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Abreviaturas, Simbolos e Unidades

ug — micrograma

uL — microlitro

BLAST - Basic Local Alignment Search Tool

bp — pares de bases

DNA - acido desoxirribonucléico

dNTP - desoxirribonucleotideo 5’- trifosfato

Dshs — Linhagem hipermutavel de D. simulans

Dswhm - Mutante white da linhagem hipermutavel de D. simulans
EDTA - acido etilenodiaminotetracético

IRAP — Inter-Retrotransposons Amplified Polymorphism
ITAP - Inter-Transposons Amplified Polymorphism

ITRs — Repeticoes Terminais Invertidas

kb — quilobase

LINE - Long Interspersed Nuclear Elements

LTR - Longas Repeticoes Terminais

MEGA - Molecular Evolutionary Genetics Analysis
MITE(s) — Miniature Inverted-repeat TE(s)

MYR — milhdes de anos

ng — nanogramas



O/N - durante a noite

ORF - modulo aberto de leitura

pb — pares de bases

PCR - reacao de polimerizacdao em cadeia
SDS - dodecilsulfato de so6dio

SINE — Short Interspersed Nuclear Elements
TE(s) — Elemento(s) Transponivei(s)

TSDs — Duplicacoes do Sitio Alvo

U - unidade



Resumo

O elemento transponivel hobo pode estar presente sob trés formas no
genoma de Drosophila simulans: como coOpias autdénomas completas (ou
canodnicas), como copias defectivas internamente deletadas e como
sequéncias relacionadas a hobo (ou “relics”). Algumas evidéncias indicam que
copias completas e internamente deletadas sao aquisicoes recentes desse
genoma, enquanto os “relics” sdo componentes antigos, normalmente
degenerados, defectivos e até recentemente considerados imoéveis. O estudo
desse tipo de sequiiéncias pode ajudar a desvendar algumas questdes sobre
sua origem, dinamica e seu papel na histéria evolutiva da familia hobo. No
presente trabalho, buscamos contribuir ao entendimento de algumas dessas
questoes estudando a dinamica de uma familia particular de sequéncias
relacionadas a hobo de D. simulans. Primeiramente, isolamos uma sequiéncia
“relic” hobo envolvida no surgimento de uma mutacao white de novo em uma
linhagem hipermutavel de D. simulans. Esta seqiiéncia, denominada hobo'-2,
apresenta divergéncia tipica de elemento “relic’ em relacdo ao elemento
canonico, € defectiva como outras ja descritas, porém, mobilizavel, pois
apresentando estruturas essenciais para mobilizacao bem conservadas. Além
disso, apresenta alta similaridade estrutural e de sequiéncia com um
elemento “relic” de Drosophila sechellia, mas parece estar ausente do genoma

de Drosophila melanogaster. A analise populacional de hobo'2 revela que
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estes elementos sdo bem conservados entre diferentes populacdes de D.
simulans. Apresentam, ainda, polimorfismo de sitios de insercdo e
variabilidade no numero de copias, o que nos da fortes indicios de atividade
atual ou recente desses elementos no genoma dessas populacoes. Pela
similaridade compartilhada com elementos MITEs em muitas de suas
caracteristicas estruturais e funcionais, sugerimos, apontando algumas
evidéncias, que elementos hobo'2 podem ser ou uma nova familia de MITEs
de Drosophila ou, mais provavelmente, estariam se encaminhando para esse

destino, utilizando o elemento candénico como fonte para sua mobilizacao.
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Abstract

The hobo transposable element can be present under three forms in the
Drosophila simulans genome: as an autonomous element (also called
canonical), as internally deleted defective copies, or as hobo-related
sequences (relics). Some evidences indicated that canonical elements and
internally deleted copies are recent acquisitions of this genome, while the
“relics” are old components, normally degenerated, non-functional and until
recently considered as probably immobile. The study of this last type of
sequences can help us to understand some questions about their origin,
dynamics and their role in the evolutionary history of hobo family. In the
present work we aim to contribute to the comprehension of some of these
questions, analyzing the dynamic of a particular family of D. simulans hobo-
related sequences. Firstly, we isolated a hobo “relic” element which was
involved in the appearance of a de novo white mutation in a hypermutable
strain of D. simulans. This element, named hobo'2, present the typical
divergence of a relic element to a canonical element, is defective like others
known until now, but is mobilizable, because it possess the structures
essential to its mobilization well conserved. Moreover, it presents a high
similarity of sequence and structural to a Drosophila sechellia relic element,
but it seems to be absent from Drosophila melanogaster genome. The

populational analysis of hobo'-2 reveal that these elements are well conserved
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in the different D. simulans populations. Also, these elements present an
insertion sites polymorphism and copy number variability, giving us strong
evidences of current or recent activity in these populations genomes. By the
structural and functional similarity shared between hobo'2 elements and
MITEs elements, we suggest, pointing up some evidences, that hobo'2
elements are a new Drosophila MITE family or they are going to this fate,

using the autonomous elements as a source to their mobilizations.
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CAPITULO 1

INTRODUCAO

Elementos Transponiveis

Elementos transponiveis (TEs) sdo sequiéncias de DNA incluidas na
fracao de DNA medianamente repetitivo do genoma que apresentam como
caracteristica peculiar a capacidade (intrinseca ou nao) de mudar de posicao
no genoma. Devido a essa caracteristica especial quanto ao seu
comportamento, os TEs apresentam polimorfismos de sitios de insercdo e
uma variabilidade no numero de copias dentro e entre espécies hospedeiras
(Capy et al., 1998).

Desde que foram descobertas, por Barbara McClintock na década de
1940, estas seqUiéncias moveis tém sido encontradas nos mais diferentes
organismos investigados, sendo, inclusive, parte consideravel de seus
genomas. Analises recentes de seqiiéncias de DNA mostram que 40% ou
mais dos genomas humano, de camundongo e de arroz sao compostos de
seqUiéncias derivadas de elementos transponiveis. Em eucariotos inferiores e

bactérias, esta fracdo € menor (1-5%), mas ainda significante (Kidwell e
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Lisch, 2000; Lander et al., 2001; Waterston et al., 2002; Goff et al., 2002). O
numero de copias de TEs estende-se desde poucas até milhares delas. No
genoma humano, por exemplo, existem mais de um milhdo de copias da
familia Alu e estas sequéncias tém se movimentado tdo recentemente que
esta porcao do genoma difere em nivel populacional, sendo este polimorfismo
util para inferéncias filogenéticas (Capy et al., 1998).

Num mesmo genoma, podem coexistir dois tipos de cépias de um dado
TE: os elementos ou copias completas, também chamados de autdénomos,
contendo todas as sequiéncias necessarias para sua transposicao, € aqueles
deletados, também referidos como incompletos, ndao auténomos, defectivos
ou remanescentes. Nestes ultimos, a seqliéncia interna pode apresentar além
das delecoes, algumas insercoes e ou, ainda, rearranjos mais complexos. Em
funcao disto, para sua transposicdo, estes elementos necessitam de fatores
providos por copias completas relacionadas.

A classificacao dos TEs baseia-se, principalmente, no modo como o
elemento se transpoe, mas suas caracteristicas estruturais e moleculares sao
também consideradas. Segundo estas premissas, os elementos sao
agrupados em classes, subclasses, superfamilias, familias e subfamilias. Os
TEs tém sido divididos em duas grandes classes de acordo com o mecanismo
usado para a sua transposicdo. Elementos da Classe I sao TEs que se
movimentam através de um intermediario de RNA que é transcrito,

reversamente, por uma transcriptase reversa antes da nova insercao. Estas
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sequéncias sao chamadas de retrotransposons e incluem os retrotransposons
com LTRs (longas repeticoes terminais), dos quais alguns sao
estruturalmente similares aos retrovirus, e elementos sem LTRs ou
retroposons. Elementos da Classe II movem-se via um intermediario de DNA
através de um mecanismo de excisao do sitio original e reinsercao do
elemento em outro ponto do genoma. Mais recentemente, um grupo peculiar
de elementos de Classe II foi descoberto e denominado MITES (Miniature
Inverted-repeat TEs) os quais se caracterizam por sua defectividade, tamanho
normalmente pequeno e alto numero de copias no genoma (revisdo em
Feschotte et al.,, 2002). Elementos da Classe II tém sido encontrados tanto
em procariotos como em eucariotos, enquanto retrotransposons e MITEs
parecem estar restritos aos eucariotos (Capy et al.,, 1998, Feschotte et al,
2002).

Ainda, em relacdo a sua presenca, familias e subfamilias diferentes de
TEs podem coexistir num mesmo genoma (Flavell, 1992; Clark et al., 1994,
Lohe et al., 1995), e o numero de familias e de copias de cada familia varia
conforme a espécie hospedeira. A capacidade de mobilizacao e, portanto, as
implicacoes biologicas dos TEs sdo geralmente distintas dependendo se sua
localizagcado cromossomica for eucromatica ou heterocromatica. Coépias ativas
sdo encontradas principalmente na eucromatina, enquanto que na
heterocromatina observamos um maior numero de TEs, sendo muitas copias

defectivas e rearranjadas. No entanto, permanece ainda a duvida se existe
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uma preferéncia insercional de TEs por determinadas regides ou se este
padrao é resultado de diferentes pressoes seletivas (Capy et al., 1998).

A origem de uma familia de TEs dentro do genoma de uma espécie
pode ocorrer de trés maneiras: por eventos de mutacdo e recombinacao de
seqUéncias ja presentes no genoma (Finnegan, 1989); por meio de
transmissao horizontal (Daniels et al., 1990b); ou ainda por meio de
hibridizacao introgressiva e poliespermia entre espécies aparentadas (Capy et
al., 1998). Posteriormente, os novos integrantes do genoma podem se
espalhar por transmissao vertical as populacoes a partir de linhagens
ascendentes. Uma vez estabelecidas no genoma, ocorre uma rapida
propagacao e aumento do numero de copias dessas sequéncias. Nesse
momento, as interacoes que se estabelecem entre o TE e o genoma sao muito
importantes para a sobrevivéncia de ambos. A taxa, na qual este fenémeno
ocorre, depende de varios fatores que regulam a transposicdo do elemento,
como a sua capacidade de invasao, as caracteristicas do genoma hospedeiro,
fatores ambientais e interacao entre todos estes fatores (Pinsker et al., 2001).
A fase seguinte do ciclo de vida de um TE € a de inativacdo e silenciamento
que pode ser caracterizada pelos eventos de reducao crescente da mobilidade
do elemento em razdo do acumulo de copias defectivas, e pelo
estabelecimento de mecanismos epigenéticos de silenciamento desenvolvidos
pelo hospedeiro (Pinsker et al.,, 2001). A partir dai, a familia do TE pode

seguir algum dos possiveis destinos como: periodo de senescéncia,

17



caracterizada por eventos de degradacao dessas sequiéncias pelo acamulo de
mutacoes, seguida da provavel perda estocastica do elemento; ressurreicao
do TE, previamente silenciado, por eventos de recombinacao ectopica entre
elementos; recrutamento do elemento pelo genoma hospedeiro para o
desenvolvimento de alguma funcao que beneficie a espécie; e ou novo evento
de transmissao horizontal para um genoma ainda desprotegido. Um modelo
mais especifico dentro desse panorama geral sobre a dinamica de TEs é

exemplificado através do ciclo de vida de um transposon (Brookfield, 2005),

na Figura 1.
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Figma 1 - Ciclo de vida de um transposon. Primeira fase: invasdo por transferéncia horirontal Segunda
faze: propagacio e aumento do niimero de copias. Terceira faze: inativacio e silenciamento & possiveis
destinos paza essas seqiéncias. Adaptado de Brookheld {2005) ¢ Almeida e Carmeto (20051
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Por outro lado, os TEs podem ter um impacto positivo no genoma
hospedeiro promovendo um aumento da variabilidade genética. Este
aumento na variabilidade genética € devido a sua movimentacao
(transposicao) ou a recombinacao homologa entre copias de elementos de
uma mesma familia. Como resultado destes fatores, temos mudancas que
vao desde mutacoes pontuais até modificacoes no tamanho e no arranjo de
genomas inteiros. Assim, estas mudancas dao-se tanto na estrutura
(rearranjos cromossOmicos) como na funcdo (organizacdo e mudanca na
expressao de genes) do genoma. Através dessas mudancas no genoma, 0S
TEs parecem ter alcancado, ao longo de milhdes de anos de evolucao, um
balanco entre os efeitos deletérios nos individuos e um efeito benéfico a longo
prazo nas espécies. Se essas sequéncias repetidas sao hoje DNA lixo,
permanece uma questdo complexa. Algumas podem ter tido uma funcao
importante ha muito tempo, mas perderam essa funcado hoje e outras podem
nunca ter tido uma funcdo. Mesmo assim, o acumulo dessas sequéncias
“desordenando” nossos genomas € ainda um pequeno preco pago se levarmos
em conta a plasticidade que elas propiciam.

