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VARIATION DES ELEMENTS TRANSPOSABLES DANS LES POPULATIONS NATURELSEDE

DROSOPHILA: NOMBRE DE COPIESTRANSCRIPTION ET ETAT DE LA CHROMATINE

Les éléments transposables (ET) sont une sourceuraagle variation génétique, ce qui
leur confere un réle essentiel dans I'évolution désomes. Certes présents dans tous les
génomes analysés a ce jour, leurs proportionsfedement variables entre espéces et aussi
entre populations, suggérant une relation uniqie gg&nome hote et ET. Grace a un systeme
modele composé de populations naturelles de deweces proches Dfosophila
melanogasteet D. simulan$ avec des quantités différentes en ET, nous agansomparer
les relations génome hote/ET. Nous nous sommesgcylatement interessés a I'élément
helenaqui, chezD. simulansmontre une activité faible, malgré un nombre dgie® élevé.
Cette activité moindre est associée a de nombraléétons internes des copies, suggérant
un meécanisme de régulation d’ET par des délétiensAdDN. Un autre systeme de régulation
de I'activité des ET utilise le contréle épigénatgce qui permet le maintien des copies d’ET
dans le génome mais un blocage de leur activitérebeodelage de la chromatine est un
systéme épigénétique bien décrit chez la drosaphiés régions chromatiniennes des
génomes sont associées a différents types de watdthfis d’histone. Nous avons mis en
évidence, dans des populationsemelanogasteet D. simulans une variation conséquente
de modifications d’histones de type hétérochronatidH3K27me3 et H3K9me2, associées a
des copies de différents ET. De plus, nous avoastdies populations chd2. simulangdites
déréprimées, chez lesquelles certains élémentssmxprimés et présentent des localisations
probablement hétéchromatiques. Les ET sont dontrGés par le génome hoéte par des
délétions internes et probablement par un systepigémétique variable. De plus, dans
certaines populations, des copies peuvent échapgecontrole et envahir le génome. Les ET
sont donc des grands créateurs de variabilité ggmétmais permettent aussi une
territorialisation chromatinienne du génome carpitstent des modifications épigénétiques
précises et sont capables de les éttendre a lewmisoenements génomiques. Ceci leur

confére la fonction "d'épigénétique mobile".



TE VARIATION IN NATURAL POPULATIONS OFDROSOPHILA: COPY NUMBER TRANSCRIPTION

AND CHROMATIN STATE

Transposable elements (TEs) are one major forcgeabme evolution thanks to their
ability to create genetic variation. TEs are uliigus and their proportion is variable between
species and also populations, suggesting thaharetationship exists between genomes and
TEs. The model system composed of the natural ptipnk of the twin sister®rosophila
melanogasterand D. simulansis interesting to compare host/TE relationshipcaifoth
species harbour different amounts of TE copies. Adlenaelement is nearly silenced .
simulansnatural populations despite a very high copy num8ach repression is associated
to abundant internally deleted copies suggestimggalatory mechanism of TEs based on
DNA deletion. Another pathway of TE regulation lsrdugh epigenetics where the host
genome is able to keep intact the DNA sequenceBEsf and still silence their activities.
Chromatin remodelling is well known oirosophilaand specific histone modifications can be
associated to specific chromatin domains. We olesean important variation on H3K27me3
and H3K9me2, two heterochromatic marks, on TE copi®. melanogasteandD. simulans
natural populations. Also, we show that derepressed of D. simulansexist for specific
elements, have high TE transcription rates andhagbly associated to non constitutive
heterochromatic marks. TEs are therefore controbgdthe host genome through DNA
deletion and a possible chromatin remodelling meigma. Not only genetic variability is
enhanced by TEs but also epigenetic variabilitipwahg the host genome to be partitioned
into chromatin domains. TEs are therefore mandatorgene network regulation through

their ability of “jumping epigenetics”.



LONG RESUME EN FRANGAIS

La partie codante des génomes ne constitue pas,bd@ucoup d’especes, la majorité des
séquences d’ADN présentes (Biemont and Vieira, R0 realité, ces régions codantes sont
souvent noyées dans une abondance de séquenceEesepgli pendant longtemps n’étaient
pas associées a des « fonctions » précises etorbpséquent été nommées « Junk DNA »
(Ohno, 1972). Aujourd’hui, multiples sont les effedécrits de ces répétitions : 1) effets
directs sur le génome, telle la domestication detigs codantes des répétitions (au sein de
centroméres et télomeres par exemple (Sinzelld.e2@09) ou leur utilisation dans des
systémes de régulation du génome hote (séquergdatréces d’'une répétition permettant le
contrdle des génes (Marino-Ramirez et al., 200b)Jérives ARN permettant la régulation de
genes par ARN interférence (Hasler et al., 20072)—effets indirects, tel I'apport de
variabilité génétique (multiplication et recombisans (Hedges and Deininger, 2007) et
'augmentation de la taille des génomes hétes (@siaix et al., 2006), deux phénomenes qui
participent a I'évolution des especes.

Les éléments transposables (ET), partie majeur& dlunk DNA », sont des séquences
d’ADN capables de se multiplier a I'intérieur d’'génome, engendrant des mutations. Selon
leur mode de déplacement, les ET peuvent étre édass deux grands groupes: les
rétrotransposons, qui se mobilisemia une molécule d’ARN par un mécanisme de
« copier/coller », et les transposons, qui se ns&bit via une molécule d’ADN par un
« couper/coller » (cf. Figure 1 page 103). Les miraes de transposition ainsi que
I'utilisation d’ET pour les réparations de cassudesible brin, induisent 'augmentation du
nombre de copies de ces séquences dans le génaseprbcessus de délétions et
recombinaisons induisent a leurs tours une dinonutiu nombre de copies dans le génome.
La proportion d’ET est trés variable dans les espeanalysées, allant de 10% pour
Arabidopsis thaliana 80% pour le mais (Biemont and Vieira, 2006). s pdes variations
dans la proportion d’ET sont aussi observées et populations d’'une méme espece
(Vieira et al., 1999; Biemont, 2008), suggérankiseence d’une relation tres étroite entre les
ET et le génome. C’est exactement cette spécifiel@ionnelle que nous avons essayeé de
comprendre en étudiant un systeme modéle composélede espéces prochef).
melanogasteret D. simulans,qui ne possedent pas la méme quantité d'ET (15%%et
environ, respectivement). Ces deux espéces somtopmgites, étroitement liees a 'Homme,
et ont une aire de distribution assez proche, agpendant des endroits du globe qui n’ont

pas encore été colonisés pBr simulans De plus, D. simulans, contrairement aD.



melanogasterne possede pas un nombre constant de copies d'&si;a-dire, une faible
variance du nombre de copies d’ET entre les pojpunlaaturelles ; ce qui permet une étude
intraspécifique des relations ET/hGte. Aussi bian ges analyses bibliographiques que par
des travaux de recherche, nous avons essayé deamum la relation ET/héte chez la
drosophile, avec une description des facteursrgerviennent dans cette relation.

A travers une analyse bibliographique, nous avamsstaté que les promoteurs des ET
constituent un premier systéme de régulation @avdsion d'un génome est dépendante des
facteurs de transcription fournis par I'héte (Falgieal., 2007). Sachant qu'il existe plusieurs
types de séquences régulatrices, spécifigues auehiygpe d’ET, et qu'a ceci s'ajoute la
variation de facteurs de transcription entre lggess, nous suggérons que la relation ET/h6te
est en partie une conséquence de la relation «qteam ET / facteur de transcription de
I'héte » (Fablet et al., 2007).

Parmi les systémes de régulation qui contrent fiegssemutagénes des ET et empéchent
'invasion des génomes, nous avons étudié le systdm régulation par délétion avec
'exemple de I'élémenthelenachez la drosophile (Rebollo et al.,, 2008)elena est un
rétrotransposon de type LINEoOflg interspersed_uctlear éement), qui posséde une
dynamique inverse chd2. melanogastepar rapport aux autres ET car trés peu de copies y
sont observées (Vieira et al.,, 1999). L'analyse $authern blot de cet élément dans les
populations naturelles d®. melanogasteainsi que I'analysén silico du génome séquencé
de cette espece, montrent lggienaest certes présent dans ces génomes mais a tés fai
fréquence, trés détérioré et de facon fixé entee depulations, suggérant une absence
d’activité de cet élément. En effet, aucune copmpmléte dhelenan’est détectée, ce qui nous
permet d’émettre I'hypothese d'une éventuelle etiom de cet élément cheD.
melanogasterAu contraire, dans les populations naturelle®dsimulanset dans le génome
séquence, les copiesh@lenasont observées en abondance. De plus, le granthpgihisme
d’insertion et 'observation de copies compléteggauent que I'élément est actif. Néanmoins,
I'analyse exhaustive de différentes copidseténadans plusieurs populations Be simulans
et dans le génome séquencé montre un mécanisnédaiemns internes important, déja décrit
chezD. melanogaste(Petrov and Hartl, 1998). L’absence de transciitseovée par northern
blot accentue l'idée que les copiehelenadans le génome dB. simulansne soient pas
actives et cela probablement di aux délétions abird (Rebollo et al., 2008). Cette analyse
montre, premierement, que l'observation d'un polyphisme d’insertion au sein des
populations deD. simulans,n’est pas corrélée a une activité forte de cet élgmmais

probablement a une activité récente. Deuxiemenmenis observons beaucoup de séquences



ayant des délétions internes mais qui sont trésilasies entre elles (séquences
nucléotidiques), suggérant la rapidité de I'appamides délétions. L'état de I'élémdmtlena
aussi bien cheB. melanogasteque cheD. simulanssemble inactif mais la présence d’'une
copie complete dans le génome séquencB.d@mulanssuggére une possibilité d’invasion
future du génome. En effet, des vagues de trartgposiont souvent été observées chez les
mammiféres pour des éléments de type LINE (Adewlet1994; Khan et al., 2006). Les
mécanismes d’élimination des séquences d’ET ot €& décrits dans d’autres espéces chez
lesquelles les recombinaisons homologues privengléments de type LTRofig erminal
repeats) de leurs parties codantes (certaines recaistn LTR-LTR) ou peuvent causer la
délétion compléete d’'un élément (Vitte and Pana0032van de Lagemaat et al., 2005). Or, le
mécanisme de délétion interne décrit ici ne serpbe commun a toutes les especes ni aux
éléments de type LINE. La poursuite de ce travait p. Granzotto et collaborateurs
(Granzotto et al., 2009) et par E. Lerat (commuivcgpersonnelle) montre que le systeme de
délétions internes est commun a d’autlessophilidaeet agit sur tous les rétrotransposons
analysés cheb. simulans.De plus,D. melanogastesemble étre la seule a échapper a ce
systeme méme si I'élémehelenas’y trouve trés dégradé. On observe donc : 1) efeion
spécifique entre I'élémertielenaet le génome d®. melanogastepar rapport aux autres
éléments de cette espéce, 2) un comportement atifféntre les ET et le génome De
melanogastepar rapport aux autres espéces de drosophilessyist8mes d’élimination des
séquences d’ET sont donc variables entre les esgdantre les éléments et participent a la
spécificité de la relation ET/héte.

Le deuxiéme systéme de régulation des ET que nwossaétudié est le contrble
épigénétique qui rend possible le maintien des &Isde génome hbte tout en empéchant leur
activité. Trois grandes voies épigénétiques peenttia régulation des ET et du reste du
génome : la conformation de la chromatine, la métlon de I'ADN et les processus
impliquant des petits ARN (Lisch, 2009). Nous n@esnmes premiérement concentrés sur
'analyse des structures chromatiniennes des ETs das populations naturelles d2.
melanogasteet D. simulansL’ADN s’enroule autour d’'un grand complexe protégappelé
nucléosome qui est formé de dimeres d’histones.dLesies N-terminales des histones se
trouvent libres du nucléosome et subissent des fioatibns post-traductionnelles leur
conférant des états physiques précis. Les modditatde type acétylation, souvent sur les
lysines N-terminales, sont observées surtout awanivde la chromatine propice a la
transcription, c’est a dire, de I'euchromatine. Aontraire, la méthylation des lysines (a

I'exception de la lysine 4 sur I'histone 3 — H3Kebt plus souvent observée dans des zones ou



la chromatine est fermée, c’est a dire, I'hétérontatine. Sachant qu'il existe un nombre
variable de copies d’ET entre les deux espécesrasophile analysées et aussi entre les
populations naturelles d2. simulanshous nous sommes demandé s’il existait une vanmiatio
dans I'association aux marques d’histones aveéléasents.

Notre étude porte sur quatre ET (trois élémentpqesedent des LTRA12, tirantet roo,
et un élément de type LINEF) dans deux populations dB. melanogasteret cing
populations deD. simulans Premierement, la comparaison du nombre de caigshu par
hybridationin situ avec une sonde d’ET compléte faite par Vieira #aborateurs (Vieira et
al., 1999) avec les données d’amplification par RftRntitative d’'un petit fragment d'ET
(environ 400pb) suggérent que clizzsimulandes copies d’'ET sont probablement délétées,
ce qui renforce I’hypothese de mécanisme de délétiterne décrite ci-dessus. De plus, nous
avons recherché les associations entre les manjbetones permissives (H3K4me2) ou
répressives (H3K27me3 et H3K9me?2) et les ET, puantfié les transcrits de chaque ET
dans les sept populations de drosophile étudi¢esxidte effectivement une variation des
associations épigénétiques sur les ET non seuleerdre les especes mais aussi entre les
populations naturelles. En effet, deux systemedgérdiits agissent chez I'espéda
melanogasterpour laquelle deux populations analysées préseeptanton le méme nombre
de copies d’ET, les mémes associations aux madjbefones, mais une de ces populations
est réprimée pour les quatre ET étudiés. Il exmwtablement d’'autres systemes, tels la
méthylation de 'ADN ou la RNAI, qui pourraient étdifférents entre ces deux populations et
qui expliqueraient le comportement des ET analy€égzD. simulans nous avons mis en
évidence des populations dites « déréprimées pagsedent un taux important de transcrits
d’'un ET donné, beaucoup de représentations del@eteat dans le génome et des copies
fortement associées a H3K27me3. Il pourrait doncstex un systeme de régulation
épigénétique qui serait variable entre les espgeekosophile et au sein d'une méme espece,
et qui pourrait contribuer aux différences dangjleantités d’ET observées.

Il est important de comprendre que les deux syseétediés (délétions et régulation
épigénétique) sont complémentaires car la suppresdpigénétique n'empéche pas les
recombinaisons souvent délétéres dues a la présienoépétitions. De plus, la suppression
totale des ET d’'un génome peut aussi étre délétdomg terme car les ET apportent une
variabilité considérée comme importante pour I'étioh des especes (McClintock, 1984). En
effet, une analyse critique de la bibliographieagnant 'impact des ET dans I'évolution des
especes ainsi que les travaux de recherche deg&guous amenent a proposer I'hypothése

selon laquelle les variations environnementalestaya impact sur la régulation épigénétique
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des ET pourraient moduler la réponse du génome adtm quelconque stress. Un pic
d’activité des ET pourrait promouvoir une augmeaatatapide de la variabilité génétique et
donc participer & une réponse adaptative au stidse. répressiorde novodes copies
récemment transposés pourrait se mettre en platelda@génome réarrangé et on observerait
une stabilisation de l'activité des éléments et siestemes de régulation. Une variation dans
la taille du génome réarrangé reste possible massn@cessaire, permettant d’inclure les
especes a « petit génome » dans cette hypothédapthsion par des bursts de transposition.
La régulation épigénétique des ET est donc, aussi ue les effets mutagenes des ET,
importante pour I'évolution des especes. De ples,BT créent, modulent et contrdlent des
réseaux de génes, car comme décrit plus haut,odséoent des séquences régulatrices
capables de contrdler I'expression des genes (Btscl2008). A ceci s’ajoute leur caractére
multi copies et ubiquitaires dans le génome, quiaitequ’augmenter leurs effets potentiels.
Nous proposons qu’un nouveau hiveau de régulat@gémhes existe, ou non seulement les
séquences régulatrices des ET sont nécessairesansaisles marques épigénétiques sur les
copies d’ET. Les copies permettraient la compamita@on du génome en zones
chromatiniennes définies et influenceraient aussi denes avoisinants par leurs marques

épigénétiques.
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NTRODUCTION

Apart from Greeks, with Aristotle who once propoghdt human beings had “heritable
characteristics” in their blood, Mendel was thestfiwho showed the existence of “heritable
factors”, i.e. genes, in 1865 (Griffiths, 1999; f@ths, 2000). Since that time, important
discoveries were made: genes are on chromosomeagklo1910), genes code for proteins
(Beadle and Tatum, 1941), DNA is organized in abd®telix (Watson and Crick, 1953) etc.
In the 70’s, the study of whole genomes suggestds@epancy between genome size and
“‘complex species”: the C-value paradox (reviewed(@regory, 2005). In parallel, the
discovery of jumping genes by B. McClintock in th@&'s (Mc, 1950; McClintock, 1953) and
non coding DNA repeats during the 70’s, inducedesalvhypotheses on the quality of the
information handled by genomes. Jumping genesréosposable elements — TES) are DNA
molecules capable of moving from one chromosomedtion to another. Such observation
was hardly accepted by the scientific community yist got used to the idea of genes fixed
on chromosomes. Because of such scepticism anth¢keof function for all repeats, these
DNA sequences such as TEs were called “junk DNAhRQ 1972). The most complete
answer from the scientific community to the C-vajpgradox arose from whole genome
sequencing projects that began in the end of thee B@nome size (and gene amount) was not
correlated to “species complexity” because the KjiDNA” proportion of genomes can be
extremely high as it can be variable (Gregory, 3008 know today that repeats can vary
from 80% in some species (maize) to 10% in oth&rmalidopsis) (Biemont and Vieira,
2006). It has also been shown that these repeatesaential for centromeres and telomeres
integrity, they may be co-opted by the genome @iazt al., 2009) and a high number of
regulatory sequences in humans are derived from (NErino-Ramirez et al., 2005).
Furthermore, repeats are important recombinogeuniistgates allowing for rapid genome
remodelling (Hedges and Deininger, 2007). We indkedw today that “junk DNA” is
nothing but informative (Muotri et al., 2007).

We will solely be interested in TEs because th@yagent the largest part of “junk DNA”,
are present in both euchromatin and dense hetenmettin, and have the ability to influence
all the genome. TEs can be separated into two mapsses given their transposition
mechanisms (for a figure, please refer to “Figuiegdge 103). Class | moves through an
RNA molecule and are called retrotrasposons. Algssnps through a DNA molecule, and
are called DNA transposons. Both classes can likeefuseparated into subclasses regarding

TE structure and evolutionary aspects. Finally, fakilies can be distinguished regarding
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DNA sequence homology. TEs can be considered astigamits bringing positive, neutral
and negative effects to the genome. In order tergtand the relationship that exists between
TEs and genomes we studied natural regulation af ifBBrosophila Indeed, fruit flies are
one of the most classical models for genetic studie showed by TH Morgan researches in
white-eye flies and his hypotheses on genes amuhrabsomes (Morgan, 1910prosophila
offers important experimental qualities as they assy to keep in laboratories, breed
extremely fast and can be maintained in importambunts of individuals. The existence of
natural populations ofDrosophila from close species, allows us to study different

combinations of TEs and genomes.

The goal of my work was to understand the connexietween TE natural variation
between and inside species, and genome respoi&std\ bibliographic analysis along with
other members of the group, on TE regulatory regismggests that common features exist
between different types of TEs and different spe¢kablet et al., 2007). However, the arm
race of TEs and genomes necessarily brings spégcifio each TE/genome complex,
suggesting that regulatory mechanisms of TEs may batween species and TEs analysed
(Fablet et al., 2007). In order to experimentaltgttsuch suggestion, we used the system
model composed of the sibling speciBs,melanogasteandD. simulansalong with several
natural populations of both speci&. melanogastewas previously described as harbouring
tree times more copies th&h simulans[16]. Such data was based on the study of natural
populations allowing the observation of variatioot ronly between species but most
important, inside each species. Interestingly, T&l families are over represented [h
melanogastenatural populations compared@o simulansones. Few elements, as the LINE-
like helenaelement harboured the opposite dynamic, being outnumbemeD. isimulans
natural populations. As a result of such obsermatithe first question addressed
experimentally during my PhD was to underst&etenaopposite occurrence in our system
model. Natural population variability dfelenabetweenD. simulansand D. melanogaster
confirmed the specificity of TE regulation betwespecies (Rebollo et al., 2008). We
hypothesize on the existence of a rapid intern&tde mechanism foD. simulansTEs.
Such hypothesis was confirmed by E. Lenasilico TE analysis and broaden to other species
of Drosophila(personal communication).

The differences betweeD. melanogasteiand D. simulansin controlling TEs and the
different chromatin regions occupied by TEs in bsgiecies (Vieira et al., 1999; Capy and

Gibert, 2004) lead us to our second question :cceplgenetic regulatory mechanisms also be
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variable between both species. We concentratedaoatysis on chromatin remodelling
processes by describing histone marks associat€l tmpies. Also, we characterized all TE
families analysed for copy number and expressiatiems in every natural population
studied. Our data suggests tBatmelanogastehas more heterochromatic elements tban
simulans.Also, important variation of histone marks betwedinelement analysed regarding
natural populations or species suggest that chinncanformation migh be specific of the
context “TE/locus/genome”. ID. simulansnatural populations, TEs seem to be internally
deleted confirming the existence of a deletion rme@m suggested for theelenaelement
and thein silico analysis of E. Lerat. No correlation between epagienmarks (histone post
translational modifications) could however be maidth TE expression or copy number. We
can nevertheless propose that since expressioermatdf TES are strain-specific and often
species-specific, different regulatory mechanisnghirexist.

The evolutionary importance of genetic and epigerigteage specific regulations of TEs
suggested by these experiments leads us to reftettte impact of transposition in speciation.
We know that epigenetics is influenced by environtrand is the most important regulatory
mechanisms of TEs. We propose therefore, in adghdiphic survey, that changes in
environment can induce changes in TE epigenetiglagign, inducing bursts of transposition.
The consequences of such bursts can reach spaciatioportant karyotypic modifications

are observed.
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Abstract

It has now been established that transposable elements (TEs) make up a variable, but significant proportion of the genomes of all organisms, from
Bacteria to Vertebrates. However, in addition to their quantitative importance, there is increasing evidence that TEs also play a functional role within
the genome. In particular, TE regulatory regions can be viewed as a large pool of potential promoter sequences for host genes. Studying the evolution
of regulatory region of TEs in different genomic contexts is therefore a fundamental aspect of understanding how a genome works. In this paper, we
first briefly describe what is currently known about the regulation of TE copy number and activity in genomes, and then focus on TE regulatory
regions and their evolution. We restrict ourselves to retrotransposons, which are the most abundant class of eukaryotic TEs, and analyze their
evolution and the subsequent consequences for host genomes. Particular attention is paid to much-studied representatives of the Vertebrates and

Invertebrates, Homo sapiens and Drosophila melanogaster, respectively, for which high quality sequenced genomes are available.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

It has now been established that transposable elements (TEs)
make up a significant proportion of the genomes of all
organisms, ranging from more than 50% of the human genome
(International Human Genome Sequencing Consortium, 2001),
to about 28% of the Drosophila melanogaster genome (Biémont
and Vieira, 2005), and up to 90% of the genomes of some plants
(Bennetzen, 2000). The increasing data obtained from genome-
wide sequencing projects indicate that TEs have major functions
in the organisms in which they are located. In particular, it has
been shown that almost 25% of promoter regions in the human
genome contain TE-derived sequences (Jordan et al., 2003), and
that TEs have donated transcriptional regulatory signals to many
mammalian genes (van de Lagemaat et al., 2003). Because TEs

Abbreviations: TE, Transposable Element; UTR, UnTranslated Region;
LTR, Long Terminal Repeat; ORF, Open Reading Frame; Inr, Initiator; DPE,
Downstream Promoter Element; ASP, AntiSense Promoter.
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E-mail address: vieira@biomserv.univ-lyonl.fr (C. Vieira).

0378-1119/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
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are abundant in most genomes, they can be considered to
constitute a large pool of potential promoter regions for new host
regulatory sequences. Finding out how TEs are regulated is
therefore important if we are to understand how the genome
works.

TE regulatory regions are known to be very rapidly evolving
sequences (Arkhipova et al., 1995), a characteristic of eukaryotic
regulatory regions attributed to having to cope with changing
genomic environments (Ludwig et al., 2000). In this article, we
propose to focus on the evolution of the TE regulatory regions,
and the subsequent consequences for their host genomes. We
only deal with retrotransposons, which are generally the most
abundant class of TEs in terms of their proportion in the
genomes, and are widely distributed amongst eukaryotic
genomes (Hua-Van et al., 2005). Of course, there are some
exceptions, as for instance the non-autonomous Class II
elements MITEs, which contributed to more than 70% of TEs
in Oriza sativa, and about 50% in Arabidopsis thaliana (Hua-
Van et al., 2005; Turcotte et al., 2001), or the Class Il mariner
element, which is very abundant in some Arthropods, such as
Ceratitis capitata (Torti et al., 2000). Retrotransposons comprise
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two classes of elements, the elements bordered by long terminal
repeats, known as LTR retrotransposons, and the long inter-
spersed nuclear elements (non-LTR retrotransposons), also
known as LINEs. Both these classes are mobilized via an
RNA intermediate, and insert themselves into the genome by
means of the reverse transcriptase that they encode in their
second open reading frame (ORF). Both of these elements also
encode a GAG-related, RNA binding protein in ORF1. The most
important difference between LINEs and LTR elements resides in
their regulatory sequences. Here, we want to show that the
modalities and outcomes of the rapid evolution of the regulatory
region vary according to the class of retrotransposons (LTR
retrotransposons/LINEs) and the genome in which they reside. We
focus particularly on two much-studied representatives of the
Vertebrates and Invertebrates, Homo sapiens and D. melanogaster,
respectively, for which the sequenced genomes are available.

2. Transposable elements in the genomes of H. sapiens and
D. melanogaster

2.1. The major class of TEs is not the same in these two genomes

Drosophila and human genomes display quite different TE
proportions (Fig. 1). LINE-1 (L1) elements are the most abun-
dant family of autonomously-replicating retroelements in
mammals, accounting for 17% of the human genome (Bannert
and Kurth, 2004). Nearly 8% of human DNA consists of
sequences assigned to HERVs (Human Endogenous Retro-
viruses) (International Human Genome Sequencing Consor-
tium, 2001), which will be considered here to be LTR
retroelements. HERVs are probably genomic traces of numer-
ous germ-line retroviral infections (Belshaw et al., 2004), and
waves of invasion are known to have occurred repeatedly
during primate evolution (Sverdlov, 2000). On the contrary,
LINEs and LTR retrotransposons correspond to 0.9% and 2.7%
of the euchromatin of D. melanogaster, respectively (Kaminker
et al., 2003). Considering that the heterochromatin represents
30-40% of the DNA of the genome of D. melanogaster, that
50—60% of the heterochromatin exhibits sequence similarities
to known TEs (Hoskins et al., 2002; Kapitonov and Jurka,
2003), and assessing that LINEs and LTR retrotransposons
display the same relative proportions in euchromatin and hete-
rochromatin, then LINEs and LTR retrotransposons represent
roughly about 3% and 10%, respectively, of the whole genome
of D. melanogaster. The proportion of LINEs is significantly
lower than in the human genome. Another major difference
between both genomes is that the genome of D. melanogaster

= LINEs B LTR retrotransp:
7 SINEs Il DNA transposons

non-transp ble elements

Drosophila melanogaste

Fig. 1. Relative proportions of the various TE classes in the sequenced genomes
of Homo sapiens and Drosophila melanogaster.

