficiency of the transposition reaction (Atkinson & 

Chalmers 2010). Therefore, the presence of multiple binding sites may constitute an 

evolutionary  convergent  strategy  to  overcome  length  limitation  by  successfully 

recruiting the transposase and enhancing the transposition process. In fact, this strategy 

has been already applied to artificially  improve transposition reactions  (Zayed et  al. 

2004).

Finally,  we carried  out  an  in  vivo  transposition  experiment  to  test  if  consensus 

Dbuz\Galileo  transposase was functional. After screening for transformants, we were 

not able to detect transposition activity. As we do not know the  Galileo  transposition 

frequency, this result could be due to a very low transposition rate that would need a 

bigger  sampling  for  transformants  (e.g.  at  least  ~106.individuals  must  have  been 

screened for a 10-6 transposition rate). But, if we assume that Galileo transposition rate 

could be similar to the P-element, our positive control in the experiment, some Galileo  

transformants must have been found. So, there may be other reasons responsible for the 

negative result, such as: the lack of secondary binding sites in the donor construct, the 

consensus transposase might not be functional or might be toxic for the flies, or, as the 

tested transposon comes from D. buzzatii, there may be missing specific cellular factor 

or unknown incompatibilities that do not allow Galileo to mobilize in D. melanogaster. 

These two flies are distantly related as they belong to two different lineages that split  

40-60 million years ago (Russo et al. 1995; Tamura et al. 2004). Further studies could 

shed some light in this issue.
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2.5.- Conclusions

This  work  constitutes  the  first  step  in  the  characterization  of  the  transposition 

reaction  of  Galileo.  Since  Galileo  copies  are  non-functional  in  the  genomes  of 

Drosophila species, we had to reconstruct functional sequences. Although we were not 

able to detect a whole transposition reaction with these revived candidates in an in vivo 

experiment,  we confirmed  that  they  can  recognise  and  interact  with  DNA in  vitro. 

Furthermore, we found that even though the isolated Galileo binding sequence is longer 

than in any other THAP domains, the recognised binding sites are homologous to those 

of other proteins. We also detected the presence of putative secondary binding sites in 

the TIR internal tandem repeats. The confirmation of these regions as functional binding 

sites would provide the first evidence of the convergent evolution of this mechanism to 

overcome the drawbacks caused by increased TIR length.
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2.6.- Materials and methods

Amplification of    D. buzzatii     Galileo    transposase coding sequence by PCR  . Three 

overlapping regions, that spanning the whole transposase coding sequences were PCR 

amplified in eight D. buzzatii strains (st-1, Maz-4, j-9, jq7-4, jz3-2, jq7-1, Sar-9 and j-

4). These PCRs were carried out in a total volume of 25 μl including 100-200 ng of 

genomic DNA, 20 pmol of each primer, 200 μM dNTPs, 1.5 mM MgCl2 and 1-1.5 units 

of Taq DNA polymerase. The products were gel-purified and sequenced.

Generation of THAP domain sequences. A consensus sequence of the Dbuz\Galileo  

transposase  segment  was  generated  with  the  PCR products  using  the  majority  rule 

(Geneious assembly algorithm in Geneious  (Drummond et al. 2010)). This consensus 

sequence differs from the reported Dbuz\Galileo  sequence  (Marzo et  al.  2008) by 5 

nucleotides and can be translated into a fully functional  protein.  The THAP domain 

region of the consensus sequence is located in the N-terminal 450 bp portion.

Consensus  sequences  were  also  generated  for  D.  ananassae  and  D.  mojavensis 

transposase sequences.  The sequences found in these genomes in previous work (SI

Table 2.1) were aligned with MUSCLE 4.8.4 algorithm (Edgar 2004) implemented in 

Geneious software (Drummond et al. 2010) and a majority rule consensus of the THAP 

domain  was generated  (450 bp).  As described in  our  previous  work,  there  are  four 

different  Galileo  subfamilies  (C-F)  in  D. mojavensis (Marzo et  al.  2008).  Here,  we 

generated transposase consensus sequences for the GalileoC and GalileoD subfamilies.

Finally, a reconstruction of the 450 bp ancestral THAP domains was carried out for 

D. ananassae and D. mojavensis (C and D subfamilies). MUSCLE 4.8.4 (Edgar 2004) 

alignments  were  used  for  generating  the  best  trees  by  maximum  likelihood  using 

RAxML phylogenetic software and GTR+gamma evolution model  (Stamatakis 2006). 

The  trees  were  rooted  with  an  appropriate  outgroup  using  FigTree  1.3.1  software 

(Rambaut 2006) and after rooting, the outgroup was removed from the tree manually. 

These rooted phylogenetic trees and the alignments were used for inferring the ancestral 

sequence  by  maximum  likelihood  using  the  CODEML module  in  PAML software 

(Yang,  1997) (parameters:  seqtype=  1  (codons);  codonfreq=2;  NSsites  =  0  1; 

rateancestor=1; fix_blength= 1). 
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TIR cloning. In order to test the DNA binding ability of the Galileo THAP domains, 

150 bp TIR consensus  sequence  was generated  for  Galileo  elements  in  D. buzzatii 

(GalileoG, GalileoN and GalileoK subfamilies), D. mojavensis (GalileoC and GalileoD 

subfamilies) and D. ananassae. These consensus sequences were generated using the 

majority rule, as above. A genetic construct (pRC1525) was created concatenating the 

inferred  sequences  plus  Galileo  representative  target  site  duplications.  Unique 

restriction sites were located in between each TIR for releasing them individually from 

the vector and allowing radioactive dCTP labelling using an exo- Klenow polymerase.

THAP Protein expression. The inferred ancestral and consensus 450 bp sequences 

were  codon  optimized  and  synthesized  (Bio  S  and  T  Inc.,  Canada).  From  these 

sequences a 270 bp (90 amino acid) predicted core THAP domain was PCR amplified 

(Phusion enzyme) and cloned in  pOPINM (N-ter  MBP-tag vector from The Oxford 

Protein Production Facility, UK) using the In-Fusion® cloning technology (Clontech 

Inc.). In the  D. buzzatii case, as no ancestral sequence was reconstructed the 450 bp 

THAP sequence (150 amino acid) was cloned in pOPINM expression vector as well. 

The effect of the THAP domain length could be tested this way. The expression vectors 

with the THAP domains were sequenced for verifying the ORF and were transformed in 

BL21 (DE3) E. coli expression cell line. The protein expression was induced in DO680 

=0.5 LB cultures  with 100 ug/ml ampicillin  cultures,  1mM of IPTG and 100uM of 

ZnCl2 at 16ºC over night. The cells were harvested by centrifugation and resuspended 

in HSG buffer (50mM HEPES pH 7.5, 200mM NaCl, 2mM dithiothreitol (DTT), 5mM 

EDTA and 10% glycerol). The cells were lysed in a French press and centrifuged at 

25000g for 30 min. The supernatant was loaded onto an amylose resin column (New 

England Biolabs).  The column was washed several  times  with  HSG buffer  and the 

protein  eluted  with HGS buffer  plus  10mM maltose.  The fractions  containing  MBP 

transposase were pooled and aliquots were stored at -80ºC. 

Electrophoresis mobility shift assay (EMSA). Purified recombinant THAP domains 

were incubated for 2 hours at room temperature with the labelled TIR in 20 ul reaction 

of binding buffer (20 mM Tris-HCl, pH 7.5, 100 mM KCl, 100 g/ml bovine serum 

albumin, 2.5 mM DTT, 5% glycerol). Different conditions were tested: different protein 

concentration (1, 1:100, 1:10000 from the stock protein solution (5ug/μL or 94 μM), 

addition of ZnCl2 (100 μM final concentration) and addition of unspecific competitor 
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DNA  (pBlueScript,  ~500ng/reaction).  The  reactions  were  loaded  in  a  4%  TAE-

polyacrilamide gel and run for 2 hours at 300V at 4ºC. 

Footprint assay. A sample of the EMSA reaction was digested by 0.05U of DNase I 

for 1  minute  at  room temperature.  The enzyme was diluted to  1U/μL with dilution 

buffer (5 mM MgCl2, 0.5 mM CaCl2). The reaction was stopped using 1 μL of 500 mM 

EDTA. DNA was purified by phenol-chloroform extraction and ethanol precipitation. 

The  cleavage  pattern  was  analysed  by  electrophoresis  on  a  5%  polyacrylamide 

sequencing gel. DMS/piperidin reactions were performed following standard procedures 

to reveal G positions and were used to localize the DNase I protected regions. 

In  vivo     Galileo    transposition  experiment  .  Plasmids  generation.  Helper  plasmid: 

pTURBO-Galileo  (pRC1510). The inferred Dbuz\Galileo  consensus transposase ORF 

(see above) was generated by directed mutagenesis PCR (see primers in SI Table 2.2). 

The different PCR fragments were assembled thanks to the addition of unique silent 

restriction  sites  at  each  end.  This  consensus  ORF  was  cloned  in  the  pTURBO 

(pUChsΔ2-3,  FlyBase  recombinant  construct  FBmc0000938,  (pRC1501))  plasmid 

replacing  the  P-element  transposase.  For  this  purpose,  a  PCR  of  whole  pTURBO 

sequence except  the  P-element  ORF was performed and two unique restriction sites 

(MluI and EagI) were added for cloning the Galileo transposase. After cloning the ORF 

was sequenced to check that the coding sequence was the proper one.

Donor plasmid. pCASPER-Galileo  (pRC1517). The plasmid pCaSpeR-4 (FlyBase 

recombinant  construct  FBmc0000178, (pRC1502)) was used as donor plasmid.  Two 

PCRs were performed for amplifying and ligating all the plasmid without the P-element  

sequences.  In  this  step  4  unique  restriction  sites  were  added  (PstI,  NotI,  NsiI  and 

BamHI) surrounding the miniwhite gene. These 4 unique restriction sites were used for 

cloning  150-pb  Galileo  TIR  in  the  proper  orientation  and  TSD,  surrounding  the 

miniwhite gene (TIR1: PstI and NotI, TIR2: NsiI and BamHI). The miniwhite ORF and 

the TIR were sequenced for checking the sequence. The PCRs carried out in this section 

were performed with Phusion polymerase (Finnzymes).

Drosophila  injections.  3  different  injections  were  performed  in  Drosophila  

melanogaster  white embryos (strain w1118, Genetic Services Inc. USA): one with the 

P-element  plasmids without any change as a positive control (pRC1501 -helper- and 
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pRC1502 -donor-),  another  one with the two  Galileo  generated  plasmids  (pRC1510 

-helper-  and pRC1517 -donor-)  and the last  one with pRC1517 alone as a negative 

control. Each injected fly (91 positive controls, 99  Galileo  transposition elements and 

96 negative control) was crossed with three virgin females or three males depending on 

their gender. The tubes of the crosses with Drosophila media were changed every two 

days (in the case of one injected male with 3 virgin females) or every 4 days (in the case 

of one injected female with 3 males) during 12 to maximise the number of offspring. 

Finally the F1 of each cross was counted and non-white eyes were screened (from light 

orange to deep red eyes) as a marker of transposition activity.
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2.7.- Supplementary material

Supporting tables list:

SI Table 2.1

SI Table 2.2

SI Table 2.1. Sequences used for inferring the THAP domain sequences. CAF1 
assemblies.