A insercao de TEs pode ativar ou inativar genes dependendo do local de
sua insercao (dentro de genes ou em suas regioes regulatorias). Eles também
podem promover inversoes e delecoes de DNA cromossémico, ou como um
resultado direto da transposicao intramolecular, ou por promover regides

dispersas de homologia que podem ser reconhecidas pela maquinaria da
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recombinacdo. A transposicdo de alguns elementos pode resultar na
transducao de DNA flanqueador e, assim, promover ainda outros meios de
rearranjar os genes do hospedeiro. Finalmente, os TEs podem contribuir
ainda, dependendo das suas sequéncias, com funcoes adicionais aos
genomas como, por exemplo, resisténcia a antibioticos e fatores de viruléncia
em bactérias. Em eucariotos, funcoes associadas aos TEs tém sido co-
optadas pelo hospedeiro para alterar a estrutura do genoma e a expressao
génica, conforme evidenciado pela recombinacao V(D)J, splicing de introns
nucleares e manutencao de telomeros. (Agrawal et al, 1998; Hiom et al,
1998; Sharp, 1991; Eickbush, 1997).

Sendo assim, os elementos transponiveis hoje sdo aceitos como um
importante fator evolutivo e como seqUiéncias capazes de reorganizar o
genoma das espécies que os carregam. Por isto, estas entidades sao evocadas
em discussdes que abordam os mais diferentes temas de interesse sobre a
organizacao biologica. Pesquisadores tentam entender a dimensao do papel
dos elementos moveis e suas respectivas funcoes para a manutencao da vida,
investigando sua distribuicdo e representatividade nos mais diferentes
genomas, as relacoes evolutivas entre eles e deles com o genoma hospedeiro,
aléem de sua funcado como vetor de troca de informacao genética entre os

seres vivos.
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O elemento transponivel hobo

O elemento transponivel hobo foi originalmente descrito como uma
mutacao de insercao no gene Sgs-4 de Drosophila melanogaster (McGinnis et
al.,, 1983). Estruturalmente, os TEs da familia hobo sao classificados como
elementos de Classe II de TEs de eucariotos, transpondo-se via um
intermediario de DNA (Finnegan, 1989). Pertencem a superfamilia hAT de
TEs, denominada de acordo com seus 3 principais membros: hobo de D.
melanogaster, Ac de Zea mays e Tam3 de Anthirrinum majus. Todos os
elementos hAT compartilham algumas caracteristicas definidas, incluindo:
curtas repeticoes terminais invertidas (ITRs) em cada uma das extremidades
do elemento, a geracao de uma duplicacao de 8 pares de bases no sitio alvo
da transposicao, e possuem um gene que codifica uma transposase que
cataliza os passos de clivagem do DNA e juncao do transposon no novo sitio.
Esta superfamilia inclui também um numero de elementos relacionados
encontrados em outros géneros de insetos (Calvi et al., 1991; Atkinson et al.,
1993; Warren et al., 1994), vermes (Bigot et al., 1996) e fungos (Okuda et al.,
1998), sendo também bastante abundante em plantas (Kunze e Well, 2002).

O elemento hobo canodnico (HFLI), isolado de D. melanogaster tem um
tamanho de 2959 pb, curtas ITRs de 12 pb, uma ORF de 1,9 kb que codifica
sua transposase e, assim como os demais elementos de sua superfamilia,

duplicam 8 pb no sitio de sua insercao. Apresentam, ainda, alguma
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variabilidade no nuimero de copias de uma repeticido de 9 pb (repeticao S ou
TPE) no centro da regido codificante, a qual esta possivelmente associada a
habilidade invasiva do elemento. (Calvi et al, 1991; Bazin e Higuet, 1996;
Souames et al.,, 2003). Dentre os diferentes sitios de restricao que esse
elemento possui, dois sitios de restricdio de Xhol proximos a cada
extremidade sdao muito importantes para as analises, através de Southern
blot, de sua integridade no genoma.

Dos TEs conhecidos de Drosophila, hobo € o que apresenta uma das
distribuicbes mais restritas e o padrao de distribuicdo de sequéncias
relacionadas a este elemento, nesse género, pode nos dar algumas pistas
importantes sobre seu passado recente. Daniels et al, (19902) detectaram
seqUiéncias homoélogas a hobo somente nos subgrupos melanogaster e
montium, ambos pertencentes ao grupo melanogaster do subgénero
Sophophora. Os autores mostraram, ainda, que elementos hobo completos
estdo restritos aos membros do complexo melanogaster, um grupo de
espécies cripticas que inclui D. melanogaster, D.simulans, D. mauritiana e D.
sechellia (Daniels et al., 1990a; Periquet et al,, 1990) e, desses, somente um
subconjunto é esperado ser ativo. Entretanto, Loreto et al. (19982) mostraram
uma fraca hibridizacdo com sonda de hobo em algumas linhagens de D.
willistoni, a qual pertence a outro grupo do mesmo subgénero, levando-os a
sugerir que esse TE pode ter uma distribuicdo menos restrita. Fora do género

Drosophila, elementos do tipo hobo (hobo-like) foram encontrados em
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diferentes espécies de tefritidios (Handler e Gomez, 1996; Torti et al., 2005) e
em algumas espécies de lepidopteros (DeVault e Narang, 1994; Borsatti et al.,

2003).

O elemento hobo no complexo melanogaster

Como para a maioria dos TEs e em funcao da descoberta de hobo, a
espécie mais estudada e, provavelmente, a melhor caracterizada para esse
elemento € Drosophila melanogaster. Muitos estudos populacionais
investigando a presenca/auséncia desse elemento no genoma, estimativas de
numero de cobpias, integridade, funcionalidade, capacidade invasiva,
conservacao de sequéncia, entre outros, foram inicialmente desenvolvidos
nessa espécie e, portanto, tem-se nela um modelo de “comportamento” de
hobo no genoma de Drosophila.

Algumas linhagens de D. melanogaster, quando avaliadas por Southern
blot, contém em seus genomas elementos hobo completos (~3kb) e menores
(internamente deletados), enquanto outras nao (Streck et al, 1986). As
linhagens que possuem copias completas e deletadas sdo descritas como H
(de “hobo-containing”) e as que nao possuem essas copias sao descritas como
E (de “empty”). Desde as analises populacionais iniciais de hobo nessa
espécie uma caracteristica marcante tem sido observada: além das copias

completas e internamente deletadas, os genomas de todas as linhagens
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possuem sequéncias que hibridizam com sonda de hobo em estringéncias
baixa a moderada, porém, numa estringéncia maior estas bandas se tornam
menos intensas. Estas copias sdao denominadas sequiéncias relacionadas a
hobo e sugere-se que as mesmas possam ser remanescentes de introducoes
mais antigas de hobo no genoma (Pascual e Periquet, 1991) o que leva a
serem descritas, também, como hobo reliquias, ou simplesmente “relics”.
Elas podem ser distingliidas das sequiéncias candnicas por 2 caracteristicas
nas analises por Southern blot. Primeiro, a digestdo de elementos hobo
canbonicos com a enzima de restricaio Xhol produz bandas intensas
correspondendo ao acumulo dos fragmentos internos de elementos com a
mesma estrutura. Elementos completos de 3 kb produzem uma banda de 2,6
kb, e cada classe particular de elementos defectivos produz uma banda
caracteristica de tamanho menor. Em contraste, seqiiéncias relacionadas a
hobo (“relics”) produzem numerosas bandas fracas de alto peso molecular,
que variam de linhagem para linhagem, provavelmente por terem perdido um
ou ambos os sitios de restricao de Xhol. Segundo, sequiéncias reliquias
normalmente necessitam de tempos de exposicao maiores da membrana ao
filme de raio-X para serem melhor detectadas. Ainda, sequéncias hobo
“relics” diferem claramente dos elementos hobo internamente deletados, que
sdo comuns em linhagens H de D. melanogaster, como os elementos Thl e
Th2 (1,51 e 1,49 kb respectivamente). Copias internamente deletadas tipicas

diferem do elemento completo por apresentarem uma Unica grande delecao,
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que remove uma parte central da sequiiéncia, mas nao afeta as extremidades
do elemento (revisdo em Periquet et al.,1994), enquanto que sequiéncias hobo
“relics” normalmente apresentam muitos “indels” e sofrem rearranjos mais
complexos.

Em relacdo ao padrao temporal e geografico de distribuicao de
elementos hobo no genoma de D. melanogaster, estudos de linhagens mais
antigas, coletadas antes de 1950, mostram que elementos candnicos estavam
ausentes nestas linhagens. Ja as linhagens recentemente coletadas possuem
o elemento, sugerindo que este foi recentemente introduzidos nesta espécie
por transferéncia horizontal. A maioria das linhagens antigas (coletadas
antes de 1950) foram E, enquanto linhagens recentes de todas as partes do
mundo foram H (Periquet et al., 19892, 1989b, 1990; Boussy e Daniels, 1991;
Pascual e Periquet, 1991).

Em D. simulans, o elemento hobo também é encontrado sob suas trés
formas estruturais (Streck et al., 1986; Boussy e Daniels, 1991). Simmons
(1992) demonstrou que o elemento completo de D. simulans € virtualmente
idéntico ao elemento canénico de D. melanogaster em sua sequiiéncia de DNA,
diferindo somente em trés posicoes em 2563 sequenciadas (o fragmento
interno de Xhol). Elementos completos nesta espécie sao de
aproximadamente 3 kb de tamanho e elementos internamente deletados
tipicos também estao presentes, sendo hdelsim (1,08 kb) o mais freqiiente

deles (Boussy e Daniels, 1991). Além de carregar coOpias completas e
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internamente deletadas, D. simulans também carrega muitas copias de
seqUiéncias relacionadas a hobo. Estas seqiiéncias mostram as mesmas
caracteristicas daquelas descritas para D. melanogaster nas analises por
Southern Dblot, embora tenham sido até o momento menos bem
caracterizadas em D. simulans do que foram em D. melanogaster.

O padrao de distribuicao temporal e geografico de hobo em D. simulans
também mostra que todas as linhagens coletadas recentemente contém
elementos completos (linhagens H). Entretanto, o padrao para linhagens
coletadas antes de 1950 néao € tao claro como para D. melanogaster. Boussy e
Daniels (1991) analisaram 27 linhagens de D. simulans e encontraram
somente quatro desprovidas de elementos completos (linhagens E), uma de
origem desconhecida e trés linhagens antigas coletadas na América do Sul.
Isto pode ser interpretado como uma invasao mais recente de elementos hobo
nas populacoes da Ameérica do Sul, mas a amostragem geral foi muito
limitada para mostrar algum padrao geografico de distribuicao, e a presenca
de linhagens E em D. simulans permanece como uma questdo aberta. No
entanto, Loreto et al. (1998c) aumentaram o numero de populacoes sul
americanas analisadas e encontraram poucas linhagens antigas de
laboratério com sinal pouco intenso correspondente ao elemento completo.
Além disso, curiosamente, todas as populacoes analisadas foram desprovidas
da copia internamente deletada tipica de 1,1 kb, sempre presente nas

linhagens de outras partes do mundo (Boussy e Daniels, 1991). Estes
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achados reforcam a hipotese de introducdo recente desse elemento nas
populacoes sul americanas. Embora os estudos mencionados anteriormente
corroborem o padrao temporal e concordem com a possibilidade de uma
introducao recente e espalhamento de seqiiéncias hobo em D. melanogaster,
eles levantam duvidas sobre a direcao da transferéncia (proposto
anteriormente como D. simulans sendo a provavel espécie doadora) e, de fato,
sobre a validade de qualquer explicacao simples sobre a direcao da
transferéncia e o tempo de invasao desse elemento.

Em D. mauritiana e D. sechellia as analises por Southern blot mostram
padroes semelhantes aqueles observados para linhagens H de D.
melanogaster e D. simulans, indicando que elementos completos,
internamente deletados e sequiéncias relacionadas a hobo estdo presentes
nos seus genomas (Daniels et al., 1990a; Periquet et al., 1990; 1994).
Simmons (1992) também sequienciou um elemento completo de D. mauritiana
e demonstrou que ele € quase indistinguivel em relacdo a sequéncia dos
elementos completos de D. melanogaster e D. simulans. Embora o fragmento
de 2,6 kb de Xhol esteja presente nas analises por Southern blot em D.
sechellia, Periquet et al. (1994) nao conseguiram detectar elementos
completos por PCR, mas amplificaram e seqlienciaram um hobo pequeno (1,1
kb). Os 309 pb da regiao S’ deste elemento foram 95% idénticos a HFLI, e os
435 pb da regiao 3’ foram 97% idénticos a HFLI, mas a porcao entre eles nao

apresentou nenhum padrao 6bvio de similaridade a hobo. Este elemento foi
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denominado hdelsech e seu baixo grau de identidade com hobo candnico
sugere que ele seja uma sequéncia relacionada a hobo, comum as demais

espécies do complexo (Boussy e Itoh, 2004).