Homo sapiens

17

does not display any SINEs (Short Interspersed Nuclear Ele-
ments, usually associated with LINEs), whereas these are pre-
valent in the human genome (International Human Genome
Sequencing Consortium, 2001).

LINEs and LTR retrotransposons do not only constitute
different proportions of the genomes of D. melanogaster and H.
sapiens, they also display contrasting activity patterns in both
genomes. In H. sapiens, retrotransposons account for a large
fraction of the genome, but have little activity (less than 0.2% of
spontaneous mutations in humans are caused by L/ insertions
(Kazazian, 1998)), while in D. melanogaster, in spite of their
low copy number, TEs are responsible for more than 50% of
naturally-occurring mutations with major morphological effects
(Eikbush and Furano, 2002). In insects, sixty or so retro-
transposon families are active, whereas just one LINE family,
the L/ family, has been the major source of retrotranspositional
activity in primates (International Human Genome Sequencing
Consortium, 2001). Retrotransposons in the D. melanogaster
genome seem to result from recent transposition events (Lerat
et al., 2003), whereas most HERV families are now apparently
extinct, even though the activity of some, such as the HERV-L
family, appears to have persisted for a long time (Benit et al.,
1999), and HERV-K remained active for some time after the
chimpanzee/human split (Mayer et al., 1999). These HERV
families consist mainly of solo LTRs, and transpositionally-
deficient and transcriptionally-silent members. These differ-
ences in proportions and activity strongly suggest that TEs must
be regulated differently in human and Drosophila genomes.

2.2. Overall host regulation of retrotransposon activity and copy
number in the genomes of H. sapiens and D. melanogaster

Various mechanisms are involved in regulating retrotran-
sposon activity and copy number, and they are quite different
between D. melanogaster and H. sapiens. Indeed, in human
cells, TEs are transcriptionally silenced due to hypermethylated
CpG dinucleotides (Lavie et al., 2005), which is the major way
of controlling their activity. In H. sapiens, abnormalities in
retrotransposon hypermethylation are frequently linked to
cancers, as shown by Menendez et al. (2004), who have de-
monstrated that L/ and HERV-W are hypomethylated in ovarian
carcinomas, and that relative levels of expression of these
retrotransposons are significantly higher in malignant ovarian
tissues. On the contrary, until very recently, the genome of
Drosophila was considered to be non-methylated (Patel and
Gopinathan, 1987; Tweedie et al., 1997), in contrast to most
vertebrates and other insects. However, it is now realized that
Drosophila does in fact methylate, mostly in young embryos
(Lyko et al., 2000; Lyko, 2001), and mainly on the cytosines
that are associated with the A and T nucleotides, which con-
trasts with the other species, in which methylation takes place
on the CpG. However, the impact of methylation on the Dro-
sophila genome remains to be clarified, since individuals with
DNA methylation mutations do not display any specific dys-
function (Kunert et al., 2003).

In contrast to TE regulation mechanisms in the human
genome, which mainly act at the transcriptional level, the TE
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copy numbers are decreased by selection against insertions in the
D. melanogaster genome. Selection can indeed act either
directly against the deleterious effects of TE insertions or in-
directly against the chromosomal rearrangements resulting from
ectopic recombination between copies of elements belonging to
the same family (Charlesworth et al., 1997; Biémont et al.,
1997). Eikbush and Furano (2002) have suggested that one way
to explain the difference in the total amount of TEs between the
D. melanogaster and H. sapiens genomes could be that
mammals have a much lower rate of ectopic homologous
recombination than D. melanogaster (Cooper et al., 1998; van
de Lagemaat et al., 2005). The explanation for the differences in
TE amount and composition in different genomes is not straight-
forward because recombination, presence or absence of hetero-
chromatine, host effective population size and breeding system
may be involved. It should thus be borne in mind that the amount
of TEs may be very different in closely related species, as has
been shown for the twin species D. melanogaster and D.
simulans. Indeed, the total amount of TE insertion sites is three
times higher in D. melanogaster than in D. simulans (Vieira
etal., 1999; Vieira and Biémont, 2004). Several hypotheses have
been proposed to explain this difference, involving the genome
properties of the species (Kidwell and Lisch, 2000) or the species
ecology (Vieira etal., 2002), but no irrefutable evidence has been
provided, and we can envisage that epigenetic mechanisms may
also be responsible for controlling TEs in Drosophila.

While retrotransposon activity depends on host control
mechanisms, such as methylation, recombination rate and epi-
genetic phenomena, they are also subject, as in the ‘arms race’
scenario, to their own regulatory signals, most of which are
located in their 5’ regulatory regions.

3. Structure and variability of retrotransposon regulatory
regions

Retrotransposons are transcribed via RNA polymerase II,
and display a tripartite canonical eukaryotic promoter structure
consisting of the TATA box, the initiator element (Inr), and the
downstream promoter element (DPE) (Arkhipova et al., 1995)
(Fig. 2). The Inr and DPE motifs can act in conjunction to
provide a binding site for TFIID in the absence of a TATA box,
and a strict requirement for spacing between them has been
demonstrated in both humans and Drosophila (Burke and
Kadonaga, 1996). In some TEs, an alternative RNA start site for
RNA polymerase III can be observed, as for instance 10 bp
upstream of the regular RNA polymerase II start site in the mdg/
LTR retrotransposon of Drosophila (Arkhipova, 1995), or in the
human L/ promoter (Kurose et al., 1995).

3.1. Structure of LINE element regulatory regions

Due to their retrotransposition mechanism, the regulation
signals of LINEs must be located downstream from the 5" RNA
start site. Therefore, instead of TATA boxes, some internal
promoters are found that consist of the Inr and the DPE
(Arkhipova et al., 1995). The consensus 5" UTR region of L/
copies contains such an internal promoter plus a YY1 binding

A. LTR retrotransposons
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Fig. 2. Structure of typical LTR retrotransposon (A) and LINE (B) regulatory
regions. Only the most common features are shown. The black elements are
mandatory and found in every retrotransposon, whereas the gray elements are
not essential. However, for LTR retrotransposons, the presence of either the
TATA box or the downstream promoter element (DPE) is required. TATA: TATA
box, Inr: Initiator.

site, which is necessary for the transcription to be initiated (Khan
et al., 2006). Moreover, it has recently been shown that the L/
transcription start site is not always located exactly at
nucleotide +1, but can range from nt —9 to +4, so that the Inr
extends into upstream sequences (Lavie et al., 2006). In Dro-
sophila, even though the regulatory regions of non-LTR
elements are characteristic of each element, some 5" UTRs
have the same overall structure. For the /, doc and F elements in
Drosophila for example, the 5" UTR promoter has two regions
(A and B), which boost the role of the initiator. The B region can
be divided into 3 regions containing DNA binding sites. The
RNA machinery is recruited synergistically by all of these
regions (Minchiotti et al., 1997). In mice, the L/ 5" UTR is
composed of multiple direct repeats of individual promoter
elements, or monomers of about 210 bp, located upstream from a
single-copy, non-monomeric sequence (Mears and Hutchison,
2001; Goodier et al., 2001; Kazazian, 1998). The monomers act
synergistically to increase the promoter activity.

In addition to the internal promoter necessary for their own
transcription, LINEs can also display antisense promoters
(ASP). In Drosophila, the F element possesses two conver-
gently-oriented promoters within its 5’ UTR, which overlap by
approximately 100 bp (Contursi et al., 1993). The full-length
human L7 5’ UTR also displays an antisense promoter, which
can drive the transcription of adjacent cellular genes in the
opposite direction (Speek, 2001). Transcription-factor binding
sites for both promoters overlap in the 5" UTR region: two
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binding sites for SOX factors involved in the L/ sense trans-
cription are located in the region from nt 400 to 600, as is an
enhancer element containing binding sites for Ets and Spl
factors, capable of functioning in either orientation (Speek,
2001). Sequences critical for ASP activity are located in a small
region extending from nt 399 to 467, and a 15-bp region located
from nt 544 to 558, containing two Spl binding sites, may also
contribute to the overall L/ ASP activity (Speek, 2001). Chi-
meric transcripts derived from the L/ ASP are highly represented
in expressed sequence tag (EST) datasets, from both normal and
tumor cells, and the ASP can be located between 1 kb and more
than 60 kb from the protein coding sequences (Speek, 2001;
Nigumann et al., 2002). It is therefore believed that hyper-
methylation of L/ is a major defense mechanism, repressing the
oncogenes that use this ASP as an alternative promoter, and
which could be very damaging for the organism (Roman-Gomez
et al., 2005).

3.2. Structure of LTR retrotransposon regulatory regions

The regulatory region of an LTR retrotransposon consists of
the 5/ LTR and frequently also of a 5" UTR, also known as the
ULR (Untranslated Leader Region). The LTRs contain the
promoter necessary for transcription and specify the terminator
and polyadenylation signals needed for RNA processing. The
LTRs consist of three discrete regions: U3 (the nearest to 5/, up
to the transcription start site), R (for ‘repeat’, extending from the
transcription start site to the polyadenylation site), and U5 (the
nearest to 3’, downstream from the polyadenylation site).
During reverse transcription, the R and U5 regions at the 5’ end
of the RNA template are reverse transcribed first, followed by a
template switch to the 3’ end of the RNA, where the reverse-
transcribed R region of the DNA binds to the 3’ R region of the
RNA template (Varmus, 1988). The transcription start signal is
located in U3, and the U5 region can have a silencing effect on
transcription (Prudhomme et al., 2004). Some LTR retro-
transposons have two TATA boxes, such as the BARE-1 element
in barley (Manninen and Schulman, 1993), both of which are
able to direct RNA transcription, but which do so under
different conditions (Suoniemi et al., 1996). In contrast, a sub-
stantial proportion of elements can be TATA-less, such as mdgl
and gypsy in Drosophila (Arkhipova et al., 1995). Bidirectional
transcription is also possible for LTR retrotransposons. The
Drosophila mdgl element displays multiple start sites for the
antisense direction (Arkhipova and Ilyin, 1991), and the LTRs
of some families of HERVs have also been shown to be able to
activate transcription in both directions, a characteristic pro-
bably linked to the presence of Sp1 binding sites (Dunn et al.,
2006; Feuchter and Mager, 1990). Kovalskaya et al. (2006)
found transcripts promoted by the human HERV-K (HML 2)
provirus and solitary LTRs, the transcriptional start point of
which is located at the extreme 3’ end of the R region of the
LTR. The R region is therefore excluded from transcripts ini-
tiated on LTRs, whereas a classical retroviral life-cycle model
implies that the transcription is driven from between the LTR
U3 and R elements. Kovalskaya et al. (2006) propose that a shift
from the start site could be explained by the presence of at least
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two alternative promoters, one of which is used for viral gene
expression, and the other for the transcription of retrotransposi-
tion-competent copies of the integrated provirus.

The 5 UTR regions of LTR retrotransposons are multifunc-
tional, and are involved in the transcriptional enhancement of the
elements (Wilson et al., 1998; Smith and Corces, 1995), in the
isolation of transcriptional units from the neighboring regulatory
elements by means of an insulator, such as in the /defix element
of Drosophila (Conte et al., 2002a), and in the interactions with
the nuclear matrix via a scaffold-attachment region (Nabiroch-
kin et al., 1998, for the Drosophila gypsy element). The 5 UTR
of Idefix in D. melanogaster has also been shown to exhibit
internal ribosome entry site (IRES) activity that enables it to
promote the translation of a downstream cistron in a cap-
independent manner (Meignin et al., 2003). Recently, an IRES
upstream of each ORF has been found in the mouse L/ element
(Li et al., 20006).

3.3. Variability of the TE regulatory regions

The regulatory regions of retrotransposons are functionally
very important. For instance, 10 point mutations in the U3 region
of the human ERVWE]I element are enough to make 5’ and 3’
LTRs display significant different promoter activities (Prud-
homme et al., 2004). Despite this, regulatory regions of retro-
transposons are often reported to be some of the most rapidly
evolving regions in the sequence of the elements (Jordan and
McDonald, 1998). In particular, the U3 sequence has been
shown to be the most variable region of LTR retrotransposons, as
for example in the tobacco Tntl element (Casacuberta et al.,
1995). The Retrolycl LTR retrotransposon from the plant Ly-
copersicon displays high levels of diversity in its U3 region, with
a 53-bp motif repeated up to four times in tandem, the number of
repeats having a significant impact on the transcription potential
of the element (Araujo et al., 2001).

In the 5’ UTR, the regulatory region of the copia LTR
retrotransposon of Drosophila displays multiple copies of an 8-bp
motif (TTGTGAAA), with similarity to the core sequence of the
SV40 enhancer (McDonald et al., 1997). Naturally-occurring
variations in the number of these motifs are correlated with the
enhancer strength of the 5" UTR (Matyunina et al., 1996). Costas
etal. (2001) PCR-amplified the 5" LTR-UTR region of the hlood
LTR retrotransposon in some species of the D. melanogaster
subgroup, and revealed length variability corresponding to a 49-
bp gap at the end of the 5’ LTR, and two gaps of 13 and 49 bp,
respectively, in the UTR. Two classes of variants were sub-
sequently identified, one of them being mainly represented by
heterochromatic elements (L class), and the other corresponding
to active, euchromatic elements (S class). In natural populations
of D. simulans, the 412 LTR retrotransposon displays variability
in sequences of its regulatory region, resulting from nucleotide
substitutions, indels, and duplications of motifs, and also, in some
populations, some chimerical elements, showing similarity to 4/2
in some regions and to mgd! in others, were found (Mugnier
et al., 2005).

All mammalian L/ LINEs have very similar coding regions,
but unrelated 5’ UTRs and promoters. Five subfamilies have
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therefore been classified in the human genome, in which the
most active copies are the most recent. In the human genome,
even though L/ copies of different subfamilies all belong to the
same lineage, there are striking differences in the transcription
factor binding sites found in the 5" UTRs. The active subfamily
may have new binding sites that the pre-existing ones did not,
such as the SRY-related transcription factor binding sites and the
RUNX3 binding sites, which are essential for transcription
activation and therefore allow the younger L/ copies to be active
(Khan et al., 2006).

It is therefore obvious that diversity exists in the retro-
transposon regulatory region, and many examples are found in
the literature. We will now discuss the mechanisms that may
have led to this enormous variability in regulatory region se-
quences, which are quite different between LTR retrotranspo-
sons and LINEs.

4. Evolution of the regulatory region
4.1. Retrotransposition, an error-prone mechanism

The lack of any proofreading/repair activity of RNA poly-
merase and reverse transcriptase means that the replication of
retrotransposons (LTR and non-LTR) is a very error-prone
mechanism. As a consequence, the replication of a single retro-
transposon can generate a population of closely related, but not
identical sequences resembling the ‘quasi-species’ populations
of RNA viruses (Domingo et al., 1985; Casacuberta et al., 1995).
In particular, secondary structures and direct repeats, as well as
runs of identical nucleotides, can considerably increase the
mutation rate (Pathak and Temin, 1990, 1992). Repeated motifs
are often bordered by runs of T’s (McDonald et al., 1997), which
are known to facilitate template slippages during reverse trans-
cription (Burns and Temin, 1994). McDonald et al. (1997) have
proposed that, since reverse transcription is prone to generating
short regional duplications, which are characteristic of eukary-
otic enhancers, LTR retrotransposons may play a role in the
evolution of these enhancers.

4.2. Recombination in LTR retrotransposons

Recombination is a major mechanism generating variability
in LTR retrotransposons. Frequent recombination events are
known to occur between the two genomic RNA strands pack-
aged within the LTR retroelement capsids (Zhang and Temin,
1994). Jordan and McDonald (1998) found evidence for recom-
bination by template switching between 73/ and 732 elements of
Saccharomyces cerevisiae. Template switching is thought to
occur within the R region of the LTR, and these authors did
indeed find elements containing hybrid LTRs, in which U3
regions displayed phylogenetic patterns different from those of
the R and U5 regions. In natural populations of D. simulans, the
regulatory region of some 4/2 elements has been found to result
from a recombination of a 4/2-LTR and a mgdl-5' UTR
(Mugnier et al., 2005). Recombination has also been found in the
BARE LTR retrotransposon in barley, involving BARE and Wis-
2 elements (Vicient et al., 2005). In mice, recombination events

between different ancient L/ copies have engendered new 5’
UTR active L/ copies. For instance, the G subfamily possesses
different monomers from different sequences of the ' subfamily,
and a new, non-monomeric region (Goodier et al., 2001).
Modular evolution (Lerat et al., 1999), which results from re-
combination events occurring between the regulatory regions of
two elements, could be a quick and efficient way to change
expression patterns and the regulatory interacting system, thus
allowing new variants to evade regulation by the host (Mugnier
et al., 2005).

4.3. Recruitment of novel regulatory regions in LINEs

Due to their different retrotransposition mechanisms, LINEs
are not affected by recombination the way LTR retrotransposons
are. On the contrary, in the human L/ family, novel regulatory
regions (5" UTR) have frequently been recruited during the
evolution of the family, whereas the two open reading frames
have remained relatively conserved (Khan et al., 2006). The 5’
UTR of the ancestral L/ primate subfamily has been replaced at
least eight times over the last 70 My. L/ families with different
5" UTRs can coexist for a period of time without competing,
because they do not rely on the same host-encoded factors for
their transcription. The most powerful 5 UTR would eventually
generate a mobilization burst and would therefore give rise to a
new LI subfamily (Khan et al., 2006). Over the course of
evolution, each of these subfamilies has been replaced by a new
active one, and consequently all active L/ copies belong to a
single lineage (Boissinot and Furano, 2005). The same life-cycle
pattern has been identified in mice L/ elements, but several
recombination events have complicated the phylogenetic tree
(Mears and Hutchison, 2001). In contrast to the situation in
humans, active Drosophila LINE elements belonging to
different lineages can be found coexisting at the same time. In
the zebrafish genome, L/ elements also behave totally differ-
ently from their counterparts in the human genome: the 5’ UTRs
have different sequences, and therefore the various L/ elements
do not compete with each other for host transcriptional factors.
The zebrafish genome thus contains more than 30 distinct L/
lineages (Furano et al., 2004).

Some authors have also proposed that, since mammalian L/
elements have unrelated 5" UTRs or promoters, it is possible that
L1 promoters were originally derived from host genes located
close to L/ insertion sites by a promoter-capturing mechanism
(Speek, 2001).

5. Impacts on the host genome
5.1. Interference with host genome performance

Since the retrotransposon regulatory region displays promot-
er behavior, any insertion of a retrotransposon into the genome
could affect the transcription of nearby host genes. In particular,
the regulatory region could promote ectopic expression or
simply modify the expression level of the host genes (Borie
et al., 2000). For instance, it has been demonstrated that an LTR
can bidirectionally promote the transcription of two human
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genes (Dunn et al., 2006). Ectopic transcription by L/ ASP can
also be responsible for transcriptional interference and posttran-
scriptional silencing of cellular genes (Nigumann et al., 2002).
van de Lagemaat et al. (2003) have illustrated that a major
impact of TEs is their ability to induce changes in gene
regulation without destroying existing gene functions. In
particular, these authors showed that TE regulatory regions act
as alternative promoters of many genes, therefore modifying
expression patterns or tissue-specificity. LTR elements, which
carry more transcription regulating signals than LINEs, are also
less often found in gene promoter regions, probably because a
high number of regulatory signals are more likely to alter gene
expression in a greater extent and have deleterious effects
(Thornburg et al., 2006). Most of the genes exhibiting TE
regulatory regions in their promoters are involved in functions
such as the stress response, immunity, and response to external
stimuli, whereas genes playing a role in development and
metabolism are less likely to have TE promoters inserted within
their UTRs. In addition, Marifio-Ramirez et al. (2005) have
shown that the regulatory sequences contributed by TEs are
exceptionally lineage specific, suggesting that TEs can drive the
diversification of gene regulation between evolutionary
lineages. TEs can interfere with host genes, not only by pro-
moting their transcription, but also by introducing into their 5’
UTRs novel regulatory sequences, which may act as enhancers
or insulators, as in the case of the D. melanogaster elements
ZAM and Idefix, respectively, which modify the proper
regulation of the white gene in the eyes (Conte et al., 2002a).
Promoter competition between host genes and retrotransposons
has also been shown to be a mechanism of transcriptional inter-
ference, disrupting endogenous enhancer—promoter commu-
nications (Conte et al., 2002b). The rapid evolution of the
regulatory region of TEs can therefore have a wide panel of
significant effects on the way the genome works.

Negative control

5.2. Inter-element competition and new waves of
retrotransposition

Generation of new variants of retrotransposon regulatory
regions is a mechanism by which competition between elements
can occur, the genome being invaded by the ‘best-adapted’
element. There can also be competition between different groups
of copies (highly active, less active, non-autonomous) without
elimination of the less active or non-autonomous elements
(Fig. 3) (Deceliere et al., 2005; Le Rouzic and Capy, 2005).
Variants of the /731 retrotransposon in D. melanogaster, which
display both extended transcriptional profiles due to changes in
the LTR sequence, and altered translational strategy due to loss
of frameshifting, have supplanted the more ancient forms
(Kalmykova et al., 2004). Costas et al. (2001) found two classes
of variants of the regulatory region in the blood LTR
retrotransposon, which they suggest may compete with each
other. The active blood subfamily (S) transposes at a faster rate,
and therefore survives and propagates, whereas the other
subfamily (L) is condemned to disappear or to remain confined
within the heterochromatin. Inter-element competition has also
been postulated for the two subfamilies of the tirant LTR
retrotransposon in D. melanogaster and D. simulans: one sub-
family, the C-type, is active and has invaded the chromosome
arms, whereas transcription is impeded in another subfamily, the
S-type, which is confined to the heterochromatin and has a very
low copy number (Fablet et al., 2006). Host genomic constraints
also interfere with inter-element competition, since, unlike D.
melanogaster and D. simulans, D. mauritiana and D. sechellia
do not display any expansion of the S subfamily of blood in their
genomes (Costas et al., 2001). To generate new characters in this
inter-element competition, inter-element recombination may, for
instance, be an effective strategy by which retroelements can
rapidly evolve novel regulatory sequence combinations (Jordan

- Epigenetics
(methylation, iRNA, ...)
- Recombination
- Inter-element N
competition ;En?ggﬁ
Time
Horizontal
Transfer

Speciation

TE copyT
number

Regulatory TE extinction
sequence
mutation

—
Time

Fig. 3. The influence of regulatory sequences in the TE life cycle. The black curve represents the evolution of TE copy number in a given host genome. TE regulatory
sequences can be subject to negative control by the host genome, leading to a decrease in TE copy number and even TE extinction. Depending on its regulatory
mechanisms and the host response, a TE can display waves of increasing and decreasing copy number. The evolution of the regulatory region may allow the TE to
invade a new host, in which the TE will once again be subjected to successive waves of increasing and decreasing copy number.
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and McDonald, 1998). What has happened to the L/ element in
the human genome is an extreme form of this inter-element
competition, since virtually only one lineage is active at a time
(Khan et al., 2000).

The rules governing the inter-element competition are mainly
determined by the host. A high degree of variability within
transcriptional regulatory regions could therefore allow retro-
transposons to explore transcriptional patterns in order to faci-
litate their coexistence with their host genome. Consistent with
this hypothesis, 7nt/ elements within various plant host species
tend to develop different U3 regulatory sequences that are
adapted to each host genome (Araujo et al., 2001). Cooperation
between cellular and retroviral elements is another way of
creating variability in the regulation of a retrotransposon. One
unusual example is that of the ERVWE] element, the expression
of which is regulated by a bipartite element consisting of a cyclic
AMP-inducible LTR retroviral promoter adjacent to a cellular
enhancer conferring a high level of expression and placental
tropism (Prudhomme et al., 2004).

The innovation race of the regulatory region engenders a
close relationship between the host factors and its transposable
elements. This can result either in an adaptation between the
transposable elements and their host genome, or a new burst of
transposition and genome invasion. But according to the genome
and type of retrotransposon considered (LTR/non-LTR), the
modalities and outcomes of these evolutionary mechanisms are
quite different.
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CONCLUSION

In this bibliographic work, we have shown that o&tnsposons differ in their regulatory
sequences (from LTR elements to LINE-like elemerasll, as a consequence, impact
differently the genomes in which they reside. Alsg have shown that similar elements
behave differently according to the species andlysd these data suggest that a specific
relationship exists between TEs and each invadetbrge. Several parameters might
influence the genome/TE relationship : TE familiespecies genomes, environment and
ecological traits are described to influence TEéyea relationship (Waterland and Jirtle,
2003; 2004; Clark et al., 2007; Dramard et al., 200arbone et al., 2009). Therefore, one
way to understand such specificity is to decreasenimber of different parameters involved
in the equation TE/genome. The study of naturalufains belonging to the same species
decreases the disparities between genomic envinutspence higher genetic homologies can
be observed intra-species than between speciegliamd for a simpler view of TE/genome
interactionsD. melanogasteandD. simulans as described above, have different amounts of
repeats and TEs (~15% and ~5% of TEs respectiyBlgyvsett and Young, 1982; Vieira et
al., 1999). Such pattern can be observed amongiriliés that are often overrepresented in
D. melanogastenatural populations (Vieira et al., 1999). There arfew elements that are
outnumbered in natural populations @f simulansand therefore considered as exceptions.
One of them is the LINE-like elemeritelena We decided to make a survey of this
uncommonhelenaelement in natural populations of bdih melanogasteandD. simulans
The goal of this study is firstly to understand teitierent behaviours of one same element in
two close species. Secondly, the use of naturaulptipns allows us to test intra-specific
natural variation in TE regulatory mechanisms. 8sampgly, the supposed activieelena
element inD. simulansnatural populations is the target of an importariernal deletion
mechanism. Such system seems to be absentBromelanogastenatural populations, and
unpublished data by E. Lerat generalize it to nobsthe otheD. simulanselements.
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Abstract

Background: Transposable elements (TEs) are major players in evolution. We know that they
play an essential role in genome size determination, but we still have an incomplete understanding
of the processes involved in their amplification and elimination from genomes and populations.
Taking advantage of differences in the amount and distribution of the Long Interspersed Nuclear
Element (LINE), helena in Drosophila melanogaster and D. simulans, we analyzed the DNA sequences
of copies of this element in samples of various natural populations of these two species.