Species/Group Coordinates
D. mojavensis C scaffold_6262 13889-19752

scaffold_6541 1141978-1149130
scaffold_6500 31288762-312953303
scaffold_6358 1-5345
scaffold_6500 31981325-31980812

D. mojavensis D scaffold_6500 31458921-31464785
scaffold_6482 614003-617184
scaffold_6482 617185-618411
scaffold_6485 39163-45738
scaffold_6540 1175880-1182997

D. ananassae contig_15979 71824-74395
contig_11169 1-2142
contig_19410 7756-12565
scaffold_13082 2449985-2467038
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List of abreviations

bp: base pair
BS: binding site
EMSA: electrophoretic mobility shift assay
kb: kilobase
MBP-tag: maltose binding protein tag
ORF: open reading frame
TIR: terminal inverted repeat

The authors declare that they have no competing interests.

Authors' contributions

MM constructed the ancestral  and consensus sequences, cloned and expressed the 
tested proteins, performed the EMSA, constructed the  Drosophila  vectors, performed 
the in vivo transposition experiment and drafted the paper. DL carried out the footprint 
assay.  RC  and  AR supervised  the  research,  provided  funding  for  the  research  and 
finalized the manuscript. All authors read and approved the final manuscript. 

Description of additional data files

The following additional data are available with the on line version of this paper. 
Additional data file 1 is a table listing the genomic Galileo sequences used for inferring 
the  consensus  and  ancestral  THAP  sequences  of  D.  mojavensis and  D.  ananassae. 
Additional data file 2 is a table where the primers used in this work are shown.

Acknowledgements

We would like to thank Azeem Siddique and Corentin Claeys Bouuaert for helping 
with  experimental  design,  Ray Owens  for  structural  THAP protein  suggestions  and 
Martí Badal for Drosophila plasmids. Montse Sales, Raquel Ferraz, Alejandra Delprat, 
Núria Rius, Andrea Acurio and Víctor Soria helped with fly counting. This work was 
supported by a Formación de Personal Investigador doctoral fellowship (to M.M.) and 
grant BFU2008-04988 (awarded to A.R. from the Ministerio de Ciencia e Innovación, 
Spain).

149





Results

3.- Striking structural dynamism and nucleotide sequence 
variation of the Galileo transposon in the genome of 
Drosophila mojavensis

Mar Marzo1,2, Xabier Bello3, Marta Puig1,4, Xulio Maside3 and Alfredo Ruiz1.

1 Departament de Genètica i de Microbiologia, Universitat Autònoma de Barcelona, Spain
2 School of Biomedical Sciences, Queen's Medical Centre, Univesity of Nottingham, UK
2 Grupo  de  Medicina  Xenómica,  Departamento  de  Anatomía  Patolóxica  e  Ciencias  Forenses,  
Universidade de Santiago de Compostela , Spain
3 Functional  and  Comparative  Genomics  group,  Institut  de  Biotecnologia  i  Biomedicina,  Univeristat 
Autònoma de Barcelona, Spain

E-mails:  Mar  Marzo  –  mar.marzo@uab.cat,  Xabier  Bello  –  xbello@gmail.com,  Marta  Puig  – 
marta.puig@uab.cat, Xulio Maside – xulio.maside@usc.es , Alfredo Ruiz – alfredo.ruiz@uab.cat 

Keywords:  transposable  element,  TIR,  length,  recombination,  subfamily,  evolution, 

Drosophila, foldback, transposase

151





Results

3.1.- Abstract

Galileo is  a  transposable  element  responsible  for  the  generation  of  three 

chromosomal inversions in  natural  populations  of  Drosophila buzzatii.  Although the 

most characteristic feature of Galileo is the long-internally repetitive Terminal Inverted 

Repeats (TIR) which resemble the Drosophila Foldback element, its transposase-coding 

sequence presents significant similarity to the P-element transposase. This has led to its 

classification  as  a  member  of  the  P-element  superfamily  (Class  II,  subclass  1,  TIR 

order).  Furthermore,  Galileo  was  detected  in  six  of  the  12  Drosophila  sequenced 

genomes,  suggesting  a  wide  distribution  in  the  Drosophila  genus.  D. mojavensis is 

among the six species, the closest to D. buzzatii, and the Galileo sequences found in this 

sequenced genome presented the highest diversity in sequence and structure. 

In the present  work,  we carried out a  thorough search and annotation of all  the 

Galileo copies present in the D. mojavensis sequenced genome. Our set of 170 Galileo  

copies present a huge variability in length and structure, ranging from nearly-complete 

copies to copies with only two TIR or even solo-TIR elements. In addition, the sequence 

diversity showed the existence of five subfamilies (C, D, E, F, and X), four of them 

harbouring  transposase-coding  sequence  and  a  fifth  one  which  presents  a  putative 

chimeric origin. Our analysis suggests that Galileo is currently active or has been active 

until very recently. Finally, we have explored the structure and length variation  of the 

Galileo  copies  which  points  out  to  relatively  frequent  rearrangements  within  and 

between  Galileo  elements. Different mechanisms responsible of these rearrangements 

are discussed.

153



Results

3.2.- Introduction

Transposable elements (TE) are genetic entities capable of changing their location in 

the genome  (Kidwell & Lisch 2002). Because of their disperse and repetitive nature, 

they  are  considered  part  of  the  middle  repetitive  DNA  portion  and  they  make  up 

significant fractions of different genomes, such as 14% in Arabidopsis thaliana, ~15% 

in  D. melanogaster,  ~45% in humans or  ~80% in  some crops  (Lander  et  al.  2001; 

Kidwell  2002;  Wicker  et  al.  2007; Hua-Van et  al.  2005).  They have been found in 

virtually all the studied species, showing what could be considered a great success in 

their strategy or the ancientness of their existence  (Feschotte & Pritham 2007). Since 

their new insertion sites are usually random, they are considered as mutational agents, 

which allowed them to be firstly considered as junk DNA (Doolittle & Sapienza 1980; 

Orgel  &  Crick  1980).  Nevertheless,  they  can  be  taken  as  powerful  facilitators  of 

evolution,  since they generate variability,  the row material  for evolution,  along with 

some adaptive TE insertions which have been reported (Oliver & Greene 2009, 2011).

Since TEs present huge variability in length, structure and transposition strategies, a 

classification system is needed to understand and handle all the information about this 

type of DNA. Although classification criteria have not reached a complete consensus, 

there is a general agreement about the first split in the classification: the existence of a 

retrotranscription step  (Finnegan 1989). Structural and homology criteria are used to 

further classify the different elements in subclasses, orders, superfamilies and families 

(Feschotte  &  Pritham  2007;  Jurka  et  al.  2007;  Wicker  et  al.  2007).  TIR  DNA 

transpososns (Class II, subclass I) comprise those elements without the retrotrascription 

step and with Terminal Inverted Repeats (TIR) (Wicker et al. 2007). These elements are 

mobilised by a transposase protein encoded by autonomous or canonical copies of the 

element usding a cut-and-paste mechanisms.

Apart  from transcription-active  (canonical)  copies  of  a  transposon  family,  most 

genomes also harbour defective copies which are unable to encode a functional protein 

and  thus  non-autonomous.  These  copies  appear  due  to  mutations  in  the  canonical-

structured  elements,  along  with  genomic  deletion  and  unequal  exchange  after  non-

allelic  homologous  recombination  (NAHR)  and  the  transposon  activity,  generate 

deletion derivatives copies  (Petrov & Hartl  1998; Rio 2002). These defective copies 
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usually  present  a  gradient  of  random deletions  and there  are  from almost-complete 

copies to copies that are only made up of TIRs and a spacing region (Brunet et al. 2002; 

Rio 2002; Feschotte & Pritham 2007). Furthermore, there is a special kind of defective 

elements  that  are  called  MITEs  (Miniature  Inverted  repeat  Transposable  Element), 

which seems to have acquired non-related sequences and only present homology to the 

canonical copies in the TIRs or the very ends of the TIRs. These MITEs use or parasite  

the transposition machinery coded in the complete copies and have been proposed as the 

ultimate parasites (Gonzalez & Petrov 2009; Yang et al. 2009).

Galileo  is  a  transposable  element  discovered  in  D.  buzzatii where  it  has  been 

responsible for the generation of three natural chromosomal inversions  (Cáceres et al. 

1999; Casals et al. 2003; Delprat et al. 2009). Because the first copies of Galileo were 

only made up of  long TIR sequences,  it  was  tentatively  classified  as  Foldback-like 

element  (Cáceres  et  al.  2001;  Casals  et  al.  2005).  However,  when  the  Galileo 

transposase sequence was discovered, it was definitely classified as a member of the P-

element superfamily of DNA transposons (class II, subclass I and TIR elements order), 

being the longest TIR element (from ~300 bp to 1.2 kb TIR length) of its superfamily 

(Marzo et al. 2008). Despite the first studies pointed out that  Galileo  distribution was 

limited  to  the  closest  species  to  D.  buzzatii (Casals  et  al.  2005), the  bioinformatic 

analysis  of the 12 sequenced  Drosophila  genomes uncovered a broader distribution, 

because  six  of  the  12  species  harboured  it  (Marzo  et  al.  2008). In  this  initial 

bioinformatic  analysis,  one  of  these  species,  D.  mojavensis showed  a  remarkable 

diversification of  Galileo  sequences, with four phylogenetically differentiated groups, 

and huge structural variability among the copies. Both D. mojavensis and D. buzzatii are 

members of the repleta group of the Drosophila subgenus. 

In  the  present  work,  we carried  out  a  more  detailed  search  and analysis  of  the 

transposon  Galileo  in the  D. mojavensis genome. 170  Galileo  copies were identified 

using  different  automated  searching  strategies  coupled  with  a  detailed  manual 

annotation in each of them. A huge variability in length and structure were found, thus 

sequences  from  nearly-complete  copies  to  only  two  TIR  elements  were  found.  In 

addition,  the  sequence  diversity  found  allowed  the  description  of  five  Galileo 

groups/subfamilies, one more than the previous work; four of them harbour defective 

transposase sequences and one of them could have a chimeric origin. The activity of 
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these Galileo copies has been explored through bayesian analysis, which suggests that it 

has been active until recently or maybe it could be still active. Finally, the structural 

dynamics,  which  comprise  the  TIR  extension,  has  been  analysed  in  detail  and 

mechanisms for this dynamism are discussed.
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3.3.- Methods

Bioinformatic  searches  of    Galileo    copies  in  the    Drosophila  mojavensis   genome  . 

Consensus TIR sequences of previously described Dmoj\Galileo subfamilies plus 50 bp 

overall consensus TIR end, were used as query sequences against the CAF1 scaffold 

assembly of D. mojavensis genome (Clark et al. 2007). The searches were carried out 

using  an  automated  process  based  on wuBlast  (http://blast.wustl.edu)  and  the  Chao 

algorithm (Chao & Miller 1995) for the handling of the sequence discontinuities in the 

blast searches. The hits were selected using a 80-80 criteria with the query TIR (80% 

identity and 80% of the length, (Wicker et al. 2007)) and were considered as part of the 

same Galileo  copy if arranged in the proper orientation at a distance < 10 Kb. If one 

TIR did not meet all the mentioned criteria the 3 kb flanking region where the other TIR 

would be expected to be found was further explored by blast. More Galileo copies were 

found in this way. When no partner was found for a given TIR in the surrounding area, 

it was considered as a solo-TIR copy for further analysis.