O elemento hobo fora do complexo melanogaster

A presenca, abundancia e as diferentes formas de integridade do
elemento hobo observadas nas espécies do complexo melanogaster nao sao
assim tao obvias para as outras espécies do subgrupo e do grupo
melanogaster. Além disso, pouco se sabe e se tem investido em saber a
respeito dessas sequéncias nessas outras espécies, dai a escassez de
informacoes sobre a dinamica de hobo fora do complexo melanogaster. Dados
disponiveis sdo em relacao a analises por Southern blot do DNA gendmico
hibridizado com sonda de hobo candnico.

D. yakuba, D. teissieri, D. erecta e D. orena, as quais também fazem
parte do subgrupo melanogaster mas nao do complexo melanogaster, contém
uma ou poucas sequéncias que hibridizam com sonda de hobo mas nao
mostram os fragmentos de restricdo esperados do elemento hobo completo
(Daniels et al., 1990a; Periquet et al., 1994).

No subgrupo montium, o qual foi descrito como carregar também
elementos hobo, 21 das 26 espécies testadas mostraram uma ou mais

bandas de hibridizacdo, mas nenhuma mostrou os tamanhos de fragmentos
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de restricdo que corresponderiam ao elemento canodnico (Daniels et al.,

1990a).

Sequéncias relacionadas a hobo

A respeito da sua presenca e aparéncia peculiares e, pelo fato de que
elas podem nos fornecer informacdes valiosas sobre a origem, historia e
dinamica de manutencdo do elemento hobo, recentemente tém sido feitos
mais esforcos na tentativa de caracterizar as sequiéncias relacionadas a hobo
(ou reliquias). Simmons et al. (1998) e Galindo et al. (2001) descreveram
sequUiéncias reliquias de D. melanogaster como nao funcionais e incapazes de
codificar uma transposase. Estas seqiiéncias mostraram varios rearranjos
em comparacao com HFLI e, além disso, apresentaram numerosas
insercoes/delecoes (“indels”) e substituicoes. O grau médio de identidade de
sequéncia destes elementos em relacao a HFLI em regidoes homologas foi de
aproximadamente 85% (variando de 80-92%). Esses autores sugerem que
essas sequéncias reliquias sao imoveis e distantemente relacionadas ao hobo
moderno. Boussy e Itoh (2004) isolaram e seqUenciaram um elemento
reliquia do genoma de D. melanogaster e mostraram que, além de nao ser
capaz de codificar uma transposase, esse elemento provavelmente seria
incapaz de se transpor na presenca de uma transposase funcional, tal é seu
grau de degeneracao. Sua ITR de 12 pb da regidao 3’ esta intacta mas, em

contraste, a ITR da regidao 5 esta extremamente degenerada. Até
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recentemente, quase todas as seqUiéncias relacionadas a hobo descritas eram
degeneradas, nao-funcionais e consideradas como elementos provavelmente
imoéveis e imobilizaveis (ver artigol). Além disso, das poucas sequéncias
caracterizadas, a maioria foi isolada do genoma de D. melanogaster e pouca
atencao tem sido dada ao genoma de D. simulans. No entanto, independente
da espécie, se estas sequiéncias habitam os genomas de diferentes linhagens
por tanto tempo e ainda mantém estrutura suficientemente conservada a
ponto de serem detectadas e isoladas, podemos levantar algumas questdes
interessantes sobre o comportamento das mesmas. Por exemplo, sdo mesmo
sequéncias imobilizaveis ou seriam capazes de sofrer mobilizacao in trans? Se
isso for possivel, qual a fonte de transposase e quais os requisitos estruturais
necessarios para tal mobilizacdo? Mais curiosamente, ainda, como estas
seqUiéncias tém se mantido por tanto tempo nos genomas, qual sua
verdadeira origem e destino e, em ultima instancia, qual seu papel na
evolucao do genoma no qual se hospeda? Esta tese, de maneira geral € uma
tentativa de contribuicao as respostas a algumas dessas perguntas, embora
muitas questdoes permanecam, ainda, em aberto, até que novos estudos

possam ajuda-las a serem respondidas.

30



OBJETIVOS

O objetivo do presente trabalho foi estudar o comportamento de
sequéncias relacionadas a hobo no genoma de D. simulans, na tentativa de
contribuir para o entendimento da dinamica dessas seqiiéncias nos genomas
que elas habitam. Para isto, alguns objetivos especificos foram propostos,

como:

CAPITULO 2
» jsolar e caracterizar uma seqUéncia relacionada a hobo envolvida no
surgimento de uma mutacdao white de novo em uma linhagem

hipermutavel de D. simulans;

CAPITULO 3
*» analisar a presenca, numero de copias, integridade, estabilidade e
similaridade da sequiéncia do elemento hobo no genoma de diferentes
populacoes sul americanas de D. simulans em comparacao ao elemento

canonico;

31



CAPITULO 2

Mobilization of a hobo-related sequence in the genome of

Drosophila simulans

TORRES, F. P.1; FONTE, L. F. M?; VALENTE, V. L. S. I; LORETO, E. L.

S.1-3%

1 — Programa de P6s-Graduacao em Genética e Biologia Molecular, Departamento de
Genética, Universidade Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Rio
Grande do Sul, Brazil.

2 - Curso de Ciéncias Biologicas - Universidade Federal do Rio Grande do Sul
(UFRGS), Porto Alegre, Rio Grande do Sul, Brazil.

3 — Departamento de Biologia, Universidade Federal de Santa Maria (UFSM),
Campus Universitario, Santa Maria, Rio Grande do Sul, Brazil, CEP 97105-900

* Corresponding author: Phone (55)(55) 3220-8912, Fax (55)(55) 3220-8020 email
elgion@base.ufsm.br

Trabalho publicado na revista Genetica.

32



Genetica (2006) 126:101-110
DOIL 10,1007 /510709-005-1436-1

© Springer 2006

Mobilization of a hobo-related sequence in the genome of Drosophila simulans

F.P. Torres', L.F.M. Fonte?, V.L.S. Valente' & E.L.S. Loreto'**

"Programa de Pés-Graduagdo em Genética ¢ Biologia Molecular, Departamento de Genética, Universidade
Federal do Rio Grande do Sul (UFRGS), Porto Alegre, Rio Grande do Sul, Brazil: 2Curso de Ciéncias
Biologicas — Universidade Federal do Rio Grande do Sul (UFRGS ), Porto Alegre, Rio Grande do Sul, Brazil;
3 Departamento de Biologia, Universidade Federal de Santa Maria (UFSM ), Campus Universitirio, CEP
97105-900, Santa Maria, Rio Grande do Sul, Brazil; * Author for correspondence ( Phone: +355-55-220-8912;

Fax: +55-35-220-8020; E-mail: elgiona base.ufsm.br)

Key words: canonical hobo, cross mobilization, hobo relic, hypermutable strain, transposable elements

Abstract

The hobo transposable element can occur under three forms in the Drosophila genome: as a complete
element (also called canonical), as internally deleted copies, or as hobo-related sequences (relics). Some
evidence indicated that canonical elements and internally deleted copies are recent acquisitions of
Drosophila genomes, while the “relics™ are old components, normally degenerated and immobile. Here we
present the characterization ol a hobo-related sequence, found in the genome ol a hypermutable strain of
D. simulans, which insertion into the whire locus raised a de novo white mutation. It is a shorter hobo related
element presenting, overall. roughly 18% of divergence at the DNA level from the canonical hobo, with
many indels that make clear this element is defective. However. its ITRs and flanking regions are extremely
conserved. This is the first ioho “relic” showed to be mobilizable. We suggest, and point up some evidences.
toward the idea that this sequence could have been mobilized by the canonical element. The presence of a
similar “relic™ element in D. sechellia allows us to suggest that these elements have been maintained
mobilizable since the time of divergence between these species.

Introduction

hobo is a Class 1l DNA transposon (Finne-
gan. 1989) with short inverted terminal repeats
(ITRs)- (McGinnis, Shermoen and Becken-
dorf, 1983: Streck. MacGafley and Beckendorf,
1986). The canonical hobo (HFL1). 1solated from
D. melanogaster, has I'TRs of 12 bp and encodes a
transposase (Calvi et al.. 1991). Insertion sites of
hobo elements are typically flanked by an & bp
duplication of host sequence. The fobo element
has one of the narrowest distributions of any
Drosophila transposon so far examined. Daniels,
Chovnick and Boussy (1990) assayed 134 species
by Southern blot and demonstrated that within

the genus Drosophila only the melanogaster and
montiun species subgroups contain hobo elements
sufficiently  conserved to  allow  detection.
Moreover, only the melanogaster sibling species
(D. melanogaster, D, simulans, D, mauritiana)
contained large numbers of elements, and only a
subset of those are expected to be active. However.
Loreto et al. (1998a) showed a weak hybridization
with the hobo probe in some strains of D. willi-
stoni, which belong to the other group. suggesting
that this transposable element (TE) could have a
not so narrow distribution. Out of Drosophila
genus, hobo-like elements have been found in some
species of Diptera. like Musca domestica (Atkin-
son, Warren and O’Brochta, 1993) and different
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tephritids (Handler and Gomez. 1996 Torti et al..
2005) and. also in some species of Lepidoptera
(DeVault and Narang, 1994; Borsati. Azzoni and
Mandrioli, 2003). In animals other than insects.
hobo-like elements have been identified only in the
nematode Caenorhabditis elegans.

The canonical hobo elements have two
Xhol restriction sites close to each end. which are
very important for Southern blot analysis. In
D. melanogaster, the genomes of some strains
contain full-size and smaller (internally deleted)
hobo elements. but others have none (Streck.
MacGalfley and Beckendorf, 1986). The former are
described as “H™ (for “hobo-containing™) and the
latter as “E” (for “empty”). In the earliest
D. melanogaster population analysis of hobo by
Southern blot, a curious feature was described. In
addition to full-size and smaller (internally de-
leted) hobo elements, all genomes contained se-
quences that hybridized with a hobo probe at low
to moderate stringencies. At higher stringency,
these bands faded. and. based on the sizes of the
bands, the sequences clearly lacked one or both of
the Xol sites of the canonical sequence (Boussy &
Daniels, 1991). These sequences were called hobo-

related sequences or “relics”. Simmons et al.
(1998) demonstrated that these sequences usually
diverge 10-20% from the canonical hobo at DNA
level. Figure | shows a diagrammaltic representa-
tion of three forms of hobo elements so far de-
seribed from the Drosophila genomes.

In relation to the temporal and geographical
patterns of distribution of hobo elements, surveys
of older D. melanogaster strains, collected before
1950, pointed out the complete hobo elements were
absent in those strains (E), whereas all recent
strains from all parts of the world were H. These
findings suggest this element have recently been
introduced into this species by horizontal transfer
(Periquet et al., 1989a, b: 1990: Boussy & Daniels,
1991: Pascual & Periquet. 1991).

The hobo element is also found in D. simulans
under its three forms (Streck. MacGaffey & Bec-
kendorf, 1986; Boussy & Daniels, 1991). Simmons
(1992) showed that most of a full-size hobo from
D. simulans  was  virtually identical in DNA
sequence to the canonical hoho of D. melanogaster,
differing at only three positions out of 2563
sequenced (the internal Xhel fragment). Complete
elements in this species are approximately 3 kb in
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&
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Figure 1. Three possible forms of hebe elements. Structure of the full-size fobo element HFLL, some common internally deleted
elements in 0. simulans (hdelsim), D. mauritiana (hdelmeanr) and D, sechellia (hdelsech), and a hobo-related sequence in D. melanog-
aster (1a-1). ORF 0 is just to the left of ORF 1 (both light gray). The dillerence between ORFO and the untranslated regions is not
clear At la-1 hobo-related sequence: degree of identity with the HFLI is indicated above the relevant portions: insertions are indi-
cated as darkened regions. Restriction site is indicated for Xhel. The 2.6 kb ragment generated from a full-size element by Xhol
digestion is indicated. Adapted [rom Periquet et al. (1994) and Boussy and Itoh (2004).
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length and typical deleted elements are also pres-
ent, and f del sim (1080 bp, Figure 1) being the
most frequent one (Boussy & Daniels, 1991).
Besides carrying full-size and smaller hobo ele-
ments, D. simulans also carries many copies of
hoho-related sequences detected on Southern blot.
These last sequences show the same characteristics
as those described to D. melanogaster in a South-
ern blot analysis, although none of these copies
have been sequenced until now.