Results: In situ hybridization experiments revealed that helena is absent from the chromosome
arms of D. melanogaster, while it is present in the chromosome arms of D. simulans, which is an
unusual feature for a TE in these species. Molecular analyses showed that the helena sequences
detected in D. melanogaster were all deleted copies, which diverged from the canonical element.
Natural populations of D. simulans have several copies, a few of them full-length, but most of them
internally deleted.

Conclusion: Overall, our data suggest that a mechanism that induces internal deletions in the
helena sequences is active in the D. simulans genome.

Background

Genome evolution occurs by several processes, including
global genome duplications, segmental duplications and
the amplification/deletion of repetitive sequences.
Among the repeated sequences, transposable elements
(TEs), which constitute a high proportion in many
genomes, play an important role in genome evolution [1].
The transposition rates of these TEs depend on the
amount and type of the TEs present in the genome; they
are not constant over time, but are subject to amplifica-
tion bursts in certain species and populations [2]. As a
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result, genomes contain widely differing amounts of TEs
that are not directly correlated to their activity levels. For
instance, the human genome is composed of at least 50%
of TEs, but only very few are active, and they are responsi-
ble for less than 1% of mutations [3]. In contrast, in Dro-
sophila melanogaster, only 18% of the genome is composed
of TEs, but a high proportion of mutations (more than
50%) is attributable to their transposition [4].

A TE life cycle can be viewed as successive waves of trans-

position/loss: invasion of the host genome by TEs being
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followed by their progressive elimination [5,6]. For exam-
ple, the LINE-1 (L1) element has colonized the entire
human genome by successful waves of transposition
[2,7], and today it is the most abundant TE family in this
genome. However, in humans, most of the elements have
been inactivated either by structural changes or by epige-
netic control, such as DNA methylation [7]. In D. mela-
nogaster, the I factor has recently reinvaded this genome
after being lost from the chromosome arms [8]. TE elimi-
nation from genomes is therefore a commonly observed
phenomenon, although no real-time observation of a TE
extinction has ever been reported. As TEs have a consider-
able influence on remodeling the genome structure [9],
we need to understand the dynamics of changes in their
copy numbers. One way to investigate these dynamics is
to analyze closely related species with differing TE
amounts, such as D. simulans and D. melanogaster. These
species diverged 2 to 3 million years ago [10] and have dif-
fering proportions of TEs: D. melanogaster contains more
than 18% of TEs, whereas D. simulans contains only 5%
[11].

D. simulans has fewer copies of most TEs [11], but there
are a few exceptions. The DNA-transposon hobo is more
abundant in D. simulans, the retrovirus-like gypsy and ZAM
elements have the same low number of copies in both
species, and the LINE-like element helena is present in the
D. simulans genome (10 insertion sites as determined by
in situ hybridization), but has not been detected in the
chromosome arms of D. melanogaster [11,12]. The striking
distribution of helena in natural populations of these two
species, and the fact that degenerated copies are found in
the sequenced D. melanogaster genome, make this LINE-
like element an ideal model system to study the real time
TE life cycle.

Petrov and colleagues [13] proposed that deletions are
common events in Drosophila, and based this suggestion
on the analysis of partial helena sequences from different
Drosophila species. However, it is difficult to extrapolate
this to other TEs, if we take into account the fact that
helena is one of the few degenerate TEs in the D. mela-
nogaster sequenced genome [14]. Comparing closely
related species with differing TE amounts, could be used
to test the importance of this deletion process in regulat-
ing TE genome invasions.

We analyzed the structure and activity of helena using the
sequenced genomes and of 41 natural populations of D.
melanogaster and D. simulans. We show that the elimina-
tion of helena from its host genomes is a very quick proc-
ess, and that it is mediated by massive internal deletions
in the element [15]. We conclude that the process of elim-
ination of helena is far advanced in D. melanogaster. but is
still in progress in D. simulans.
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Results

In silico identification of a complete copy of helena in the
D. simulans genome

Because no full-length copy of helena had previously been
described, we performed a bioinformatic search for such a
copy in the draft sequence of the D. simulans genome [16].
We found a 4912-bp copy of helena on the chromosome
arm 3R (at position 1506433 - 1511368 on the minus
strand) (Figure 1). Helena belongs to the jockey clade [17],
has a 25-bp poly A tail, and two overlapping open reading
frames (ORF1 and ORF2). The first ORF is 1737-bp and
codes a 579-amino acid (aa) protein that has high similar-
ities to the gag protein of other LINE-like elements, such
as X, jockey and HeT-A [18,19]. The gag-like protein con-
tains the major homology region (MHR), followed by a
cysteine-rich domain (CX,CX,HX,C, CX,CX;HX,C,
CX,CX;HX,C). This region is common to all gag-like pro-
teins, and confers an RNA or DNA single-strain binding
property on these elements, as well as being essential for
gag oligomerization. Helena has a coiled-coil domain
located in the 5' region of the gag protein, something that
had previously only been seen in L1 elements from mam-
mals [20] and in some LTR retrotransposons from Dro-
sophila [21]. The second ORF, which starts on the last
base of ORF1, is 2721-bp, and codes a 907-aa protein cor-
responding to the pol gene, which is very similar to the
protein of the BS and jockey elements. The pol-like protein
contains all the domains necessary for its function: an
apyrimidic endonuclease and an exonuclease (from
amino acid 4 to 221), plus a reverse transcriptase domain
(from amino acid 493 to 746). Both ORFs are intact,
could produce transcripts, and are surrounded by two
untranslated regions (5'UTR and 3'UTR respectively).
Because the regulatory region is often defined in the
5'UTR [22], we performed a bioinformatic search for tran-
scription factors binding sites in this region. A single
region was detected containing several transcription factor
binding sites, such as SP1 and upstream stimulating fac-
tor-like (USF) binding domains. This region also displays
a binding site for a TATA-binding protein (TBP), and an
estrogen response element (ERE).

The copies of helena in the sequenced genomes of D.
melanogaster and D. simulans

Using the complete sequence of helena as a query, we
found 62 helena sequences in the D. simulans genome (see
Additional File 1 for details). Twenty-eight of these copies
were located on the chromosome arms, and the remain-
ing 34 were in the U part of the genome, that may corre-
spond to heterochromatin. The copies ranged in size from
107 bp to 5098 bp. However, it is difficult to determine
the exact size of some copies due to the presence of
numerous  undetermined  bases. @ Two  copies
(chr2R_13305831 and chrX_16602314) were longer than
the reference sequence due to insertions. In some other
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Figure |

helena structure. Full-length copy of helena in the D. simulans genome (3R: 1506433 — 15011368). DNA sequence: UTR,
untranslated region; ORF, open reading frame; AAA, polyA tail. 5'UTR: ERE, estrogen response element; GATA, SPI, stimulat-
ing protein |; USF-like, upstream stimulating factor-like; Protein sequences: MHR, major homology region; CCHC, cysteine
rich domain; AP, apyrimidic. See Materials and Methods for prediction information.

cases, we may be looking at fragments of the same copy;
however, the distances that separate them are too large to
allow us to find out with certainty whether they come
from the same copy. The estimated number of 62 copies
in D. simulans may therefore be an overestimation. The
average percentage identity is 96.1% for all copies, with an
average of 97.4% for the copies in the euchromatin, and
of 94.9% for the copies in the U part.

In the sequenced genome of D. melanogaster, we found 26
copies of helena (see Additional File 2 for details), which
ranged in size from 91 bp to 4805 bp. The average per-
centage identity was 80.4% for all copies, with an average
of 78.7% for the copies in the chromosome arms, and of
83.7% for the copies located in the U part. Most of the
copies in this genome have therefore been degraded, with
numerous internal deletions or insertions. All copies are
truncated on the 5' side, and are DOA (Dead on arrival)
copies, apart from the 3L._23487977 copy, although even
this displays some internal deletions.

27

We analyzed in greater detail any copies that could corre-
spond to the most recent insertions in both D. mela-
nogaster and D. simulans. We used specific blast criteria to
identify these copies: we selected matches with at least
90% identity, and a length at least 50% of that of the com-
plete copy, with e-values of less than 10e-10 (Figure 2). In
D. melanogaster, only the 31L_23487977 copy described
above met all the blast criteria. It is obviously an inactive
copy, since more than four deletions were detected within
its sequence. In D. simulans, six copies were found that
matched the blast criteria, including the complete copy on
the 3R chromosome (position 1506433 — 1511368 on the
minus strand); the other five copies had internal dele-
tions, and insertions were detected in four of them.

Chromatin localization of helena copies in natural
populations

We used in situ hybridization to estimate the number of
helena insertion sites located on the arms (euchromatin)
of the polytene chromosomes from salivary glands of
both D. melanogaster and D. simulans. Both species had
centromeric staining, but only D. simulans from natural
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Chromosome/

Species Copy number

Copies of helena more than 50% as long as the reference copy
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X/0
U/0
Total 2

D. melanogaster
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2L/ 0
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Figure 2

Scheme of helena copies. Representation of helena copies in the D. melanogaster and D. simulans genomes with at least 90%
identity and 50% of the length of the complete copy, and with e-values of less than |0e!; Triangles = insertions; Spaces = dele-

tions.

populations presented euchromatic bands (mean copy
number 10.7 + 2.2) with no fixed sites (see Additional File
3 for details on insertion sites per population). With this
experiment we did not detect any insertions of helena in
the chromosome arms, which could be explained by the
short size of the elements and the divergence to the probe
used.

Inter-population polymorphism

We analyzed the inter-population helena copy number
polymorphism by Southern blot, using a restriction
enzyme that does not cut inside the element. This method
detects both heterochromatic and euchromatic sequences.
As shown in Figure 3, D. melanogaster had 8 to 11 bands
per population, and several bands were shared by differ-
ent populations. These copies could correspond to
ancient and fixed heterochromatic copies in the D. mela-
nogaster genome. D. simulans populations contained

28

numerous helena copies (19 to 30 copies per population)
with a high level of insertion polymorphism. Since the
enzyme used for the Southern blot did not cut inside the
element, all bands over 4.5 kb could correspond to a com-
plete element. Because both species harbored bands over
4.5 kb, they could have full-length helena copies.

PCR screening

Three sets of primers were used to amplify the whole
ORF1 and two fragments of the ORF2. No bands corre-
sponding to the ORF1 were observed in any of the D. mel-
anogaster natural populations in agreement with the
absence of this ORF in the sequenced genome. There was
a high level of size polymorphism for the D. melanogaster
ORF2, corresponding to the different internal deletions
already analyzed by Petrov et al. [13,23]. In contrast, D.
simulans displayed low size polymorphism for helena
ORF1 and ORF2. Indeed, only one population out of
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Figure 3

Southern blot analysis of D. melanogaster and D.
simulans populations. Lanes | to 9 are D. melanogaster
populations (Bolivia, Brazzaville, Canton, Chicharo, Reunion
Island, Arabia, Virasoro, Vietnam, and ISO for the 9thand 20th
lane). Lanes | to 19 are D. simulans populations (Amieu,
Eden, Valence, Canberra, Papeete, Moscow, Makindu, Zimba-
bwe, Cann River and Reunion Island). For both Southern
blots, the DNA size is estimated in base pairs.

twenty had two sets of ORF1 (Papeete). All D. simulans
populations had two to three sets of ORF2.

Analysis of helena copies in D. simulans populations

PCR fragments obtained from the D. simulans population
screening mentioned above were cloned and sequenced.
Surprisingly several common indels were detected at the
same positions in different sequences from all the popu-
lations analyzed. Phylogenetic reconstructions based on
the ORF1 and ORF2 (Figures 4 and 5, alignments from
Additional Files 4 and 5) showed that the sequences that
displayed the same indels are grouped in the tree. This
suggests that the deletion or insertion events were pro-
duced before the amplification of these sequences. Some
copies had only a few insertions, and might be inactive
since their reading frames were not preserved. However,
the amplification of some of these copies could have been
promoted in trans. We did not find any population that
had both complete ORFs. Nevertheless, some ORFs had
no internal stop codons in their sequence, suggesting that
copies bearing them could be active despite the deletions.

The percentage identity between the reference copy and
ORF1 ranges between 96% and 99%, meaning that these
copies have not diverged much. No relationship was
detected between the size and location of the deletions,
and the percentage identity. For the ORF2, we found cop-
ies with a percentage identity of more than 93% that
reached 100% for some copies. A common 401-bp dele-
tion was found in copies with 93% identity with the com-
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plete helena copy, but no correlation was observed with
the percentage identity for the other deletions or inser-
tions. Based on the age estimation of each copy, we found
that most of the oldest ORF2 fragments had the 401-bp
deletion. Several young copies of both ORF1 and ORF2
displayed major internal deletions, showing that the
mechanism leading to these deletions is much more pow-
erful than copy divergence in inactivating them.

Transcript analysis in D. simulans

To test the transcriptional potential of helena in D. simu-
lans, we performed northern blot and RT-PCR in various
populations (see Materials and Methods). Since the
sequenced genome was obtained from strains from North
America, we added three populations from this continent
(San Antonio, SW3-S2 and San Diego). No transcripts
were found by Northern blot in any of the populations.
However, the RT-PCR method detected transcripts of both
ORF1 and OREF2 in the Valence population, an extremely
low signal for ORF1 and ORF2 in three of the American
populations, and ORF2 transcripts in the Amieu popula-
tion. None of the other populations had any transcript for
helena, implying that this element is extinct in these pop-
ulations. Since the Northern blot technique is less sensi-
tive than RT-PCR, these findings suggest that helena is
transcribed at extremely low levels in the populations in
which some transcripts were detected by RT-PCR.

Discussion

Our in silico and experimental analyses of the D. mela-
nogaster genome show that helena copies are mostly DOA,
devoid of ORF1, and therefore unable to transpose auton-
omously. All these features have been associated with ele-
ments that are in the process of inactivation [20]. The
scenario for the helena copies in D. simulans is quite differ-
ent. Analysis of the sequenced genome of this species
allowed us to identify a full-length copy of helena with the
structures required for an active element: two intact ORFs,
a poly-A tail, and regulatory regions. The high level of
insertion polymorphism detected in the natural popula-
tions suggests that helena is an active element or has been
active recently. However, sequence analysis of the two
ORFs of helena in the natural populations revealed two
main points: first, both ORFs are intact in only very few
populations; second, even though the sequences of helena
are very similar at the nucleotide level, their deletion fea-
tures differ.

The first point was strengthened by the almost total
absence of helena transcripts in all natural populations of
D. simulans, which means that very few copies were
involved in transcription. Because a single master copy is
enough to maintain TE transposition [24], the putative
activity of helena in this species could reside in the full-
length copy probably present in some populations such as

Page 5 of 11

(page number not for citation purposes)



BMC Genomics 2008, 9:149 http://www.biomedcentral.com/1471-2164/9/149

0.01
chrU_6536133 =

* ychr3L_18642496
chrU_6132643
Amieu_5

chr3R_1506433 ORF1
Cann River_3

chrU_4537377

— Amieu 2

G chrU_S680622 chrU_10625041

L chrU_5950518
Eden_11
B e ke, Makindu_10
Makindu_11
=’£Cann River_13
Eden_4
chrU_ 9639082
chrX_16602314
Eden_3
chrU_5384045
Cann River 9
Cann River_i
Makindu_22
L—Bﬂlzzaville_lé
* — Brazzaville_8
= Brazzaville 11
Brazzaville_12
Cann River_6
~ Makindu_6%
— Cann River 5
~Cann River 7
« | Valence_5
— Valence_13
Valence 9
Makindu_cM6
Makindu_cM1
Valence_4
Valence 6
Valence 2
Valence_1
Valence_7
Makindu_2%
= Cann River 2
F Makindu 1%
-Makindu_7 %
%rEden_T
Eden 7
~Makindu_8 %
Canberra_5 %

3 Cann River_10
4 * Brazzaville 10
chrU_ 2316095
hrU_3975907

[

x|

Figure 4

phylogenetic tree of the DNA sequences from the ORFI region. The reconstruction was performed on the cloned
DNA sequences of the ORFI region from the different populations of D. simulans, and from some sequences detected in the
sequenced genome (we eliminated sequences that were too short relative to the global length of the alignment). Colored
boxes identify sequences harboring common patterns of deletions and/or insertions. All the positions are given by reference to
the complete copy. Green box: sequences display the same deletions of |18 bp (at position 45), 3 bp (at position 839), 6 bp (at
position 846), | bp (at position 854) and a |-bp insertion (at position 415). Blue box: sequences display the same 28-bp deletion
(at position 1092) — those with a red star also have a 77-bp deletion (at position 508), and a 91-bp deletion (at position 593).
Yellow box: sequences display the same deletions of | bp (at position 160), 28 bp (at position 165), 19 bp (at position 954), 2
bp (at position 989), and 37 bp (at position 1006), and an insertion of | bp (at position 322). Orange box: sequences with no
deletion or insertion, very closely related to the complete copy chr3R_1506433. Black asterisks correspond to bootstrap val-
ues greater than 50%.
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Figure 5

phylogenetic tree of the DNA sequences from the ORF2 region. The reconstruction was performed on the cloned
DNA sequences of the ORF2 region from the different populations of D. simulans and from some sequences detected in the
sequenced genome (we eliminated sequences that were too short relative to the global length of the alignment). Colored
boxes represent sequences harboring common patterns of deletions and/or insertions. All the positions are given relative to
the complete copy. Green box:sequences display the same 4-bp deletion (at position 547) and the same 2-bp insertion (at posi-
tion | 12). Dark blue box: sequences display the same |-bp deletion (at position 521). Yellow box: sequences display the same
deletions of 3 bp (at position 143), 8 bp (at position 335), 4 bp (at position 345), and an insertion of 2 bp (at position 460). Light
blue box: sequences display the same 401-bp deletion (at position 179). Orange box: sequences with no deletion or insertion,
very closely related to the complete copy chr3R_1506433. Black asterisks correspond to bootstrap values greater than 50%.

Valence, where we did observe transcripts. Hence, we
would expect sequences that are still similar at nucleotide
level to differ only in the 5' end truncation size, as usually
observed for LINE-like elements. However, as mentioned
in the second point, we actually observed many other
kinds of internal deletions that occurred throughout the
length of the element. Intriguingly this deletion-promot-
ing process appears to be quite powerful in inactivating
the elements, and could be even more powerful than
other mutation processes such as point mutations. This
means that a real-time loss of helena is ongoing in all D.
simulans populations.

The nature of the mechanisms leading to internally
deleted copies is still unknown. In humans, LINE ele-
ments can be spliced [25], a process that creates internal
deletions. We used bioinformatic analyses, but were una-
ble to find splice sites in the full-length helena sequence.
Also, although recombination between mRNAs can pro-
duce internal deletions [26], helena sequences are not suf-
ficiently divergent to allow us to infer the origin of a single

copy.

Helena appears to be extinct in D. melanogaster, and this
recalls the I element, which also disappeared from the D.
melanogaster genome in the past, and reinvaded it only
recently [27]. The I and helena elements are both LINE-like
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elements, leading us to wonder whether amplification/
loss of copies could be a characteristic of this type of ele-
ment. Waves of amplification/loss have been observed in
humans, where only the youngest L1 subfamily is active,
perhaps as a result of competition between different L1
subfamilies [2,7].

Our data show that helena has been almost entirely
removed from the D. melanogaster genome, and was not
subjected to the recent wave of transpositions reported for
other elements [14]. In D. simulans, we did observe an
insertion site polymorphism of helena, but this corre-
sponds to copies that are being internally deleted by an
efficient mechanism. This may be generalized on the basis
of data on the LTR retrotransposons 412 and tirant, which
have also internal deletions [28,29]. We still do not clearly
understand which mechanisms lead to a low copy
number in the D. simulans genome, but a mechanism pro-
moting internal deletions could be a major force at work
[30].

Conclusion

TEs are major players in genome evolution, and the way
they are controlled by the host genome is one of the most
fundamental questions in evolutionary genomics. Here
we show that two closely related species of drosophila
have a TE family at different stages in its life cycle. The
mechanism by which this is achieved in D. simulans
implies that a very efficient internal deletion mechanism
is acting on TEs, which is more powerful than the simple
neutral evolution of non-active elements. The difference
in the amount of TEs between D. melanogaster and D.
simulans could be explained by such a process, that doesn't
seem to be very active in D. melanogaster present popula-
tions.

Methods

Natural populations

We worked on fly samples collected from several geo-
graphically-distinct, natural populations (confer each
Method for natural populations investigated). These pop-
ulations were maintained in the laboratory as isofemale
lines or small mass cultures with around 50 pairs in each
generation.

In situ hybridization

Polytene chromosomes from salivary glands of third-
instar female larvae were prepared and treated with nick-
translated, biotinylated DNA probes, as previously
described [31]. Insertion sites were visible as brown bands
resulting from a dye-coupled reaction with peroxidase
substrate and diaminobenzidine. The insertion site num-
bers of the TE(s) were determined on all the long chromo-
somes arms (X, 2L, 2R, 3L, 3R), and were summed to give
the total number of labeled sites per diploid genome. We
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did not take into account the insertions located in peri-
centromeric regions 20, 40, 41, 80, and 81, because TE site
number estimations in these regions are difficult and not
reliable for all chromosomes or all squashes. We used a
probe (1278 bp) from helena of D. sechellia (AF012044).
The following populations of D. melanogaster were inves-
tigated: Portugal (Chicharo), Saudi Arabia, Congo (Braz-
zaville), Reunion Island, Argentina (Virasoro), Bolivia,
China (Canton), Vietnam, and Iso line. The D. simulans
populations analyzed were from France (Valence), Russia
(Moscow), Kenya (Makindu), Zimbabwe, Reunion
Island, Australia (Eden, Cann River and Canberra), French
Polynesia (Papeete), New Caledonia (Amieu).

Southern blot

DNA was extracted from one or five adult females by a
standard phenol-chlorophorm-salt method with protein-
ase K digestion. The D. melanogaster populations analyzed
were from Bolivia, Congo (Brazzaville), China (Canton),
Portugal (Chicharo), Reunion Island, Saudi Arabia,
Argentina (Virasoro), Vietnam, and ISO line. The D. simu-
lans populations analyzed were from New Caledonia
(Amieu), Australia (Eden, Cann River and Canberra),
France (Valence), French Polynesia (Papeete), Russia
(Moscow), Kenya (Makindu), Zimbabwe, and Reunion
Island. The DNA was cut using the HindlIl enzyme, which
has no restriction site within the helena sequence, and
therefore allowed us to estimate the number of complete
helena copies. Electrophoresis of a 0.8% agarose gel con-
taining digested DNA was carried out for 17 h. The DNA
was denatured (NaOH 0.5 M), and then transferred over-
night to a Hybond-N+ nylon membrane. Pre-hybridiza-
tion and hybridization were carried out at 67°C using a
Denhardt 5x solution. The probe used for hybridization
(AF012044) was radiolabeled with 32P, using a random
procedure from Amersham.

Amplification of ORFI and ORF2

DNA was extracted from single flies by a standard phenol-
chlorophorm method. The following populations of D.
melanogaster were investigated: France (Valence and Saint
Cyprien), Portugal (Chicharo), Saudi Arabia, Senegal,
Congo (Brazzaville), Reunion Island, Guadeloupe, Argen-
tina (Virasoro), Bolivia, and China (Canton). The D. simu-
lans populations analyzed were from France (Valence),
Russia (Moscow), Egypt (Tanta), Congo (Brazzaville),
Kenya (Meru, Kwalé and Makindu), Zimbabwe, Tanzania
(Arusha), Puerto Rico, Japan, Australia (Eden, Cann River
and Canberra), French Polynesia (Papeete), Saint Martin,
Hawaii, New Caledonia (Amieu), and Portugal
(Madeira).

PCR was run using 1 ug DNA with the two following
primers - ORF1: Hlfor (285 5' AAC TGT AAA ATG GAT
ACG AAC A 3' 306), Hlrev (1808 5' GCC ACT TCA TAA
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ATT GIT CC 3' 1827). - ORF2: Hel2F (2325 5' CCG GGC
TGG GCG ATATGG 3' 2342), Hel2R (4548 CGT ACATAC
CAG GGG CAGTTG G 3'4569). PCR was run in 30 cycles
with annealing temperatures of 57°C (ORF1) and 56°C
(ORF2). We used Euroblue taq from Eurobio. DNA
amplified fragments were purified and cloned on compe-
tent bacteria (Qiagen kits). Four primers were used for
sequencing: M13 forward and reverse; Seql (5' CTC TTC
CTT CAT TTG GTA CG 3') and Seq2 (5' AAG GGG AAA
CAG TGA GAA TA 3') for the complete ORF1; Seq3F (5'
TTA GAC CAT GCT CTC GGT TA 3') and Seq3R (5' TGT
CAA TTC CTG GAG CIT TA 3') for a fragment of ORF2.
Sequencing was performed by Genome Express. Accession
numbers (Genbank) from EU168807 to EU168844 corre-
spond to ORF1 fragments. Accession numbers (Genbank)
from EU170377 to EU170431 correspond to ORF2 frag-
ments.

RT-PCR

Total RNA was extracted from four adult females, four
adult males, 10 ovaries and 10 testes from D. simulans
populations (France (Valence), Congo (Brazzaville),
Kenya (Makindu), Zimbabwe, Australia (Canberra), New
Caledonia (Amieu), Portugal (Madeira), United States
(San Antonio, San Diego, Arena, SW3)) with the RNeasy
protect mini kit from Qiagen. RNA extracts were treated
with the Ambion's DNA-free kit. ThermoScript RT-PCR
system from Invitrogen was used to synthesize four differ-
ent cDNA pools (55°C for 90 min and 85°C for 5 min): a
control reaction with no retrotranscriptase to test DNA
contamination, a pool of total cDNA synthesized with
oligo-dt primers, two specific cDNA pools obtained with
H1R (ORF1) and Hel2R (ORF2), respectively, corre-
sponding to helena transcripts. All four cDNA pools were
tested for the presence of actin cDNA (house keeping

gene) by PCR with Act5cfw
(5'ATGTGACGAAGAAGTTG3') and Act5cRv
(5'TTAGAAGCACTTGCGGTGCA3') primers. Oligo-dt

and specific helena cDNA pools were analyzed by PCR
using ORF1 and ORF2 specific primers (H1R/H1F and
Hel2R/Hel2F).

Northern blot

Total RNA was extracted from adult females or embryos
from several D. simulans populations (Valence, Makindu,
Amieu, Brazzaville) with the RNeasy protect mini kit from
Qiagen. Total RNA extracts were treated with the
Ambion's DNA-free kit. Electrophoresis (MOPS, formal-
dehyde gel) was run for 3 h after RNA denaturing. After
washing (water and NaOH, 75 mM) RNA was passively
transferred to a nylon membrane, and cross linked for 2
hours at 64 °C. Blots were pre-hybridized in hybridization
buffer, then hybridized overnight at 42°C in hybridiza-
tion buffer containing a 32P-labeled helena cDNA probe.
The radiolabeled cDNA probe was prepared using a Meg-
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aprime DNA Labeling Kit according to the manufacturer's
protocol (Cat # RPN 1607; Amersham Biosciences, Little
Chalfont, Buckinghamshire, England). Following hybrid-
ization, blots were washed in 2 x SSC/0.1% SDS at 42°C
and then exposed to X-ray film (KODAK).