All hits from each search were manually curated and thoroughly analysed to discard 

wrong automated identifications. Decisions on the acceptance of a search hit were based 

on  the  comparison  with  previously  characterised  copies  and  the  identification  of 

characteristic  structures  by careful  annotation.  This  way,  we identified  the  different 

regions in each  Galileo  copy: the Terminal Inverted Repeats (TIR), the transposase- 

coding region, and the spacing sequences upstream and downstream of the transposase-

coding region (those we have named F1 and F2 respectively). Only sequences showing 

a clear sign of some of these structures were selected for further analysis.

Annotation of    Galileo    copies  . All selected sequences were manually analysed and 

annotated using several tools found in Geneious 5.1.7 software package (Drummond et 

al. 2010). The closest annotated sequence for each new copy was detected by a search 

with blastn (Altschul et al. 1997) and used as reference for the detailed annotation of the 

new copy. When a region of a new copy was not located in the chosen reference copy, 

this  region  was  used  as  blast  query  against  different  Galileo  sequences  and  other 

Drosophila TEs in order to detect regions in common with other Galileo copies or TE 

insertions.  TIR span was determined  by aligning each copy with the corresponding 

reverse complement  sequence.  All  copies  were classified  by structure in  one of the 
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following five categories: i) nearly-complete (NC), when two TIR and more than 2 kb 

of transposase-coding sequence were found; ii) deletion derivatives (DD), when either 

two TIR and less than 2 kb of transposase-coding sequence were found, or a complete 

or partial transposase-coding sequence was found, but only one TIR was identified; iii) 

two TIR elements (2T), when two TIR separated by a short middle region (usually not 

coding for transposase) were found; iv) two extended or recombinant TIR (2RT), when 

two TIR were  found and they  were  either  longer  than  the  NC copies  or  presented 

duplicated sequences (there has been extra sequence recruited in a longer TIR); and v) 

solo-TIR (ST),  when only one TIR was found. Detailed  information  of the genome 

location and annotation of each Galileo copy is provided in Supplemental Table 2.

TIR phylogeny. The phylogenetic relationship between Galileo copies was inferred 

from the analysis of a 630 bp sequence from the 5' end of the representative consensus 

TIR. Shorter than 450 bp selected sequences (due to partial deletions) were excluded 

from the  analysis  to  improve  the  alingment.  These  TIR regions  were  aligned  with 

MAFFT  using  the  following  parameters:  E-ins-I;  --op  1.53;  --maxiterate  1000; 

--genafpair; --ep 0; --inputorder; --kimura 200, as it is set in Geneious software (Katoh 

et al. 2002; Drummond et al. 2010). The alignment was filtered with Gblocks 0.91b to 

remove  regions  too  divergent  and  poorly  aligned  (Castresana  2000;  Talavera  & 

Castresana  2007).  Gblocks  was  set  up  with  relaxed  parameter  values  (Minimum 

Number  Of  Sequences  For  A  Conserved  Position:  120;  Minimum  Number  Of 

Sequences  For  A  Flanking  Position:  120;  Maximum  Number  Of  Contiguous 

Nonconserved Positions: 10; Minimum Length Of A Block: 5; Allowed Gap Positions: 

With  Half)  selecting  53%  of  the  original  alignment  (547  bp  of  the  1018  original 

positions). JModeltest 1.0  (Posada 2008) was used to find the substitution model that 

best fits the data by means of the Akaike Information Criterion (AIC), which resulted to 

be  HKY+G  (Hasegawa,  Kishino  and  Yano  plus  gamma  (Hasegawa  et  al.  1985)). 

Maximum  likelihood  (ML)  search  was  performed  with  PhyML  3.0  (20110304) 

(Guindon  &  Gascuel  2003;  Guindon  et  al.  2010) using  the  Subtree  Pruning  and 

Regrafting (SPR) algorithm. The parameters of the substitution model were estimated 

by the program, using four categories to estimate the gamma distribution and support 

was calculated with 100 bootstrap replicates. Bayesian inference (BI) was carried out 

with BEAST 1.6.1  (Drummond & Rambaut  2007),  using an uncorrelated  lognormal 
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relaxed  clock  (UCLN  (Drummond  et  al.  2006))  and  the  substitution  model  from 

jModeltest. We used a birth-death process as a tree prior setting a uniform (0, 1000) 

distribution for growth and death rates. All others priors were left with default values. 

Two  MCMC  chains  of  50  million  generations  were  run  and  combined  with  the 

LogCombiner  program included in BEAST package.  In both cases,  the chains  were 

sampled every 1,000 steps, and the first 10% of the samples was removed as burnin. 

Convergence was ensured checking that ESS values for all parameters were over 200. 

We obtained the maximum clade credibility summary tree with median node heights 

using TreeAnnotator (also included in BEAST package).

Recent transpositional activity. A BEAST phylogenetic inference was carried out 

with the aim of displaying the relative age of each Galileo copy. For this purpose only 

one TIR region (of at least 450bp long) was picked up from each copy and chimeric  

elements were excluded. The BEAST priors were set up as mentioned above with the 

same evolutionary model (HKY+G). Absolute time estimation was performed using the 

0.011 changes/base/myr proposed as neutral mutation rate in Drosophila (Tamura et al. 

2004).  After  that,  a  lineage  through  time  plot  was  generated  which  depicts  copy 

accumulation through time (Barraclough & Nee 2001). We performed statistical test to 

find out the best fitting model to a sample of 9000 trees from the BEAST inference. The 

diversification models tested were: pure-birth (constant rate), birth-and-death (constant 

rate), DDX (variable rate), DDL (progressive change with saturation) and Yule-two-

rates (abrupt change of the rate in one point). These models were adjusted by ML and 

the  best  one was chosen using  an Akaike  Information  Criteria  (AIC).  Furthermore, 

simulations to test  if  the best  fitting model was due to incomplete sampling or data 

variability were carried out.

Transposase-coding region phylogeny. Transposase-coding sequences found in the 

different  groups longer  than 2 kb (12 elements:  6498-22531F,  6500-31458D, 6541-

16442D,  6540-11758D,  6540-23860D,  6485-39163D,  6540-41449X,  6262-30856C, 

6541-11419F/C,  6500-31288C,  6482-60893F)  were  aligned  with  MAFFT  (same 

parameters as above), and jModelTest was run to find the best evolutionary model for 

the  transposase-coding  sequences.  ML  and  BEAST  tree  were  inferred  for  these 

sequences  (evolutionary  model  JC+G+I).  The  cognate  TIR  of  each  copy  with  a 

transposase-coding segment  >2 kb were aligned with MAFFT and new phylogenies 
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with  PhyML and  BEAST were  obtained.  The  topologies  of  the  transposase-coding 

sequences and TIR phylogenies were compared and the differences were evaluated with 

an  Approximated  Unbiased  test  (AU  test)  performed  with  CONSEL  program 

(Shimodaira & Hasegawa 2001; Shimodaira 2002).

Chromosomal distribution of   Galileo   copies and relation to protein-coding and RNA   

genes. The genomic and cytological location of  Galileo  copies was inferred from the 

scaffold coordinates and the correspondence of scaffolds with polytene chromosomes 

(Schaeffer et al. 2008). In order to analyse the intrachromosomal distribution of Galileo 

copies,  each  chromosome  was  divided  in  three  regions:  telomeric,  central  and 

centromeric, conainting 10%, 80% and 10% of the sequence, respectively (Casals et al. 

2005,  2006).  This  was  only  possible  for  chromosomes  2,  3,  and  4,  each  of  them 

represented by a single major scaffold  (Schaeffer et al.  2008). Statistical  analyses of 

chromosomal distribution were carried out with JMP 8.0.2 (SAS Institute Inc. 2009). 

The  D.  mojavensis gene  annotations  were  downloaded  from  Flybase.org 

(ftp://ftp.flybase.net/releases/  FB  2011_04/  ). The coordinates of protein-coding and RNA 

genes were compared with those of Galileo copies using ad hoc perl scripts. All Galileo  

copies were classified as located in scaffolds without genes, in intergenic regions or in 

intronic regions. Statistical tests to compare the total length and TIR length with genes 

distances were performed with JMP 8.0.2 (SAS Institute Inc. 2009). Information about 

the gene function was extracted from FlyBase.
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3.4.- Results

Different bioinformatic search strategies were used to maximise the probability of 

finding Galileo copies (see Methods). A total of 170 Galileo copies were identified and 

manually annotated (a 370% sample increase over the 36 previously described copies 

(Marzo et al. 2008)). These copies were classified according to subfamily, structure and 

chromosomal distribution (see Table 3.1 for a summary and SI Table 3.1 and SI Table

3.2 for detailed information). Subfamily classification was based on the phylogenetic 

analysis of TIR sequences and resulted in five well-supported groups (C, D, E, F and 

X). Twelve copies were found to contain sequences belonging to different subfamilies 

and were considered as chimeric  (Table 3.1).  Structural  classification  produced five 

groups: nearly-complete (NC), deletion derivatives (DD), two TIR elements (2T), two 

extended  or  recombinant  TIR  elements  (2RT)  and  solo-TIR  (Table  3.1).  Some 

representative copies of these structural groups are depicted in Figure 3.1.

Table 3.1. Summary of the Galileo copies studied in this work. The different subfamilies and structures 
are indicated.

Structural type
Subfamily

Total
C D E F X Chimeric

Nearly complete (>2 kb Tpase) 2 5 0 1 1 1 10
Nearly complete deletion derivatives 4 2 0 1 2 0 9

2 TIR 5 0 7 28 3 6 49
2 TIR longer 2 2 22 3 4 5 38

solo TIR 6 10 19 26 3 0 64
Total 19 19 48 59 13 12 170

Galileo    subfamilies  in the    D. mojavensis   genome  .  A phylogenetic  tree was built 

using the homologous TIR region of all the copies (Figure 3.2A). The tree shows five 

groups with significant statistical support, four of them (C, D, E and F) agree with the 

previously described Dmoj\Galileo  subfamilies  (Marzo et al. 2008), whereas the fifth, 

that we have named X, is a novel group (Figure 3.2A). The general relationship among 

the groups is similar to that found in the previous work, with two main lineages, one 

comprises the D, E and X group, and the other the C and F groups. Furthermore, the 

phylogeny also detected 12 chimeric copies (not shown in  Figure 3.2A) with the two 

TIR belonging to different phylogenetic groups. In addition, these copies are flanked by 

non-matching 7-bp sequences instead of identical direct target site duplications (TSD) 

as most other copies. 
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Figure 3.1.  Structures of representative Galileo copies found in the D. mojavensis genome. The black arrows 
are the TIR, the grey middle region is the transposase sequence, the yellow region is the F1 (spacing sequence  
between the TIR 1 and transposase coding segment),  the green region is the F2 (spacing sequence after the 
transposase-coding segment and the TIR-2).  The blue squares are tandem repeats found in the F group.  The 
region with bracketed pattern (>>>) is the extra TIR region recruited in the extended TIR copies. The black  
arrowheads are internal short inverted repeats found in C and D groups. NC copies are nearly-complete, NC_DD 
are deletion derivatives of the nearly-complete ones.