The temporal and geographical distribution
patterns of fobo in D. simulans hold similarities
with those described for D. melanogaster, since all
recently collected strains contain complete hobo
clement (H strains). However, the pattern for
strains collected before 1950 is not so clear as for
D. melanogaster. Boussy and Daniels (1991) per-
formed an analysis of 27 strains and found only 4
empty for complete fioho (E). For this reason the
authors suggested that D. simudans could be the
donor of hebo to D. melanogaster, since hobo was
apparently present in the D. simulans genome
before it was in D. melanogaster.

D. mauritiana and D. sechellia in a Southern
blot analysis display patterns similar to those
observed for D. melanogaster and D. simulans H
strains, implying that full-size. internally deleted
and frobo-related sequences are present (Daniels,
Chovnick and Boussy, 1990; Periquet et al.,
1990, 1994). Simmons (1992) also sequenced a
full-size hobo from D. mauritiana and showed it
is almost indistinguishable in sequence to the
canonical hobo of D. melanogaster and to the
full-size  hobo of D. simulans. Periquet et al.
(1994) were unable to detect a full-size hobo by
PCR in D. sechellia, despite the presence of a
2.6 kb Xhol fragment on Southern blots, but
they amplified and sequenced a small (1107 bp)
hobo. The 5" 309 bp of this element were 95%
identical to HFLI, and the 3" 435 bp were 97%
identical, but the portion between them bore no
obvious similarity to fiebo. This element was
named fdelsech (Figure 1) and its lower degree
of identity with canonical fobe suggests that it
is a hobo-related element.

More recently some effort has been done to
characterize the fiobo “‘relics”. The main reason
for it is that these sequences may provide us
with valuable information about the origin of
hobo, its history and maintenance dynamics.
Simmons et al. (1998) and Galindo et al. (2001)
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have described D. melanogaster hobo-related se-
quences as non-functional and unable to codify a
transposase. These sequences show various re-
arrangements in comparison to HFLI and,
moreover, present numerous indels and substi-
tutions. The average degree of sequence identity
of these elements to HFLI in homologous re-
gions was approximately 85% (range: 80-92%).
These authors suggested these hobo “relics™ are
ubiquitous, immobile and distantly related to
modern fhobo. Boussy and ltoh (2004) have
recently sequenced a fiobo-related sequence [rom
the genome of D. melanogaster. This described
sequence is clearly unable to encode a functional
transposase, and is probably incapable to trans-
pose in the presence of a functional transposase.
Its 3 12 bp ITR is intact but the 5" ITR is, in
contrast, extremely degenerate. Until now, all
hobo related sequences described are degener-
ated, non-functional and probably immobile
elements. However, some questions subsist
unanswered. For example: are there “relic™ ho-
hos able to be mobilized in rrans? If so, what is
the transposase source and the structural
features required for mobilization? How are the
“relics” maintained in the genomes?

The detection and monitoring of a de nove
mutation in some strains give the opportunity
to investigate the nature of the causal agent of
the mutations. When this agent appears (o be a
transposable element. we can also investigate the
nature of its mobilization. Loreto et al. (1998b)
detected and accompanied a hypermutable strain
of D. simulans established from a male spontanc-
ous mutant, captured in nature, along roughly 100
generations of observation. From this original
strain, some mutations, both autosomal and X-
linked. were isolated. Among the mutant sub-
strains established from the former hypermutable
strain, we chose a whire mutant for molecular
characterization. The purpose of the present study
was to investigate the nature of the underlying
agent of the de novo white mutation. We show
here that a hobo-related sequence insert into the
white locus of this D. sindans mutant caused this
mutation. In particular, we wanted to determine
the molecular structure of the /hobo-related
sequence that was mobilized in the genome of this
strain of D. simulans suggesting then the possibil-
ity of cross mobilization with the canonical hobo
element in this species.
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Materials and methods
Fly stocks

The Drosophila simulans white mutant (Dswhm)
used in this work was originated from a hyper-
mutable strain of D. simulans described by Loreto
et al. (1998b). This mutation appeared in the 81st
generation of this hypermutable strain. So. it is a
well-characterized de nove mutation. For South-
ern blot analysis, two other strains were used as
control, a wild-type strain (Eldorado). and another
mutant for fozenge locus. but with normal eve
color (wild-type to the white gene).

Southern blot analysis

Genomic DNA was prepared from approximately
100 adult flies according to Jowett (1986). DNA
samples were digested with restriction enzymes
following manufacturer directions (Invitrogen).
The enzymes employed were Hindlll, Sall,
BamHI. EcoRI1. Bgl/ll and Sacl according to the
restriction map of the white locus of D. simulans
(Inoue and Yamamoto, 1987; Inoue, Taira and
Yamamoto, 1988).

DNA fragments were separated by electropho-
resis on 1% agarose gels and transferred to nylon
membranes (Hybond N + /Amersham Biosciences).
The membranes were hybridized to a random pri-
mer-labeled probe at 60°C in 5x SSC; 0.1% SDS;
5% dextran sulfate; and 20-fold dilution of liquid
block. The filters were washed twice with 0.2 SSC
and 0.5% SDS for 15 min at 60°C. Hybridization
and detection were performed using a Gene Images
Kit (Amersham Biosciences) according to manu-
facturer instructions. The pCaSpeR-hs plasmid
(GenBank U59056) which has a mini-white gene of
D. melanogaster (Thummel and Pirrota, 1992) was
used as a probe for hyvbridization.

DNA amplification and sequencing

PCR reactions were performed in 25 pl volumes
using approximately 20 ng of template DNA.
20 pmol of each primer, 1.5 mM of MgCl,. 50 uM
of each nucleotide and 1 U of Tag DNA Polymer-
ase (Invitrogen) in 1 x Polymerase buffer. After an
initial denaturation for 2 min at 95°C, 35 cycles
consisting of | min denaturation at 95°C, 40 s
annealing at 55°C and 2 min extension at 72°C were

carried out. An additional extension step of 5 min
at 72°C was performed after the last cycle. The
primers used (WTIl: ¥-CGGTGAGTTTCTATT
CGCAA-3 and WT2: 5-GTCCCACCAACTA-
CAATCCG-3) anneal into the white locus se-
quence of D. simulans flanking the third exon. The
amplified fragment of the whire mutant strain con-
taining the insert was separated by electrophoresis
on 1% agarose gel. The PCR product was purified
and cloned into pCR-TOPO™ plasmid (Invitrogen).
DNA sequencing was performed directly from the
purified plasmids in a MegaBACE 500 automatic
sequencer. The dideoxy chain-termination reaction
was implemented with the use of the DY Enamic
ET" kit (Amersham), the WT1 and WT2 primers
plus two internal primers. The sequences were then
submitted to a “confidence consensus™ analysis
with the use of the Staden Package Gap 4 program
(Staden, 1996) and a consensus sequence was ob-
tained. BLAST analyses were performed using
search engines at the Berkeley Drosophila Genome
Project (BDGP:; www.fruitfly.com) and GenBank
(www.nchi.nlm.nih.gov) to look for sequences with
general similarity. Then. the resultant sequences
were aligned using ClustalX (Thompson et al..
1997). The sequences accession numbers are:
D. melanogaster (HFL1)= M69216: D. sechellia
(hdelsechy=XT77577 and D. mauritiana mkg
AY562976 and AY562984. The D. sinmlans hobo-
related sequence described in this work was
deposited under number AY 764286.

Results
Genomic characterization of the white mutation

The D. simulans genomic region of the whire gene
has been depicted by Inoue and Yamamoto (1987)
and Inoue, Taira and Yamamoto (1988). Using
these restriction maps as a model, the genomic
region of D. simulans white mutant (Dswhm) was
characterized. As can be seen in Figure 2, the
restriction sites in the white strain (Dswhm) are
similar to the described restriction maps. However,
an insertion of 1.2 kb was detected. into the third
exon, between the Bg/ll and BamHI sites.
Although six different restriction enzyvmes were
used to assemble this map. only blots of two of
them (Bgfll and Sacl) were presented in the Fig-
ure 3. since they were the more representative of
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1 kb

Figure 2, Partial restriction map of the wihite locus of D. sinwdans white mutant. Gray boxes [rom lefl to right denote the exons 1-

6. Unshaded boxes denote the introns 1-5. The insert of hobo"

used to isolate the insert are repi
BamHI: S, Sall. C. Sacl. G, Bglll

d by the tri

the differences observed. As can be seen in Fig-
ure 3(a), when the genomic DNA from both wild
type strains or from white mutant was digested
with Bglll. all fragments observed correspond to
the expected size. An exception was the 5.3 kb
fragment that showed an enlargement to 6.5 kb in
the white mutant, meaning an insertion of 1.2 kb
into this region. When the genomic DNA was di-
gested with Sacl, all the fragments also correspond
to expected sizes, with the exception of one frag-
ment in the white mutant, that shows a 2.4 kb
band instead of the expected 1.2 kb (Figure 3(b)).
Therefore, it was possible to localize a 1.2 kb

— -

= 1.2kb

Figure 3. Southern blot  analysis  from D, simulans  white
mutant probed whit whire gene. Genomic DNA [rom strains
of flies wild-type 1o white locus (Eldorado and lozenge) and
mutant white of D, simulans was digested with (a) Befll
and (b) Sacl and probed with the pCaSpeR-/hs plasmid.

within the exon 3 is represented by the triangle above. Primers
below the restriction map. Restriction enzyme abbreviations: E. EcoRI: B,

insertion. in the white mutant, precisely between
Belll and BamH]I sites.

Sequence analvsis of insertion

A fragment with roughly 1800 bp was amplified by
PCR employing primers annealing close to the
insertion present in the Dswhm mutant. The
sequencing of this fragment showed beyond white
gene region, a hobo-related sequence of 1220 bp
long that does not contain any functional ORFs;
hence. been unable to produce a transposase and
to carry out autonomous mobilization. However,
its 12 bp inverted terminal repeats (ITRs) were
well conserved when compared with those of
canonical hobo element (HFLI). The 5 ITR was
intact and the 3" ITR shows just one nucleotide
substitution. Furthermore. flanking the fobo-re-
lated sequence there was an 8bp duplication of the
white gene sequence. This duplication is typical
from hobo insertions. We call this hobo-related
sequence as fobo “velho-assanhado™ (hobo'™),
which means in Portuguese “an elder very ani-
mated”. As will be further discussed. this sequence
has apparently been present in the D. simulans
genome for a long time (therefore elder) but is still
mobilizable and could be related to the hyper-
mutability phenomenon (animated).

The comparison among hebo*™ with other
Drosophila hobo  sequences described hitherto
shows variable levels of similarity. Some compar-
isons show regions with high similarity along with
others with an absence of similarity. A schematic
diagram of alignments among the fobo element
from  D. melanogaster (HFLI1), hobo-related
sequences  from D, sechellia  (hdelsech) and
D. simulans (hobo'™) as well as a partial sequence
of D. mauritiana is showed in Figure 4. The simi-
larity level among the different regions of these
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D.sechellia

hdelsech 1107 bp

D.mauritiana
579 bp 5'mkg gene

D.melanogaster

D.simulans *
hobo"* 1220 bp

HFL1 2959 bp

Figure 4. Schematic diagram of alignments among hobo clements from D. melanogaster (HELL), D. sechellia (hdelsech) and D, sim-

wlans (hoho'™) and a partial sequence of mkg gene [rom D. mauritiana. HFLD is presented as an entire bar; hdelsech and hobo

v-in

are presented as discontinuous bars. Both gray scale and the percentage number indicate degrees of identity between these
sequences, Numbers in parentheses indicate the size of fragment comparative between two sequences. Small numbers in the tip of
each band of comparison represent number of nucleotides of each sequence present inside of the fragment considered.

clements can be compared. When hobo*™ is com-
pared to the canonical fvho HFLI. disregarding
the indels. a general similarity of 81.8% 1s found.
However, the level of shared similarities change
along the sequence. In the 5 end. a region with
350 bp presents a similarity of 85% and in the 3
end, three regions can be found. one with
approximately 400 bp at the extreme of the 3" end
showing a similarity of 93% and in the inner
region, 320 bp shows a lower similarity (55%) and
other part with 182 bp do not show similarity. The
middle region of the HFL1 element. which corre-
sponds to ORFI. is absent in hobo™™. Two other
peculiar features observed in the hobo™, when
compared with HFL1. is a 68 bp perfect duplica-
tion present in the 3%end region and a 48 bp

insertion in the 5’end, which is not similar to any
known sequence.