Identification of helena copies in the complete genomes

We retrieved the sequences of the chromosome arms 2L,
2R, 3L, 3R, 4, X and the unassigned part (named U) corre-
sponding to the first release of the mosaic assembly of the
genome of D. simulans available at the ftp site of the
Genome Sequencing Center at the Washington University
Medical School [32]. This mosaic assembly corresponds
to different strains of D. simulans. We also used the
sequenced genome of D. melanogaster [33]. We will refer
to the helena copies found in the genomes according to
the chromosome name and the start position of the copy
(for example chr2l,_133500 corresponds to a copy found
on the 2L chromosome, and it starts at position 133500).

The helena element was only found in the databases as
fragments of the reverse transcriptase (RT). We retrieved
the longest sequences from D. yakuba (accession number
in Genbank AF012049), D. melanogaster (AF012030) and
D. virilis (U26847) to build a chimeric, 1532-bp
sequence. Using this chimeric element we searched for
copies in the D. simulans sequenced genome using blastn
[34]. The reconstructed helena sequence (ID Helena_DS)
is available in Repbase [35]. Only matches with an e-value
of less than 10e-10 have been retained, and any separated
by distances of less than 300 bp have been merged. As the
query used corresponds to a small portion of the ORF2, in
order to search for longer sequences of helena, we retrieved
the matches after adding 5000 bp around their positions.
We then performed multiple alignments of these
sequences using clustalw [36] in order to detect the long-
est copies. By this procedure, we identified a sequence on
the chromosome 3R that was the longest of the matches
detected. The prediction of potentially coding parts was
made using the ORF finder program available on the
NCBI web site [37], and this allowed us to identify two
OREFs. It was not possible to use the presence of target site
duplication to determine the exact position of the begin-
ning of the sequence, because the copy was surrounded by
unidentified bases, and so we performed a blast search in
the draft sequence of D. sechellia, the closest relative to D.
simulans. This allowed us to find a homologous copy, and
to identify the beginning of the complete copy of helena.
Once this copy had been identified, it was used as a query
to perform blast searches in the D. simulans and D. mela-
nogaster genomes to determine the helena copy popula-
tions.
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Sequence analysis

The computation of the percentage identity was per-
formed using the DNADIST program in the PHYLIP pack-
age [38]. We used the sequence editor Seaview [39] to
visualize the sequences and the alignments. Splice sites
and transcription binding sites were predicted by the Soft-
berry tools [40] and Genomatix [41]; PEPcoil ([42]
allowed us to find the coiled coil domain in ORF 1. Con-
served domains in both ORF1 and ORF2 were predicted
with the "Conserved domain search" tool from NCBI.
Sequenced copies were aligned with T_coffee [43]. Phylo-
genetic analysis were made using maximum likelihood
with HKY substitution model implemented in PhyML
[44]. The reconstruction was performed on the cloned
DNA sequences of the ORF1 and ORF2 region from the
different populations of D. simulans, and from some
sequences detected in the sequenced genome (we elimi-
nated sequences that were too short relative to the global
length of the alignment).

Age was estimated using the Bowen and McDonald
method [45] with the formula Age = K/(2r), where K is the
divergence between the two copies calculated from the
Kimura two-parameter distance via DNAdist, and r is the
synonymous substitution rate per site per million years in
D. melanogaster (r = 0.016 from Li [46]). It is important to
note that the age of helena copies is underestimated due to
the lack of knowledge about conversion and substitution
rates in D. melanogaster genome, and is also unreliable
when applied to old and highly diverged copies.
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DOA, dead on arrival; LINE, long interspersed nuclear ele-
ment; L1, LINE 1; LTR, long terminal repeat; ORF, open
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Supplementary Table belenacopies in thérosophila simulansequenced genome

chromosome strand start stop length (bp) %identity
with the
complete
helena

2LE + 1592410 1592944 534 99.25
oL* + 1674490 1674844 255 99.21
oL - 15248615 15252309 3680 99.75
2LE + 17606797 17606986 190 100.00
2L + 21324887 21324994 108 90.74
2LE - 21614564 21615205 642 99.22
2LE + 21940141 21940640 500 96.59
2R - 1707808 1707920 113 97.32
2R - 11963548 11964592 1045 99.81
2R - 13305831 13310157 4327 99.22
2R - 14875310 14876458 1149 99.91
2R* - 14892514 14892896 383 98.35
2R - 15489919 15490045 128 96.06
3LE + 6812601 6816422 3821 99.63
3LE - 13781457 13782139 683 99.56
3Lf - 14741536 14741739 204 99.51
3Lf - 18635059 18635811 753 99.07
3L* - 18642496 18643290 795 100.00
3LE + 22376004 22376483 479 100.00
3R - 30161 30267 107 88.79
3R + 5983652 5983777 126 95.20
3R - 1504547 1505432 885 99.77
3RS - 1506433 1511368 4912 /
3R + 17102251 17102891 641 99.53
3R + 18466755 18467294 539 99.81
xE + 4098908 4099039 131 96.92
xE¥ - 16594484 16595282 799 93.59
X + 16602314 16610995 8682 96.94
x£ - 16622045 16623141 1096 95.62
Ut + 233264 234099 835 95.08
u*® - 963982 966622 2641 97.01
Ut + 1677297 1679692 2396 96.16
u¥ - 1817942 1818183 242 96.28
uts + 2316095 2319355 3260 94.32
Ut + 3850078 3850295 218 98.17
u® + 3975907 3980988 5098 97.12
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Ut - 4355937 4357004 1068 94.10
Ut + 4537377 4539308 1932 96.83
Ut - 5367908 5368352 444 99.55
Ut + 5384045 5387314 3270 96.16
Vi + 5494730 5495329 600 95.67
u* - 5537882 5538331 449 95.54
(Uinad - 5679045 5679704 660 91.92
Ut - 5680622 5681500 879 95.56
(Uinad + 5950518 5951775 1258 93.13
Vi - 6132643 6133267 625 99.36
U - 6536133 6538085 1953 87.11
UE*s + 6720385 6721210 826 96.73
Ut + 6958505 6960048 1543 95.46
Ut + 7409968 7410136 169 95.83
Ut - 8905908 8906162 255 98.43
Ut - 9126245 9126804 559 95.40
Vi + 9852927 9853034 108 89.81
Ut + 10162660 10163444 784 96.30
Ut + 10317347 10317513 167 82.04
Ut + 10625041 10625415 375 94.31
Ut + 10862415 10864252 1838 97.82
Ut - 11024602 11025244 643 91.19
Vi - 11023792 11024075 284 94.72
Ut - 12899234 12899861 627 93.95
(Uinad - 13548152 13549068 917 95.85
u¥ - 13613535 13613737 203 94.58
u¥ - 15302493 15302886 394 97.21

Sthe completdelenasequence

" sequences with internal deletions and insertions
sequences with internal deletions

sequence with insertions

sequences truncated in 5'

sequences truncated in 3'

* &+

£
¥
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Supplementary Table Belenacopies in thérosophila melanogastesequenced genome

chromosome strand start stop length (bp) %identity
with the
complete
helena
2L°® + 20553860 20554967 1108 94.00
2L + 20502277 20502573 297 76.00
2U - 21790993 21793986 2994 61.00
2R - 483468 488273 4805 83.00
2R + 1630552 1632697 2146 64.66
2R - 1841627 1843766 1907 68.81
3L* + 16603717 16607074 3358 65.00
3L + 18688097 18688680 583 70.05
3L® - 23487977 23490595 2619 93.00
3R - 484629 484719 91 79.00
3R - 401148 401432 285 92.00
3R + 3313732 3314009 278 95.00
3R - 3884273 3886085 1813 70.21
3R - 7777247 7779392 2146 64.65
X - 18697277 18697732 458 84.00
X - 22519248 22521013 1765 90.00
x® - 2255945 2256468 524 88.00
U + 1548034 1548124 91 86.00
u + 1572147 1572700 554 90.00
u - 3163038 3163543 506 72.00
u - 3164132 3164716 585 70.00
u® - 390489 392808 2320 87.00
u® + 4397920 4400343 2423 94.00
U’ + 5254588 5256562 1975 67.34
u + 5813553 5813690 138 92.00
u + 5814272 5814990 719 95.00

" sequences with internal deletions and insertions
® sequences with internal deletions
*sequence with insertions

38




Supplementary Table 3: Helena copy number in D. melanogaster and D.
simulans populations by in situ hybridization in polytene chromosoms

. Additional
helenacopy number i :
Centromeric ang
polytene chromosom . .
Peri-centromerid
arms .
staining
Saudi Arabia 0 P/ C
Bolivia 0
Brazzaville (Congo) 0 P/C
Canton (China) 0 P
D. melanogaster
Chicharo (Portugal) 0 P
Reunion 0 C
Virasoro (Argentina) 1 P
Vietnam 0 P
ISO 0 P/C
Valence (France) 13
Makindu (Kenya) 9 C
Moscou (Russia) 10
Canberra (Australia) 11
Zimbawe 13
D. smulans Reunion 10
' Cann River (Australia 12
Amieu (New Caledonia) 9
Eden (Australia) 10 C
Papeete (French
. 10
Polynesia)
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Alignment: /home/lerat/MANIP/simulans/HELENA/ARTICLE/revision/alignment ORFl.ali
Seaview [blocks=10 fontsize=10 A4] on Fri Dec 21 10:42:44 2007
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Amieu 2
Makindu_2
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Cann-River 9
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Makindu_6
Makindu_7
Valence 6
Makindu_8
Makindu_ 22
Canberra_5
Cann-River 2
Cann-River 6
Cann-River 7
Cann_River 5
Cann-River 8
Valence 5
Valence 9
Eden 1
Valence_ 13
Eden_7
Valence 4
Valence 2
Valence 1
Valence 7
Makindu_cM1
Makindu_cM6
Makindu_1
Amieu 5

Eden 11
Cann-River 10
Brazzaville_ 10
Cann-River 3
Cann-River 13
Eden_4
Makindu_10
Makindu 11
Brazzaville 11
Brazzaville 12
Brazzaville 8
chrU_963982
chr3L_18642496
chru_3975907
chrU_10625041
chrU 2316095
chrU_ 4537377
chrU_5384045
chrU 5680622
chrU_ 5950518
chrU 6132643
chrX 16602314
chruU_6536133

G
G
c
c
c
G
c
5
c
X
c
G
c
c
G
G
E
c
c
g
é.i
c
G
c

TR Rchla R elGEr S I

1021
chr3R_1506433

Brazzaville_ 16
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Cann-River 9
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Makindu_7
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Cann-River 9
Amieu 2
Makindu_2
Makindu_6
Makindu_7
Valence 6
Makindu_8
Makindu_22
Canberra 5
Cann-River_ 2
Cann-River 6
Cann-River 7
Cann_River 5
Cann-River 8
Valence 5
Valence 9
Eden_1
Valence 13
Eden_7
Valence 4
Valence 2
Valence 1
Valence 7
Makindu_cM1
Makindu_cM6
Makindu_1
Amieu 5

Eden 11
Cann-River_ 10
Brazzaville 10
Cann-River_ 3
Cann-River 13
Eden_4
Makindu_10
Makindu 11
Brazzaville 11
Brazzaville 12
Brazzaville 8
chrU 963982
chr3L_18642496
chru_ 3975907
chrU_10625041
chrU_2316095
chrU 4537377
chrU 5384045
chrU_5680622
chrU_5950518
chrU_6132643
chrX 16602314
chrU 6536133

o
£
£
E
X
E
E
o
K
o
£
£
£
X
E
:
5
5
o

BEBRRaE Samanaaat

A S cecqel SonliRe IRER i
G G {clele]

1141
chr3R_1506433

Brazzaville 16
Eden_3
Cann-River 9
Amieu 2
Makindu_2
Makindu_6
Makindu_7
Valence 6
Makindu_8
Makindu_22
Canberra 5
Cann-River 2
Cann-River 6
Cann-River 7
Cann_River 5
Cann-River 8
Valence 5
Valence 9
Eden_1
Valence 13
Eden_7
Valence 4
Valence_2
Valence 1
Valence 7
Makindu_cM1
Makindu_cM6
Makindu_ 1
Amieu 5
Eden_11
Cann-River 10
Brazzaville 10
Cann-River 3
Cann-River 13
Eden_4
Makindu_10
Makindu 11
Brazzaville 11
Brazzaville 12
Brazzaville 8
chrU 963982
chr3L_18642496
chrU 3975907
chrU 10625041
chrU_2316095
chrU_4537377
chrU 5384045
chrU 5680622
chrU 5950518
chrU 6132643
chrX 16602314
chrU 6536133

(EEEEEEEEEEEEEEERREEEREER
QLAQAQAARAAAAAQAQAQRAQARARAAAAAQAQQ

RQAQQAQRAQAAQARRARARNAQQQ

RARQAQAQAQQACAAQQ

(BEEEEEEEERERERE!
. .
QQ QQQ QQQQ

B CHGERmNCHC Hollcoicol -




1201
chr3R_1506433

Brazzaville 16
Eden_3
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CONCLUSION

The helenaelement is common iD. melanogasteandD. simulansnatural populations.
However,helenais extinct inD. melanogastesince it is no longer able to transpose due to
the lack of complete open reading framesDInsimulans few natural populations harbour
complete copies dielenabut all of these strains have numerous internadheted copies of
this element. Given the repetitive nature of TExombination is often the cause of copy
internal deletion (Bennetzen, 2002). More spedificasolo LTR formation allows the
genome to keep the regulatory parts of the elemamtisthrow the coding parts away. In
barley, TE conversion into solo LTRs is faster thelement insertion, and therefore
counteracts with TE invasion (Shirasu et al., 200@)rice, 190Mb of LTR elements were
deleted in the last 8 million years (Ma et al., Z00mportant deletions can also induce TE
extinction and have severe consequences on thegansime as described in rodents where
massive radiation seems to concord in time witheXtinction (Casavant et al., 2000). Thanks
to comparative genomics, we know that precise TIEtid& can also occur when target sites
duplications (created upon retrotransposon insgsji@are the objects of recombination (van
de Lagemaat et al., 2005). The host genome isfurerable to eliminate TE sequences.
Nevertheless, one should not forget that recomioinavents can also be harmful for the host
genome when unequal homologous recombination odddesiges and Deininger, 2007).
Indeed 0.3% of human genetic diseases are probaldied to Alu unequal homologous
recombination (Deininger and Batzer, 1999). As actgsion, our data show that deletion
occurs inside the TE sequence, which is not a caomdescribed phenomenon especially in
the case of LINE elements, suchh&$ena in which only 5’ truncations are expected frora th
transposition mechanism.

Sequence deletion is therefore a very effectiveesysfor suppressing the transposition
activity of TEs, but the consequences can alsodbetatious for the host. Genome regulation
system is also capable of avoiding transpositiordnytrolling the epigenetic environment of
TE copies while keeping their sequences unmodifiadl-length TEs might therefore be
protected from deletion by epigenetic means bui algyht be harmless for the host genome.
Epigenetic regulation of TEs involves chromatin oel@ing factors, DNA methylation and
non coding small RNAs (Lippman and Martienssen,4200n several species, specific
conserved repressive histone marks (N-terminal gadt translational modifications) were
observed in nucleosomes wrapping TEs. Usually,ohestmethylation in lysine residues

(H3K9m, H3K27m, H4K20m) are typical from a closdudr@matin conformation in contrast
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to acetylation of histones and methylation in H3Kdhich are often observed in open
chromatin structures.

Epigenetic natural variation is a common featur@m@gnspecies but is hardly ever studied
(Richards, 2008)D. melanogasteandD. simulansnatural populations harbor an important
TE copy number variation as described above (1586586 respectively). Interestingly, only
5,4% and 2,7% of the euchromatin are composed sfifB. melanogasteandD. simulans
sequenced genomes (Clark et al., 2007). TEs seemaftine rather heterochromatic but what
strikes us the most is that from the 15% of TEsgméinD. melanogasterthe majority could
be heterochromatic whil®. simulanamight harbor as much TEs in the euchromatin aken t
heterochromatin. Thus, we wonder if natural vasiatin the histone association with TEs
could explain such scenarios. We analyzed four etesin both species natural populations
for TE copy number, TE expression, and TE assacidid histone marks. Also, we further
analysed the impact of such natural variation inogee evolution. Hence, a bibliographic
assay follows the histone project.
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Abstract

The presence of transposable elements (TES) inngesias certainly one source of genetic
variability creating genetic novelty and affectimgenome evolution. Examination of
sequenced genomes revealed an important divemsitfyE families, copy number and
localization between several species. For instatieefwin specied). melanogasteandD.
simulans, display different amount of TEs despite sharing ttame TE composition.
Furthermore, previous analyses of natural popuiatiof D. simulanshave shown high
polymorphism regarding TE copy number inside thecsgs. Several factors might influence
TE diversity and abundance in a genome. Among mtdeanechanisms that could be a
source of variation in TE success, is epigenelicthis report, we present the first analysis of
the epigenetic status of various TE families inesalvpopulations ob. melanogasteandD.
simulans Our data demonstrate that although TEs are maielyorated with repressive
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histone marks we observed intra and inter speeifidations suggesting that association
between TEs and epigenetic marks is dependenteofiBEHamily/Genome analyzed.

Author Summary

Transposable elements (TEs) are DNA sequences tablemove inside the genome.
Transposition and recombination events of TEs malyce mutations and spread copies in
the genome. Activity of TE copies is dependent loromatin localization and since the major
part of transposition events is lineage specifig dopy localization is variable between
species, and inside species. We use the modelnsystenposed of the fruit fliesD.
melanogasteand D. simulans along with natural populations from both specéresrder to
compare histone post translational modificationd @k dynamics. Our data suggests that
different associations of histone marks exists betwthese very close species. Also, natural
populations of botb. melanogasteandD. simulansdo not behave equally to TE presence
since TE expression varies between populationsyaeadl This research shows how
population studies in epigenetics are mandatorynerstand how TEs are contributing to

genome evolution.
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Introduction

DNA repeats increase species genetic variability are therefore an important motor of
genome evolution (Biemont and Vieira, 2006). We aanirate this study omansposable
elements (TEs), which are an important componentDdfA repeats. TEs are mobile
sequences, that may induce mutations through thebilisation and through copy
recombination often in an individual specific manfteéedges and Deininger, 2007). TEs may
offer new genetic features (Muotri et al., 200hzgile et al., 2009) and regulatory sequences
(Marino-Ramirez et al., 2005; Muotri et al., 20@glavarapu et al., 2008) participating on the
formation and remodelling of host gene networks QWtock, 1984; Feschotte, 2008).
Factors that govern intra- and inter-species TEerdity are complex. They are likely a
combination of intrinsic properties of TEs themsslv (transposition mechanism,
infectivity...), properties of host ecology (specieffective size and structure...), and
properties of the genome (TE regulation, gene tigngenome size...). Among molecular
mechanisms that could be a source of variation Bfekpression/activity, is epigenetics.
Indeed, it is now well documented among the whalkaeyote taxa that regulation of TE
activity involves epigenetic pathways as chromagimodelling processes, DNA methylation
and non coding small RNAs (Lisch, 2009; Obbardlgt2909). TEs are maintained in the
genome but are usually silenced through epigengticgecting the genome from negative
effects of transposition/recombination, but keepimg potential for creating variability. When
DNA sequences (such as genes) are positioned meantlin heterochromatin, no/low
expression can be detected as described for pogtiect variegation (PEV) models (Girton
and Johansen, 2008). The localization of TEs wigarticular chromatin environment might
therefore be correlated to TE expression and fughgvity.

The basic unit of chromatin is the nucleosome, amsed of an octamer of histones (H2A,
H2B, H3 and H4, twice each) (Ito, 2007). Doubleastted DNA wraps nucleosomes every
147bp and with other non histone proteins, fornesadhromatin (Ito, 2007). Histones have a
free N terminal tail which is the target of manysptranslational modifications, as for
example methylation and acetylation of lysine res&l Each histone modification is the
target of chromatin remodelling factors and allosv €hromatin conformation to change.
Generally, acetylation of lysines are associatedrtaactive chromatin (euchromatin) while
methylation, depending on the lysine modified, carrelate to activation (lysine 4 of histone

3) or repression (lysine 9 and 27 of histone 3)arie expression (Kim et al., 2009)Es are
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considered as repressed elements, i.e., packagéetamochromatic domains harbouring
repressive histone marks (Kondo and Issa, 2003g @inal., 2007; Bernatavichute et al.,
2008). Drosophila constitutive heterochromatin is enriched in H3K9nweldile facultative
heterochromatin is labelled with H3K27me3 (Ebert at, 2006). Furthermore
heterochromatin is often enriched in TEs suggestingle for histone modifications and
chromatin related proteins in TE regulation. (Elegrél., 2006; Schulze and Wallrath, 2007).
In this regard, several reports indicate that 1s BEe associated with histone modifications
and proteins typical of heterochromatic domains \(di¢ et al., 2005; Klenov et al., 2007;
Matyunina et al., 2008; Fablet et al., 2009; Phakel., 2009) and 2. Distinct chromatin
patterns might be observed between different THligrbut also inside a TE family (Mito et
al., 2005; Fablet et al., 2009)he epigenetic regulation system, even if stilehastudied in
natural populations, has been shown to be flex{Re&hards, 2008). For instance, the
epigenetic polymorphism observed between twin lemstiiBallestar, 2009), or the presence of
different patterns of gene methylation betwéeabidopsis thalianaecotypes (Tanurdzic et
al., 2008) exemplifies epigenetic natural variatidlo study on natural population has ever
been made on TE histone modifications restricting knowledge of the impact, and the
dynamic of chromatin remodelling on TE diversitydastabilization in genomes. However,
the need of population studies in the field of epefics is already claimed by many, and the
importance of such experiments is no longer queshte (Richards, 2006; Bossdorf et al.,
2008; Johannes et al., 200Byosophilanatural populations are an excellent model toyaeal
such questions. Despite the fact tBaosophila has fewer copies of TEs when compared to
other organisms such as humans (15%0Ooysophilaand 50% for humans), it has a high
percentage of spontaneous mutations due to TEitgotRiemont and Vieira, 2006). Hence,
Drosophilahas putatively active elements (2004) and constitut interesting model to the
study of the impact of TEs on genetic variabilitydagenome evolution. Studies on natural
populations are approaches allowing to appreheadgdnetic novelty associated with TE
diversity and abundance (Fablet et al., 2006; Relsil al., 2008)D. melanogasteand D.
simulans for instance, contain the same TE families, witinost of the cases more than 90%
of sequence identity (Bartolome et al., 2009). Hosvean overrepresentation of almost all
TEs is observed irD. melanogaster(Vieira et al., 1999). Natural populations &f.
melanogasterre relatively homogeneous for TEs, since copiepeesent at high number in
all strains analyzed (Vieira et al., 1999). In cast, D. simulansnatural populations are
highly polymorphic since for a given element higipg number can be observed in one strain

while another one is completely devoided (Vieiraaét 1999). These observations were
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established from the estimation of TE copy numhesughin situ hybridization experiments
by which centromeric, telomeric and dense hetemuhtic regions can not be individually
counted (Vieira et al., 1999). Therefore, variatinorcopy number betwee. melanogaster
andD. simulansnatural populations reflects only euchromatic cepislso, euchromatic TE
representation is different between both speciesieseced genomes (~5% and 2% Er
melanogasteand D. simulansrespectively (Clark et al., 2007)) suggesting & rldr TE
chromatin localization in host response.

We propose to investigate somatic TE associatidh aisubset of histone marks in regard
of TE copy number variation and TE transcription natural populations of botlD.
melanogasteandD. simulans The TEs chosen for this assay were copy numdgmaophic
between natural populations Bt simulans(Vieira et al., 1999) and chosen as being LTR
elements 412, tirantandroo) and LINE-like elementsH). No DNA transposons are copy
number polymorphic between natural population® o$imulansand were therefore excluded
from our analysis. For each TE family, we obsertradscriptionally derepressed populations
in both species dDrosophila Transcription profiles are specific for each makyopulation
and also each TE analysed. Histone patterns ayenpgbhic between natural populations and
distinct between TE families. We confirm that diffiet associations to previously described
regulatory marks exist between both species. A#s@w more importantly, single natural
populations can act as transcriptionally activeedirfor specific TEs, showing that mobile
elements can counteract global host regulatioresysand that natural populations may be
used as natural mutants. These findings enlightemtanced world of natural variation of
TE epigenetic marks and show that even with a kighdscribed epigenetic regulatory

system, genomes can be invaded and TEs can colonjzeations.
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Results and discussion

1. TE occurrence in natural populations ofD. melanogaster and D. simulans

All four elements analysed are retrotransposornisditizer havedng erminal_epeats (LTR)
(two copialike elements412androo, a gypsylike elementtirant) or not (LINE-like element
F) (Figure 1) They harbour_pen _eading fames (ORFs) that may code for retrovirus like
proteins as GAG, POL and ENV (Meyerowitz and Hogn&982; Yuki et al., 1986; Fablet et
al., 2006; Tchurikov and Kretova, 2007). Initial situ hybridization experiments revealed
that these elements are over-representddl imelanogastestrains compared tD. simulans
(Vieira et al., 1999). For example, Vieira and abbrators observed 18 times méreopies
in D. melanogastethan in D. simulansnatural populations (mean copy number between
natural populations analysed)l12, tirantand F were also described as being copy number
polymorphic between natural populations @f simulans(Vieira et al., 1999; Borie et al.,
2000; Fablet et al., 2006). For example, fthelement varied between 37 copies in a 2w
simulansnatural populations to being completely absennhfathers (Vieira et al., 1999). In
contrastRoois one exception, since it was detected in highycwmber in both species and
all natural populations analysed (Vieira et al.99p All data collected by Vieira et al. was
obtained throughin situ hybridization of polytene chromosomes Dfosophila salivary
glands using large probes corresponding to alnutisehgth elements (Vieira et al., 1999).
situ hybridization only allowed the authors to count dopies present in the arms of polytene
chromosomes (so called euchromatic). However, allr felements are present on
chromosome arms and in putatively constitutive foeteromatin regions (pericentromeric
staining on polytene chromosomes)order to apprehend genome wide variation in Gfyc
number, we used quantitative PCR to amplify anrirgeregion of412, tirant, rooand F
elements (Figure 2). As expect&l, melanogastepresents more TE copies thBnsimulans
(~4 times more, supplementary Figure 1). Intergbtinroo element, which was as highly
represented irD. melanogastemas in D. simulansnatural populations, has a significantly
lower copy number inD. simulans(~9 fold). In addition, copy number polymorphism
previously observed between natural population3.aimulangVieira et al., 1999) were not
reproduced. Instead, either no copy variation betvze simulanspopulations is observedr (
Kruskal-Wallis chi p value ~0,14), or a differerdtiern of copy number distribution is noted
among D. simulansnatural populations4{l2 and tirant). For example, the Canberia
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simulansstrain was previously described as harbouring rtttae 60 copies of12 (Vieira et

al., 1999) and we observe an almost complete l&adkis element in this population. The
same can be described for Grand Feriadsimulansand theF element. We are quantifying
the presence of a unique small internal regionagheelement (150 bp maximum) and any
deleted copy in that region will not be amplifieg this technique. In contrast, using a
complete copy as a probe, Vieira et al were abledont every copy presented in the
euchromatic regions, even importantly deleted copiehe comparison of both datasets
strongly suggests thatl2, tirant, rooand F are internally deleted iD. simulansnatural
populations. The analysis of both sequenced genamesrmed that a large proportion of
these elements present internal deletion®insimulansgenome (will be described in a
separate report). These observations are consigi#imtprevious hypothesis of an active
degradation process in natural population® o§imulansgffective on various elements such
as412andtirant but also on other elements as the LINE-like elerhetgna(Mugnier et al.,
2005; Fablet et al., 2006; Rebollo et al., 2008)tltermore, some lines, previously described
as devoid of copies of a given TE family, presanies through real time PCR. Indeédnd
tirant elements are amplified iD. simulanspopulations such as Grand Ferrade, Makindu or
Zimbabwe initially described asmpty. We interpret these differences as heterocatio
copies located in centro and telomeric domains latce ignored in the previous situ
hybridization experiments.