Results

163

Figure  3.2. Galileo phylogenetic  analyses.  A)  Unrooted  tree  inferred  using  241 TIR  sequences  of Galileo. 
Phylogenetic reconstructions were carried out by means of ML (PhyML) and BI (BEAST) methods using a  
HKY+G evolutionary model. Numbers on nodes indicate the support of each group as bootstrap and Bayesian  
posterior probability, respectively. The five groups show strong support. B) BEAST ultrametric summary tree 
inferred using 148 TIR sequences of Galileo (only one TIR of each Galileo copy was used and chimeric copies 
were excluded). The yellow bars correspond to the 95% Highest Posterior Density intervals for node ages. The 
ML best-fit model of diversification was a yule-2-rate in which a constant duplication rate changes to another 
constant rate at a certain time, and the discontinuous vertical line indicates the shift in the duplication rate (0.048  
substitutions/position, ~4.36 myr) and the grey area represents the 95% confidence interval obtained using  10,000 
trees sampled from the Bayesian analysis. C) Lineages Through Time (LTT) plots representing the accumulation 
of cladogenesis events. The black line shows the LTT plot of the summary Bayesian tree. Red and blue lines  
represent the mean and the 2.5% and 97.5% percentiles of the 10,000 sampled trees LTT plots, respectively.
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In order to explore the evolutionary dynamics of  Galileo  copies through time, an 

ultrametric tree was generated using a relaxed molecular clock (Figure 2B). In this case, 

only one TIR sequence per Galileo copy was included (usually TIR1, and in some cases 

TIR2 when TIR1 was not present or was too short) and chimeric copies were omitted. In 

this tree we included an estimation of absolute time, which provides ages for each node. 

If  we  take  into  account  the  common  ancestral  node  for  each  one  of  the  Galileo 

subfamilies, different ages are found. For example, the last common ancestral node for 

all the F copies is ~8.6 myr, which means this group would be the first one diversifying 

in this genome. It would be followed by E (~7.45 myr), C (~ 4.35 myr), D and X (these 

last  two less than 4 myr).  Most  of the copies  (~ 60%), regardless  the phylogenetic 

group, seem to be quite recent as they appeared in the last million year. In addition, the 

cumulative  graphic  of  Lineages  Through  Time  (LTT  plot)  showed  an  exponential 

growth of the number of  Galileo  sequences without any apparent deceleration in the 

curve (Figure 3.2C). Thus, Galileo has not stopped its transposition activity in the time 

depicted in the graphic. Furthermore, we have performed a diversification rate test and, 

at  least,  one  shift  has  been  detected  which  is  located  in  0.048  relative  time  units 

(substitutions/position) (~4.36 myr vertical discontinuous line in the tree,  Figure 3.2 B 

and C) where the rate of  Galileo  proliferation changes from 16.28 sequences/relative 

time units to 48.66 sequences/relative time units (95% confidence interval for each rate: 

5.87-30.31 and 39.77-58.24 lineages/time). These observations indicate that  Galileo  is 

still active or has been active until very recently.

Twenty Galileo  copies were found to contain variable portions of the transposase-

coding region (Table 3.1, SI Table 3.1), yet none of them harbours an intact ORF that 

can be translated into a functional protein (i.e. all of them contain chain termination 

mutations  and/or  deletions  and  frame-shift  mutations).  These  copies  belong  to 

subfamilies C, D, F and X, whereas no copies of the E subfamily contain any trace of 

the transposase-coding region. A phylogenetic tree was built with transposase-coding 

sequences longer than 2 kb found in the different subfamilies (12 Galileo copies in total, 

see methods). For comparison, the TIR region of these 12 copies was used to generate a 

new tree with the same methods. Both phylogenetic trees were similar and recovered the 

same groups (Figure 3.3, Table S3). However, the relationship among the subfamilies 

seem somewhat discordant: in the transposase-coding region tree groups F and D belong 
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to one of the main lineages, and groups X and C belong to the other, whereas the TIR 

tree shows the same relationship between groups found previously in the global TIR 

tree (Figure 3.2 A and B). Differences in topology can be due to different evolutionary 

histories, but also to phylogenetic uncertainty. In fact, the grouping of F and D in the 

transposase-coding tree has a low bootstrap support (41%). Moreover, an AU test was 

performed  (CONSEL  program)  to  test  if  any  of  the  two  topologies  could  be 

significantly rejected using the information in both alignments. This way, neither of the 

two topologies could be rejected in the case of the transposase alignment (TIR topology: 

P = 0.39,  transposase-coding topology: P = 0.61), indicating that information in the 

alignment  does  not  allow  discriminating  between  both  phylogenetic  hypotheses. 

However,  when the TIR alignment  was used,  we found that  the transposase-coding 

topology was significantly rejected (TIR topology P = 1; transposase-coding topology P 

= 7e-11). These results suggest that the position of the F subfamily in the transposase 

coding  segment  tree  might  be  biased,  as  a  consequence  of  the  reduced  number  of 

sequences used, phylogenetic noise in this Galileo region or recombination.
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Figure 3.3. TIR and transposase coding region phylogenies. 12 Galileo elements were used for these analyses. 
A) TIR phylogeny. B) Transposase phylogeny, PhyML analysis with JC+G+I evolutionary model. The AU test  
was performed to compare the two tree topologies.
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Galileo    structural variation  . Galileo  copies exhibit a striking amount of structural 

variation (Figure 1). For the purpose of description and analysis, we have grouped all 

copies into five structural groups: NC, DD, 2T, 2RT and solo-TIR (see methods). All 

phylogenetic groups except D and E contained copies of the five different structures 

described  (see  Table  3.1).  The  D  subfamily  lacked  2T  elements,  whereas  the  E 

subfamily did not contain any copy with transposase sequence (neither NC nor DD).

The  Galileo  TIR, defined as the terminal sequence inverted and repeated in each 

end, is the most variable region among the copies of the element, not only in nucleotide 

sequence as phylogeny shows but also in length. TIR length varies from 18 bp to 1250 

bp with  a  total  average  of  668 bp.  The variation  of  TIR length is  found in  all  the 

subfamilies (see SI Table 3.1 where means and standard deviation are found), but when 

the five subfamilies means are compared, the only pairs of comparisons that present 

statistical  differences  are  between  the  X  and  E  subfamily  and  X  and  F  subfamily 

(Tukey-Kramer  means  comparison  test,  P<0.05).  The  X  subfamily  possesses  the 

shortest  TIR,  and  subfamilies  E  and  F  the  longest  TIRs.  When  the  TIR  length  is 

compared among the different structural types, the only significant length different is 

found between the 2T and the 2RT type, which is in agreement with the classification 

criterion  (Tukey-Kramer  means  comparison  test,  P<<0.05).  We  have  explored  the 

sequences comprising the TIRs. Generally, the shortest TIRs are due to the lack of TIR 

sequence in one of the Galileo  ends. Thus, although one transposon end still posses a 

whole TIR, the repeated span gets shorter because of the sequence missing in the other 

end (it is not repeated any more). This is how some very short TIRs are found in copies 

like F subfamily 6680-244202 or X subfamily 6498-95069, E subfamily 4198-1393 or 

C subfamily 6540-613211 (see copy 4502-5732E in Figure 3.1).

On the other hand, when the longest TIR are explored, we have observed differences 

among the subfamilies. For example, in the F subfamily, the presence of direct tandem 

repeats inside the TIR (located in ~264-467 bp from the TIR end) seems to account for 

part of the variation in the TIR length. There are TIRs with no internal repeats and TIRs 

with two or three copies of the internal tandem repeat. Since the tandem repeat region is 

~210 bp long, when three copies of this sequence are present, TIR length increases by 

~420 bp. This fact was found in the TIR1 of 6500-30596F and 6500-31107F which are 

1264 and 1263 bp long because they harbour three internal tandem repeats. In contrast, 
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copies 6540-32286F or 6540-57500F harbour 892-bp TIRs due to the lack of internal 

tandem repeats. It is noteworthy that the tandem repeat expansion and contraction was 

only found in the F group and was located always in the same region of the TIR, except 

in copy 6500-30494F which harboured two tandem repeats located in 196-101 bp from 

the TIR2 end.

In the other groups, although the tandem repeat structure in the TIR was not found, 

some copies showed also longer TIR, when compared to the NC copies. In these cases, 

the detailed exploration of the TIR sequences uncovered the recruitment of non-TIR 

Galileo  sequences  (usually  the  region  found  immediately  after  the  TIR  in  the  NC 

Galileo element) to generate a longer TIR. For example, part of the sequence of the F1 

area (the sequences after TIR1 but upstream the transposase coding segment) appeared 

repeated  in  inverted  orientation  immediately  before  the  beginning  of  the  TIR2 

extending the repetitive span inside the  Galileo  element. This way, an originally non-

duplicated neither repetitive Galileo sequence made up a longer TIR. We observed that 

the extra region of TIRs can come both from the F1 or the F2 region, however, the F2 

region appeared duplicated only in the groups C (2 copies) and F (once as direct repeat, 

another time as inverted repeat and it is found in a chimeric copy, as well) whereas F1 

region appeared repeated in the C, D (2 copies), E (22 copies) and X (4 copies plus 2 

chimeric) groups.

The Galileo copy with the longest TIRs showed a combination of the two expansive 

traits: tandem repeat expansion (two times the tandem repeat in each TIR) along with 

the recruitment of 121 bp of F2 sequence in the TIR. This copy is 6500-29864F (see 

Table S2), and has TIR lengths of 1260 bp and 1241 bp (TIR1 and TIR2, respectively 

with a 95.2% of nucleotide identity). The second and third longest TIR copies belonged 

to the C group, where two 2RT copies recruited F2 region for the TIR reaching 1107 bp 

long. The next longest copy was found in the E group, followed by copies in the D and 

X groups (SI Table 3.2). It is noteworthy that the copies with the longest TIRs were 

never the nearly-complete ones but the non-autonomous without the transposase-coding 

ORF, i.e. 2T and 2RT copies (SI Table 3.1 and SI Table 3.2). All Galileo subfamilies 

present substantial TIR length variation, because in all the groups there are copies with 

very short and very long TIR.
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Chimeric  copies.  Twelve  Galileo  copies  were  composed  of  two  TIR  with  an 

unusually high nucleotide divergence and were bounded by different 7-bp sequences 

instead of identical TSD (see  SI Table 3.2). The TIR phylogeny confirmed that these 

Galileo copies were chimeric (not shown). Structurally, one of these copies was NC and 

all the others are 2T. Regarding the subfamily, there are 4 F/C (including the NC), 1 

F/D, 2 E/F, 1 E/C and 4 F/X. The contribution of each subfamily to the chimeric copies 

is in agreement with its abundance (Chi square test, P > 0.05). The fact that F TIR were 

more frequent in the chimeric copies would be due to the larger number of F copies in 

the genome. On the other hand, we have tested if the different subfamilies are randomly 

combined or  whether  there  are  subfamily  preferences  when the  chimeric  copies  are 

generated. We have not detected any significant departure from randomness (P>>0.05).

We have detected the presence of another kind of chimeric copies, with the two TIR 

from  the  same  phylogenetic  subfamily,  but  the  internal  region  from  another  one. 

Furthermore, the central region of all these copies seems to have the same origin, the 

central region of 6680-240698D, one of the 2RT copies of the D subfamily. The central 

region of this copy presents 441bp of F1 duplicated and inverted expanding the TIR 

length. When the E subfamily was explored, the central region of its copies presents 

high identity to this internal region of the 6680-240698D copy (98% of identity), while 

the 570 bp of the end of each TIR presents 77% of identity and, as the phylogenies 

show, belong to different subfamilies. Likewise, we have found this same central region 

in  two  2T  copies  classified  in  the  X  group  (copies  6498-29033  and  6500-29395, 

classified as X group, ~1640 bp total length). Thus, the same central region was found 

accompanied by TIRs from three different subfamilies, D E and X.