Another characteristic of hebo™™ that clearly
places it as a “relic™ hobo is the absence of both
Xhol sites. So. these sequences will appear in the
Southern blots as bands with molecular weights
higher than 2.6 kb and this is characteristic of the
“relics™ elements. Furthermore, when the hobo *™
DNA is used as a probe for Southern blot assays
with genomic DNA Xhol digested, the character-
istic 2.6 bands of canonical hoho became faint and
the bands with higher molecular weights became
darker (data not shown).

A remarkable feature of fhebo™ is a greal
structural similarity with the D. sechellia short
hobo element (hdelsech) described by Periquet et al.

V=il
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(1994). This element has 1107 bp in length and
shows a general similarity of 87% with hobo™™,
excluding indels. The 5 ITR is identical in both
sequences and the 3" I'TR differs in two nucleotides.
Besides the indels observed in the comparison of
these sequences, an elevated similarity is found in
the 5" and 3" ends. In the inner sequences similarity
decreases to about 70% in some regions (Figure 4).
However, a long AT-rich stretch is shared by both
sequences. In a general view, it can be supposed
that the ancestor of these species shared a common
sequence that subsequently diverged to fobo"™ and
hdelsech.

A nr BLAST search using hobe™ as query
pointed out, besides the previously mentioned
sequences (from D. melanogaster and D. sechellia).
the existence of homologous sequences in D. mau-
ritiana. A partial sequence of 579 bp long with a
high similarity to the 3’ region of hobo*™ and
hdelsech was observed in the tip of one cosmid that
contains the mgk gene described by Wang. Yu and
Long (2004).

Discussion

The hobo “relic” sequences so far characterized
were supposed to be non-mobilizable (Periquet
et al.. 1994; Simmons et al., 1998; Galindo et al..
2001; Boussy & Itoh, 2004). In the present work.
for the first time, a hobo-related sequence was
clearly demonstrated to be mobilizable. It was
possible for accompanying a hypermutable strain
since its establishment in the laboratory, allowing
us to detect the moment in that the mutant
appeared in the population. The molecular char-
acterization of the particular hobo-related se-
quence (hobo'™) responsible for that mutation,
clearly shows that this element is unable to pro-
duce the enzymes necessary 1o ils own mobiliza-
tion. Therefore. it opens the question about the
origin of the transposase required to that process.
The first candidate as the enzymatic source to
mobilization is the canonical fobo. Strong evi-
dence point to a recent invasion of the D. simulans
genome by the canonical hobo element (Boussy
and Daniels, 1991; Simmons, 1992). Thus, the
genome of this species contains active copies of
hobo. In these circumstances. the enzymes pro-
duced by the canonical hobo could also mobilize
some of the “relic™ hobo.
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The hypothesis that canonical hobo is main-
tained active in some D. simulans populations,
including the hypermutable strain that gave origin
to the whire mutant (Dswhm), was invigorated
from the observation in Loreto, Zaha and Valente
(1998) that South American D. simulans popula-
tions were possibly the last ones to suffer the
invasion of their genomes by the canonical fobo.
This proposition is substantiated by findings
described by Boussy and Daniels (1991) in an
analysis by Southern Blot of 27 strains collected in
different places of the world. From those samples,
only four strains were empty of complete canoni-
cal fiobo (E). one from unknown origin and three
old strains collected in South America. All other
strains. originated from North America, Australia.
Europe and South Africa, showed a very strong
hybridization signal corresponding to the complete
hobo element, as well as a 0.7 kb band corre-
sponding to an internally deleted element of
1.1 kb. Loreto, Zaha and Valente (1998) increased
the number of South American populations ana-
lyzed and found two other populations with faint
signals corresponding to the complete hobo ele-
ment and, interestingly. all populations analyzed
were devoid of the 1.1 kb deleted element. always
present in the samples {rom other parts of the
world. as showed by Boussy and Daniels (1991).
Engels (1989) has suggested that deleted elements
do accumulate in the genome as a function of time
after invasion. On the other hand. Periquet et al.
(1989a) propose the hypothesis that the deleted
1.1 kb hobo element is probably involved in the
regulation of hebo activity as a repressor. So. il
one of the regulators are absent in South American
populations, and some populations are devoid of
the complete element and others carry this ele-
ment, we have the expected conditions for mobi-
lization to take place, including circumstances in
which hybrid dysgenesis can occur.

The hypermutable strain that gave origin to the
white mutant (Dswhm) further derived other sub-
strains (Loreto et al.. 1998b). One of these sub-
strains is almost devoid of complete hobo elements.
having only a faint band corresponding to a
complete element (dpp-like mutant strain), al-
though other sub-strains show a strong band cor-
responding to a complete hobo element (Loreto,
Zaha and Valente, 1998). As stated above, these
conditions point to the possible activity of the hobo
element in this strain. Other fact that suggests that
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hobo'™ was mobilized by the canonical hobo
transposase is the duplication of 8 bp in the
genomic target sequence, since it is a characteristic
of hobo mobilization (Blackman et al., 1989).
Mullins. Rio and Rubin (1989) suggested that the
ITRs and the flanking internal regions are the
most important ones for Class Il transposon
mobilization. This fact was well characterized after
the development of germ line transformation using
the P clement (Rubin and Spradling. 1982) and
hobo (Blackman et al., 1989). In this methodology.
the transformation vector is constructed using the
transposable element ITRs and flanking regions
and changing the inner region of the transposon
by exogenous DNA. At a first glance. the fobo*™ is
able to be mobilized by canonical hobo transpos-
ase. because the structural features required for
mobilization, as well as the ITRs and flanking
regions, are conserved.

However, other transposase sources to fhobo*™
mobilization could exist in the D. simulans
genome. Sundararajan, Atkinson and O’Brochta
(1999) shown in D. melanogaster a cross-mobili-
zation of hobo by Hermes element (a related ele-
ment). Moreover. hobo excision events have been
demonstrated by Handler and Gomez (1996) in
different species of tephritids, which do not have
copies of the canonical element. Thus., even
though other sources of transposase to hobo'™
cannot be discarded at this moment, we suggest
that the most probable source is the canonical
hobo element.

As showed in the results, the hobo'™ from
D. sinulans shares a significant level of similarity
with the D. sechellia short hobo element (hdelsech)
described by Periquet et al. (1994). The ends of
both elements are highly conserved and the inner
sequences, although showing a small level of
similarity. present a good alignment. Therefore.
judging by the conservation of ITRs and flanking
regions, we may suppose that hdelsech is mobiliz-
able in the D. sechellia genome. Lachaise and
Silvain (2004) estimated as 0.8 MYR the time of
divergence between  Drosophila sechellia  and
D. simulans. The nucleotide divergence estimated
between hobo*™ and hdelsech is entirely compatible
with that estimated time of divergence. However, if
hdelsech 1s also an mobilizable element. this
observation becomes very interesting because it
could be an example that a “relic” transposon can
stay mobilizable for a relatively long time.

=i

Boussy and Daniels (1991) proposed that hobo
sequences distribution in D. melanogaster and its
sibling species could be explained for two different
hobo introductions: the first one before the diver-
gence of the subgroups melanogaster and montiun;
and the second later. in the ancestor of the mela-
nogaster complex. Boussy and Itoh (2004) sug-
gested a third very recent invasions into the
melanogaster  complex, corresponding to  the
canonical fobo invasion. Thus, il lhobo related
sequences, as hoho'™ and hdelsech, are “relics™
from the first or second invasion, we could
expected that some related sequences might be
present in the D. melanogaster genome, because

the invasion occurred before the divergence of

those three species. However, a BLAST search for
similar sequences to hobo*™ in the D. melanogaster
genome did not reveal any hobo related sequence
with structural similarity to fiobo*™. Nevertheless.
a possible justification for this could be the loss of
these sequences in the branch that gave origin to
D. melanogaster.

Lerat. Rizzon and Biémont (2003) did an
extensive analysis of transposable elements of the
D. melanogaster genome and found remarkable
sequence  homogeneity among transposable
clement copies from each family analyzed. The
authors point out the high turnover of transpos-
able element copies in the genome as a possible
explanation for those findings. This turnover could
be a product of natural selection acting against the
deleterious effect of transposable elements using
chromosome recombination to “clean™ the gen-
ome {rom these elements. In this case, just active
transposable elements or those inserted in regions
with low recombination frequency, as pericentric
regions. would survive. The active elements survive
because they increase copy numbers above that of
the transposons missing. In this context. it is
interesting to consider that some “relic” elements
could be kept in the genomes by staying mobiliz-
able. The hobo*™ and the hdelsech could be
examples of “relics™ that stay mobilizable to
escape natural selection.

If the fate of the transposable elements is to be
climinated by high turnover or suffer a slow death
by sequence degeneration, after they reach a re-
gion of low recombination rates, the only alter-
native for a long survival is to stay mobilizable. To
gel that purpose. some interactions between
members of different families as well subclasses of
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transposable elements are known. These interac-
tions make transposable elements unable to pro-
duce the enzymes needed for mobilization. able to
transposition using the enzymes made by other
transposons. For examples, SINEs employ the
LINEs enzymes and the MITES probably use
enzymes produced by some class 1l elements.
Moreover. judging by the number of copies in
some genomes, SINEs and MITES use those
processes very effectively to escape the purifying
process of natural selection. We suggested that
some fiobo “relics” could use enzymes produced by
other sources to keep themselves active and to
avoid natural selection.
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Abstract

The hobo transposable element can be present under three forms in
the Drosophila genome: as a complete element (also called canonical), as
internally deleted copies, or as hobo-related sequences (relics). Some evidence
indicated that canonical elements and internally deleted copies are recent
acquisitions of Drosophila genomes, while the “relics” are old components,
normally degenerated, non-functional and until recently considered probably
immobile. Much efforts have been done to understand the true relationship
of these last sequences with its modern relatives. The analysis of these types
of sequences can help us to understand the evolutionary history of these
transposable element family. In the present work we performed an analysis
with the hobo'-2 element - a hobo-related sequence previously described as
mobilizable - in some South American populations of D. simulans in order to
determine more about its copy number, integrity and genomic stability in
compare to the canonical hobo, as well how is conserved its sequences in
these genomes. We showed that hobo'-2 seems to constitute a well conserved
family of hobo-related sequences, which members are clearly defectives but
likely still mobilizables. Moreover, the high polymorphism of insertion sites of
these sequences observed in the populations suggests that they are active or

were active until very recently. Some questions about transposase source to
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its mobilization, as well dynamics of maintenance and its similarity to MITEs
elements are also discussed.
Key words: transposable elements, hobo-related sequences, D. simulans,

canonical hobo
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Introduction

Since the first characterization of the hobo element family in
Drosophila, a typical heterogeneous collection of ligth bands of hybridization
to this element, named hobo-related sequences, has been observed in the
genome of some species. This has been the reason of some speculations
about its origin, dynamics of maintenance and its true relationship with its
modern relatives. The analysis of such types of sequences, besides helping us
to understand the dynamics of evolution of this transposable element family,
can help us to shed more light into the evolutionary history of the
transposable element as a whole.

The hobo transposable element is a Class II DNA transposon
(Finnegan, 1989) with short inverted terminal repeats - ITRs- (MCGinnis,
Shermoen & Beckendorf, 1983; Streck, MacGaffey & Beckendorf, 1986). The
canonical hobo (HFL1), isolated from D. melanogaster, has ITRs of 12 bp and
encodes a transposase (Calvi et al. 1991). Insertion sites of hobo elements are
typically flanked by an 8 bp duplication of host sequence. The hobo element
has one of the narrowest distributions of any Drosophila transposon so far
examined, having been detected only in the melanogaster and montiun
species subgroups of the melanogaster group (Daniels, Chovnick & Boussy,
1990) and in some strains of D. willistoni, which belongs to the other

Sophophora group (Loreto et al., 1998a) within the genus Drosophila. Of
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these, only the melanogaster sibling species (D. melanogaster, D. simulans
and D. mauritiana) contain large numbers of elements, and only a subset of
those are expected to be active. Out of Drosophila genus hobo-like elements
have been found in different species of Tephritidae (Handler & Gomez, 1996;
Torti et al. 2005) and in some species of Lepidoptera (DeVault & Narang,
1994; Borsati, Azzoni & Mandrioli, 2003).

The behavior of hobo elements in the D. melanogaster genome and in
its sibling D. simulans shares some similarities at the molecular level, in the
types of presented sequences and in the geographical and temporal
distribution patterns. By Southern blot, using Xhol hobo restriction fragment
(Streck et al, 1986; Blackman et al, 1989) as a indicator of integrity, three
different types of hobo elements can be distinguished in the D. melanogaster
genomes: full-size hobo elements characterized by a 2.6kb fragment, typical
internally deleted elements whose Xhol restriction fragment is less than
2.6kb, and elements giving high molecular weight bands (more than 2.6kb)
also called hobo-related sequences or “relics”. Surveys of D. melanogaster
stocks from different locations and dates of capture (Streck, MacGaffey and
Beckendorf 1986; Periquet et al. 1989a, 1989b) revealed that stocks captured
before the 1960s lack canonical hobo elements (E strains), while the more
recent ones contain complete and defective hobo elements (H strains). These

findings suggest that this element has been recently introduced into this
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species by horizontal transfer (Periquet et al. 1989,; 1989y; 1990; Boussy &
Daniels, 1991; Pascual & Periquet, 1991).