We confirmed previous data showing tRatmelanogastehas generally more copies of all
TE families analyzed thaB. simulans and we show that intact copiesn simulansare
probably in low copy number. Are these patterns riwult of differential transcriptional
activity of TEs in the twdrosophilaspecies? Full length copies of all TEs analysedbza
observed in the sequenced genomes of both sp8aewlpme et al., 2009) and copy number
variation is observed for some elements in natpogdulations of both species. Are these
elements still producing transcripts (full lengthdeleted ones) and are they accounting for
copy number variation of each TE?

2. Expression of412, tirant, roo and F in natural populations of D. melanogaster

and D. simulans
In order to test if some of the copies presentatural populations are transcriptionally
active, we quantified TE expression. We extractadl tRNAs from embryos and amplified

total cDNA by quantitative PCR (Figure 3). The aifigd region in all elements is the same
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as the region targeted for copy number analysisritesl above (Figure 1). Each TE family
presented a particular expression patternDin melanogasterand D. simulans natural
populations but globallyD. melanogasteGenegal strain harboured more transcripts than all
other strains.

D. melanogastepopulations, Senegal and Chicharo, harboured aohgiatterns between
all elements: Chicharo displays always lower exgimeslevel than Senegal (-3 fold, Kruskal
Wallis p value 1,6 16). Such difference can not be explained by copyemvariation for
all elements inD. melanogaster,except for the412 family (Figure 2 supplementary
materials).

The majority of natural populations Bt simulansharbour transcripts for at least one of the
four elements. Nevertheless, no correlation betveegry number and transcription level can
be visualised. However, it is interesting to ndiattthe expression @12 in D. simulans
natural populations has a tendency to follow Viataal.in situ hybridization quantification
data [12] (Figure 3 supplementary materials). Oymothesis to explain such tendency is that
412 would be transcribed at high levels from few flelhgth copies and that transcription may
be associated to high transposition rate. In thigext, each newly transposed copy would be
internally deleted by th®. simulansgenome, while the master copies remain intact. The
second hypothesis is to think that fragments4d2 observed byin situ hybridization are
producing transcripts regardless of copy qualityl{Ength, truncated and internally deleted
copies). Such transcripts might be originated flayat genes and external promoters. Further
analyses on transposition rates are being heldyalith RACE-PCRs in order to identify
external promotersTirant has a specific expression patternDn simulans,where a few
natural populations, harbouring almost the samehauroftirant copies (Makindu, Canberra
and Zimbabwe), are either silenced or extremelgstaptionally active (700 fold between
Makindu and Canberra for instance). The element has almost the same dynamidg ast,
since several natural populations@f simulansharbour more transcripts than both natural
populations ofD. melanogasterBoth data suggests thBt simulanseven thought having
fewer copies thal. melanogasterdoes present transcripts for TEs, comforting tleaithat
few copies may be responsible for high transcniptete. The= element has no copy number
variation forD. simulansand no transcript variation (p values > 0,1 fouskal Wallis tests).

As a conclusion, expression of a TE family in aegipopulation does not correlate with
copy number and we hypothesize that different eggui systems may exist inside the same
species. Moreover, populations Bf simulansharbouring the same range of TE copies can

either be transcriptionally active (for exampteant in D. simulansMakindu strain) or
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silenced f{irant in CanberraD. simulansstrain). 412, tirant, rooand F, do not have a
preferential insertion site in the host genomey thiee observed in both heterochromatic and
euchromatic regions. Epigenetic regulation of TEwell known, and chromatin remodelling
processes are thought to control gene expressioD. kimulans 412 correlation between
fragments present in the chromosome arms and estipnesuggests that the mat&2 copies

are present in the euchromatin regions, the hitfteeexpression. Also, we previously showed
that inD. simulansMakindu, tirant copies embedded in H3K9me2 heterochromatic domains
are transcriptionally inert while copies associateith transcription are decorated with
H3K27me3 (Fablet et al., 2009). Do TE families presdistinct chromatin status between
species and between populations? Do different Tigilifes harbour different chromatin

patterns inside a population?

3. Histone modifications within 412, tirant, roo and F €ements in natural
populations of D. melanogaster and D. ssmulans

a. Chromatin immunoprecipitation of histone marks assaiated to TEs

ChIP analysis coupled with gPCR allowed us to olesgrermissive (H3K4me2) and
repressive marks (H3K9me2 and H3K27me3) of histormes TE copies during
embryogenesis. It is important to note that theioregamplified by gPCR is near or
overlapping the region already described for copsiber and expression assays (Figure 1).
Also, quantification of the immunoprecipitated makis relative to each TE copy number in
each natural population (qPCR in the input sampkkis, for all ChIP reactions, antibodies
recognizing the histone 3 allowed us to check fmleosome presence and lack of variation
(Figure 4 supplementary materials). All elementslyred were not associated with the
histone modification typical of active regions, smtent with the common hypothesis that
TEs present in the genome are globally in a reptesstate (Figure 5 supplementary
materials). Heterochromatin can be either constgu{centromeres, telomeres, repeat-rich
regions) or facultative (for instance, cell cycledadevelopmental stage dependent) (Trojer
and Reinberg, 2007). H3K27me3 is typical from féatike heterochromatin iDrosophila
(supplementary figure 6) (Czermin et al., 2002}td?as obtained for H3K27me3 enrichment
are TE family- and population-specific (Figure 412 andtirant are globally more enriched
in H3K27me3 inD. melanogastenatural populations than iB. simulansones while no

difference is observed between both speciesdorandF. H3K27me3 enrichment does not
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correlate with transcript variation of the four mlents analysed. Indee®, melanogaster
populations, although displaying different amourft t@anscripts, are both associated to
H3K27me3.D. simulansnatural populations harbour distinct patterns ofKBBme3 on
different TE families including populations as ehed asD. melanogasterand others
completely devoid of such histone mark. Strikingllyge most transcriptionally activél12
population ofD. simulans,Canberra, has the highest association of H3K27me&ng all
natural populations. Similarltirant transcriptionally active line, Makindu, also harbdhe
highest H3K27me3 association. It is important tdenthat, as described by Fablet et al,
bivalent marks as H3K27me3 and small associatidd3ki4me2, along with low association
with H3K9me2, are observed iimant expressed copies (Fablet et al., 2009).

H3K9me2 is typical from repressive constitutiveenethromatic regions (supplementary
figure 6), as telomeres, centromeres, tH® chromosome and the Y chromosome in
Drosophila (Riddle et al., 2009). Similarly to H3K27me3, pogitdn- and TE-specific
profiles are observed for H3K9me2 in embryos (Fegdly. Enrichment for H3K9me2 for TEs
are weaker than compared to constitutive heterocatic regions but are significant
(supplementary figure 6). H3K9me2 patterns obseraed different from the H3K27me3
ones.Roopresents a very low association with H3K9me?2 ithlspecies suggesting thab
elements are mainlputside of constitutive heterochromatin, regardle$ssthe species
analyzed and that these elements are more decoxdtedH3K27me3 than H3K9me212
andF are more represented in the constitutive heterochtio of D. melanogastethanD.
simulansbut this does not explain both transcription pedilTirant is equally enriched in
H3K9me2, and small variations can be observed mtwatural populations.

Our ChIP coupled with gPCR approach allowed uspprehend the meastatus of all
individual elements within one specific TE familijhis cluster analysis does not allow the
detection of differences that may be present atpawmgcular chromosomal locus (TE single
copy) in each natural population. In order to haweindividual picture, we observed, on
polytene chromosomes, through ImmunoFish, the &gsmts between the different copies
present on the chromosome arms, and histone @osttational modifications. We analyzed
H3K27me3 pattern in both natural populations bf melanogasterand in polymorphic
natural populations ob. simulans.Colocalization between elements and H3K27me3 was
only observed for a few copies of thé2 element in SenegaD( melanogastgrand Canberra
(D. simulan} lines (Figure 5). All other elements present ba thromosomes arms were
devoid of H3K27me3 modification. These observatismggest that if H3K27me3 is acting as

a repressive mark, then expression of the elenasralyzed can originate from copies on the
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chromosome arms devoid of any H3K27me3 modificatm probably H3K9me2. One
could wonder which histone marks are indeed aswatigp transcriptionally active copies.
TEs analysed iD. melanogastewere globally more enriched in heterochromatic rmdahan

D. simulansTEs. Are the different histone profiles between yapons a result from

differential expression of enzymes in charge obatatin modification?

b. Variation in key players of chromatin remodelling and other epigenetic

pathways

In order to apprehend variation in the depositibmistone modifications, we assayed for
transcriptional activity of genes involved in pasinslational modification of histones and
other epigenetic pathways (Figure 6). Enhanceestez(E(z)), responsible for methylation of
H3K27me3, Su(var)3-9, responsible for H3K9me2 (Elral., 2006) were significantly
overexpressed iD. melanogastecompared td. simulansnatural populations. One could
ask if lower expression of both enzymes could beretated to lower association to
H3K27me3 and H3K9me?2 iD. simulansWe assayed for other epigenetic players, in order
to check for variation between both species (supptdary figure 7). RPD3, a histone
deacetylase (HDAC1 homologous), ASH1 (a multi mstanethyltransferase that acts in
enhancing active patterns), Su(var)4-20 (H4K20rme8) HP1 (kterochromatin qtein J)
expression do not present different profiles f@r melanogasteror D. simulans It is
interesting to note that H3K9me2 is often describedssociation with HP1 and our data
show that despite having different expression padtéor Suvar3(9), HP1 is constant between
natural populations and both species. Ashl anda®)4(320 are extremely down regulated in
a fewD. simulansnatural populations. MBD23 (methyl binding DNA feim) and DNMT2
(DNA methyl transferase, results not shown) do pagsent any variation between both
species and natural populations. These data shbesefore that there are significant
differences between the two species analyiZedmelanogasteand D. simulansand that

again, intra specific variation can be observed.

62



Conclusion

Our global analysis of TEs iDrosophila natural populations as illustrated in Figure 7
points to several facts. The firgeneral conclusion is that inter and intra specegmtions are
observed at transcriptional and epigenetic levEks. families present distinct patterns of
regulation, and variation does exist between copies given TE family. Although some TE
expression coincides with reduced levels of repressnarks (oo in D. simulans for
example), such state is not the general rule. Wieodstrate that some copies of TE families
are mainly devoid of repressive histone marks ia genome. One may suggest that
transcripts emerge preferentially from these “nudepies. Indeed the secordnclusion is
about the analysis of two natural populationsDofmelanogaste(Chicharo and Senegal)
showing that each TE family presents distinct esgian profiles in different populations,
with transcription levels of all elements analyzddghly different between the two
populations ofD. melanogasterspecies. Two hypotheses can be made to explam thi
observation: first, high transcription level in $gal emerge from copies devoid of repressive
histone modifications, while low transcription léva Chicharo results from packaging in
repressive chromatin of mostly all TE copies préserthe genome. However, we observed
that the average enrichments for the histone matilbyl marks are largely similar between
these twoD. melanogastempopulations. This suggests that an alteration haf histone
methylation pattern is not the major cause of diffégial transcription between the two
populations. If, histone post-translational modifion pathways are equally effective in both
D. melanogastenatural populations, repression of TEs in Chiclrarght involve additional
regulatory pathway. In this regard, a particulderdion should be paid to the production of
small interfering RNAs (siRNA) since several recstutdies reveal the central role played by
small RNAs in the genome, as TE silencers. Fhé12, tirantanroo elements are present in
flamenco and/or 42AB regions from which emerge ghimumber of germinal and somatic
small RNAs (Brennecke et al., 2008; Malone et 2009). Chicharo line could thus be
strongly silenced through small RNAs produced fé2AB and theélamencolocus. It should
be noticed that no analysis has ever been perfoomethtural populations, and that we have
no information on the variability of the insertiotigat can be found in the flamenco locus.
Further analysis of siRNA production will thus belgful to enlighten silencing of TEs in
natural populations. ThirdssomeD. simulanspopulations present elevated levelsA@? and
tirant transcripts. Interestingly, in these populations studied TEs present more prominent

association with H3K27me3 than H3K9me2. Nevertlglesince amplification of
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immunoprecipitated fragments of ChIP is not copgcHic, one could suggest that the
expressed TE copies are not associated to H3K27Me3. hypothesis is moreover in
agreement with our results from ImmunoFish expenitsieCopy localization of TEs in the
two transcriptionally active genomesbf simulanss mandatory to make ChIP copy specific
and therefore realize the vivo distribution of histone marks with TE copies. Fexample,
we previously reported that an expresdednt copy is preferentially decorated with
H3K27me3 and H3K4me2 but not at all H3K9me2 comgpdoeother copies (Fablet et al.,
2009). Unfortunately, TE copies are very well cousd and transcript analysis does not
allow us to distinguish between copies.

The comparative analysis of TE copy numberimysitu hybridization published before
(Vieira et al., 1999) and the quantitative PCR gsgione in this project have shown tBat
simulans strains harbour rearranged or deleted copies.ethdéhein situ hybridization
experiments performed with full length probes af #lements do not reflect the integrity of
the copies detected in one genome. This has alleaely suggested by other works (Mugnier
et al., 2005; Rebollo et al., 2008) in which dedetepies have been described, and definitely
raises the question of TE regulationDn simulans Is this enigmatic TE specific deletion
mechanism random or is it targeting copies pregeaferentially in chromosome arms
(euchromatic) or in centromeric regions (heterootatic)? We noticed that strains devoid of
any copies on chromosomal arms (Vieira et al., 1@8&lay gPCR amplification products
indicating that copies are present elsewhere igémme. In contrast, strains harboring high
number of euchromatic copies were almost not aregliby qPCR. From these observations
it is tempting to hypothesize that the deletion hagism is targeting essentially euchromatic
copies.

Given the diversity of TEs and the variable dedhesy populate genomes, several pathways
have emerged to restrict the deleterious effectsrmfontrolled” activity. From our results we
propose two non-exclusive pathways. Our observatand a previous report (Phalke et al.,
2009), suggest that local chromatin environmeninddf by histone modifications might
control TE expression iD. melanogasteandD. simulans Although the general idea is that
TEs are embedded in repressive chromatin, no gengeaappears from our analysis. Some
copies might be packaged in constitutive represseematin (H3K9me2, H3K27me3,
H4K20me?2) although others might be more permisgvieanscriptional elongation (absence
of H3K27me3 and/or H3K9me?2). This pathway relieschromatin remodellers activity such
as histone methyltransferase activity and on the afssmall RNAs emerging from the

transposons to guide silencing. In addition, assifiated inD. simulans,a deletion
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mechanism targetingll TE families tend to restrict the deleteriousiaty inherent to full
length copies. In contrast . melanogasterD. simulanspopulations appear as a panel of
several extinction profiles of TEs with a lot oliticated copies. In a few strains we still
observe high transcription but low supposed fuligia copy number, and in others, no
transcription and only copies embedded in hetemuhatic regions. Based on our
observations, we hypothesize thabinsimulans copies present in the chromosome arms are
potentially active and also the preferential tasgett the deletion mechanism, while copies
that are conserved in heterochromatin regions,tfaetarget of repressive histone marks
(H3K9me2 and H3K27me3), and are protected from dedetion processes. Further
investigations are required to determine how tHeta# mechanism is set up i simulans
natural populations. How heterochromatic copies mentained in the genome? In the
modern view of epigenetics, small RNAs have thetrimoportant role to play: they can bring
specificity to the system, start the system and teedsystem. If, as showed above, TEs are
present in the heterochromatin, are still transocgbat a low rate, they could target the
deletion mechanism to copies in the chromosome .altms thus essential to verify if the
deleted copies are indeed exclusive from euchronsatd if the heterochromatic copies are
able to produce small RNAs. Natural population msisbffer therefore the perfect model to
study such a system.

Genetic diversity is increased by TE in naturalyapons. For the first time, we identified
broad epigenetic variability associated to TE wata Therefore, TEs will not only provide
important sources of genetic variability for theshdut also allow a second level of
organization and regulation through histone moditfans. It is important to note that such
conclusions are only possible thanks to a populati@pproach where diversity can be
observed directly in nature. Since TEs play a noleegulation of gene networks (Feschotte,
2008), because they are multicopies and genomespiiead, one could easily suggest that
histone modifications associated to TEs are highlyortant to genome compartmentalization
and differential regulation between populatiobs. melanogasteoriginated in East Africa
and has colonized the world in a recent past (Liaehand Silvain, 2004). The dynamics of
TEs in this species is starting to be well knowi &nis well described that TEs are very
recent and have been submitted to recent burstsan$position and horizontal transfers
(Lerat et al., 2003; Bartolome et al., 2009).simulangs also an East African species but the
colonization of the world started later and there still regions where n®. simulansare
found. TE dynamics iD. simulansalso seems to be very different frdbn melanogaster

since very few full length copies are describedinter population genetics models have
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proposed that the differences in the amount of BEsveen the two species could be
explained by differences in species effective siéh D. simulanshaving a more important
size and a more efficient selection against TE®nEV this statement is true, which is far
from being confirmed (Nolte and Schiotterer, 2008¢, shouldn’t expect differences in the
quality and structure of the elements. Our datavsti@t the analysis of TE dynamics will
also depend on the fine mechanism of regulatioh siscthe epigenetic pathways, that were
never included in the population genetic models] #@mat will allow variability in the
expression levels of specific elements in spegbpulations. Once the system breaks down
and that a TE copy is transcribed, one might oleséncrease in copy number. The
understanding of TE impacts on genome evolution thed implications on gene networks

should associate ecology, epigenetics and natapllation (Vieira et al., 2009).
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Materials and methods

1. Natural populations

We worked on fly samples collected from several ggaphically distinct regionsD.
melanogasternatural populations were collected from Portugahi¢Baro) and Africa
(Senegal)D. simulansnatural populations are from Kenya (Makindu), Ziia, Autralia
(Canberra), French Polynesia (Papeete) and Fr&remd Ferrade). These populations were
maintained in the laboratory as isofemale linesmall mass cultures with around 50 pairs in

each generation. Flies stocks were maintained ‘&t.24
2. TE copy number estimation

DNA was extracted from 14h to 16h embryos using Aidsy blood and tissue kit” from
Qiagen, three times for each natural populatiorn. dach sample we used DNA diluted at
0.16ngl. Linear real time PCR was performed using Pow¥BB Green Master Mix
(Applied Biosystems), on a SDS 7900 HT instrumeApplied Biosystems) with the
following parameters: 50°C for two minutes, 95°C ten minutes, and 45 cycles of 95°C 15
secondes—60°C one minute. Each genomic region esisdt with specific primers designed
using the program Primer Express v 2.0 (AppliedsBstems) with default parameters.
Primers sequences are available upon requestichtgsg of samples and triplicates of PCR
were performed and the results obtained for eastedegenes were normalized with three or
four control genes treated in parallel (RP49, RNAIp EFG1). Raw Ct values obtained with
SDS 2.2 (Applied Biosystems) were imported in Exaed normalization factor and fold
changes were calculated using the GeNorm methodd@&ompele et al., , 2002). Real-time
PCR and data analysis were performed at the GesoRliatform, NCCR “Frontiers in

Genetics” (http://www.frontiers-in-genetics.org/gamcs.htm).
3. TE expression quantification
RNA was isolated from 14h to 16h embryos. Extraciid RNA was done using TRIZbI

reagent (Invitrogen) according to the manufactgrestommendation followed by chloroform

/lIsoamyl-alcool (24:1) purification. After DNaseeatment (Ambion DNA free™), the
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0OD260/280 (interval 1.9-2.1) of the RNA samples avdetermined by spectrophotometry.
The integrity of the RNA was assessed by Agilefd@Bioanalyser (Agilent Technologies
Inc, Palo Alto CA). For each sample, one pug of t®RBA was used to make cDNA using
random hexamers and the Supercript 1l reversedrgatase (Invitrogen). Further analysis of

transcripts was done by quantitative PCR as dest@bove (including primers).

4. Transcription of epigenetic factors

Total RNA was extracted from 14h to 16h embryosnfrall natural populations analysed
(two biological replicates for each strain) witletRNeasy protect mini kit from Qiagen. 1ug
of total RNA extracts were treated with the AmbsoBDNA-free kit. ThermoScript RT-PCR
system from Invitrogen was used to synthesize tiferdnt cDNA (55°C for 90 min and
85°C for 5 min): a control reaction with no retariscriptase to test DNA contamination, a
pool of total cDNA synthesized with a mix of oligithrandom primers 1:1. The cDNA
samples were diluted 80 fold, and PCR was carrigdusing QuantiTect SYBR Green PCR
kit (Roche) on the LightCycler (Roche) using prisiepecific from each enzyme analysed.
Primers were chosen surrounding introns in ordeantplify 150-250bp fragments of cDNA
(primers available upon request). Genes analysa@ wieose as being part of chromatin
remodelling processes, as Su(var)3-9, Ashl, E(BP1, HDAC3, Suvar420 and other
epigenetic pathways as DNA methylation with MBD23dadDNMT2. Quantitative PCR
cycling conditions were 5 min at 95°C (1 cycle),slat 95°C, followed by 10 s at 60°C and
20 s at 72°C (50 cycles). Reactions were done iplichte, and standard curves were
calculated from serial dilutions of specific ami@d PCR fragments. The quantity of the
transcripts was estimated relative to the RP49 d@3RNA expression. Relative

quantification was calculated as described abow@&Eoexpression.

5. Histone modification within TEs

Extraction of chromatin from 14h to 1@h. simulansembryos and immunoprecipitation
were adapted from (Sandmann et al., 2006). CaB lysffer was changed to 5SmMPIPES pH
8, 85 mM KCI, 0.5% Nonidet P-40 supplemented witbt@ase inhibitors. Chromatin was
shared with a Bioruptor sonicator water bath (Diegke, Liege, Belgium) for 6 X (30-s
on/30-s off) cycles at high power in order to haaedom fragments from 1 kb to 500 bp.
Shared chromatin was incubated overnight at 4°Q wittibodies recognizing H3K9me2
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(Millipore, Billerica, MA, USA; 07441), H3K27me3 (Mipore 07449), H3K4me2 (Millipore
07030), H3 (Abcam, Cambridge, UK; ab1791), and italg§s (Sigma-Aldrich, St. Louis,
MO, USA; 15006). The antigen-antibody complexes avavashed as described before
(Sandmann et al., 2006), but a second washingisolutas modified as followed: TE 2X,
500 mM NacCl, 1% Triton, 0.1% SDS. To quantify edEh real-time PCR was performed
using QuantiTect SYBR Green PCR kit (Qiagen) on>XP3000P PCR system (Stratagene,
La Jolla, CA, USA). Reactions were done in dupésaiand standard curves were calculated
on serial of input chromatin. To evaluate the retatenrichment of each TE after IP, we
calculated the difference in cycles between theriRehed sample and the input DNA for TE
copies and for a controa¢tinCG4027). Primers were chosen in the coding refporeach

TE (Figure 1) and are available upon request.

6. Colocalisation of facultative heterochromatin aril dopies

Immunofish was adapted from (Lavrov et al., 2004y. stocks were maintained at 18°C
during this experiment. Salivary glands were exgadrom third-instar larvae in 1%NP40
and 0,6% NacCl. Cross linked salivary glands (2%fadehyde for 2 minutes) were crushed
and fixated on slides for 3 minutes. Slides wemseoved less than one week at 4°C in PBS.
Dried Slides were incubated in 2X SSC for 45 misat°’C. After being dehydrated in cold
ethanol baths, polytenes were denatured for 10 imid,07N NaOH at room temperature.
After being washed with 2X SSC, slides were dehgdta second time. Each TE probe was
labelled during a PCR with DIG DNA labelling mixofn Roche. Primers used for probe
amplification target the internal region of all mlents (Figure 1) and are available upon
request. Slides were incubated over night at 3n°€humid dark chamber with a denaturated
mix of hybridization bufferFormamide + 50% Dextran sulfate sodium salt + B hareng sperm and
DIG labelled probe. The next morning, slides wesshed in 2xSSC, four times at 42°C and
15min at room temperature in PBS. Slides were thaubated for one hour with blocking
solution (PBS, 5% BSA, 0,1% Triton ) at room tengtere. Histone modification H3K27me3
was targeted using Millipore 07449 antibody oveghhiat 4°C, diluted 100 times in blocking
solution. PBS washing steps the next morning wellevied by deep washing (300mM of
NaCl, 0,2% NP40, 0,2% Tween and PBS, second wasH@amM NaCl) in a shaking table
for 15min each. Polytenes were incubated sequniiéh Anti Dig monoclonal from Roche
(1/25), AlexaFluor 555 Donkey Anti mouse IgG (1/)1Ghd AlexaFluor 488 Donkey anti
rabbit 1I9G (1/100) for 2h each. Deep washing adesionce again was carried and followed
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by PBS washing. DAPI staining was carried with \Astield Hard Set, AbCys mounting
medium for fluorescence from Vector laboratories3 (vith DAPI Vectashield Hard Set,
AbCys). The slides were observed with Axiolmagerfiibrescent microscope (Zeiss). The

image obtained was treated with ImageJ software.
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Figure legends

Figure 1

TE schematic representation

TEs analysed are LTR element&l?, tirantandroo) or LINE-like elementsK). Boxes
represent pen_eading fames (ORF), a part from the LTR(lg £rminal_epeats) box. ORF
may code for retrovirus-like proteins GAG, POL d&fMNV. Primers used for quantitative PCR
amplification (estimation of copy number, TE expmiea and enrichment in specific histone
marks) are showed in black arrows. The probe usethserve colocalization of histone marks

and TE single copy is represented as a green line.

Figure 2

Copy number estimation @f12, tirant, rooand F from in situ hybridization in polytene
chromosomes (adapted from (Vieira et al., 1999 quantitative PCR.