Galileo    chromosomal distribution and relationship with genes  . We have analysed 

the interchromosomal and intrachromosomal distribution of the Galileo copies (SI Table

3.3 and SI Table 3.4). 138 of the 170 Galileo copies are located in scaffolds assigned to 

the  D. mojavensis chromosomes  (Schaeffer et al. 2008). The remaining 32 copies are 

located in scaffolds that are likely to contain pericentromeric heterochromatin and have 

not been assigned to any chromosomes yet. The distribution of the 138 copies was 29, 

26,  43,  14,  3  and  23  for  D.  mojavensis chromosomes  X,  2,  3,  4,  5,  and  6  (dot), 

respectively. This interchromosomal distribution shows a significant departure from a 

random distribution (taking into account the size of each chromosome, chi square test 
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P<<0.05). There is an excess of Galileo copies in the dot chromosome, whereas fewer 

than expected copies are found in the chromosome 5.

In addition, we have explored, the intrachromosomal distribution of Galileo copies. 

In the  D. mojavensis there are three chromosomes (2, 3 and 4) represented each by a 

single major scaffold (6540, 6500, 6680, respectively) (Schaeffer et al. 2008)). We have 

subdivided  these  scaffolds  in  distal  (10%  of  the  sequence),  central  (80%  of  the 

sequence) and proximal (or centromeric, 10% of the sequence) segments in relation to 

the  position  of  the  centromere,  and  tested  if  Galileo  copies  present  a  uniform 

distribution in these regions. We observed a very significant departure from what was 

expected by chance, since Galileo copies tend to accumulate in the proximal region near 

to the centromere (P<< 0.01, in the three cases, SI Table 3.4).

Furthermore,  coordinates  of  Galileo  copies  have been compared to  those of  the 

predicted genes in  D. mojavensis genome (including protein-coding and RNA-coding 

genes). The 170 Galileo  copies were classified as follows: 23 are located in scaffolds 

without  genes,  23 are located  inside genes  (all  of  them inside introns)  and 124 are 

located in intergenic regions (see SI Table 3.5 and SI Table 3.6). The distances to the 

closest gene of the intergenic  Galileo  copies ranged from 29 to 110537 bp (average 

11439bp,  median  5253bp).  No  correlation  was  observed  between  copy  length  and 

distance to the nearest  gene (Spearman's  rho P>>0.05),  or between copy length and 

intergenic  region  length  (Spearman's  rho  P>>0.05).  There  was  no  differential 

distribution regarding the 5' or 3' gene regions (chi-square test P>>0.05) neither when 

the  different  subfamilies  (P>>0.05,  from  1  to  0.36)  or  the  structural  Galileo  type 

(P>>0.05, from 0.22 to 1) were taken into account.

A set of 17 Galileo copies are located very close to genes (less than 500 bp, SI Table

3.5). The function of these genes have been explored and they are involved in different 

cellular processes, such as tRNAs, methyl transferases, helicases, DNA binding proteins 

and  14  of  them possess  a  D.  melanogaster ortholog.  Another  group  of  copies  (23 

Galileo)  have  been  found inside  genes.  In  all  the  cases  the  Galileo  elements  were 

located inside16 different introns (in some introns there were more than one  Galileo 

element). The length of these introns ranged from 1478 to 172415 bp, and 10 of the 16 

genes whose introns harboured Galileo copies, have been assigned an orthologous gene 
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in  D. melanogaster. (SI Table 3.6). There was no correlation between  Galileo  length 

and  intron  length,  neither  type  nor  subfamily  is  over-represented  inside  the  genes 

(P>>0.05).
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3.5.- Discussion

In a previous work, we uncovered the presence of Galileo elements in six of the 12 

sequenced  Drosophila  genomes  (Marzo  et  al.  2008).  Among  them,  D.  mojavensis 

genome  showed  the  highest  variability  in  Galileo  sequence  and  structure.  A  small 

sample of 16 nearly-complete copies that contained transposase-coding sequences and 

20  non-autonomous  copies  was  analysed.  Analysis  of  the  TIR  sequence  variation 

showed that  the  copies  clustered  in  four  different  groups  or  subfamilies  (that  were 

named  C,  D,  E  and  F).  Two  of  these  subfamilies,  C  and  D,  harboured  truncated 

transposase coding region, while the other two groups were only composed by non-

autonomous copies (mainly 2 TIR structure). The existence of different groups in the 

same genome suggested different amplification bursts in the past. Furthermore, a high 

variability in TIR length was detected. Since the TIR length is the most characteristic 

feature of Galileo elements, the D. mojavensis genome offered the opportunity to study 

this trait in detail.

Here, we carried out a thorough analysis of Galileo variation and distribution in the 

D. mojavensis genome sequence. In the present work we have uncovered the existence 

of at  least  5 subfamilies of  Galileo  elements.  Four of them contain nearly complete 

copies with transposase-coding segments, what implies the putative co-existence of four 

fully functional subgroups. The co-existence of different subgroups or subfamilies has 

previously been reported for D. melanogaster P-element and other transposons (Hartl et 

al. 1997; Quesneville et al. 2006; Miskey et al. 2007; Moschetti et al. 2008). There are 

two main hypotheses which would explain the co-existence of different subfamilies in 

the same genome: horizontal transfer and genomic diversification. On the one hand, in 

case  of  horizontal  transfer  events,  the  Galileo  element  could  have  arrived  to  D. 

mojavensis via  some close  spatio-temporal  species,  such  as  mites  or  other  intimate 

parasites  (Houck et al. 1991; Silva et al. 2004; Le Rouzic & Capy 2005; Loreto et al. 

2008). If the five subfamilies (C, D, E, F and X) had arrived through this mechanism, 

this  would imply at  least  5 independent events of successful horizontal  transfer and 

invasion of D. mojavensis genome. If our estimation of each subfamily age is taken into 

account, these horizontal transfer events would have happen in a ~5 myr period, which 

would mean an average of one horizontal  transfer event per million year. When the 
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variability  of the age nodes is  taken into account,  this  time range reaches ~9.5 myr 

(from 0.125 to 0.02 changes/time, 11.36 and 1.81 myr, respectively), which would mean 

~0.53  horizontal  transfers  per  myr.  This  would  imply  something  like  a  “Galileo 

bombing” against  D. mojavensis genome in the past. This HT rate is higher than the 

0.04  HT/myr/family  obtained  by  Bartolomé  et  al.  (2009),  even  if  we  divide  our 

estimation among the number of  Galileo  subfamilies, we still get a higher rate of 0.1 

HT/myr/subfamily. This massive horizontal transfer seems unlikely.

On the other hand, the different Galileo subfamilies could have diverged vertically 

from an ancestral resident in the genome. This putative ancestor sequence would have 

existed ~18 myr ago (0.20 units/relative time, considering 0.011 changes/position/myr 

(Tamura  et  al.  2004),  as  it  is  seen  in  our  Beast  ultrametric  tree  (Figure  2B).  Such 

functional  differentiation  would have to  be driven by specific  selective  pressures  to 

form several subfamilies producing distinct  Galileo  transposases to overcome the cell 

transposition  repression.  When  a  new  transposase  appears  along  with  high-affinity 

sequences,  a  tranposition  burst  would  happen.  After  that,  truncated  copies  of  the 

successfully transposed ones would appear, rendering deletion derivatives, 2T, 2RT and 

solo_TIR  copies.  In  each  subfamily,  all  these  structural  types  would  appear 

independently  and  could  spread  while  they  conserve  the  affinity  for  the  enzymes 

encoded elsewhere in the genome by an autonomous copy  (Le Rouzic & Capy 2006; 

Gonzalez & Petrov 2009; Yang et al. 2009). This is the landscape Galileo presents in D. 

mojavensis genome.

Furthermore, another factor that would influence the Galileo  diversification would 

be  the  genetic  drift,  which  is  very  sensitive  to  the  host  population  structure.  D. 

mojavensis is a species with very divergent populations which are even considered as 

races. It could be possible that in each population a different Galileo subfamily evolved 

and secondary contacts with these populations mixed the different groups. However, our 

time estimation of each subfamily it is not in agreement with the putative ages of the 

different D. mojavensis races, which would have probably less than one myr (Machado 

et  al.  2007;  Reed et  al.  2007).  Thus,  population  structure  seems not  to  explain  the 

existence of Galileo subfamilies in D. mojavensis.
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Nevertheless,  the two mechanisms,  horizontal  transfer and genetic  diversification 

are  not  mutually  exclusive,  thus,  a  combination  of  the  two phenomena  could  have 

happened. However, it seems more parsimonious the vertical diversification of Galileo. 

Our  estimations  depicted  that  D.  mojavensis Galileo  subfamilies  have  a  common 

ancestor  ~18  myr  ago.  This  is  showing  us  that  Galileo  has  an  old  history  in  D. 

mojavensis, which is in agreement with the Galileo ancient origin in the genus (Marzo 

et  al.  2008).  Likewise,  recent  data  from the  repleta  Drosophila  species  group have 

uncovered the existence of  Galileo  elements in almost all the species of the complex 

(Andrea  Acurio,  Deodoro  Oliveira  and  Alfredo  Ruiz,  in  preparation).  However, 

although the Galileo last common ancestor in the genus could be as old as the origin of 

the Drosophila genus, the subfamilies found in D. mojavensis diversified quite recently 

(4-9 myr ago). Consequently, only closely related species to D. mojavensis are expected 

to harbour these very same subfamilies, and other different subfamilies probably exist in 

more distantly related species.

The  genomic  dynamics  of  transposons  seems  to  be  similar  for  the  different 

subfamilies. The natural cycle of a transposon would begin with the invasion of a new 

genome of a fully functional transposon, for example through horizontal transfer (Silva 

et  al.  2004; Le Rouzic & Capy 2006;  Loreto et  al.  2008).  After  that,  since class  II 

transposition depends entirely on the cell replication and repairing machineries of the 

double strand breaks, the truncated copies start  to appear due to errors in the repair 

process. Likewise, the truncated copies that would maintain the sequences recognised 

by the transposase, would be able to spread better than the complete copies, probably 

due to the overcome of the putative length penalty some transposons suffer (Atkinson & 

Chalmers 2010). Moreover, even shorter copies would appear, the so-called MITEs and, 

eventually,  the  transposon  would  end  inactivated  and  disappear  (Silva  et  al.  2004; 

Feschotte & Pritham 2007).

Galileo element structures clearly show this dynamics. The nearly-complete copies 

are  5.2  kb  average  length  and  a  gradient  of  shorter  copies  with  different  deletions 

appeared. This way, a bunch of copies where no transposase sequence is found appears, 

which is composed almost entirely of TIR. Maybe, these copies could be considered as 

Galileo MITEs, but there are some drawbacks for this definition. First of all, the main 

trait of MITE is its length, usually less than 600bp (Feschotte et al. 2002; Feschotte & 
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Pritham 2007; Wicker et  al.  2007).  Galileo  2-TIR elements  are 1.7- 2.2 kb average 

length, mainly due to the TIR length per se. Secondly, MITEs usually posses sequences 

which are not found in the complete copies, a fact that made very difficult to find the 

parental  elements of the first MITEs  (Feschotte et al. 2003). In  Galileo, the changes 

from the most complete copies to the 2TIR elements are traceable virtually all copies. 