The hobo element is also found in D. simulans under three forms
(Streck, MacGaffey & Beckendorf, 1986; Boussy & Daniels, 1991). Simmons
(1992) showed that most of a full-size hobo from D. simulans is virtually
identical in DNA sequence to the canonical hobo of D. melanogaster, differing
only at three positions out of 2563 sequenced (the internal Xhol fragment).
Complete elements in D. simulans are approximately 3kb in length and
typical deleted elements are also present, h del sim (1080 bp) being the most
frequent one (Boussy & Daniels, 1991). Besides carrying full-size and smaller
hobo elements, D. simulans also carries many copies of hobo-related
sequences detected by Southern blot as for D. melanogaster. The temporal
and geographical distribution patterns of hobo in D. simulans also show that
all recently collected strains contain complete hobo element (H strains).
However, the pattern for strains collected before 1950 is not so clear as for D.
melanogaster. Some evidences point to a recent invasion of D. simulans
genome by the hobo elements in South American populations. Boussy &
Daniels (1991) performed an analysis of 27 strains of D. simulans and found
only 4 empty for complete hobo (E strains), one from unknow origin and three
old strains collected in South America. Loreto et al., (1998c) increased the
number of D. simulans South American populations analyzed and found a

few older strains of laboratory with faint signals corresponding to the
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complete hobo element. Moreover, interestingly, all populations analyzed
were devoid of the 1.1kb typical deleted element, always present in the
strains from other parts of the world (Boussy & Daniels, 1991). These finding
reinforce the hypothesis of the recent invasion in South American
populations.

A curious feature of the D. melanogaster and D. simulans genome is
that only H strains show complete and species-specific defective hobo
elements, but both E and H strains show hobo-related sequences that yield a
different restriction pattern of weaker bands in Southern blot analyses.
Pascual and Periquet (1991) suggested that these sequences might be the
remnants of a putative relic hobo element originated from earlier
introductions. More recently some effort has been done to characterize these
hobo “relics” in an attempt to understand its role in the evolutionary history
of hobo family. Simmons et al. (1998) and Galindo et al. (2001) described D.
melanogaster hobo-related sequences as non-functional and normally
degenerated. These sequences showed various re-arrangements in
comparison to HFL1 and, moreover, presented numerous indels and
substitutions. The average degree of sequence identity of these elements to
HFL1 in homologous regions was approximately 85% (range: 80-92%). These
authors suggested these hobo “relics” are immobile and distantly related to
modern hobo. Boussy & Itoh (2004) have characterized another hobo-related

sequence from the genome of D. melanogaster. This sequence was shown to
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be clearly non-functional and probably incapable to transpose in the
presence of a functional transposase. Its 3’ 12 bp ITR is intact but the 5’ ITR
is, in contrast, extremely degenerated. Thus, most of hobo-related sequences
described were degenerated, non-functional and considered as probably
immobile elements. However, Torres et al. (2005) detected a hobo-related
sequence — hobo'2 in the genome of a hypermutable strain of D. simulans
whose insertion into the white locus raised a de novo white mutation. It was
the first hobo “relic” showed to be able to mobilize. It is a shorter hobo related
element (1220pb) presenting, overall, roughly 18% of divergence to the
canonical hobo. This relic is a clearly defective element because it has many
indels and none functional ORFs. However, its ITRs and flanking regions are
extremely conserved. Because this hobo relic is a defective element but kept
the regions required for its mobilization well conserved and has been
detected raising a de novo mutation event, the authors suggest that this
sequence could have been mobilized in trans by the canonical element. In the
present work we analyzed this hobo'2 element in some South American
populations of D. simulans in order to determine more about its copy
number, integrity and genomic stability in comparison to the canonical hobo,

as well how conserved are its sequences in these genomes.
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Materials and methods

Strains

The following strains were employed in the present study:

Eldorado (ELD) — collected in Eldorado do Sul, Rio Grande do Sul,
Brazil, in 1990

dpp, lz, rb, zp, white - originated from a hypermutable strain of D.
simulans described by Loreto et al. (1998b)

Itapua - collected in Viamao, Rio Grande do Sul, Brazil, in 2002

yellow — derived from a spontaneous mutant of the yellow locus
encountered in a population sample from Itapua, Rio Grande do Sul, Brazil,
in 1982

Campeche - collected in Ilha do Campeche, Santa Catarina, Brazil, in
2002

Lagoa — collected in Morro da Lagoa, Florianopolis, Santa Catarina,
Brazil, in 2003

S4 — collected in Floriano6polis, Santa Catarina, Brazil, in 1997

Mirassol — collected in Mirassol, Sao Paulo, Brazil, in 2002

SPE3 - collected in Paulo de Faria, Sao Paulo, Brazil, in 2005

Arraial — collected in Arraial do Cabo, Rio de Janeiro, Brazil, in 2004

Agronomia - collected in Montevideo, Uruguay, in 2002

Farrapos — collected in Rio Negro, Uruguay, in 2002
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Dom Bosco - collected in Rocha, Uruguay, in 2002

Solis I e IT — collected in Maldonado, Uruguay, in 2002

Castillos — collected in Rocha, Uruguay, in 2002

Chile - collected in La Florida, Chile, in 1992

Peru - originally collected in Lima, Peru, in 1956 (obtained from
Bowling Green Center n® 14021-0251-5)

Zarate — collected in Zarate, Argentina, in 2004

Line2 — collected in Winters, CA, USA, in 1992

Southern blot analysis

Genomic DNA was prepared from approximately 100 adult flies
according to Jowett (1986). DNA samples were digested with restriction
enzymes following manufacturer directions (Invitrogen). The employed
enzymes were Bglll and Xhol according to the restriction map of the hobo
element (Calvi et al, 1991) in order to investigate the copy number and the
integrity of hobo elements, respectively. Bglll does not cut the hobo element
and produces fragments of different lengths that can be derived from relic,
deleted or full-size elements. Given the difficulty in separating the bands
corresponding to the canonical and relic copies only by Bglll pattern we also
analyzed the autoradiographies of the Xhol digests probed with hobo'2
element counting bands higher than 3 kb to estimate the relics copy number.

Xhol cuts a full-sized hobo at two sites close to each end producing an
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internal fragment with about 2.6 kb, and shorter fragments from deleted
hobo.

DNA fragments were separated by electrophoresis on 1% agarose gels
and transferred to nylon membranes (Hybond N+/GE Healthcare). The
membranes were hybridized to a random primer-labeled probe at 60°C in
SxSSC, 0.1% SDS, 5% dextran sulfate, and 20-fold dilution of liquid block.
The filters were washed twice with 0.2xSSC and 0.5% SDS for 15 min at
60°C. Hybridization and detection were performed using a Gene Images Kit
(GE Healthcare) according to manufacturer instructions. As probes for hobo
element we employed two plasmids: 1) the pHX4 plasmid which contains a
2.6 kb of hobo element of D. melanogaster (the 2.6 kb fragment was removed
from a complete element contained into the pHFL1 plasmid); 2) the pHVA
plasmid which contains the 0.8 kb internal fragment of hobov-2 element
cloned into the pCR4- TOPO® plasmid (Invitrogen) (Torres et al, (2005),

accession number AY764286).

DNA amplification and sequencing

PCR reactions were performed in 25ul volumes using approximately
25ng of template DNA, 20pmol of each primer, 1.5mM of MgCls, S0uM of
each nucleotide and 1U of Tag DNA Polymerase Recombinant (Invitrogen) in
1x PCR buffer. After an initial denaturation step for 2min at 95°C, 35 cycles

consisting of 40s denaturation at 95°C, 40s annealing at 55°C and 1lmin
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extension at 72°C were carried out. An additional extension step of 5 min at
72°C was performed after the last cycle. The primers used (hvals: 5-
CATAACGGAAGGGTAGAGAAG-3’ and hv-a2as: 5-
CGTCCACCCGATAAACACTC-3’) anneal into the hobo'2 sequence isolated
from D. simulans at positions 200 to 219 and 1169 to 1188 respectively. The
amplified fragment of each strain was separated by electrophoresis on 1%
agarose gel. The PCR products were purified and cloned into pCR4-TOPO®
plasmid (Invitrogen). DNA sequencing was performed directly from the
purified plasmids (2 to 3 clones selected) in a MegaBACE 500 automatic
sequencer. The dideoxi chain-termination reaction was implemented with the
use of the DYEnamic ET® kit (GE Healthcare), and M13 primers for
sequencing. The sequences were then inspected and submitted to a
“confidence consensus” analysis using the Staden Package Gap 4 program
(Staden, 1996). The sequences so obtained were aligned using the ClustalX
1.81 program (Jeanmougin et al, 1998) according to the system default
parameters. The phylogenetics analyses were executed using the neighborn
joining method (NJ) (Saitou and Nei, 1987) according to the Kimura two-
parameter model (Kimura, 1980) using Mega 2.1 (Kumar et al 2001). BLAST
analyses were performed using search engines at the Berkeley Drosophila
Genome Project (BDGP; www.fruitfly.com) and GenBank

(www.ncbi.nlm.nih.gov) to look for sequences with general similarity.
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IRAP-like analysis (ITAP)

A technical IRAP-like (Inter-Retrotransposon Amplified Polymorphism)
was performed to analyze the stability of both hobo canonical and hobov-2
sequence in the genome of some D. simulans strains. The original method
was described for retrotransposons (Kalendar et al., 1999; Schulman et al.,
2004). It detects two retrotransposons or LTRs sufficiently close to one
another in the genome to permit PCR amplification of the intervening region.
However, for this method to be successful the element under study must
present some features as following: structurally, it must contain defined and
conserved sequences which can be used for cloning of specific markers and
flanking sequences. Secondly, replicationally active members of a
(retro)transposon family will produce new insertions in the genome leading to
polymorphism that may be detected. The element must have a high copy
number and these copies must be dispersed in the genome. This method
requires only intact genomic DNA as template and PCR reagents and
apparatus for amplification. There are no restriction enzyme digestion or
adapter ligation steps. In our case, because this method has been adapted
for a transposon family, we will describe it as ITAP (Inter-Transposon
Amplified Polymorphism).

For the ITAP analysis we have designed primers facing outward from
the sub-terminal regions of the hobo canonical and hobo'2 transposons.

Primers were designed to match the regions next to the 5’ and 3’ ITRs of the
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hobo canonical element (accession M69216) and hobov2 (accession
AY764286). For the hobo canonical the reverse primer is complementary to
bases 54-73, and the forward primer matches bases 2909-2928. For the
hobo'-2 the reverse primer is complementary to bases 43-61, and the forward
primer matches bases 1169-1188. The forward primer anneal to a conserved
region between both elements.

The ITAP PCR was performed in a 25pul reaction mixture containing
25ng DNA, 1x PCR buffer, 1.5mM MgCl,, 10 pmol each primer, 0.2 mM
dNTP, 1U Taq DNA Polymerase Recombinant (Invitrogen). Amplification was
performed in a PTC-100 (MJ Research) in a 0.2 ml tubes. The PCR reaction
program consisted of: 1 initial denaturation step for 2min at 95°C, 35 cycles
consisting of 40s denaturation at 95°C, 40s annealing at 55°C and 2min
extension at 72°C. An additional extension step of 5 min at 72°C was
performed after the last cycle. Products were analyzed by electrophoresis on

1.5% agarose gel (Invitrogen) and detected by ethidium bromide staining.

Results

Analysis of hobo copy number by Southern Blot
The hobo canonical and hobo'2 element copy number in some D.
simulans strains was estimated through Southern blot analysis. The Bgll

digests showed that the total number of hobo elements is variable among the
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studied D. simulans strains (Figures 1 and 2 in Appendix 2). The values of
copy number for canonical and relic hobo elements in each strain are
presented in the Figure 1.

The comparative analysis of integrity of both hobo sequences (canonical
and hobova) in the genome reveal a peculiar pattern for each sequence
(Figures 2 and 3). Genomic DNA digested with Xhol when probed with pHX4
plasmid (canonical hobo probe) present the typical pattern of full-sized hobo
elements in the genome: a remarkable fragment of approximately 2.6kb
corresponding to the complete element, some smaller fragments with almost
the same intensity of the 2.6 kb fragment (internally deleted copies) and
several other higher fragments with faded hybridization signal which
correspond to the relics copies. All strains showed the 2.6 kb fragment
expected, with variable signal intensities. The yellow and dpp strains
presented a very weak signal for this fragment, indicating that these strains
probably harbor least copies of complete element than other strains
analyzed. All the strains carry defective copies with variable sizes and
densities. However, excepting Chile and D.Bosco strains, none strain
presented the 0.7 kb typical fragment of D. simulans, corresponding to the
hdelsim internally deleted hobo element described to other studied world
strains.