Right graphs are adapted from (Vieira et al., 1983 show chromosomal arm copies
(euchromatic) for the four elements analyzed. Nbt& D. melanogastehas more elements
thanD. simulansand intra specific variation is observed fr simulans Left graphs show
quantification of copy internal regions through guiative PCR. Absence or different
patterns of variation are observed [rsimulansnatural populations. Blue bars represent
melanogastematural populations and red bdbs simulans Please refer to materials and
methods for gPCR relative quantification and, ndit@t reference genes are equally
represented between both species and natural pigmslallowing us to compare all strains

together (Supplementary Figure 1).

Figure 3

Transcription of TEs in natural populationsimfmelanogasteandD. simulans

D. melanogaster(bleu bars) harbors transcription for the four edats analyzedD.
simulans(red barshas very active and silenced populations for alRL&elements. Expression
of all TEs is variable between both species andiéen all natural populations analyzed. No
common pattern is observed for a specific natuogluation or a specific TE. Please refer to
materials and methods for gPCR relative quantibcatind, note that reference genes are
equally expressed between both species and natopailations allowing us to compare all

strains together (Supplementary Figure 1).
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Figure 4

H3K27me3 and H3K9me2 enrichment on TEs in natuogdugations ofD. melanogaster
andD. simulans.

Variation of H3K27me3 and H3K9me?2 is observed betwi2. melanogaste(blue) andD.
simulans(red) and between all natural populations analyd&@d.andtirant are polymorphic
for H3K27me3 butroo andF harbour lower fold changes. Theo element has the highest
enrichment rate for H3K9me2 while theelement has the lowest. Please, note that reference
genes are equally enriched between both speciesnandal populations allowing us to

compare all strains together (supplementary figjre

Figure 5

Colocalisation of H3K27me3 withl2element in natural populations Bf simulansandD.
melanogaster

Only Senegal fromD. melanogasterand Canberra fromD. simulans have shown

colocalisation of facultative heterochromatic mei&27me3 andi12copies.

Figure 6

Quantification of transcripts of genes involved Hi3K27me3 and H3K9me2 chromatin
post-translational modifications. Please, note trederence genes are equally expressed
between both species and natural populations alpwis to compare all strains together

(supplementary Figure 1).

Figure 7

Table of results

Blue bars represen3. melanogastenatural population and red ones frsimulans! For
each analysis (Copy number, transcripts, H3K27me33K9me2 results) and each element
(412, tirant, rooandF), the highest strain enrichment is chosen as bEd§6 and used for

normalisation of other strains.
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Figure 2

Quantification of TE copies by qPCR
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Quantification of TE copies by in situ hybridization in polytene
chromosomes adapted from Vieira etal. 1999
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Figure 3

TE transcripts in natural populations of Drosophiia
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Figure 4

Relative input enrichment
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Figure 5

Drosophila melanogaster
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Figure 6
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Figure 7

Copy number (qPCR)
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Supplementary materials legends

Figure 1

Ct comparison betwedd. melanogasteandD. simulandor reference genes.

For all experiments (copy number, transcriptionnegtion and ChIP) reference genes used
for both speciesD. melanogasteand D. simulansare either equally represented, equally
transcribed or equally associated to histone passlational modifications. Such data allow
us to compare natural populationsiafsimulanswith populations oD. melanogasterAlso,

D. melanogasteilE copy number present earlier Cts tHansimulansnatural populations
showing that both natural populations Bf melanogasteihave more TE copies th&b.

simulans.

Figure 2
Correlation between copy number and TE transcmptior D. melanogasternatural

populations.

Figure 3
Tendency o#412 transcription to be higher in high copy number ratpopulations oD.

simulans.

Figure 4
Histone 3 enrichment for TEs in natural populatioh®. melanogasteand D. simulans.
Please, note that reference genes are equallyhedribetween both species and natural

populations allowing us to compare all strains tbge(supplementary figure 1).

Figure 5

H3K4me2 ChIP data

A. H3K4me2 lack f enrichment for TEs in natural ptgiions ofD. melanogasteandD.
simulansB. Enrichment of H3K4me2 was nevertheless obseirvatbsolute quantification of
the reference gene (actin) compared to TEs. C. H&4was also relative enriched to actin
when rp49 was analyzed and absent in a already describedgkrmre Please, note that
reference genes are equally enriched between Ipeities and natural populations allowing

us to compare all strains together (supplementguyd 1).
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Figure 6

Specific H3K9me2 association to constitutive hateromatin and comparison with TEs

A. Satellite 1688ocated in constitutive heterochromatinfofmelanogaste€Chicharo strain
is enriched in H3K9me2 but not H3K27me3. B. Highenrichment ofsatellite 1688
compared to TEs iD. melanogaste€hicharo strain.

Figure 7
Quantification of transcripts of genes involved arhatin post-translational modifications.
Please, note that reference genes are equally ssqatebetween both species and natural

populations allowing us to compare all strains thge(supplementary Figure 1).
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Supplementary materials

Figure 1

Copy number quantification
30 4

27 A

24 - j ;

21 §

Mean Ct

& D. melanogaster ‘ ‘ ‘
W D. simuians RNA polll  rp49 F tirant 412 roo

Transcripts quantification

30 4

+

24

a1 . } ﬂ

4w .

e

Mean Ct

EF1g RNA polll rp49 F tirant 412  roo

ChIP assay

40 -

35 4

254

Mean Ct
—l—
—o—i
——
——i

20 4

15

H3T H3K4me H3KGme2  H3K27me3

82



Figure 2

Relative quantification of TE copies and transcripts
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Figure 3

Relative quantification of 412 expression

[w]

0,1 02 03 04 05 08 07

Canbera

Grand Ferade

@ TE expression

@ Copy number (in situ hybridization)

Makindu

D. simulans natural population

[=]
-
(=]
n
[=]
(2]
[+
A
Lo
5]
(=]
o]
[=]
i)
[s]

412 copy number estimation by in situ hybridization adapted
from Vieira et al. 1999

84



Figure 4

ChIP with Histone 3 antibody positive control
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Figure 5

H3K4me2 enrichment A
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Figure 6

Enrichment of H3K9me2 and H3K27me3 in the satellite 1688 A
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Figure 7
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Abstract

Transposable elements (TE) are responsible fod ggmome remodelling through the
creation of new regulatory gene networks and chemme restructuration. TEs are often
regulated by the host through epigenetic systerhsinironmental changes can induce
physiological and, therefore, epigenetic stressissypting TE tight control. The consequent
TE mobilisation drives, in turn, genome restructiorathat may offer a genetic innovative
escape to the host. We suggest, therefore, thabmasution and speciation might originate
from an unleashing of the TEs from epigenetic lcostrol. To understand the impact of TEs
and their importance in host genome evolutiors éssential to study TE epigenetic variation
in natural populations. We propose to focus onmedata demonstrating the correlation
between variations in the epigenetic control of TEspecies/populations and genome

evolution.

Keywords:

Transposable elements; evolution; speciation; nata populations; epigenetic control

Abbreviations:

TE : transposable element
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1. Introduction

Genome sequencing programs provided new cluesdarstanding the lack of correlation
between phenotypic complexity and genome size sdhslled “C value” paradox — by
pointing out that genome size differs between gseaiostly in the non coding parts
(reviewed in (Biemont and Vieira, 2006)). For imgta, the human genome is composed of
~98% of non coding DNA (2004) while the fruit flprosophila melanogastehas a very
compact genome with only ~12% of this type of segegDowsett and Young, 1982). This
variable, but seemingly useless, part of the geneasenamed “junk DNA” and is mostly
represented by repetitive sequences, such astealAs and transposable elements (TES),
which will be the focus of this short review (Figut for a eukaryotic TE classification). Our
work in understanding TE dynamics in natural popaie led us to question the influence of
TE mobilisation in speciation (Vieira et al., 1998bollo et al., 2008; Fablet et al., 2009).
Speciation may be a slow process involving thetiiixeof genetic differences between
individuals, either by changing their fitness ama/oological specialization and/or simply
inducing genic incompatibility, all followed by miiw population isolation. Speciation is also
thought to happen fast in the case of non-geniciapen, i.e., when important karyotypic
differences are observed between individuals of#ree species causing sexual isolation. We
are interested in rapid evolution induced by chreameal incompatibilities inside one species.
Chromosomal incompatibility, i.e., the impossilyildaf pairing for both parental homologous
chromosomes, can happen with inter-specific croggealso between individuals of the same
species when chromosome rearrangements have atc8ureh incompatibility can lead to
progeny lethality or sterility causing isolationfeftile survivors into micro populations. TEs

are inducers of genome remodelling either throughsposition, as described for lines of
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maize where Ac/Ds alternative transposition (fréwa énds of two elements) is directly
responsible for major chromosomal rearrangemerasgfocations, duplications, inversions
...) (Zhang et al., 2009), or for all recombinatioreets due to TE copies (Hedges and
Deininger, 2007). A burst of transposition mighiertefore, be essential for rapid karyotypic
isolation and, hence, macroevolution. TEs are dfept silenced in genomes and in order for
such karyotypic changes to happen it is necessarHs to escape the regulation systems,
which are mainly composed of epigenetic mechani$iespropose that macroevolution and
speciation could be concomitant with rapid genoemeadelling induced by TE awakening

from tight epigenetic repression, as indicated layynobservations.

2. Junk and Genome: a partnership in progression

The developmental and evolutionary importance of iIBEho longer questionable. In
general, all families of DNA repeats could potdhtiaave an impact on genome
organisation, either as generators of genome iitisgabince multicopy elements are
powerful recombinogenic substrates (Hedges andimgn 2007), or as components of
essential chromosomal domains, like centromerededacheres in many species (Wong and
Choo, 2004; Lamb et al., 2007). Itis clear thatr&plication might induce genetic mutations
via transposition. For instance,osophilaa high rate of spontaneous mutations are related
to transposition events (Biemont and Vieira, 2006 immediate effects of transposition
might be harmful, as illustrated by the occurreotceeveral diseases described in humans
(reviewed in (Callinan and Batzer, 2006)). Desghte damaging effects, TEs are maintained
in almost all genomes either as full length or tated copies. Full length copies have kept
their ability to mutate the genome through trangmswhile the truncated copies have often

lost the capacity to jump. However, the truncatesions might putatively be recruited by
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the genome. Indeed, recent reports have proposegaolution of TEs and hosts, leading to
the participation of TEs (often truncated copi@sgomplex genomic processes (as co-opted
open reading frames, post transcriptional genelaéign, gene protein translation
enhancement etc. as reviewed in (Muotri et al.,/2@nzelle et al., 2009)). Moreover,
truncated copies may also serve as recombinogehstrates to other truncated or full-length
copies, inducing genome rearrangements. TE copis ibeen the source of new regulatory
sequences, alternative splice sites, polyadenylaignals (Marino-Ramirez et al., 2005), and
new transcription factor binding sites (Polavarapal., 2008). Also, TEs enhance genome
regulation as, for example, when they are the mmdgimicroRNAs, which are able to regulate
gene expression (Hasler et al., 2007; Piriyapoegs&, 2007). Since TEs are widespread in
the genome and have so many influences on gentatiegy several authors have suggested a
vital need for TEs in creating, remodelling andulaging gene networks (McClintock, 1984;
Feschotte, 2008). Therefore, as we hypothesizgpagsimpact on genome structure and

regulation could be observed after TE bursts ofdpasition.

3. Driving speciation through TE bursts of transpogion

TEs have been observed in all sequenced genomigseoh#éo date and comparative
genomics allows a broad insight into the variapilit TE content between genomes of
different species. For instance, TEs represent 608te maize genome (Messing et al., 2004)
and only 14% oArabidopsis thaliana (2000). Variations in genome size between closel
related species can also be correlated to diffeiencthe amount of TEs. For instance, in the
D. melanogastespecies subgroup, bigger genome sizes are inthdouged to high TE-like
sequences, as estimated from the amount of retrarsscriptase related sequences by dotblot

(Boulesteix et al., 2006). In cotton, a significaatiation in the total amount of TEs is
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observed betweegossypiunspecies (40% to 65%) (Hawkins et al., 2006). Suspattities
depend on particular TE subfamilies, such as ain@asplification of thegypsylike
Gorge3element in increased genome size cotton specigsoam by whole genome shotgun
sequencing (Hawkins et al., 2006). Variations mt#lative proportion of TEs can also be
intra-specific, as noted for the euchromatic copieseveral TE families when counting on
polytene chromosomes in natural population® o§imulangVieira et al., 1999). Variation in
the proportion of TEs illustrates not only the urghce of a given species/population on the
host/TE relationship but also suggests that TEihptay a significant role in speciation
through their individual specific influence on thest genome.

TE abundance, TE-derived genomic features and asomic rearrangements involving TE
sequences are frequently lineage specific andefibve, suggest that variations might have
either stabilized after speciation or contributedhte species evolutionary process (Marino-
Ramirez et al., 2005; Bohne et al., 2008). One Ishoote that correlating TE transposition
consequences and speciation is rather tricky, sin@xact timing of TE bursts and natural
species diversification is difficult to measurev&el researchers have tried to obtain
examples of timing concordance between burstsaokposition or massive TE extinction
with speciation (Table 1). Significant TE activisyobserved in several species often during a
period of radiation, suggesting that massive spieciand massive TE activity may be
associated. The genetic distance between two angans calculated as a function of their
genetic divergence, so every episode creating givere, such as lineage specific
transposition events, might contribute to the rdpative isolation of those organisms. Either
as a cause or as a consequence of genetic difsgrent TE patterns that are different
between individuals of the same species may sawenmly as genetic markers for researchers
but also as evidence of the speciation processmegwvithin the species (Esnault et al.,

2008). For instance, significant TE insertion pitdymorphism can be observed in rice for the
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japonica and indica cultivars, accounting for 14Btheir genetic differences (Huang et al.,
2008). Since the exact evolutionary history of ecegs is difficult to determine, it is useful to
study interspecies crosses as a model for macnaigvol Indeed, interspecies hybrids are
classical examples of bursts of transposition causnportant dysfunctions and potentially
acting as inducers of rapid speciation (reviewe(Mithalak, 2009)) (Table 2). Three hybrids
of sunflower species have a 50% larger genomettie@parental lines because of a massive
TE transposition and they are thought to have guaier rapid speciation (in fewer than 60
generations for one of the hybrids) (Ungerer ¢t1#198; Ungerer et al., 2006). Also, in
dosage dependent crosses betweethalianaandA. arenosgcrosses where the amount of
maternal and paternal genome is variable and malyffeeent), high expression of the
paternalA. arenosa athil&lement in the hybrid is correlated to seed leth&liosefsson et al.,
2006). Such observations are essential for undetstg hybrid “compatibility” sinceA.
arenosaandA. thalianahybridization has succeeded at least once in nélai®bsson et al.,
2006). In insectdprosophila buzzatiandD. koepferaare still able to interbreed and have
common TE families that are maintained in each gendCrosses between these two species
highly induce the transposition o$valdoin hybrids whilst it is repressed in both parental
genomes (Labrador et al., 1999). In wallabies ramecific hybrids present variable
centromeres composed of satellite repeats and neplicated TE copies (Metcalfe et al.,
2007). All these examples suggest that TE burstsansposition occurring during hybrid
speciation may induce important karyotypic charggsause of the capacity of TEs to induce
major chromosomal rearrangements and ectopic reicatdn (Hedges and Deininger, 2007,
Weil, 2009). In this way, TE mobilization will tstsupport novel phenotypes followed by
micro population ecological isolation, the necegsmmponents for rapid and divergent
evolution. Based on hybrid crosses, we hypothdbmtebursts of transposition in individuals

of one species followed by intraspecific crossaddgenerate new phenotypes.
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Persistence of TEs in most genomes, despite ttial ideleterious effects, suggests a strict
regulation system keeping TEs silenced. ExpressidiEs is dependent on transcription
factors presence as illustrated by the evolutiobhlolineage in humans. Indeed, recruitment
of regulatory regions in new L1 subfamilies harbogmew transcription factor binding sites
are essential for L1 expression (Khan et al., 20@8), cellular inhibitors may influence TE
transposition post transcriptionally, as obsenadsbme members of the APOBEC family,
capable of reducing HERV-K infectivity (50 fold) e and Bieniasz, 2007) and blaadk
transposition in an ORF1p and ORF2p L1 indepenaamner (Hulme et al., 2007).
Moreover, transposition of mobile elements indUdBE\ breaks suggesting an interaction
between the host DNA repair machinery and TEs. ERREF heterodimers are implicated
in DNA repair processes and limit L1 insertion (®agt al., 2008). Apart from cellular
inhibitors and transcription factor dependency, @Essalso transcriptionally and post-
transcriptionally regulated through epigenetic nse@msch, 2009). Although regulation of
TEs by the host genome might be tight it also néedsmain versatile in order to keep a
“rapid genome remodelling source”. Such flexibilgyinsured in many eukaryotic organisms

via epigenetic regulatory mechanisms.

4. TE Epigenetic reprogramming

Epigenetic regulation of TEs involves interdepengathways, such as chromatin
remodelling factors, DNA methylation and non-codsmgall RNAs (Lisch, 2009; Obbard et
al., 2009) (Table 3 for a general view on TE epedenregulation)In rice, for instance,
mutants of histone methyltransferase, specificdpressive chromatin marks, induce DNA
demethylation off os17(copialike retrotransposon) and, consequently, transipos{Ding et

al., 2007). Also in plants, it is possible to obveeRNA dependent DNA methylation
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(RDDM) of TEs and genes, which is reversible simég dependent on the presence of small
interfering RNAs (Matzke et al., 2007). Recent istigations have highlighted the central
role of RNA in controlling TE activity: such systewas probably present in a common
eukaryote ancestor; it is well conserved betweecisp; and it may act as an immunological
system against non self RNAs (Obbard et al., 2088, small RNAs allow for target
specificity of DNA methylation or histone modifidah in a given sequence. For instance,
epigenetic instability in long-term cultured cedisA. thalianaevolves into hypomethylation
of specific TEs and subsequent activation (Tanwardzal., 2008). Indeedthila or copia
elements are hypomethylated regardless of theatilmt, but no change is observed dgpsy
class elements (Tanurdzic et al., 2008). Such Bpégis possibly due to siRNAs being
produced differently between TE families underssrsuch as this, varying from 21nt and
24nt for hypomethylated activated TEs and only Zdnsilencedyypsyclass elements
(Tanurdzic et al., 2008). The epigenetic regulatigstem is, indeed, rather efficient; it is
general because the TE families capable of invemiermultiple and divergent but, at the
same time, it also appears to be specific, targedingle TE families through sequence
specific small RNAs. Each pathway of the epigenetgulation of TEs seems, therefore, to
be essential and also extremely rigorous. Natuthélyquestion arises as to how TEs could
possibly invade a genome if they are being helsiomers in a perfect prison. It is well known
that TEs do transpose often at a very low rate esiggy that the perfect prison is, after all,
flexible. Indeed, it has recently been suggestatigmall RNAs can be linked with total or
partial silence of elements, as observebDrasophilahybrid dysgenesis. Indeed, intraspecific
Drosophilacrosses may cause hybrid dysgenesis of P and eatsrahowing very important
deleterious effects, such as female sterility sonfosomal abnormalities (Bucheton et al.,
1984; Castro and Carareto, 2004). In these crasdesduals of the same species have

different amounts of TEs since one of the pareassam empty genome. A deficit in small
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interfering RNA (piRNA) in the maternal gamete alkoriginally silenced TEs to transpose
in the hybrids (Brennecke et al., 2008; Chambewtaal., 2008). However, despite the
associated female sterility or embryonic lethalityshould not be forgotten that a few hybrids
do survive and are fertile, thus propagating newbpilised copies and possible
chromosomal changes to the population.

The study of natural populations and the obsermatidhe natural variability that exists in
epigenetic host control can lead to an understgnaofif E induced macroevolution.
Epigenetic variation in hybrids, in allopolyploigecies, and in single individuals could
awake TEs, induce a burst of transposition andgeasribed above, increase karyotypic
changes followed by ecological isolation. TE epgjenregulation can be observed in somatic
tissues (Barbot et al., 2002; Malone et al., 2@0®) in germline tissues (Malone et al., 2009).
A model has been proposed by Slotkin and co-reBees¢Slotkin et al., 2009) . thaliana
where the naturally occurring hypomethylation ofsTik the vegetative nucleus (somatic)
influences TE activity in the neighbouring sperrii.da Drosophilg the vertical propagation
of some retroviral elements (proviral amplicatiolepends on the inhibition, via small RNA
interference, of full length retroviruses in thdlitmlar cells adjacent to the ovocyte
(Brennecke et al., 2007; Lau et al., 2009; Malaral.¢ 2009). Both types of regulation
(somatic and germinal), if variable, can influetice population behaviour by creating
phenotypical variations that might be inheritedri¥@on in TE epigenetic regulation can be
observed such as M thalianawhere theLINE-like elementsadhuvaries between three
ecotypes showing different degrees of DNA methglafand different silencing states
(Rangwala et al., 2006). Other epialleles, varratiothe epigenetic regulation of a given
sequence between tissues and/or individuals adahee population, were most described in
plants and mice. However, improvement in populaé@pigenetics is still necessary along

with ecological epigenetic studies in order toyfulhderstand natural population variation in
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epigenetic regulation (Bossdorf et al., 2008; Jolearet al., 2008; Richards, 2008). TE
epigenetic regulation is, therefore, a variable #xible mechanism that may induce massive
TE transposition in the germline and consequerdrabsomal rearrangements.

The gibbon species has rapidly accumulated chromakearrangements and, hence,
offers an interesting model for karyotypic evolatiand speciation. Carbone and collaborators
recently described an example of the different epégic regulation oflu elements between
humans and gibbons associated with breakpointsdestwoth species (Carbone et al., 2009).
They observed a CpG content higher in the gikddarelements near the breakpoints (typical
from active elements) and such elememtsundermethylated compared with humahs.
elements present in the breakpoints are probalilyeaand responsible, in part, for the rapid
chromosomal remodelling in the gibbon. The autlpoopose that “the association between
undermethylation and chromosomal rearrangemenblmogs suggests a correlation between
epigenetic state and structural genome variati@voiution”.

Conjugating two different genomes in the same asganas is the case for hybrids or in
allopolyploidization, may require significant adapons of all the regulatory mechanisms,
including TE epigenetic regulation (reviewed in dalak, 2009)) (Table 2). In wallabies,
interspecies crosses cause a burst of transpositi@metrotransposon, together with a
genome-wide hypomethylation (O'Neill et al., 1998)ch a burst of transposition targeted
only one parental genome and results in extendetlozeeres, suggesting a rapid karyotype
differentiation from the parents (O'Neill et al99B). Other natural crosses were analysed by
the authors and hypomethylation of the hybrids atasys observed ake novo
chromosomal changes. In allopolyploidization (“ciieth whereby evolution iaccelerated
and fitness is enhanced” as suggested by Liu anmitdélg TE transposition may also be
concomitant with genome-wide epigenetic changes &nd Wendel, 2003). These examples

show how genome remodelling could occur after emgje variation in TE copies. However,
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we need to establish what are the causes of gentsheeepigenetic modifications and
subsequent TE activation. Interspecific crossegdadjenomic stresse. changes in genomic
stability (chromatin changes, density in repeatsng organization (DNA recombination, TE
replication, retroposed or duplicated genes...), tbatd indeed have an impact on epialleles
and provoke TE activation. Genome-wide epigendtanges might play a role in genome
adaptation to environmental changes. One couldydagiothesize that TE awakening is due
to epigenetic changes, and that those variati@msatthe level of one individual as a
response to specific environmental changes. Thiegical outcomes of TE mobilisation due
to environmental changes may be numerous, sualrasa of the host, increase of host
fithess, micro population isolation etc. The congsayg spread of these factors into

populations can lead to sexual isolation and sfienia

5. Environment induces epigenetic reprogramming

Several investigations have demonstrated that meatidns in the environment induce
epigenetic modifications and, therefore, transmipstate changes (Jaenisch and Bird, 2003;
Han and Boeke, 2005). Such transcriptional chaagea source of phenotypic variability
that may be explored by organisms through incregisia host “adaptative potential”. Indeed,
diet changes, temperature variation, stress éticaaé an impact on gene regulation
(Waterland and Jirtle, 2004; Cropley et al., 208#ert et al., 2007; Chinnusamy and Zhu,
2009). Similarly to epigenetic regulation, diet nbas, temperature variations, stress etc.
might affect TE transposition (EI-Sawy et al., 20B&shida et al., 2006; Ebina and Levin,
2007; Cho et al., 2008). Consequently, activatiohks could be the result of relaxed

epigenetic control induced by environmental chang@hsre is a huge amount of literature
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relating to the activation of TEs by environmersiaesses, but only a few examples illustrate
the link existing between environmental epigenitstability and transposition.

Early nutrition has an impact on the epigenetialtatipn of TEs, especially DNA
methylation, as reviewed by (Waterland and Ji&@)4). Theagutigene controls hair color
in mice (brown in wild type). An insertion of an PAretrotransposon in the first exon induces
ectopic and variable expressionagfuti. LTR from IAP elements is regulated by DNA
methylation but varies between individuals. Dietampplementation (methyl donors) shifts
the phenotype to wild type brown colour, concontitara higher DNA methylation in the
IAP element (Waterland and Jirtle, 2003). Heatttnest and aging induce the transcription
of older heterochromatic | copies and, hence, thdyxtion of small interfering RNAs
(rasiRNA) repressing active | elements in the garen{Dramard et al., 2007). Individuals
exposed to the pollutant benzene show decreasedbétAylation of L1 an@lul elements
(Bollati et al., 2007) and, similarly, ben2pfyrene increases retrotransposition of L1
elements in HelLa cells (Stribinskis and Ramos, 200&ice, spaceflight induces
transposition of several TEs, sometimes associaitdhypomethylation within the element
(Long et al., 2009). In mice, a long-term peroxiggpnoliferator diet induces

hypomethylation of satellites, IAP and L1/L2 elertse(Pogribny et al., 2007).