Finally, although the 2TIR copies outnumber the nearly-complete ones, the number of 

copies  is  not  as  many  as  the  MITEs  thousand  copies  reached  in  some  genomes 

(Feschotte  & Pritham  2007).  Thus,  we  propose  2TIR element  tag  for  this  kind  of 

Galileo copies.

Regarding  the  Galileo  TIR  dynamics,  we  have  observed  length  expansion  and 

contraction. On the one hand, for the contraction, the genomic deletion rate in TEs has 

been studied and would explain how this would happen (Petrov & Hartl 1998). On the 

other hand, the expansion of the TIR would be a bit more complex than deletion. The 

expansion of the TIR in the F groups is mainly due to the expansion and contraction of 

the direct tandem repeats which are located inside the TIR. We have observed different 

number  of  tandem  repeats  in  each  of  the  TIR  of  a  Galileo-F  copy,  rendering 

independent TIR dynamism. This would be in agreement with the statement that any 

region generated by duplication can thereafter be duplicated  (Newman & Trask 2003; 

Fiston-Lavier et al. 2007). Furthermore, the tandem repeats in the TIR or in subterminal 

regions  of  transposons  have  been  proposed  to  be  secondary  binding  sites  for  the 

transposase  (Cheng et  al.  2000;  Cui  et  al.  2002; Moschetti  et  al.  2008;  Marquez & 

Pritham 2010). In our case, Galileo elements contain these tandem repeats as well, and 

they  have  been  found  independently  in  two  different  subfamilies:  D.  mojavensis 

F(Dmoj\GalileoF) and D. buzzatii G (Dbuz\GalileoG) (Casals et al. 2005; Marzo et al. 

2008, 2011). The multiple binding sites seems to be a convergent trait that appears in 

different  transposable  element  superfamilies  and could  be positively  selected  for  an 

improved  transposition  reaction,  thanks  to  a  higher  affinity  for  the  transposition 

machinery.

Besides  the  tandem  repeat  expansion,  we  have  detected  another  source  of  TIR 

extension: the recruitment of internal sequences to extend the TIR. This could be due to 

the structure of the Galileo sequences, where two close inverted repeats of least ~600 bp 

long might attract recombination,  whether due to the DSB after transposon excision, 
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the  structural  instability  or  ectopic  recombination  as  a  result  of  being  a  genomic 

dispersed repetition. We could suggest that  Galileo would have a behaviour similar to 

the segmental duplications besides its transpositional nature. Segmental duplications are 

repetitive  regions  of  the  genome that  are  able  to  recombine,  exchange  and convert 

sequences (Bailey & Eichler 2006). For example, if a Galileo copy suffers a DSB in the 

TIR2  (due  to  a  problem during  replication  step,  for  example)  it  could  be  repaired 

through non-allelic homologous recombination (NAHR). If for repairing this TIR2 it is 

used as template the TIR1 of a copy of the same subfamily (the two TIR present 98-

100% nucleotide identity between the TIRs of the same Galileo copy) it is possible that 

it would be copied more sequence than the strictly TIR. In that case, since the TIR1 is  

being copied where the TIR2 is located, the region that was downstream of the TIR1 

would appear upstream of the TIR2 as well, becoming a repetitive sequence in inverted 

orientation and extending the TIR span. The result is TIR1-F1-F1-TIR2. The expansion 

of  inverted  repeat  sequences  have  been  reported  for  segmental  duplications,  and 

Polintons inverted repeats (TE), thus, the dynamics of inverted repeats seems a general 

genomic dynamic trait (Cáceres et al. 2007; Fiston-Lavier et al. 2007; Jurka et al. 2007)

Thus,  we can imagine  ectopic  recombination  and genomic  conversion would be 

acting among all  Galileo  copies and different products may appear, among them the 

chimeric elements. In these cases, if one of the exchange breakpoints (of the conversion 

tract) is located inside the element, it would generate a chimeric element with two well-

defined segments from two different subfamilies. These chimeric copies resemble the 

Galileo copies found in the breakpoints of polymorphic inversions in D. buzzatii, what 

is in agreement  with the  Galileo  inversion generations due to ectopic recombination 

attraction (Cáceres et al. 1999; Casals et al. 2003; Delprat et al. 2009). Furthermore, if 

the two exchange breakpoints  are  located inside the element,  this  would render,  for 

example,  the  X-E-X copies  and,  probably,  this  could  be the  origin  of  the  whole  E 

subfamily as well.

We would like to propose that long TIR, although they imply a handicap for the 

transposition  reaction  (Atkinson  &  Chalmers  2010),  they  could  be  useful  for  the 

survival of the transposon: the more recombination rate among these sequences due to 

the length  of  the TIRs,  the more  chance  to  appear  a  new  Galileo  subfamily.  There 

would  be  more  raw material  where  the  transposase  could  choose  from and  a  new 
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transposition  burst  would  be  triggered.  The  TIR  length  dynamics,  along  with  the 

chimeric  origin  observed  among  Galileo  copies  is  in  agreement  with  an  important 

dynamic  DNA  exchange  of  sequences  and  recombination  (Bailey  &  Eichler  2006; 

Cáceres et al. 2007; Fiston-Lavier et al. 2007). Thus, this would explain why different 

non-related class II transposon present subfamilies with long TIR and why TIR length is 

not a reliable feature for transposon classification (Ivics et al. 1997; Cheng et al. 2000; 

Moschetti et al. 2008; Marquez & Pritham 2010).

Generally, the mutations or inactivation of the transposase sequence drives the death 

of a transposon, because without the transposition reaction there is no duplication of the 

sequences. The fact that we have not found any Galileo functional transposase, points 

out that Galileo may be an inactive element. However, our Galileo sequences lineages 

through time (LTT) plot, where the accumulation of nodes in the tree is depicted, did no 

show any decrease or stationary rate of Galileo sequences duplication. Thus, if Galileo 

is not still active, it has stopped working quite recently. In this regard, it is worth to 

mention that in genome sequencing projects, there are heterochromatic regions that have 

not been sequenced. Furthermore, there is a lot of variability among the individuals of a 

species which it  is not represented by only one genome sequence.  Then, we cannot 

discard the existence of Galileo active sequences in other individuals or other genomic 

regions of D. mojavensis.
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3.6.- Supplementary material

Supporting tables list

SI Table 3.1. Summary table of the copies found (groups, structures and TIR length) 

and statistical tests.

SI Table 3.2. Detailed data of the Galileo copies included in this study.

SI Table 3.3. Interchromosome distribution of Galileo elements.

SI Table 3.4. Intrachromosome distribution of Galileo elements and statistical tests.

SI Table 3.5. Nearest genes to Galileo copies.

SI Table 3.6. Intronic Galileo copies.
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SI  Table  3.1.  Copy  total  element  length  and  TIR  length  in  the  different  Galileo 
subfamilies and subgroups.

C
Total length TIR length

N Mean Std. Dev. N Mean Std. Dev.
Nearly complete (>2 kb TPase) 2 5912.5 108.19 2 704.5 82.73

Nearly complete deletion derivatives 4 4070 1185.41 3 730.67 34.00
2 TIR 5 1383.8 530.50 5 318.3 242.31

2 TIR longer 2 3119 0 2 1107 0
solo TIR 6 772.5 171.47 - - -

Total 19 2504.5 617.208

D
Total length TIR length

N Mean Std. Dev. N Mean Std. Dev.
Nearly complete (>2 kb TPase) 5 5283.8 657.41 5 545.2 41.482

Nearly complete deletion derivatives 2 3286 147.08 0 0 0
2 TIR 0 0 0 0 0

2 TIR longer 2 1860.5 443.36 2 735.5 392.44
solo TIR 10 552.2 146.68 - - -

Total 19 2222.67 599.57

E
Total length TIR length

N Mean Std. Dev. N Mean Std. Dev.
Nearly complete (>2 kb TPase) 0 0 0 0 0 0

Nearly complete deletion derivatives 0 0 0 0 0 0
2 TIR 7 1424.86 695.49 7 289.07 225.93

2 TIR longer 22 2114.045 369.76 22 907.21 210.37
solo TIR 19 778.90 285.43 - - -

Total 48 1469.29 758

F
Total length TIR length

N Mean Std. Dev. N Mean Std. Dev.
Nearly complete (>2 kb TPase) 1 0 0 1 733 0

Nearly complete deletion derivatives 1 0 0 0 0 0
2 TIR 28 1424.86 695.49 28 709.88 308.85

2 TIR longer 3 2114.046 369.76 3 1086.83 180.03
solo TIR 26 778.90 285.43 - - -

Total 59 1528.42 776

X
Total length TIR length

N Mean Std. Dev. N Mean Std. Dev.
Nearly complete (>2 kb TPase) 1 5047 0 1 147.5 0

Nearly complete deletion derivatives 2 2249.5 245.37 2 168 0
2 TIR 3 1262.33 666.27 3 311.67 192.84

2 TIR longer 4 1723.25 77.66 4 581.75 28.01
solo TIR 3 517 209.45 - - -

Total 13 1675.15 374.55
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Chimeric
Total length TIR length

N Mean Std. Dev. N Mean Std. Dev.
Nearly complete (>2 kb TPase) 1 6239 0 1 873.5 0

Nearly complete deletion derivatives 0 0 0 0 0 0
2 TIR 6 1769.17 389.7474 6 599.67 196.51

2 TIR longer 5 1903.6 576.99 5 491.3 252.22
solo TIR - - - - - -

Total 12 2197.67 528.65

Total
Total length TIR length

N Mean Std. Dev. N Mean Std. Dev.
Nearly complete (>2 kb TPase) 10 5356.6 745.61 10 588.9 196.24

Nearly complete deletion derivatives 9 3436.11 1047.91 5 505.6 309.12
2 TIR 49 1738.88 562.31 49 571.93 322.95

2 TIR longer 38 2139.5 497.62 38 833.88 271.38
solo TIR 64 741.47 234.82 0 0 0

170 1755.59 1259.58 102 667.93 317.045

Statistical Tests
1. Total   Galileo   length.  

Galileo length distribution
Fitted Normal
Parameter Estimates

Type Parameter Estimate Lower 95% Upper 95%
Location μ 1755.5941 1564.8851 1946.3031

Dispersion σ 1259.5819 1138.4166 1409.8387
-2log(Likelihood) = 2908.54105324984

Goodness-of-Fit Test: Shapiro-Wilk W Test

W Prob<W
0.834216 <.0001*

Ho = The data is from the Normal distribution. Small p-values reject Ho.
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Galileo length by Galileo subfamily
Means Comparisons: Comparisons for all pairs using Tukey-Kramer HSD
Abs(Dif)-LSD 

C D Chimeric X F E
C -1148.26 -955.473 -1087.05 -533.405 -58.4314 -28.685
D -955.473 -1148.26 -1279.84 -726.195 -251.221 -221.474

Chimeric -1087.05 -1279.84 -1444.87 -894.295 -463.593 -429.642
X -533.405 -726.195 -894.295 -1388.18 -949.693 -916.45
F -58.4314 -251.221 -463.593 -949.693 -651.617 -632.487
E -28.685 -221.474 -429.642 -916.45 -632.487 -722.433

Positive values show pairs of means that are significantly different.
Level Mean

C A 2415.6316
D A 2222.8421

Z.Chimeric A 2197.6667
X A 1675.1538
F A 1540.4915
E A 1485.0417

Levels not connected by same letter are significantly different.