When we reprobed the filters with pHVA (relic element probe) we

observe a clearly distinct pattern. The 2.6 kb fragment appears with a
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smaller intensity than described above which is observed for the smaller
fragments as well. However, the higher fragments (high molecular weight)
appear now with more intensity than before and with a considerable

variation of sizes and densities inter strains (Boussy & Daniels, 1991).

Analysis of hobo relics sequences

Using primers designed to match the hobo'-2 sequence, we amplified a
fragment of about 1 kb in each studied strain. This amplification product
correspond to an internal fragment of hobo'-2 which includes the central and
sub-terminal regions but no ITRs. Products of Goias (GOI), Mirassol (Mir),
yellow (yel), dpp, D.Bosco (DB) e Chile (Chi) strains, which are derived from
different geographic locations were isolated and sequenced. The sequences
overall present the sub-terminal regions better conserved than the central
internal portion. This portion is rich in repetitive sequences that correspond
to an imperfect TAA microsatellite sequence. We were unable to obtain a
whole sequence of the same clone because the overlaping region of reverses
and forwards reads are into this microsatelite region and the confidence of
sequencing is very low in this portion. The reads number avaliable for each
clone (3 to 4) was not enough to solve this problem. This region seems be
highly variable among the sequences. The sequences like microsatelites
present peculiar characteristics with regard to evolutionary process itself as,

for instance, higher mutation rate (Amos, 2001) which could interfere in the

58



analysis of sequence similarity of sub-terminal sequences. Therefore, only the
sub-terminal regions were employed in the further analyses.

The analyzed sequences corresponding to the 5’ and 3’ sub-terminal
regions. For the 5’ sub-terminal sequences was observed, in most of the
strains, a high similarity among them along roughly 295 bp (Figure 3 in
Appendix 2). However, two sequences (from Mirassol and D.Bosco strains)
presented higher divergence in relation to the others. The first 145 bp were
very similar to other sequences but the next 150 bp correspond to the
microsatellite portion and, then, no aligment was possible for this region. The
microsatellite region in these sequences should have probably enlarged and
overlaped the region of more similarity with other sequences. The values of p
distances between the 5’ sub-terminal sequences analyzed are present in the
Figure 4. The average divergence between the sequences range from 0.15 to
0.27, which would indicate an estimated time of divergence between the
sequences of roughly 0.5 a 0.8 MYR. The sequence CHI2, which presents two
deletions, showed a higher divergence.

The 3’ sub-terminal regions are more conserved than S’ sub-terminal
regions (Figure 4 in Appendix 2). All strains present a higher degree of
similarity along roughly 360 bp.

The values of p distances between the 3’ sub-terminal sequences
analyzed are present in the Figure 5. The highest divergence (2.5%) was

observed between the sequences of two different clones of the same strain
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(dpp, clones 3 and 4). The estimated time of divergence between these
sequences is roughly 0.75 MYR, similar that described for the 5’ sub-terminal
sequences.

The two parts of sub-terminal sequences together corresponded to
approximately 65% of the amplified sequence of the transposons. In most of
clones from different analyzed strains the similarity observed along this
extention was quite high. The exception was only two clones from D.Bosco
and Mirassol strains where was observed an increased of microsatellite
region in direction to the 5° sub-terminal region. Therefore, the extension of
similarity between these sequences and the others was smaller in this region,
but between them the similarity was high.

The 5 and 3" sub-terminal sequences aligned were subjected to an
independent phylogenetic analysis using the neighborn joining method. For
these analyses we include the sequences of hobo'2 (AY764286) and hdelsech
(X77577) (Figure 5 in Appendix 2). The phylogeny of the 5 portion of these
sequences (Figure 6) confirms the high similarity between them. Clones of
Mirassol and D.Bosco strains were more similar to each other than the other
sequences in this region. The hobo'-2 element and hdelsech seems more
similar to each other in this region as well.

The phylogenetic analysis for the 3 sub-terminal portion of the sequences
described previously (Figure 7) shows a high similarity betweem them and

hobova. The trees show still that clones from different strains are more
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similar to each other than clones from the same strain suggesting that there

are different clusters of hobo'2 in the genome of these strains.

Results of ITAP analyses

The ITAP method was employed to examine polymorphism in insertion
sites between two canonical - canonical, hobov2 — hobo’2 and canonical —
hobov-2 transposons, regarding the disperse nature of these transposon family
in the D. simulans genome. We have designed primers facing outward from
sub-terminal regions (next to ITRs) of both elements canonical hobo and
hobov-2 from D. simulans. These regions are well conserved between the
sequences (which was confirmed by sequencing) and they are considered
essential for transposition of these elements. The transposons may integrate
in principle in either orientation into the genome, and hence any two
members of a transposon family may be found head-to-head, tail-to-tail, or
head-to-tail. For the first two orientations, a single primer suffices to
generate PCR products from elements sufficiently close to one another. To
amplify intervening genomic DNA for elements in head-to-tail orientation, we
must use both 5’ and 3’ sub-terminal primers, which in turn should produce
some bands from the other orientations as well. Therefore, the number of
products visible by ITAP should reflect the number of canonical or hobov-a

transposons close enough to one another to permit PCR amplification, which
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in turn could be suggestive of the copy number and genomic organization of
this transposon family in the D. simulans genome.

The observed ITAP pattern was polymorphic between the strains
analyzed (Figure 8). A similarity index was constructed to estimate the overall
degree of polymorphism in the banding pattern, based on the presence or
absence of bands scored. A value of 100 indicates that the patterns are
totally identical between the strains compared and a value of O, total
dissimilarity. Using the different primer combinations, amplification products
ranging from 300 pb to about 400 pb were generated. The pattern observed
between the strains with each primers match tried was quite variable. To
canonical-canonical primers match, for instance, it was observed products
conserved between most of strains (about 2.1 kb), products shared between
some strains (about 0.7 kb), as well products lineage-specific (most of them).
This variation in turn could reflect, even if underestimated, the variation in
the copy number between the strains. Moreover, the observed pattern
indicates the high polymorphism for insertion sites of these canonical copies
between the strains. The similarity index to this pattern is presented in
Figure 5 in Appendix 2.

The observed pattern with hobov-2 - hobo'2 primer pair presents
products shared between most of strains as well (about 2.8 kb), shared
between some strains (about 2.6 kb) and many products lineage-specific. The

indicatives of copy number as well the polymorphism to insertion sites are in
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accordance with Southern blot results. The similarity index to this pattern is
presented in the Figure 6 in Appendix 2.

Because the distribution of canonical and relic copies in the genome
may be alternate one to another, a third primers match was employed to
examine the polymorphism of insertion sites between both elements. In this
match the observed pattern was apparently less variable between the strains
than the other primers matches, which may be confirmed by higher
similarity index presented in the Figure 7 in Appendix 2.

Although the results of ITAP method presented here have gave good
indicatives of the variation in the copy number and the insertion sites to both
elements, the amount of polymorphism revealed on the strains level was too
great to permit the use of ITAP in interstrain phylogenetic analyses. However,
the great polymorphism of insertion sites presented by the canonical hobo
and hobo'2 elements in the different strains, including between the
originated isofemale lines, since first isofemale line Dshs (hypermutable
strain), suggests that both elements are active in the genomes of these

strains or were until a recent past period.
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Discussion

So far, most of the hobo-related sequences analysis has been limited to
its search, isolation and identification in some D. melanogaster and D.
simulans E strains stocks (Simmons et al., 1998; Galindo et al., 2001;
Boussy & Itoh, 2004). In the present work, we performed an analysis of
hobov-2 — a mobilizable hobo-related sequence described in Torres et al.,
(2005) - in natural populations of D. simulans. We have shown that hobo'-2
seems to constitute a well conserved family of hobo-related sequences, whose
members are clearly defectives but likely still mobilizable. Moreover, their
great insertion sites polymorphism observed in the populations suggests that
they are active or were active until very recently in these genomes. If these
relic sequences still display the potential to mobilization and activity, the
question about what is the transposase source used to these functions
remains open. If we think about a more recent period, since the last invasion
of autonomous hobo in the D. simulans genome, this element could be the
first candidate to serve as a transposase source to the mobilizable relics. In
fact, strong evidences point to a recent invasion of the D. simulans genome by
the canonical hobo element (Boussy & Daniels, 1991; Simmons, 1992) and to
the presence of active copies of this element. Loreto, Zaha and Valente
(1998c) propose that South American D. simulans populations were possibly

the last ones to suffer the invasion of their genomes by the autonomous
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hobo. This proposition was previously substantiated by the findings
described by Boussy and Daniels (1991) that found only four strains empty
of canonical hobo (E strains), one from unknown origin and three from South
American origin, in populational samples of D. simulans collected in different
regions of the world. All other strains, originated from North America,
Australia, Europe and South Africa, showed a very strong hybridization
signal corresponding to the complete hobo element, as well as a 0.7 kb band
corresponding to an internally deleted element of 1.1 kb. Nevertheless, all the
populations analysed by Loreto, Zaha and Valente (1998c) were devoid of the
1.1 kb deleted element while two other populations presented faint signals
corresponding to the complete hobo element. The finding of other populations
devoid of that deleted element, in the present work, reinforce the hypothesis
of a recent invasion. Periquet et al., (1989) propose that typical deleted
elements could be involved in the regulation of autonomous hobo activity,
acting as a repressor. So, we could think that autonomous hobo invaded
recently the genome of the South American D. simulans populations and that
it is in the middle of its activity, increasing its copy number and producing
transposase. If we still suppose that one of its probable regulators is absent
in these populations but, on the other hand, mobilizable relics are present,
we have the expected conditions for the produced transposases to mobilize

these relics.
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However, if we take into account that these relic elements are ancient
by nature, probably remnants of earlier invasions of hobo in the Drosophila
genome as proposed by Boussy & Daniels (1991), and that the modern
autonomous element invaded the genome only recently, how, then, this relics
stayed active during the lack period of the autonomous element? Probably
other transposase sources could have been used. The hobo transposons
belong to a great superfamily of related elements, which share among
themselves some structural and functional features with regard to
transposase. Moreover, cross-mobilization between hobo and Hermes have
been reported in D. melanogaster (Sundararajam, Atkinson and O’Brochta,
1999) as well as the transposition dependent or independent of transposase
out of drosophilids has been noted in species that do not have copies of the
autonomous element (Handler & Gomez, 1996). So, in those circumstances
described above other transposase sources originated from related elements
could have served to the relics mobilization.

Pointed the evidences of mobility and activity of hobo'2 in the genome
as well as the evidences of its ancient presence in D. simulans, the question
that we raise now is about what is the role (or fate) of these elements in the
genome? Taking into account that some features observed in hobo'-2 are quite
similar to those described to MITEs elements, would hobo'-2 elements be a
new Drosophila MITEs family or, more interestingly, a sequence heading for a

MITE form and, thus, ensuring its maintenance in the genome for a long time
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and in a very efficient way? MITEs are characterized as very short (normally
less than 600 bp), non-autonomous, Class II elements. While copy numbers
of other Class II elements are relatively low, MITEs are often found in high
copy numbers in their host genome. They possess ITRs flanked by target site
duplications (TSDs) and have been classified into several superfamilies based
on the structural features of their ITRs and TSDs (Feschotte et al., 2002).
Since MITEs lack coding sequences, their mobilization requires transposase
encoded in trans by autonomous elements related to specific MITEs.
According to a model for the origin of MITEs, a MITE family is composed of
MITEs subfamilies that have arisen from related autonomous elements in a
single genome, like the conventional non-autonomous elements, but they
possess some features that allow them to be subsequently amplified to higher
copy numbers than their sibling conventional non-autonomous elements.
Based on the similarity between a MITE family and a potential partner,
Feschotte et al., (2002) propose different levels of MITEs classification. By the
features observed in the hobo'-2 elements, originally described in Torres et al.,
(2005), these elements could be considered as MITEs of level 2, once that
they share similarity of sequence in the TSDs, ITRs and sub-terminal regions
but not in the internal part in relation to the canonical hobo. However,
judging by the size and copy number, hobov2 does not seem to follow a
typical MITE pattern, although a few MITEs higher than 1 kb in length have

already been described (MITEs of Mutator-like superfamily of Arabidopsis
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thaliana) as it is the case for MITES whose copy number is lower than 50
copies (MITEs of A. thaliana hAT superfamily) (Feschotte et al, 2002).
Therefore, although hobo'2 elements do not have all typical MITEs features,
they share more features with these elements than with conventional non-
autonomous elements. So, we suggest that hobo'2 elements would be in an
intermediate form, in the boundary between hobo-related sequence and hobo
MITE, in a way that they have achieved to escape from genomic inactivation

and elimination, staying active (or mobilizable) for a long time.
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Figure legends

Figure 1 — Graphic representing the copy number of the hobo canonical (dark
bars) and hobo'2 (light bars) elements in some strains of D. simulans (see
Matherial and Methods). The mean value of copy number canonical is 20.11

*+ 2.08 and the hoboVAis 16.79 + 2.7

Figure 2 — Southern blot analysis of genomic DNA of some strains of D.
simulans (see Materials and methods) digested with Xhol and probed with A)
pHX4 plasmid (hobo canonical probe) and B) pHVA plasmid (hobo relic

probe).