6. Conclusion

Epigenetic regulation of TE copies has two mainsegiuences: 1) the environment can have
a direct influence on TE activity through epigeaétistability; 2) the presence of TE
sequences in the host genome in a “harmless” Satee bursts of transposition have been
observed in several species it is tempting to ssigbat the defense system has, at least

temporarily, broken down. However, this failurdrensientand the host may rapidly silence
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“de novo” TE copies. Although the benefit is nolm@diate, transposition might have a long
term advantage. Indeed, the consequences of trsitispdoursts will be numerous, resulting
in a renewal of genetic diversity, which is the arajondition for genome evolution and the
action of selection. This genetic diversity is,shfundamental for renewing gene networks
and inducing the emergence of new species. Eadloemental change indirectly creates an
increase in host genetic variability and selectian finally act within a bigger repertoire of
genetic information. Epigenetic instability of T&®uld cause significant genetic variability,

thus leading to selection of the best adapted asgan
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Figure 1

Eucaryote transposable element general classificati

TEs are abundant and ubiquitous mobile sequengableaof jumping inside the genome. Differences
in the transposition mechanisms allow a classificadf TEs into two major classes: Class |
Retrotransposons “copy&paste” through an RNA inttrate and Class 1| DNA transposons just
“cut&paste” their own molecule. Autonomous retrosposons can harbour long terminal repeats in
their ends (LTR) or not (LINE-like) and might bdeatious agents (endogenous retrovirus). Non
autonomous retrotransposons, such as SINEs, aeadept on autonomous elements to be
“copied&pasted” in trans. The same dependencysemied among DNA transposons where MITEs
need full length transposase coded by autonomous tdhsposons to be “cut&pasted” in trans. Full

length helitrons, newly classified Il DNA transpasoplay an important role in exon shuffling thanks
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to their “rolling circle” replication mechanism. Fa recent classification of eukaryote TEs, please
refer to (Wicker et al., 2007). Boxes representnagading frames, triangles are either inverted
repeats (IR), in blue, or long terminal repeatsK,Tin green, and small blue arrows are duplicated
insertion site representations. DDE elements spasases carrying aspartate (D), aspartate (D,)
glutamate (E) motif. MITE : miniature inverted regped elements ; ERV : endogenous retrovirus ;
LINE : long interspersed nuclear element ; SVAmposite element composed of parts of SINE,
VNTR (variable number of tandem repeats) ahtrepeats — firt box represents CCCTCT hexamere
repeats ; SINE : short interspersed nuclear elemesd box represents diagnostic features ; Gag, Po

Env : retroviral-like proteins coded by TE opendieg frames
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Tables

TE burst of transposition concomitant with radiatjmeriods

Models TE events /Species history References
Decreased L1 and SINE accumulation during emergehce
African apes (14-15 Mya).
Generation of L1 subfamilies in less than 0.3Myammitant
with intense speciation iRattus sensu stricto (Pascale et al., 1990;
Timing of Lx family (L1 ancestral family) amplifi¢eon is Verneau et al., 1998;
Eutheriens close to the murine radiation ; Lander et al., 2001;
Rapid speciation in the gentiaterillus (gerbil) has occurred Dobigny et al., 2004,
and massive transposition of TEs in new lineages wa Ray et al., 2008)
observed.
DNA elements were extremely active durivgotis
radiation.
DNA transposon bursts of transposition are concamhiivith
i o ) _ ) (Volff et al., 2001; de
Fish speciation events in pseudotetraploid salmonidsadiied
o Boer et al., 2007)
genome duplication ;
Acquisition and consequent transposition of an gedous
Unicellular retrovirus element iEntamoeba histolyticand lineage .
N _ ) ) o (Lorenzi et al., 2008)
eukaryotes specific enrichment in TEgight affect speciation and
pathogenicity .

Table 1 : TE burst of transposition concomitantwadiation periods
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Hybrid analysis : epigenetic remodelling and TEwatton

Models

Experiment conclusions

Reference

Eutheriens

Mus musculug M. caroli crosses induce retroelements
hypomethylation on chromosome 10, the substratmoble

minute chromosome formation in interspecies hybrids

(Brown et al., 2008)

Insects

D. melanogasteintraspecific crosses can result in hybrid
dysgenesis, associated with P or | elements matidis,
dependent on rasiRNA production in the germindlloed
and causing several abnormalities (such as fertexldity);
Crosses betwedd. buzzatti& D. koepferaeawakeosvaldo

copies in the hybrid.

(Labrador et al., 1999;
Brennecke et al., 2008

Marsupials

Interspecific macropodid hybrid&@cropus rufogriseu&
M. agilis) present centromeric instability due to TEs and
satellite replication, probably inducing karyotyjsolation
relative to the parental species;

Genome-wide hypomethylation and centromeric exjemsi
due to TE activation, are observedvneugeniior Wallabia

bicolor hybrids.

(O'Neill et al., 1998;
Metcalfe et al., 2007)

Plants

In A. thaliana& A. arenosalosage-dependent crosses, the
usually silenced paternathila elements are activated
concomitantly with the deregulation of polycomb ¢oex-
dependent gene regulation;

Wheat allotetraploid formation is accompanied by TE
activation, DNA methylation and gene expressioarations;
Helianthus annuu& H. petiolarihybrids have a 50% larger
genome than parental individuals due to TE amgtifom ;
DNA introgression irZizania latifoliacauses TE activation
through modifications in DNA methylation and
morphological novelties compared to the primortia.
Note thatde novostable silencing of TEs is observed in the

introgression lines.

(Ungerer et al., 1998;
Kashkush et al., 2002;
Liu and Wendel, 2003;
Josefsson et al., 2006;
Ungerer et al., 2006)

Table 2 : Hybrid analysis : epigenetic remodellamgl TE activation
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General view of TE epigenetic regulation

Histone

modifications

Position effect variegation (PEV) is the mechang@@acribing transcription
variation of a given gene correlated to its chromiaicalization. Mutations in Su(var)
genes responsible for such variegation are oftearapanied by TE amplification.
The major function of this gene family is to pastrslationally modify histone N
terminal ends. Usually histone methylation in Igsiesidues (H3K9m, H3K27m,
H4K20m) is typically from a closed chromatin confation, in contrast to acetylation
of histones and methylation in H3K4 which are oftdserved in open chromatin
structures. TEs are highly associated with repvessiarks as in general H3K9me3 in
humans, H4K20me3 in drosophila and H3K9me2 in glaRegarding chromatin
malleability, histone variants and non histone @irat (as HP1) are also involved in

TE regulation.

DNA methylation

In plants and mammals, DNA methylation plays andngmnt role in silencing TEs. In

insects, DNA methylation is observed as a silengirogess in genes and TEs.

Non coding
RNAs

Post translational gene silencing (PTGS) througallsimerfering RNAs (SiRNA)
processed by the AGO/DICER/RISC complex is alseahanism that can be used tc
silence TEs. Indeed siRNAs derived from TE copydcaipts can target full length
and putatively active TE transcripts, thus prevenfi E transposition. Piwi related
RNAs (piRNAs or rasiRNAs for repeated associatedlsimterfering RNAS) in
Drosophila are processed by the piwi/Aub/AGO3 patpware 24-30 nt and are know
to silence TEs in the germline whereas endo-siR&l#¢genous small interfering
RNASs) processed by DICER2/AGO2 are 21 nt and gpalda of somatic silencing
TEs. Germinal and somatic silencing are therefossible thanks to non coding
RNAs. However, the presence and the transcrigtf@aTE copy in the genome is
essential to engage PTTES (post translationalpesable element silencing). The
idea of the immune system is, hence, appropriateediaving non coding RNAs of a

given TE family will preserve the genome from faathinvasions.

Table 3 : General view of TE epigenetic variation
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GENERAL CONCLUSIONS

TEs harbor an intimate relationship with the gensnre which they are present. As a
consequence of the immediate deleterious resuksmok transpositions, several mechanisms
have been selected that allow genome to counteregative effects. Elimination of TE
sequences as observed witllenais also observed with LTR elements, SINEs, and atralh
elements irD. simulans, D. secheliandD. yakuba((Rebollo et al., 2008; Granzotto et al.,
2009), E. Lerat personal communication). Interggyinthe D. simulanstwin sister, D.
melanogasterdoes not harbour the same deletion mechanismyisagain how specific
the arm race for invasion/protection might be. Kgaression can also be suppressed without
elimination of their sequences. Indeed, throughgepetic regulation, silencing of TEs is
possible while they are still maintained in the gae. Chromatin data obtained in this work
shows the existence of epigenetic variability in féRilies between natural populations and
species oDrosophila Our data do not show a natural variation inép&enetic regulation
of TEs since no correlation can be observed betwiderexpression and local chromatin
structure. It is important to note that furtherad& needed on TE copy specific analysis in
order to correlate histone marks and TE dynamiash&ind of project needs not only deep
sequencing programs in order to locate each copgyt@amake ChIP copy specific, but also
bioinformatic analysis.

Apart from the chromatin remodelling factors anatysn this work, DNA methylation and
small interfering RNAs are also part of the epigen€E regulation. It has been proposed that
the original role of epigenetic defence, especialiyall RNAs, is to protect the genome
against foreign DNA, as TEs, and act as an extepdlimmunological system (Obbard et al.,
2009). Therefore, TEs and epigenetic regulatiomofachave coexisted and coevolved for a
long time. One could wonder if epigenetic regulatsystem was not adapted for genes while
specific for parasite DNAs. The ability of TEs tosert near genes and to be genome
widespread would perhaps generalise the flexiblegemgtic mechanisms to its
neighbourhood, as already observed for heterochimnsareading. Genes would thus be
epigenetically regulated thanks to TEs. Chromagmitbries would be created, and specific
regulatory elements would be targeted to each peegion. Also, as suggested by our data,
if epigenetic regulation is actually element-spegifnvasion of genomes by TEs become
possible if they are unknown for the system. Howgede novo silencing of TEs through
epigenetic learning would avoid TE activity to baintained. Hence, TEs that are new for a
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genome may have the opportunity to engage invasionl the moment epigenetic
mechanisms start to act and then suppress TE tgctlai that case, epigenetic flexibility
allows a renouveau of genetic material to the @issitact with TEs. If any of these hypotheses
is true, it means that efficiency of the epigenetystem to control the first invasion is
essential. If no “epigenetic immunological system”engaged then the genome will be
invaded and the TEs will cause important chromodoam@nges, and sometimes even

macroevolution.
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COMPLEMENTARY WORK

As a member of the « Transposable element, evaolwml populations » team, | had the
opportunity to participate to other members’ prtged will succinctly discuss them below,

outlining when | conceived the experiment.

The tirant element regulation

Tirant, as described above, is an LTR retrotransposon mraeeboth species oD.
melanogasterand D. simulans(Fablet et al., 2007). Copy number polymorphismttos
element is observed iD. simulansin which most natural populations are empty (paigte
chromosomal arms) dfrant copies (Vieira et al., 1999). However, through $eut blot,
Fablet et al. (2000) have showed that these stiii3. simulanspresentedirant copies,
henceforth located in heterochromatic regions, @anatnot polytenized (Fablet et al., 2009). In
addition, characterization t¢ifant copies in both species revealed two different sullfes: a
common type present in both species (C-type) aDd smulanstype, specific to this species
(S-type). Interestingly the S-type was specific hieterochromatic regions as showed by
genome walking and Southern blot deductions (Fadilel., 2009). The C-type on the other
hand, could be observed in both heterochromatic enchromatic regions (Fablet et al.,
2006). In order to verify that both types of eleitsewere indeed present in a specific local
chromatin conformation, | ran a ChIP assay targetauchromatic (H3K4me2) and
heterochromatic (H3K9me2, H3K27me3) histone marksoaiated with locus-specific
insertions oftirant. Indeed,tirant S-type was highly enriched in H3K9me2, suggestisg i
presence in dense and constitutive heterochromatiereas the C-type presents a weaker
enrichment in H3K9me2 and H3K27me3, but a higheriorH3K4me2. The S-type is indeed
present in a heterochromatic region as observedighr genome walking. Since only C-type
transcripts were found (Fablet et al.,, 2006), Rabteal wanted to verify that the lack of
expression ofirant S-type was indeed due to a heterochromatic silgnémorder to test this
hypothesis, we transfected promoters specificéd3ttype or the C-type along with a reporter
gene in S2 cells obrosophila (Fablet et al., 2009). Both promoters were ablenthuce
expression of the reporter gene suggesting thatanly the heterochromatic localisation of
the S-type that is responsible for its silencingrédfollows the scientific article published on
these data.
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ABSTRACT Combining genome sequence analysis
and functional analysis, we show that some fulllength
copies of tirant are present in heterochromatic regions in
Drosophila simulans and that when tested in vitro, these
copies have a functional promoter. However, when in-
serted in heterochromatic regions, tirant copies are inac-
tive in vivo, and only transcription of euchromatic copies
can be detected. Thus, our data indicate that the localiza-
tion of the element is a hallmark of its activity in vivo and
raise the question of genomic invasions by transposable
elements and the importance of their genomic integration
sites.—Fablet, M., Lerat, E., Rebollo, R., Horard, B.,
Burlet, N., Martinez, S., Brasset, E., Gilson, E., Vaury, C.,
Vieira, C. Genomic environment influences the dynamics
of the tirant LTR retrotransposon in Drosophila. FASEB J.
23, 1482-1489 (2009)

Key Words: chromatin - endogenous retrovirus * natural pop-
ulations

TrANSPOSABLE ELEMENTS (TEs), which are DNA se-
quences that can move and multiply along the chromo-
somes, are now considered to be full-fledged components
of genomes, able to play various and numerous functional
roles (1, 2). However, their dynamics within a given
genome and natural populations is far from being fully
understood (3, 4), since TE amount and genomic distri-
bution vary considerably between different species and
populations. In most organisms, a high proportion of the
heterochromatic genomic compartment is composed of
TEs, which are usually organized in clusters (5, 6) and
mainly correspond to deleted elements. However, an
increasing amount of data shows that heterochromatin
also harbors complete copies of TEs, which may constitute
a “reservoir” of new elements that may be reactivated
(7-9) and thus are potentially able to invade gene-rich
regions like the euchromatin, which may have a consid-
erable evolutionary impact. This idea is supported by data
showing that the distribution of TEs between euchroma-
tin and heterochromatin is variable and depends on the
populations or strains analyzed (10-13). However, we still
do not have a refined analysis of the structure and activity
of TEs located in different chromatin conformations
within a given genome and between genomes. From this
perspective, tirant, an endogenous retrovirus from Dro-

1482

sophila belonging to the gypsylike long terminal repeat
(LTR) retrotransposon subclass, is an interesting model,
since its genomic copy number varies considerably in
different natural populations of Drosophila simulans, rang-
ing from 0 euchromatic insertion in most worldwide
populations, to 2 to 5 in East African populations (10, 13).
A previous study of the tirant regulatory region in natural
populations of Drosophila melanogaster and D. simulans
revealed two subfamilies of tirant regarding the 5" LTR-
untranslated region (UTR) (14). One subfamily, called C
type, corresponds to the euchromatic insertions in Afri-
can populations, and is found in the heterochromatin of
all populations worldwide. This C type has been shown to
be expressed when located in euchromatin. The other
subfamily, called S type, is found in all populations, at very
low copy numbers (14), and despite its high levels of
sequence conservation between populations, is not found
to be actively transcribed.

In an attempt to understand the dynamics of tirant and
the influence of genomic localization on its activity, we
relate data on the in vitro expression of tirant and on
genome walking and sequence analysis. We show that the
chromatin environment is a hallmark for expression and
that heterochromatin harbors fulllength elements that
have invasive features. We tested whether the different 5’
LTR-UTR variants were able to promote expression using
the reporter gene technique and correlated this to the
genomic location of each tirant insertion and local chro-
matin structure. We then identified the genomic context
of the insertions in the D. simulans sequenced genome,
and described the copies of tirant.

MATERIALS AND METHODS
Drosophila natural populations

We worked on fly samples collected from several geographically
distinct natural populations of D. melanogaster and D. simulans. A
list of the populations analyzed is provided in Supplemental

! Correspondence: Université de Lyon, F-69000, Lyon, Uni-
versité Lyon 1, CNRS, UMRb5558, Laboratoire de Biométrie et
Biologie Evolutive, F-69622, Villeurbanne, France. E-mail:
vieira@biomserv.univ-lyonl.fr
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0892-6638/09/0023-1482 © FASEB
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Table 1. These populations were maintained in the laboratory at
17°C as isofemale lines or small mass cultures with around 50
pairs in each generation.

Reporter gene assays
Constructions

We used 3 variants of the tirant 5" LTR-UTR region previously
amplified by polymerase chain reaction (PCR) from natural
population samples (14) (GenBank accession numbers:
AY756122, AY756118, and AY756121; see Fig. 1 for a detailed
diagram). We refer to these sequences as S/C-i,j, where S or
Cis the type, iis the number of repeats of a 19-bp motif in the
LTR, and jis the number of repeats of a 102-bp motif in the
5" UTR: S-1,5 (AY756122), C-2,2 (AY756121), and C-2,4
(AY756118) (Fig. 1). The 5" LTR-UTR regions were cloned
separately upstream of a lacZ reporter gene into the Sphl-Psid
(for S-1,5) and Sphl-Xbal (for C-2,2 and C-2,4) sites of the
pPelican plasmid (15). Plasmids were amplified in TOP 10
competent cells from Invitrogen (Carlsbad, CA, USA) and
purified with Plasmid Mini/Midi kits from Qiagen (Courta-
boeuf, France) (final elution with water). The presence of the
5" LTR-UTR regions in the plasmids were confirmed by PCR
and restriction profiles.

Transfection into S2 cells

Transfections were done using Celfectin (Invitrogen). Cells
were then incubated for 72 h at 22°C. S2 cells were cotrans-
fected with tirant constructs and the pGL3-Control vector
(Promega, Madison, WI, USA), consisting of a luciferase gene
downstream of an SV40 promoter. B-Galactosidase activity was
normalized wvs. luciferase activity.

The ratios of the reported B-galactosidase activity to the
luciferase activity were compared for the various construc-
tions. After cell lysis, the B-galactosidase and luciferase activ-
ities were measured using the (-gal reporter gene assay,
chemiluminescence kit (Roche Diagnostics, Mannheim, Ger-
many), and the Luciferase Assay System kit (Promega), re-
spectively.

Each transfection was repeated six times. Three wells were
transfected with pPelican alone, as a negative control, and
three others were transfected with a vector carrying a lacZ
gene downstream of an SV40 promoter, as a positive control.

Genome-walking analysis

We determined the insertion site sequences for each copy of
tirant with the Universal Genome Walker kit (Clontech, Moun-
tain View, CA, USA) in three genomes from natural populations

c22 s ——
S15  [fje—
SR 5' UTR -

Figure 1. Structure of the variants of the 5'LTR-UTR region
tested. Rectangles and ovals stand for the different tandem
repeats. Variants are named as follows: S/C-i,j, where S or Cis
the subfamily, 7is the number of 19-bp tandem repeats in the
LTR, and j is the number of 102-bp repeats in the 5'UTR.
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of D. simulans: the Makindu population from Kenya (5 euchro-
matic copies), the Chicharo population from Portugal (0 eu-
chromatic copies), and the Zimbabwe population (2 euchro-
matic copies). Genomic DNA was extracted from 20 female
adults from each population. For each population, 4 genomic
libraries were obtained using the restriction enzymes supplied by
the provider: Dral, EcoRV, Poull, and Stul, with 9, 5, 0, and 2
restriction  sites, respectively, along the t#rant reference se-
quence. Adaptors were ligated according to the supplier’s in-
structions, and two nested PCRs were subsequently done, with
primers specific to tirant LTR and to the adaptors. The external
tirantspecific primer can amplify both C and S types: 5" GTT
TAG AGG CGT GGG GGT TTA GAA TC 3'. The internal
tirantspecific primers specifically used for the C and S types are
5" TGT AAG CAT AAT GAA CAT GCC GAC TC 3’ and 5’ TGT
AAA CAT AAT TTC CAT GCC ACT TC 3/, respectively. PCRs
were done in 2 steps using the Advantage Genomic PCR kit
(Clontech).

PCR amplification of tirant entire copies

To amplify each copy of tirant, we designed specific primers
from the flanking sequences of each insertion (Supplemental
Table 2). We realized 3-step PCRs with the Expand Long
Template PCR System (Roche) with an annealing tempera-
ture of 60°C and the System 1 buffer, provided by the
supplier.

Populational screening of tirant insertions

For some of the insertion sites determined by genome walking
in the Makindu population that corresponded to potentially
full-length copies of tirant, we designed a pair of primers with the
forward primer in the env gene, and the reverse primer in the 3’
flanking region. We looked for the presence of PCR products in
a pool of 3 flies for each natural population, which would
indicate that the corresponding insertion of #irant was shared by
several populations. The Makindu population was systematically
used as a positive control for the PCR assays. The screened
populations and the list of the primers are presented in Supple-
mental Table 3. We used the EuroBlueTaq enzyme from Euro-
bio (Les Ullis, France). The PCR was a 3-step reaction run in 30
cycles with an annealing temperature of 57°C. Amplified prod-
ucts were migrated on a 1% agarose gel.

Local chromatin structure analysis

Chromatin immunoprecipitation (ChIP)

Extraction of chromatin from 16-h D. simulans Makindu em-
bryos and immunoprecipitation (IP) were adapted from Sand-
mann et al. (16). Cell lysis buffer was changed to 5 mM PIPES pH
8, 85 mM KCI, 0.5% Nonidet P-40 supplemented with protease
inhibitors. Chromatin was shared with a Bioruptor sonicator
water bath (Diagenode, Liege, Belgium) for 6 X 30-s on/30-s off
cycles at high power in order to have random fragments from 1
kb to 500 bp. Shared chromatin was incubated overnight at 4°C
with antibodies recognizing H3K9me2 (Millipore, Billerica, MA,
USA; 07441), H3K27me3 (Millipore 07449), H3K4me2 (Milli-
pore 07030), H3 (Abcam, Cambridge, UK; ab1791), and rabbit
IgG (Sigma-Aldrich, St. Louis, MO, USA; 15006). The antigen-
antibody complexes were washed as described before (16), but a
second washing solution was modified as followed: TE 2X, 500
mM NaCl, 1% Triton, 0.1% SDS.
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Real-time PCR

To quantify each IP, real-time PCR was performed using
QuantiTect SYBR Green PCR kit (Qiagen) on a MXP3000P
PCR system (Stratagene, La Jolla, CA, USA). Reactions were
done in duplicates, and standard curves were calculated on
serial of input chromatin. To evaluate the relative enrichment
of C and S copies after IP, we calculated the difference in
cycles between the IP-enriched sample and the input DNA for
tirant copies and for a control (actinCG4027). C 2 and S 5
copies (see Table 1, Makindu population) were amplified
using primers in the flanking region and in the tirant LTR (C
2 specific primers: forward, 5" GTG TTC CAG TTG CCG TCT
TC 3'; reverse, 5" TTT TCT GGG GTG TTG TAC GC 3'; S5
specific primers: forward, 5" TGC TCT CAA CTG CGC GCG
AGT TAC 3'; reverse, 5" GTA AA ATA ATT TCC ATG CCA
CTIT C 3').

Analysis of tirant copies from
the D. simulans sequenced genome

We retrieved the sequences of the chromosome arms 2L, 2R,
3L, 3R, 4, X, and the unassigned part (named U), of the first
release of the mosaic assembly of the genome of D. simulans
available at the ftp site of the Genome Sequencing Center at the
Washington University Medical School (http://hgdownload.
cse.ucsc.edu/downloads.html#droSim). This mosaic assem-
bly corresponds to different D. simulans strains. In the follow-
ing, we refer to the tirant copies using the chromosome name
and the start position of the copy (e.g., chr2l._21040234
corresponds to a copy found on chromosome 2L and that
starts at position 21040234).

To search for any kind of copy of tirant of the two variant
types in the D. simulans sequenced genome, we used the
sequences of the S type (GenBank AY756122) and the C type
(GenBank AY756123) cloned by Fablet et al. (14). As these

sequences corresponded only to the 5° LTR-UTR and 5’
region of the first open reading frame (ORF) gag, we also
used the complete sequenced tirant from D. melanogaster
(GenBank AY928610) (17), which is a C type, to identify
sequences corresponding to internal parts and to potentially
complete copies of tirant in D. simulans. With all these
sequences, we searched for tirant copies in the D. simulans
sequenced genome using Blastn (18). Matches with an
e_value < 107 '° were retained, and those with distances <
300 bp were merged. The detected copies were compared
pairwise with the three query sequences using the program
matcher (EMBOSS website; http://emboss.bioinformatics.
nl/cgi-bin/emboss/matcher), and the corresponding per-
centage identity was computed with the dnadist module from
the PHYLIP package (19). The detection of the ORFs was
performed using the ORF Finder program at the National
Center for Biotechnology Information website (www.ncbi.
nlm.nih.gov/projects/gorf/).

RESULTS

Reporter gene assays

Three types of tirant 5" LTR-UTR regions were tested
for the promotion of lacZ expression in S2 cells: S-1,5,
which is an S type, and C-2,2 and C-2,4, which are C
types with two and four 102-bp motifs in the 5" UTR,
respectively (see Fig. 1). Note that the number of
repeats of the 102-bp motif is always 5 for all S types
previously identified in natural populations (14). As
shown in Fig. 2, the activity ratios for S-1,5, C-2,2, and
(2,4 were significantly different from both the positive
and negative controls (see Materials and Methods for

TABLE 1.  Tirant insertion sites determined by genome walking
Insertion Type Location Comments Length
Makindu population
1 C X Unannotated DNA Full length
2 C 2L tkv gene intron Full length
3 C 3R Unannotated DNA Full length
4 C Centromeric DNA Maupiti islands Full length
5 S RI non-LTR retrotransposon Full length
6 C 2L hobo transposon Short fragment
7 C 2L Jrogger LTR retrotransposon Short fragment
8 S 2R Heterochromatin Short fragment
9 C MAX LTR retrotransposon Short fragment
10 C 3R Unannotated DNA NA
Zimbabwe population
S RI non-L TR retrotransposon Full length
2 C 3 Heterochromatin Long fragment
3 C 2L 3" from CG13786 gene Short fragment
4 C 2L Heterochromatin Short fragment
5 C 3R Unannotated DNA Short fragment
6 C Centromeric DNA Maupiti islands Short fragment
7 C 3 Heterochromatin NA
Chicharo population
1 C Centromeric DNA Maupiti islands Full length
2 C Heterochromatin Long fragment
3 C diver2 LTR retrotransposon Short fragment
4 S Rt1b non-LTR retrotransposon NA

It is not possible to determine the position on the chromosomes of some sites, especially those corresponding to insertions into other
transposable elements. NA, electrophoresis of the PCR product shows multiple bands, possibly indicating embedded insertions of tirant.
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Figure 2. Reporter gene assays, transfection into S2 cells
results. Activity ratio: ratio of the B-galactosidase and lucif-
erase activities measured. Negative control corresponds to
transfection of an empty pPelican vector, and positive control
to transfection of a vector carrying the lacZ gene downstream
of an SV40 promoter. No sp could be calculated for the
positive control because 2 of 3 measurements were out of
range for the machine used.

details). One-tailed pairwise ¢ tests revealed a significant
difference between C-2,2 and C-2,4 (P=0.012), and be-
tween S-1,5 and C-2,4 (P=0.006), whereas C-2,2 and S-1,5
were not significantly different (P=0.216). This shows
that both the C and S types are able to promote the
expression of the reporter gene and are therefore theo-
retically able to promote tirant expression in an endoge-
nous context.

Analysis of the genomic context of each copy
of tirant

The reporter gene assay results cannot be directly
extrapolated to the endogenous copies of tirant without
taking into account the genomic localization of each
copy (i.e., in euchromatin or heterochromatin), which
could influence transcription. We therefore deter-
mined the genomic localization of each insertion of
tirant by the genome-walking technique.