Total length distribution in the different Galileo subfamilies of D. mojavensis.

Galileo length by Galileo structural type
Means Comparisons: Comparisons for all pairs using Tukey-Kramer HSD
Abs(Dif)-LSD 

1.NC 2.NC_DD 4.Longer_2TIR 3.2TIR 5.SOLO
1.NC -619.371 1284.146 2724.874 3137.145 4144.195
2.NC_DD 1284.146 -652.874 783.1924 1194.971 2201.598
4.Longer_2TIR 2724.874 783.1924 -317.731 101.2543 1114.4
3.2TIR 3137.145 1194.971 101.2543 -279.803 734.511
5.SOLO 4144.195 2201.598 1114.4 734.511 -244.828
Positive values show pairs of means that are significantly different.
Level Mean
1.NC A 5356.6
2.NC_DD B 3436.1111
4.2RT C 2139.5
3.2T D 1738.8776
5.SOLO E 741.4688
Levels not connected by same letter are significantly different.
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Total length distribution in the different Galileo structural types of D. mojavensis.
1.   Galileo TIR length.  

TIR length distribution
Fitted Normal
Parameter Estimates

Type Parameter Estimate Lower 95% Upper 95%
Location μ 661.95146 599.16181 724.74111
Dispersion σ 321.27395 282.58952 372.32654
-2log(Likelihood) = 2908.54105324984

Goodness-of-Fit Test: Shapiro-Wilk W Test

W Prob<W
0.954506 0.0014*

Ho = The data is from the Normal distribution. Small p-values reject Ho.
TIR length by Galileo subfamily
Means Comparisons: Comparisons for all pairs using Tukey-Kramer HSD
Abs(Dif)-LSD 

F E C D Z.Chimeric X
F -223.629 -215.854 -174.065 -226.88 -134.19 47.31895
E -215.854 -230.963 -188.276 -240.578 -148.401 33.28627
C -174.065 -188.276 -365.184 -407.789 -325.309 -140.35
D -226.88 -240.578 -407.789 -478.138 -403.188 -215.8
Z.Chimeric -134.19 -148.401 -325.309 -403.188 -365.184 -180.225
X 47.31895 33.28627 -140.35 -215.8 -180.225 -400.039
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Results

Level Mean
F A 745.9375
E A 734.46667
C AB 617.20833
D AB 599.57143
Z.Chimeric AB 577.33333
X B 374.55
Levels not connected by same letter are significantly different.

TIR length by Structural Type
Means Comparisons: Comparisons for all pairs using Tukey-Kramer HSD
Abs(Dif)-LSD 

4.2RT 1.NC 3.2T 2.NC_DD
4.2RT -176.177 -27.9503 95.9579 -37.0464
1.NC -27.9503 -343.432 -249.502 -337.316
3.2T 95.9579 -249.502 -155.147 -294.2
2.NC_DD -37.0464 -337.316 -294.2 -485.686
Positive values show pairs of means that are significantly different.
Level Mean
4.2RT A 833.88158
1.NC AB 588.9
3.2T B 571.92857
2.NC_DD AB 505.6
Levels not connected by same letter are significantly different.
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Discussion

1.- Galileo and the P-element superfamily of transposons

Galileo was discovered by our research group in D. buzzatii (Cáceres et al. 1999, 

2001).The first Galileo sequences did not harbour any coding region neither presented 

any significant identity to any know TE. Thus, Galileo was tentatively classified as a 

class II Foldback-like tranposon, due to its structure, which was mainly composed by 

long internally repetitive TIR (Cáceres et al. 2001; Casals et al. 2005). In the present 

thesis, the putatively complete copy of Galileo with transposase-coding segment was 

isolated from D. buzzatii. In addition, similar nearly-complete elements were detected in 

6 of the 12 sequenced Drosophila genomes. These observations provided valuable 

information for a new classification of the transposon. The transposase analysis showed 

significant identity to the P-element and 1360 transposases along with the same 

functional protein domains. This fact allowed a functional classification of Galileo in 

the P-element superfamily of DNA transposons (Class II, subclass I, TIR elements 

order, Wicker et al. 2007) which predicts a similar transposition reaction. Conceivably, 

all the P-element superfamily members transpose through a cut-and-paste reaction, 

where transposon staggered ends are generated after the transposon excision and TSD 

appear after the transposon insertion.

In this sense, the TSD present different lengths among the P-element superfamily 

members. The P-element  generates 8-bp palindromic TSD, whereas  Galileo  and 1360 

present palindromic TSD of 7-bp. Although the length of the TSD can be used as a 

diagnostic trait for TE classification (Wicker et al. 2007), there is variability in its length 

within  several  transposon  superfamilies,  such  as  MuDR,  CACTA,  Merlin,  Banshee 

(reviewed in  Feschotte & Pritham 2007). Likewise, TIR length is also a variable trait 

within different transposon superfamilies, such as, MuDR, Tc1/mariner, PIF-harbinger, 

(Feschotte & Pritham 2007; Wicker et al. 2007). Despite the length differences, it is 

noteworthy that  TIR and TSD ends  of  P-element,  Galileo  and  1360 start  with  CA 

sequence. Since the transposase binding site is not located at the very end in Galileo and 

P-element,  the reason of this conservation could be the need of this sequence for the 

endonuclease reaction of the transposon excision.
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Element Total length TIR Transposase 
coding segment

Introns Protein residues TSD

P-element 2907 31 2256 3 751 8
1360 3614 31 2564 no 863 7
Galileo 5407 1229 2739 no 912 7

Table 1.1: Comparison of different features of P-element, 1360 and Galileo. Both P-element  
and 1360 are from D. melanogaster and Galileo corresponds to the synthetic copy from D. 
buzzatii (Marzo et al. 2008). P-element accession number: K06779; 1360 accession number: 
AE014135 (D. melanogaster dot chromosome, coordinates 809591-813204).

Regarding the transposase of this superfamily, Galileo and 1360 putative proteins 

harbour the same domains present in the P-element transposase. From our analysis, the 

Galileo  THAP domain is longer than the other THAP domains (such as  P-element  or 

THAP1, see Results-Chapter two) and presents a longer N-terminal region as well. This 

longer  THAP  domain  sequence  could  be  related  to  the  longer  binding  site  of 

Dbuz\GalileoG.  Despite  its  increased  length,  in  accordance  to  other  traits  of  the 

transposon,  the  Galileo  binding  site  sequence  conserves  the  proposed  consensus 

nucleotides (Campagne et al. 2010; Sabogal et al. 2010). Thus, we can conclude that the 

THAP domain of  Galileo  presents significant  amino acid identity  with other THAP 

domains and there is also similarity in the recognised nucleotide sequence.

After  the  THAP  domain,  there  is  a  coiled  coil  region  where  the  transposase 

interacts with other transposase monomers for assembling a transposase multimer. This 

multimer is a tetramer in the P-element (Tang et al. 2007). Presumably, Galileo would 

interact in the same way, although a different number of units in the multimer could be 

expected, similarly to other superfamilies of transposons, such as  Tc1/Mariner, where 

Mos1 acts as a dimer and Hermes as an hexamer (Hickman et al. 2005; Richardson et al. 

2006). Since we have only predicted these regions using computational tools, further 

experimental analysis with the purified transposase would be very interesting.

The next domain that appears in the  P-element  transposase is the GTP binding 

domain.  The GTP acts as an allosteric  co-factor and it is not hydrolysed during the 

reaction  (Rio 2002; Tang et  al.  2005).  Recently,  this  domain has been delimited by 

Sabogal  & Rio (2010) after  isolating it  and checking that  the GTP binding activity 

remained. These residues can be located in the Galileo transposase when aligned with 

the  P-element  transposase.  In  the  P-element  the  GTP binding  domain  is  located  in 

residues 275 to 409, and in Duz\GalileoG, in residues 403 to 519. This region presents 

212



Discussion

27% aminoacid identity when the two transposases are aligned (21.3% identity fot the 

entire  protein).  Thus,  Galileo  seems  to  harbour  this  domain  as  well.  Experimental 

evidences  would  be  needed  to  corroborate  the  involvement  of  GTP  in  Galileo  

transposition reaction and to conclude that GTP would be an important cofactor in the 

Galileo transposition like in the P-element transposition.

The last domain in the transposase of the  P-element  superfamily is the catalytic 

domain, which is characterised by a high proportion of acidic residues and performs 

cuts in the DNA through an endonuclease reaction (Rio 2002). The catalytic domain of 

almost all DNA transposons shared the DDE signature with integrases of retroelements, 

however,  the  P-element  did not seem to present it  (Hickman et al.  2010).  Recently, 

Yuan and Wessler (2011) have studied systematically a broad sample of transposases of 

different  superfamilies  with  the  aim  of  uncovering  conserved  residues  not  detected 

before. This way, they have found the DDE motif in the P-element superfamily among 

other  superfamilies.  The  residues  proposed  by  Yuan  &  Wessler  (2011) are  not  in 

agreement with those proposed by Rio (2002). In this this work, the catalytic domain of 

the  Galileo  transposase was found and the key catalytic residues identified (Results – 

Chapter 1) based on Rio 2002. However, Yuan and Wessler (2011) suggested other key 

catalytic  residues  in  Dbuz\GalileoG transposase,  which  are  D337,  D426  and  E651. 

There is only one residue in common with those proposed by Rio (2002), E651. Since 

the  proposed  residues  are  highly  conserved  among  the  superfamily  transposases, 

including  Galileo  from different  species,  it  would be very interesting to corroborate 

experimentally  its  key  role  in  the  transposition  reaction  along  with  the  Mg++ 

conjugation.

The catalytic domain cuts the transposon at the very end of the TIR, thus, the 

conservation found in this region must be very important for the proper cut of the 

transposon. This fact could be the reason why the most conserved region of the different 

Galileo subfamilies is the end of the TIR, especially the nine terminal nucleotides: 

CACTACCAA (CACTGCCAA in C, D, E and X D. mojavensis subfamilies). 

However, when the different families of the P-element superfamily are compared, this 

conservation is only found in the first two residues of the TIR (CA). Although there are 

few residues conserved, they might be a trait of  a common catalytic domain. Maybe, 
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the fact that other cut-and-paste transposon TIR start with CA (such as some hAT, 

CACTA or transib, Feschotte & Pritham 2007; Yuan & Wessler 2011) is another trait of 

the shared DDE domain (Hickman et al. 2010; Yuan & Wessler 2011).

Since  these  three  elements,  Galileo,  1360 and  P-element,  probably  share  a 

common ancestor, we could hypothesise which of them could be the most similar to the 

ancestor of the group. Since the three main members of the P-element superfamily are 

contained in Drosophila genus species, the species distribution of these elements would 

shed some light on the evolutionary relationships among P-element, 1360 and Galileo, 

at least in this host genus. The P-element does not exist in the Drosophila subgenus but 

Galileo and 1360 have been found in the two main subgenera of the Drosophila genus. 

This could be indicating a more ancient origin of Galileo and 1360 in the whole genus, 

which would be in agreement with the lack of complete functional copies found so far. 

However, since more than 2000 species make up the  Drosophila  genus, the study of 

more species could uncover very different landscapes.