The genome-walking protocol allowed us to identify
10, 7, and 4 tirant insertion sites in the genomes of the
Makindu, Zimbabwe, and Chicharo populations, re-
spectively. The results are presented in Table 1. The
number of insertions was slightly higher than that
obtained by in situ hybridization (10). This is due to the
following facts: I) only euchromatic copies on the
chromosome arms were detected by in situ hybridiza-
tion, 2) full-length copies as well as solo LTRs could be
detected by genome walking, whereas the detection size
threshold for in situ hybridization excluded that for
solo LTRs, and 3) the genome walking was done on
DNA extracted from a pool of 20 individuals, thus
revealing the sum of the insertions resulting from
individual variability, whereas insertion sites were esti-
mated for single individuals by the in situ hybridization
technique.

Since the sequenced genome of D. simulans was very
poorly annotated at the time of the study, we used the
annotations of the corresponding regions in the D.

GENOMIC ENVIRONMENT INFLUENCES TIRANT ACTIVITY

melanogaster sequenced genome. The only shared site
among the genomes of the 3 natural populations
analyzed in the present study corresponded to an
insertion into the Maupiti Islands centromeric DNA,
which is an A + T-rich region displaying many inser-
tions of TEs, mainly non-L'TR retrotransposons, which
showed a high degree of similarity with the F and doc
elements (9). Of the other 18 insertions of tirant
identified in the 3 genomes, 7 were found within other
TEs, such as hobo (20), frogger (21), MAX (21), diver2
(22), RI (23), and Rt1b (24). Five of the 18 insertions
were heterochromatic, and the remaining 6 were found
in unannotated DNA which probably corresponds to
noncoding DNA. With the data of the exact insertion
site for each copy of tirant, we were able to design
primers specific to the flanking region of each individ-
ual copy of tirant, in order to amplify it by long PCR in
the different populations. As expected from previous
Southern blot results (14), we obtained full-length
amplicons, as well as shorter ones, for each of the 3
populations tested. The detailed results and the corre-
spondence with insertion sites are shown in Table 1.
Five of the insertions in the Makindu population were
of the expected size for a full-length tirant, i.e., 8.5 kb.
In the other cases, the amplicons corresponding to
short fragments were assumed to be solo LTRs (the
amplicons were sequenced for insertions Makindu 7
and Zimbabwe 4). We used a PCR test to check whether
the potentially full-length insertions were present in
other populations than Makindu, and we found that
these insertions were specific to the Makindu popula-
tion and were not found in the other populations.

To determine whether local chromatin environment
could vary between C and S copies, we identified histone
modification marks on two different tirant fulllength
copies: C 2 and S 5 (see Table 1). ChIP followed by
copy-specific real-time PCR analysis was performed using
antisera against permissive (H3K4me2) and repressive
(H3K9me2 and H3K27me3) histone marks (25). We
observed that the S-type copy of tirant is strongly associ-
ated with the repressive histone marks H3K9me2 and
H3K27me3. In contrast, the C-type copy of tirant is char-
acterized by the coenrichment of the repressive mark
H3K27me3 and the permissive H3K4me2 (Fig. 3). These
observations suggest that the only full-length S-type copy
present in the Makindu genome is embedded in a repres-
sive chromatin environment, while the C-type copy can be
in a bivalent chromatin domain.

D. simulans sequenced genome analysis

Among the 20 copies of tirant identified in the D. simulans
sequenced genome, 5 are of the S type and 15 of the C type
(Table 2 and Fig. 44, B). For each type, we found one
almost-complete sequence. The fulHength Stype copy
U_8880559 is located in the U part of the genome and
corresponds to a sequence of 8508 bp. It is flanked by two
LTRs of 427 bp sharing 99.30% identity, which indicates that
this is a recent insertion. Two ORFs correspond to poten-
tially complete gag (positions 2028 to 2978) and env (posi-
tions 6847 to 8118) genes. The pol ORF (positions 3218 to
6455) displays some frameshifts that result in inframe stop
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Figure 3. Histone marks association with fulllength C- and
S-type copies of tirant. ChIP analysis of C- and S-type copies of
tirant in D. simulans embryos from the population of Makindu.
See Materials and Methods for fold enrichment computation.
H3K9me2, H3K27me3, and H3K4me2 are epigenetic marks
characteristic of constitutive heterochromatin, nonconstitutive
heterochromatin, and euchromatin, respectively.

codons. The fulllength Ctype copy U_10384153 is also
located in the U part of the genome, and corresponds to a
sequence of 6803 bp, surrounded by undetermined bases,
which made it impossible for us to determine the presence
of LTRs at the extremities. Two ORFs correspond to poten-
tially complete gag (positions 911 to 2044) and env (positions
5693 to 6801) genes; the pol ORF (positions 2284 to 5515)
displays a large internal deletion that creates a frameshift.
Comparison of the cloned flanking regions with those
of the copies identified in silico showed that the 2L-
random-887610 copy (Table 1; Fig. 4B) is present in both
the Makindu and Zimbabwe populations (insertions Ma-

kindu 7 and Zimbabwe 4). The sequencing of PCR
products from populations shows that this insertion is a
solo LTR. However, it is not possible to conclude about
the corresponding insertion found in the sequenced
genome, since it is flanked downstream by undetermined
bases. The other insertions detected in the 3 populations
correspond to unique insertions that are not present in
the sequenced genome of D. simulans.

DISCUSSION

The S and C types of tirant, previously characterized in
D. melanogaster and D. simulans (14), appear to behave
quite differently in the genome of D. simulans. It had
previously been shown that the C type was polymor-
phic, presenting varying numbers of a 102-bp motif in
its UTR, whereas the S type was monomorphic, with
always 5 repeats of this motif in its UTR. In addition,
the S-type copy number was low and homogeneous
among D. simulans natural populations, while the C-
type copy number was high in East African populations,
but quite low in the surrounding populations (14).

Tirant activity

Reporter gene assays in S2 cells suggest that both the S
and C types are able to promote the expression of the
reporter gene, with significant differences in the ex-
pression strength between the C-type sequences tested.
However, as revealed by previous RT-PCR experiments
on gonads, only the C-type sequences are expressed
when located in the euchromatin (14). The S type,
which was localized in the heterochromatin, was not

TABLE 2. Positions of the tirant copies in the D. simulans sequenced genome
Percentage identity

tirant Dm C type S type
Chromosome Strand Start Stop Type  Length (bp)  AY928610  AY756123  AY756122  chrU_8880559
U - 13736532 13737472 S 942 79.10 72.97 88.03 94.58
U - 5979828 5980937 S 1110 85.57 NA NA 99.28
U - 8880559 8889066 S 8508 80.06 73.35 99.47 /
U + 3039715 3042707 S 2993 78.43 NA NA 98.47
U - 2603202 2604990 S 1791 76.16 NA NA 99.44
U + 1610739 1611425 C 687 89.70 89.10 58.48 60.00
3L - 22549046 22549538 C 493 85.39 NA NA 82.62
U - 1396504 1396898 C 422 96.68 99.26 89.01 88.99
U + 28708 29409 C 702 94.14 NA NA 86.55
U + 9615110 9615888 C 780 93.93 NA NA 85.19
U + 10384153 10390953 C 6803 98.63 99.26 78.16 80.81
U - 15708778 15709918 C 1142 95.97 NA NA 74.82
U + 3501254 3503485 C 2232 97.17 NA NA 75.21
U + 6605489 6606440 C 952 92.30 94.11 79.87 79.38
U + 7436025 7437064 C 1040 95.76 NA NA 82.19
2L-random + 887610 888048 C 440 90.38 90.76 86.11 87.78
2L + 21040234 21040766 C 533 83.86 NA NA 74.56
2L + 21042156 21045168 C 2845 82.96 67.84 65.90 80.52
2L + 21052705 21053256 C 552 86.79 NA NA 84.04
2L + 21205201 21205440 C 240 91.25 NA NA 86.67

NA, value cannot be computed.

1486  Vol. 23 May 2009

The FASEB Journal

FABLET ET AL.

116



A S type copies in the D. simulans sequenced genome

9000 bp

chrU_8880559

chrU_3039715

chrU_2603202

chrU_13736532
el B

chrU_5979828
% 7

B C type copies in the D. simulans sequenced genome

unsequenced bases
LTR

gag

9000 bp pol

chrU_10384153
7 7

chrU_28708
A 7

chrU_9615110

chr2L-random_887610
| 77|

chr2l._21040234
-

chrU_15708778

Z z chr2l._21042156
chrU_3501254
chr2L._21052705

chrU_6605489

|

chr3L_22549046

chrU_7436025

chr2_21205201
chrU_1396504 =
-

chrU_1610739

expressed in any of the natural populations analyzed
(14), but we show in this study, by the in vitro experi-
ments, that it is potentially able to drive expression.
Two hypotheses can be proposed to explain this dis-
crepancy: either the S type is inhibited in its endoge-
nous natural context (e.g., by a repressive genomic
environment, such as heterochromatin), or it is able to
promote expression in a D. melanogaster genetic context
(e.g., S2 cells), but is repressed in a D. simulans genetic
context. An alternative hypothesis would be that tirant
expression is allowed in S2 cells, which are derived
from embryonic cells, whereas it could be specifically
repressed in some tissues, such as ovaries.

The observed situation for tirant in D. simulans is
comparable to cases reported in D. melanogaster, in
which one line displays genetic instability—also known
as the permissive line—with an elevated copy number
and a high rate of activity for a particular TE, such as
the endogenous retroviruses gypsy (26), ZAM, and Idefix
(27). Stable lines—also known as restrictive lines—are
not totally devoid of these elements but have few or no
copies in the chromosome arms (28, 29). The Makindu
population, which has full-length copies of tirant in the
euchromatin, behaves like a permissive line in which
the control of tirant is partly or totally impaired, which
would explain its activity and relative high copy number
in this population. In contrast, the other populations

GENOMIC ENVIRONMENT INFLUENCES TIRANT ACTIVITY

EEEEN
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Figure 4. Structure of the tirant copies found in the
D. simulans sequenced genome. A) S-type copies.
B) C-type copies. Black boxes, LTR regions; blue
boxes, gag genes, red boxes, pol genes, green
boxes, env genes; hatched boxes, undetermined
bases (N bases).

analyzed in this study only have a few inactive hetero-
chromatic copies of tirant.

Tirant copies genomic contexts

S type

The genome-walking protocol showed the presence of
one or two S-type insertions per genome (i.e., per
population), which is consistent with what was previ-
ously found by Southern blot analysis (14). One of
these insertions is heterochromatic (Makindu 8), and
the other three are located in copies of either the RI
non-LTR retrotransposon (Makindu 5 and Zimbabwe
1) or the RtIb non-LTR retrotransposon (Chicharo 4).
Rt1b, also known as Waldo-A, belongs to the RI clade
(24). We cannot precisely locate the insertions of these
elements, but we know that a high proportion of RI
copies is located in centromeric heterochromatin (23),
or in ribosomal genes that are often inactivated by local
heterochromatin formation (30). In this regard, we
found that the unique full-length S-type copy of tirantin
the Makindu genome is associated with H3K9me2 and
H3K27me3, two specific repressive histone marks (25).
This confirms the assumption that S-type copies of
tirant are inserted into inactivated genomic regions,
mainly heterochromatin, which could explain the ab-
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sence of S-type transcripts in endogenous conditions
revealed by RT-PCR, even though the S-type 5" LTR-
UTR region was shown to drive expression in the S2
cells.

In the sequenced genome of D. simulans, 5 S-type
copies were detected, only one of which corresponded
to a full-length copy. The shorter ones displayed high-
percentage identities with the full-length S-type copy,
except the U_13736243 copy (94.58% identity, Table
2), which is the shortest sequence for this type. More-
over, the shorter copies were surrounded by undeter-
mined bases, indicating that they could be longer, and
that we are probably underestimating the copy number
of the S type. We were unable to identify the exact
location of the S-type insertions, since the D. simulans
sequenced genome was not annotated yet.

C type

Unlike the S type, which appears to be exclusively hetero-
chromatic, insertions of the C type are both euchromatic
and heterochromatic. In the Chicharo genome, in which no
tirant copy can be detected using i sitw hybridization, 3
Ctype copies were found when analyzing the genomic
sequence, one in the heterochromatin, another in centro-
meric DNA (Maupiti Islands), which is also heterochromatic,
and the last one in the LTR retrotransposon diver2. Diver2
insertions in the D. melanogaster genome are either centro-
meric or telomeric (22) and so correspond to heterochro-
matin. Therefore, all trant insertions found by genome
walking in the Chicharo genome can be assumed to be
heterochromatic.

The tirant C-type insertion 7 from Zimbabwe is of partic-
ular interest since its flanking region displays blast matches
with the heterochromatic gene parp (31). Tulin et al. (31)
showed that the genomic region where parp is located in D.
melanogasteris rich in TEs, especially gypsy elements that have
lost their LTRs and insulators. These authors also showed
that a mutation in the regulatory region of the gene parp
deregulates the LTR-retrotransposon capia, the transcription
level of which increases 50fold. The idea that the insertion
of tirant near parp in the Zimbabwe genome could regulate
other TEs, or promote changes in chromatin structure
warrants further investigation. While it was previously as-
sumed from Southern blot data that the Zimbabwe genome
had no fulllength copy of #rant, the long PCR experiments
suggest that insertion 1 is potentially full length. This discrep-
ancy could be explained by the presence of restriction
polymorphism in this sequence.

In the Makindu genome, the size of PCR products
obtained for half of the detected insertions indicates that
the copies are (potentially) full length. Insertion sites are
varied for these copies: intron of a gene, Maupiti Islands,
RI transposable element, and unannotated DNA. Inter-
estingly, we observed that one of these full-length C-type
tirant copies, insertion C 2, harbors simultaneously repres-
sive H3K27me3 and permissive H3K4me?2 histone marks.
In the past few years, several studies in mouse and human
ES cells reported the occurrence of such “bivalent do-
mains” predominantly on key developmental regulators
(reviewed in Pietersen and van Lohuizen; ref. 32). It was
proposed that this unusual combination of marks keeps
genes repressed or expressed at very low level but poised
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for later activation or complete repression (32). In this
regard, we can propose that the Makindu genome con-
tains C-type copies of tirant susceptible to be expressed in
response to appropriate developmental or cellular cues.
Full-length insertions are thus not associated specifically
with euchromatin but are also present in heterochromatic
regions.

Internal dynamics of tirant in the D. simulans genome:
the cohabitation of two subfamilies

Subfamilies with differing regulatory regions have been
reported for various TEs, such as copia (33), blood (34),
and 412 (35) in Drosophila, and Tntl in plants (36). In
some cases, such as copia, subfamilies are associated
with different levels of expression (4, 32). The situation
observed for blood in the D. melanogaster subgroup of
species (34), is very similar to what we found for tirant.
One of the blood subfamilies, long (L), is mainly het-
erochromatic, and its insertion sites are shared by most
populations. The other subfamily, short (S), is poten-
tially active and euchromatic. One particular population
of D. simulans has more blood insertions on the chromo-
some arms than the other populations of the species (13),
which is interpreted as an invasion of euchromatin by the
S subfamily (34). The authors, therefore, assume the
existence of competition between the subfamilies, leading
to the elimination from euchromatin of the L subfamily,
which is replaced by the S subfamily. This situation is quite
similar to what we observe for tirant, with the S type
restricted to the heterochromatin and untranscribed, and
the C type that has invaded euchromatin in the East
African populations of D. simulans.

The dynamics of the tirant types is not incompati-
ble with an overall loss of the element from the
genome of most D. simulans populations worldwide,
as was previously proposed (14) but indicates that
one population (Makindu), which can be considered
as permissive for tirant, has been subjected to some
deregulation, leading to transposistions, and an in-
crease in copy number. Our results also suggest that
the S and C types of tirant are subjected to several
different mechanisms of regulation, which include
chromatin conformation and therefore the epige-
netic regulation machinery.

For a long time, heterochromatin has been consid-
ered to be the graveyard of TEs, since the absence of
recombination would lead to the accumulation of these
sequences (37). This model is consistent with data
showing that TEs are organized in clusters in the
heterochromatin and that most of them are highly
rearranged and deleted (6, 38). However, analyses of
the Drosophila heterochromatic sequences (8, 39) and
several experimental studies have shown that full-
length elements persist in this part of the genome, and
in some cases could be active (7, 9). The identification
of full-length S-type copies of tirant in the heterochro-
matin of the D. simulans natural populations and se-
quenced genome, associated with the data obtained for
the in vitro expression of these type of elements, suggest
that the heterochromatin harbors potentially invasive
elements, which may be reactivated under particular

FABLET ET AL.
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conditions that have not yet been determined and that
warrant further studies.
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SUPPLEMENTARY TABLE S1.

Populations tested for the presence of Makindu-specific insertions of tirant.

In brackets are the number of isofemale lines tested for each population.

Antibes (France) (3) Kwale (Mayotte) (1)
Arusha (Tanzania) (1) Madeira (3)

Austria (1) Malta (1)

Brazzaville (Congo) (1) Moscow (Russia) (3)
Canaries (1) Nasrallah (Tunisia) (3)
Capiri (ltaly) (1) Privas (France) (2)
Chicharo (Portugal) (2) Rome (ltaly) (1)

Cordoba (Spain) (1) Saint Cyprien (France) (1)
Czekc Republic (1) Sotchi (Russia) (2)
Djerba (Tunisia) (1) Tanta (Egypt) (2)

Grand Ferrade (France) (4) Valence (France) (3)
Israel (2) Yaounde (Cameroon) (2)

Johannesburg (South Africa) (1) Zimbabwe (2)

SUPPLEMENTARY TABLE S2.
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Primers used to amplify each individual insertion of tirant in the genome of natural

populations.
population insertion # primer sequence
Makindu 1 Fw: 5' CAG TGG GCA CTA GCT AAG ATG GCA GTC 3'
Rv: 5'C ATT ACA CCC ACG ATC CAC ATG ACATCT ACC 3'
2 Fw: 5' GC GTT GCT CTA AGG GGA TGA AAA GGG 3'
Rv: 5'CT GAG CAC TTG ATT TGG GCT TAG ACA GGC 3'
3 Fw:5' CC TTT GGC AAC TGC TCGAGT GTT GTTTTG 3
Rv: 5'CCA TTA ATT GGC TGC AAG CGC GAG TTACC 3'
4 Fw: 5' GGT GGT CTG CAC GCG AGT TAC CAC 3
Rv: 5' GTT CAC TAG TGC ACT TGAGCT TTT TTC GCG 3'
5 Fw: 5' TGC TCT CAA CTG CGC GCG AGT TAC CAC 3
Rv: 5' GCG GGG AAG AAG ACG TGG GTATAG C 3'
6 Fw: 5' CGC TCA CCA AGT TAG CCG CTG TAG ACC 3'
Rv: 5' CGA TCG GCC GCAGGTCAC TTT TTG TAC 3'
7 Fw: 5" ATT TTC AAT TGA CGC GCG AGT TAC CAC CCC 3
Rv: 5' CA CAA AGT GAG AAC CGC GAC GCC AAT TCC 3'
8 Fw: 5' CAT TTA CCG TTC ATT TGC TCG GCG TCC 3'
Rv: 5' CAT ACA GTT GCC GAC GTT TTC CAT TGG 3'
9 Fw: 5' G TAC TCA AAG CTC CTC CAC GGC TCG 3

Rv: 5' G GAG AGA AGG AGA GCG AGT TAC CAC 3'
10 Fw: 5' AGC GGA GTG CGC ACG AGT TAC CAC 3'
Rv: 5' GTC ATC AGT TGA CGA ACG GCT ATG GAATC 3'
Zimbabwe 1 Fw: 5" CTC TCA ACT GCG CGC GAG TTACCAC 3
Rv: 5' GAG AGT GGA CGA GTG GGA ATT GAG TGAC 3'

2 Fw:5' CAGATGACCGTATCG TTC GTGCC 3’
Rv: 5' GGT GGT AAC TCG CGC GTC AAT TG 3'

3 Fw: 5' CAT TCG CTG GCC AAAAGG CACGAG TTAC 3
Rv: 5' CAT GGC TGG CTCATG GGTTTG TC 3'

4 Fw: 5" TTATTT TCA ATT GAC GCG CGAGTTACCACCCCAC 3
Rv: 5' GTG AGA ACC GCG ACG CCAATT CCAATG 3

5 Fw:5' CATTTT TTT ATT ATG CGC CGC GCG AGT TAC 3'
Rv: 5' TAG CAG GGC TTC CTG CCGATT TGC 3

6 Fw: 5" TAT CCG GTG GTC TGC ACG CGA GTT AC 3'
Rv: 5'GTG GCT ATT TTG TTC ACT AAT GCACTTGAG C 3
Chicharo 1 Fw: 5' TCC TCC AAT ATA AGT TAACACAAG CAGTTC T 3
Rv: 5'GGC TAT TTT GTT CAC TAG TGC ACT TGA GC 3'

2 Fw: 5" ATC CGG TGG TCT GCA CGC GAG TTAC 3'
Rv: 5' GTT TGA CCT CAC ACA TAG AGA GTG GCT 3'

3 Fw:5' TGT GTC TGG AGG CTG CGC GAG TTAC 3'
Rv: 5' AGC TAT TAA GGC GCT ACC GCAAGG 3

4 Fw: 5" GAG GAG TTT CTG GAG GCG CTAGTT ACCAC 3'
Rv: 5'CTT CGG GCT TCG CCC TCT GCG AT 3'
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SUPPLEMENTARY TABLE S3.

Primers used to test for the presence of Makindu-specific insertions of tirant in

natural populations of D. simulans.
For each of the following PCR reactions, the forward primer is located within the

OREF envelope, and the reverse primer is designed in the 3' flanking region of tirant.

Insert | Forward primer Reverse primer hybrid
ion temp
#1 5' CAC GAT CCA CAT GAC ATC | 54°C
#2 TAC 3’

#3

5' GCG TTG CTC TAA GGG GAT | 54°C
5" AAC GCC CCT ATA GCC AAG

AT 3

G3

5' GCA ACT GCT CGA GTG TTG | 55°C

TT 3
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The data obtained in Fablet et al comes from sioniasues analysis since embryos were
used in all experiments (Fablet et al., 2009). $pasition events in somatic tissues, a already
discussed above, may have deleterious effecthidogénome but also may have an impact in
germline regulation. Germline regulation of TEs niecessary for genome integrity so
inheritance of proper genetic material can be dbmigerence between somatic and germinal
regulation of TEs has already been described kaihago variation in natural populations has
ever been researched. In order to understand Tatemn in germinal tissues of natural
populations, | assayed fdirant transcription gag, pol and eny) in ovaries of bothD.
melanogasterand D. simulansnatural populations (Figure 1 hereafter). Agairffedent
expression levels are observed among natural pignsaof D. simulanswhere only one
strain is active. Moreover, contrarily to the exgsmien test made in embryos and presented
above,D. melanogastemnatural populations are silenced fimant. Therefore, a silencing
mechanism is present in the germline but is absethe somatic tissues. An alternative
hypothesis is that enhancerstiohnt expression are present in the somatic tissueshzena
in the germinal line. Further experiments are belmedd in the laboratory in order to

understandirant regulation in germinal tissues.

123



1,50E-03 -

1,00E-03 4

5,00E-04 -

0,00E+00 ﬁ - e

pol
2,00E-02 -
1,50E-02 -
1,00E-02 -
5,00E-03
w
..9' 0,00E+00 . T .
=
(]
c
env
©
—
fra]
Y
o) 1,00E-01 |
-
Q
=
O
Q
Y=
-+
c
© 5,00E-02 -
=
(on
@
=
)
o
Q
i 0,00E+00 | = :
Dm Senegal Ds Makindu D& Zimhabwe Dg Chicharo
ovaries

Figure 1. Relative quantification oftirant gag, pol and env genes in natural populations oD. melanogaster
(blue) and D. simulans (red). High expression ofirant in ovaries ofD. simulansMakindu strain is observed.

For materials and methods please refer to arteige [88. These results are part of Hubert et graparation.
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The tirant element is an endogenous retrovirus

The infectious quality ofirant was analysed through the characterization ofetinegene

by Marie Fablet, Nelly Burlet, Cristina Vieira ahdThe envgene is present in all full length
copies oftirant. The real time PCR | ran for thenv gene shows that it is expressed in the
germinal line of only two strains @. simulangMakindu and Mayotte) and it is silenced in
D. melanogastestrains (as described above). The ENV protein genked only in ovaries of
the D. simulansMakindu strain (Mayotte was not yet analysed). regéngly, contrary to
other ERVs analysed imrosophila the tirant ENV is located inside the nucleus of
germinative cells. Further investigation is curhgrteing held in the laboratory in order to

understand such germinal localisation and is ddfablet et al. in preparation.
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Les éléments transposables (ET) sont une sourcaureaje variation génétique, ce qui leur
confére un réle essentiel dans I'évolution des g@® Certes présents dans tous les génomes
analysés a ce jour, leurs proportions sont fortérvanables entre especes et aussi entre
populations, suggérant une relation unique entromé héte et ET. Grace a un systeme
modele composé de populations naturelles de dewpeces proches Dfosophila
melanogasteet D. simulan$ avec des quantités différentes en ET, nous agansomparer
les relations génome hote/ET. Nous avons pu mapiedes ET sont contrélés par le génome
héte par des délétions internes et probablemenimpaystéme épigénétique variable. De plus,
dans certaines populations analysées, des copieernecchapper a ce contrdle et envahir le
génome. Les ET sont donc des grands créateursridbiligé génétique mais permettent aussi
une territorialisation chromatinienne du génome ¢l portent des modifications
épigénétiques précises et sont capables de lewlétta leurs environnements génomiques.
Ceci leur confére la fonction "d'épigénétique mehil

TE variation in natural populations Brosophila: copy number, transcription and chromatin
state

Transposable elements (TEs) are one major forgemdme evolution thanks to their ability
to create genetic variation. TEs are ubiquitoustaed proportion is variable between species
and also populations, suggesting that a tight icglahip exists between genomes and TEs.
The model system composed of the natural popuktiointhe twin sisterdDrosophila
melanogasterand D. simulansis interesting to compare host/TE relationshipcaifoth
species harbour different amounts of TE copies. Adlenaelement is nearly silenced .
simulansnatural populations despite a very high copy nhum8ech repression is associated
to abundant internally deleted copies suggestimggalatory mechanism of TEs based on
DNA deletion. Another pathway of TE regulation lsrdugh epigenetics where the host
genome is able to keep intact the DNA sequenceBEsf and still silence their activities.
Chromatin remodelling is well known birosophilaand specific histone modifications can be
associated to specific chromatin domains. We olesean important variation on H3K27me3
and H3K9me2, two heterochromatic marks, on TE copi®. melanogasteandD. simulans
natural populations. Also, we show that derepressed of D. simulansexist for specific
elements, have high TE transcription rates andhaglly associated to non constitutive
heterochromatic marks. TEs are therefore controbgdthe host genome through DNA
deletion and a possible chromatin remodelling meigma. Not only genetic variability is
enhanced by TEs but also epigenetic variabilitipwahg the host genome to be partitioned
into chromatin domains. TEs are therefore mandatorgene network regulation through
their ability of “jumping epigenetics”.
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