To sum up,  Galileo  classification is strong and well-supported. The variation in 

TSD and TIR length does not represent any classification conflict. From our experience, 

we  corroborate  that  the  most  powerful  criterion  for  transposon  classification  is  the 

transposase similarity, which is where the transposition mechanism reside.

2.- Long TIR and transposon evolution

Since transposons do not present any selective constraint for the host, they evolve 

neutrally, with the only requirement of keeping the transposase affinity. Furthermore, 

since the cell would be repressing the TE activity, the mobile elements would be more 

able to avoid the cell repression if they are freer to change. However, there is a region 

with some constraint, the coding sequence. Thus, the higher conservation found in the 

transposase region, where homology is detected, is in agreement with the transposon 

selective  constraint  that  would  keep  it  active  in  the  genome.  Thanks  to  this 

conservation, it is possible to relate divergent transposons in superfamilies, such as the 

case of  Galileo, P-element  and  1360 (Feschotte  & Pritham 2007; Jurka et  al.  2007; 

Wicker et al. 2007).
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Excision of cut-and-paste transposons generates double-strand breaks which have 

to be repaired by the cell machinery. This repair is one of the mechanisms that cut-and-

paste transposon use for their proliferation, along with the coupling of transpositional 

activity to S phase of the cell cycle (Craig et al. 2002; Feschotte & Pritham 2007). On 

the one hand, as in the case of P-element, the staggered ends can join through non-

homologous end joining (NHEJ) and a footprint of the transposon would remain at the 

donor site (Engels et al. 1990). On the other hand, this double strand break can be fixed 

through a gap repair process using the sister chromatid (G2 cellular stage) or the 

homologous chromosome (G1 cellular stage) as template through a synthesis-dependent 

strand annealing (SDSA, Formosa & Alberts 1986). This way, transposon sequence 

could be both, restored at the donor site or completely erased, depending on the content 

of the template sequence. (Engels et al. 1990; Rio 2002). Furthermore, besides the sister 

chromatid or the homologous chromosome, any copy of the transposon could be used as 

template as well in the gap repair process (Hastings 1988; Gloor et al. 1991). The 

interruption of the SDSA process would cause a deleted copy (Engels et al. 1990; Gloor 

et al. 1991; Plasterk 1991; Hsia & Schnable 1996; Dray & Gloor 1997; Rubin & Levy 

1997). This way, transposon copies get shorter and there is no selective constraint that 

would prevent it. Moreover, shorter copies can exhibit a higher transposition rate (as 

long as the sequences needed for transposase binding and cutting are kept in the copy) 

than the complete ones and they could outnumber the longest ones (Yang et al. 2009; 

Atkinson & Chalmers 2010).

The spreading of the incomplete copies would have two effects: on the one hand, 

the insertion of short copies would have a lower impact in the new genomic location 

than the longer ones. These insertions would be less harmful for the host and these 

copies would have advantage over the longer ones, favouring again the spreading of 

shorter copies. On the other hand, the more transposase target sequences which no 

transposase production, the less transposition rate, due to the lack of all the required 

transposase monomers in a given copy at a given time. This is a titration effect which 

down-regulates the transposition rate and it would be another reason for the short copies 

be less deleterious than the longest ones. Nevertheless, all these mechanisms seem to be 

a death sentence for the transposon. This fate, however, could be overcome by the 

arrival of new TEs through horizontal transfer or by reactivation of formerly inactive 
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copies (Kidwell 1992; Silva et al. 2004; Sánchez-Gracia et al. 2005; Loreto et al. 2008). 

We would like to propose that cut-and-paste transposon reactivation could be enhanced 

by long TIR.

Long-TIR elements have arisen in several transposon superfamilies besides the P-

element  superfamily  (Feschotte  & Pritham 2007).  For  example,  relatively  long TIR 

elements have been reported in the Tc1/mariner superfamily as well, such as Sleeping  

Beauty (225 bp), Tc3 (462 bp) and Minos (245 bp) (Collins et al. 1989; Franz & Savakis 

1991;  Ivics  et  al.  1997).  Another  example  is  the  Phantom transposon,  which  has 

recently been classified as a member of the Mutator superfamily (Marquez & Pritham 

2010). The TIR of Phantom are longer than other related families and present different 

structures, from simple long TIR to long internally repetitive TIR which resemble the 

Foldback  structure .  Since the TIR seems a dynamic trait in transposons, it  is not a 

reliable character for classification (Marzo et al. 2008; Marquez & Pritham 2010).

Long TIR could have a negative effect for transposons, because the more distance 

between the two TIR, the less efficiency in transposition reaction (Atkinson & Chalmers 

2010). Furthermore, DNA secondary structures appear with repetitive sequences 

rendering more chances of DNA breaks during replication. However, since the long TIR 

appear in different superfamilies they may entail some benefit for the transposon, 

although they could be a shared trait only by chance. Maybe, the long TIR expands a 

region without disrupting the promoter sequences and the CDS of the transposon. This 

way, new binding sites or other transposition enhancing sequences could be located in a 

longer TIR. Direct repeats, which correspond to binding sites, have been found in 

different transposons, such as Sleeping Beauty, Bari, Herves (Cui et al. 2002; Moschetti 

et al. 2008; Kahlon et al. 2011) and in Galileo we have strong evidences that its direct 

repeats would be binding sites as well. The existence of several binding sites in each 

TIR or transposon end could be useful for a more efficient recruitment of the 

transposition machinery, where the different binding sites could be driving the 

transposition proteins to the transposon ends.

Another positive effect of long TIR could be the fact that longer TIR are more 

prone to recombine and suffer gene conversion. Although it could be a drawback at first 
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sight, because ectopic recombination, along with deletion, are the main forces to prevent 

TE spreading (Petrov 2002; Petrov et al. 2003, 2010), gene conversion could favour, for 

example, the formation of highly identical TIR. Although in some transposons an 

asymmetry in the binding sites is needed for the transposition reaction (P-element and 

Herves for example Rio 2002; Kahlon et al. 2011), maybe other groups, such as long 

TIR elements (Galileo, Sleeping Beauty, Phantom) transpose better with highly 

identical and symmetrical binding sites. It would be very interesting to test how identity 

between the two long TIRs of a transposon affects the transposition reaction.

The  possibility  that  TIRs  could  behave  similarly  to  segmental  duplications 

provides the transposon with a faster change rate which could result in new sequences 

that could scape the titration down-regulation and start new transposition bursts. This 

phenomenon could be considered transposon reactivation,  being more useful  for the 

transposon survival compared to punctual mutations,  which would take very long to 

generate  new  transposon  subfamilies  or  variants.  In  this  sense,  conversion  and 

recombination  have  been  found  intimately  related  with  transposons  in  different 

organisms, such as  Wolbachia endosymbiont  (Cordaux 2009; Ling & Cordaux 2010), 

and other procaryotes (Redder & Garrett 2006; Beare et al. 2009), yeast (Roeder 1983), 

and metazoans, such as humans (Schwartz et al. 1998; Lee et al. 2008) or D. buzzatii,  

where inversions have been generated through TE ectopic recombination (Cáceres et al. 

1999; Casals et  al.  2003;  Delprat  et  al.  2009).  Furthermore,  the  Galileo  TIR length 

dynamics we have found in  D. mojavensis could be the result of this process as well 

(see Chapter  3 of Results).  Thus,  TEs evolution  seems linked to recombination and 

conversion where transposon long TIR would favour this association. This could be the 

reason  of  the  convergence  of  this  trait  in  different  superfamilies  of  cut-and-paste 

transposons.
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Conclusions

The following conclusions can be drawn from this work: 

1. Galileo  is a class II element (DNA transposon) belonging to subclass 1 order 

TIR and P-element superfamily.

2. Putative complete copies in  D. buzzatii are 5.4-kb long and contain long TIR 

(1.2 kb), a transposase-coding segment (2.7 kb) and spacing regions. 

3. Similarly  to  the  P-element  transposase,  the  Galileo  transposase  contains  the 

following  domains:  THAP  DNA  binding  domain,  coiled  coil  region,  GTP 

binding domain and catalytic domain similarly to the P-element transposase.

4. The common traits between Galileo and P-element are the palindromic structure 

of the TSD, the beginning of the TIR sequences (17 out of 31 bp including the 

first two nucleotides  CA) and the similarity in the transposase sequences along 

with equal disposition of the same protein domains in it.

5. The main differences between Galileo and P-element are: the length of the TSD, 

where  P-element  present  8-bp  and  Galileo,  7-bp;  the  TIR  length,  where  P-

element  present 31-bp and  Galileo  from ~500 bp to ~1,2 kb; the length of the 

putative  binding  site,  where  P-element  presents  10-11  bp  binding  site  and 

Galileo presents 18-bp. 

6. Galileo  is found, besides  D. buzzatii, in six of the 12 sequenced genomes:  D. 

mojavensis,  D. virilis,  D. willistoni,  D. ananassae,  D. pesudoobscura and  D. 

persimilis.  This  means  that  Galileo  is  found  in  the  two  main  subgenera  of 

Drosophila genus, Sophophora and Drosophila and it is likely widespread in the 

genus.

7. Galileo  presents  different  subfamilies  within  the  genomes  of  D.  mojavensis 

(GalileoC,  GalileoD,  GalileoE,  GalileoF,  GalileoX) and  D. virilis (GalileoA 

and GalileoB). Similarly, the D. buzzatii elements  Galileo,  Kepler and Newton 

can be  considered  as  subfamilies  of  Galileo  in  this  species  (Dbuz\GalileoG, 

Dbuz\GalileoN, Dbuz\GalileoK, prespectively).

8. The  transposase  phylogeny  generated  with  consensus  transposases  of  the 

Galileo elements found in each genome, presents a topology that differ from the 

species  phylogeny.  This  incongruence  could  be  due  to  horizontal  transfer, 
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incomplete  lineage  sorting  or  phylogenetic  artefacts,  such  as  long  branch 

attraction as a result of the high divergence the sequences analysed.

9. The  transposase  THAP  DNA  binding  domains  of  Dbuz\GalileoG, 

Dmoj\GalileoC,  Dmoj\GalileoD  and  Dana\Galileo  have  been  successfully 

reconstructed and expressed in vitro. They present specific binding activity for 

Galileo TIR sequences. 

10. The DNA binding domain of Dbuz\GalileoG was isolated and it was located in 

nucleotides 63-80 of the Galileo TIR. This 18-bp sequence shows similarity to 

the  binding  sites  of  other  THAP  domains,  such  as  those  of  P-element  

transposase or human THAP1 protein.

11. No  Galileo  transposase activity has been detected in our in vivo  transposition 

experiments

12. Within the genome of  D. mojavensis,  Galileo  presents, besides its nucleotide 

variability, huge structural variation in its copies. The TIR is the most variable 

region in length and structure of the element. This structural dynamism may be 

explained by several mechanisms, including deletion, duplication, recombination 

and conversion.

13. D. mojavensis genome contains five different Galileo subfamilies, four of them 

harbour  transposase  coding  regions  (none  of  them  coding  for  a  functional 

protein) and the fifth presents a putative chimeric origin. 

14. The  accumulation  of  linages  through  time  (LTT)  in  the  phylogeny  of  D. 

mojavensis Galileo  elements shows an exponential  increase of copies without 

any  trace  of  evident  deceleration  or  stationary  rate.  This  suggests  that  the 

element is still  active in  D. mojavensis genome or has been active until  very 

recently.
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