Figure 3 — Southern blot analysis of genomic DNA of some strains of D.
simulans (see Materials and methods) digested with Xhol and probed with A)
pHX4 plasmid (hobo canonical probe) and B) pHVA plasmid (hobo relic

probe).

Figure 4 — Matrix of distance p between the 5 sub-terminal sequences
isolated from some clones in different strains. Numbers close to the names
indicate differents clones of the same strain. Numbers in parentheses are the

standards errors.
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Figure 5 — Matrix of distance p between the 3° sub-terminal sequences
isolated from some clones in different strains. Numbers close to the names
indicate differents clones of the same strain. Numbers in parentheses are the

standards errors.

Figure 6 — Neighborn joining K-2P phylogenetic model for sequences of 5°
sub-terminal region of the hobo elements isolated from different strains of D.
simulans and the equivalent region in hobov-2 and hdelsech. Bootstrap values

are indicated above the internal branches .

Figure 7 — Neighborn joining K-2P phylogenetic model for sequences of 3°
sub-terminal region of the hobo elements isolated from different strains of D.
simulans and the equivalent region in hobo'2 and hdelsech. Bootstrap

values are indicated above the internal branches .

Figure 8 — Banding patterns from some strains of D. simulans generated by
ITAP. A) With canonical primers match; B) with hobo'2 primers match and C)
canonical-hobo'2 primers match. The order in each gel is : 1- rb; 2 - dpp; 3 -
w; 4 - 1z; 5- yell; 6 - Eld; 7 - Peru; 8 - Zarate; 9 - Soll; 10 - Mirassol; 11 -
Arraial; 12 - Camp; 13 - Line2; 14 - Lag; 15 - Cast; 16 - Agro; 17 - Farr; 18 —
Chile. Marker sizes 1 kb Plus DNA Ladder are shown on the left side of each

gel before the strains.
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CAPITULO 4

DISCUSSAO GERAL, CONCLUSOES E PERSPECTIVAS

Sequiéncias relacionadas a hobo, desde suas descobertas, tém gerado
instigantes discussdoes em torno do seu verdadeiro relacionamento com a
familia hobo de elementos transponiveis, em funcao do seu padrao bastante
peculiar, observado em estudos de hibridizacoes com esse elemento. Da
mesma forma, questoes sobre suas origens e sua dinadmica de manutencao
no genoma tém sido levantadas. Dentre algumas possibilidades de
relacionamento com elementos funcionais, a mais fortemente aceita é a de
que essas seqUéncias sao remanescentes de elementos autonomos (também
referidas como “relics”), que invadiram o genoma ha muito tempo, mas
atualmente estdo inativos. Assim, essas sequéncias “relics”, atualmente,
podem existir isoladamente num genoma ou juntamente com elementos
autonomos oriundos de invasoes recentes.

Estudos de algumas seqUiéncias relacionadas a hobo tém revelado
divergéncias esperadas em relacao ao elemento auténomo, defectividade e,
principalmente, imobilidade dessas sequiéncias. O presente trabalho € uma

contribuicao ao entendimento da dinamica de sequéncias relacionadas a

81



hobo e seu papel na evolucao dessa familia de elementos transponiveis. A
oportunidade de estudar esse tipo de seqiiéncia surgiu da nossa necessidade
de caracterizar o agente causador de uma mutacao de novo no gene white em
uma linhagem hipermutavel de D. simulans (Loreto et al.,, 1998b; Torres,
2001). Para nossa surpresa, esse agente foi um elemento (ou sequiéncia)
relacionado a hobo (Torres et al., 2005) uma vez que, até entdo, estes tipos de
elementos eram considerados imoéveis no genoma. A partir dessa
caracterizacdo pudemos apontar algumas conclusdées importantes
brevemente discutidas como segue:

- o0 elemento caracterizado, denominado hobo'2, € um elemento hobo
menor, de aproximadamente 1,2 kb de tamanho, que apresenta
divergéncia de aproximadamente 18% em relacdo ao elemento
canonico;

- este elemento é caracterizado como seqUiéncia relacionada a hobo
claramente defectiva como todas as outras, porém, mobilizavel, pois
apresenta as estruturas essenciais para mobilizacao bem conservadas;

- para sua mobilizacao, necessita de uma fonte de transposase ativa
exogena que possa agir in trans. Dentre as possibilidades, sugerimos
que o elemento candnico (auténomo) seja o candidato mais provavel
para desempenhar essa funcao, devido a similaridade de sequiéncia
compartilhada entre esses elementos nas regidoes criticas para

mobilizacao, e pelas fortes evidéncias de invasao recente e atividade do
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elemento candnico (Boussy e Daniels, 1991; Simmons, 1992; Loreto et
al., 1998c¢); Outras fontes de transposase, entretanto, nao podem ser
descartadas, visto que hobo pertence a uma grande superfamilia de
elementos relacionados, bem como mobilizacdo cruzada ja foi
reportada entre membros dessa superfamilia (Sundararajan et al.,
1999);

hobo'-2 apresenta alta similaridade estrutural e de seqiiéncia com o
elemento hobo de D. sechellia (hdelsech) descrito por Periquet et al.
(1994). Isto reforca a idéia de que hdelsech € também um elemento
“relic” (provavelmente compartilhando um ancestral comum com
hobov-2 antes da especiacdo D. simulans/D. sechellia) e sugere um
potencial de mobilizacdo para esse elemento. A divergéncia
nucleotidica estimada entre esses elementos € compativel com o tempo
estimado de divergéncia das espécies. Se hdelsech é também
mobilizavel, podemos ter um exemplo de um transposon “relic” que se
mantém mobilizavel por relativamente longo tempo;

sequéncias similares a hobo'2 estdao ausentes no genoma de D.
melanogaster. Se hobo'2 e hdelsech sao “relics” das primeiras invasoes
de hobo propostas por Boussy e Daniels (1991), essa auséncia poderia
ser explicada pela possivel perda destas sequiéncias no ramo que deu

origem a D. melanogaster,
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- elementos hobov2 parecem constituir uma familia particular de
seqUiéncias relacionadas, relativamente conservadas entre si e em
diferentes populacoes de D. simulans;

- alguns “clusters” dentro dessa familia podem ser distinguidos e os
mesmos sao compartilhados entre diferentes populacoes;

- apresentam polimorfismo de sitios de insercao e variabilidade no
numero de copias, evidenciados por Southern Blot e ITAP, o que nos
da fortes indicios de atividade atual ou recente desses elementos no
genoma dessas populacoes;

- compartilham muitas caracteristicas estruturais e funcionais com
elementos MITEs, o que nos leva a sugerir que elementos hobov-2
podem ser ou uma nova familia de MITEs de Drosophila ou, mais
provavelmente, estariam se encaminhando para esse destino.

A parte das principais conclusées/discussées apresentadas aqui, os
dados obtidos nessa tese nos instigam a fazer, ainda, algumas outras
especulacoes a respeito da dinamica das sequiéncias relacionadas a hobo
descritas no presente estudo e suas possiveis interacéoes com o elemento
autonomo moderno no genoma de D. simulans. Se considerarmos, por
exemplo, o ciclo de vida proposto de um transposon (Brookfield, 2005),
podemos sugerir que hobo'2 e o elemento canodnico estariam passando por
uma fase de competicao entre elemento autonomo, que esta em processo de

invasao e aumento do numero de copias, versus elemento nao-auténomo
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que, mesmo sem agir como repressor direto do elemento auténomo compete
por sua transposase in trans para sua mobilizacdo e aumento do seu
numero de copias. Esse elemento nao autonomo (hobo'-?), como ja
comentamos, teria se originado de invasdes mais antigas de um outro
elemento auténomo (que provavelmente se extinguiu) e agora interage com
um elemento auténomo que invadiu recentemente o genoma.

Independente da origem dessas seqUiéncias, outra questao a discutir €
a do impacto desse tipo de sequiiéncia na evolucao do elemento autonomo. A
proliferacao de elementos nao auténomos tem sido hipotetizada levar a
extincao do elemento auténomo de origem através da competicdo pela
transposase ativa produzida por aqueles elementos. Se, além dos elementos
defectivos convencionais, outras formas de “competidores” pelas
transposases ativas também estdo presentes no genoma, seja como uma
forma MITE ou mesmo mais branda (como “relics”), podemos esperar que o
elemento autonomo sofra um impacto maior e se encaminhe cada vez mais
para uma fase de eliminacao do genoma, comecando pela progressiva
diminuicado do numero de <coOpias até sua provavel extincao.
Consequientemente, com o encerramento da producao de transposases
ativas, elementos nao autéonomos (como os “relics” mobilizaveis) tendem a ser
inativados e também perdidos, a menos que encontrem uma forma

alternativa de sobrevivéncia, como mobilizacao cruzada, por exemplo.
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Uma questao bastante intrigante, ainda, € a de como esses elementos nao
autonomos vém se mantendo por tanto tempo, com um grau de conservacao
de sequéncia que lhes permite ainda serem mobilizaveis e, provavelmente,
ativos? Conforme discutido em Torres et al, (2005), elementos hobo'-2 se
manteriam mobilizaveis para escapar da eliminacao, segundo a hipotese de
Lerat et al. (2003) de um alto “turnover” de TEs no genoma. Mas como isto
poderia acontecer? Mullins et al (1989) sugerem que as ITRs e regides
flanqueadoras internas (ou subterminais) sdo as mais importantes para
mobilizacao de elementos de Classe II (transposons). Entao, para se
manterem mobilizaveis, essas regioes devem se manter conservadas o
suficiente para que alguma transposase relacionada possa reconhecé-las e,
entao, efetuar a mobilizacao do elemento. Nesse contexto, podemos propor,
entdo, que possa haver selecdo atuando, ao nivel do elemento, para a
conservacao dessas regioes, o que garantiria sua mobilidade, atividade e,
consequentemente, sua sobrevivéncia.

Silva e Kidwell (2000) tém proposto que a principal e talvez a unica
fonte de selecao realmente atuante sobre os TEs ocorra durante a
transmissao horizontal, uma vez que esse seria o mecanismo essencial para
a sua sobrevivéncia. No entanto, se considerarmos que a atividade (ou a
mobilidade) é outra forma de sobrevivéncia de um elemento no genoma,

podemos propor que a selecao também atue na conservacao de regioes
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criticas a mobilizacao (o outro mecanismo essencial para sobrevivéncia do
elemento).

A continuidade de trabalhos com elementos hobo'2 podera contribuir
para a compreensdao de muitas das questoes discutidas aqui e até mesmo
outras que venham a ser levantadas. Assim, como perspectivas, sugerimos:

- aumento do numero de “reads” para cada clone, pelo seqienciamento
dos mesmos, para montagem e analise da sequéncia inteira dos
elementos nas populacoes;

- expansao da amostragem populacional, com populacoes de diferentes
procedéncias geograficas, para avaliar a conservacao de hobo'2 nessas
populacoes;

- analise particular da regido microsatélite interna desses elementos,
para avaliar o grau de degeneracao e/ou similaridade entre sequiiéncias
de diferentes populacoes;

- ensaio de mobilizacdo de hobo'2 para confirmar seu potencial de
mobilidade;

- busca de hobo'2 ou sequéncias similares nos genomas disponiveis,
especialmente de D. simulans e espécies relacionadas, para avaliacao
do numero de copias, estrutura e conservacao dessas sequéncias
nessas espécies;

- caracterizacao de elementos hobo'2 nas espécies cripticas de D.

simulans (D. mauritiana e D. sechellia) como forma de avaliar a possivel
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origem, manutencdo e relacionamento dessas sequéncias entre as as

espécies do complexo melanogaster.
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Anexo 1

Alinhamentos das sequiéncias dos elementos hobo canoénico de
Drosophila melanogaster (HFL1) e hdelsech de Drosophila sechellia com a

sequéncia do elemento hobo'-2 de Drosophila simulans.
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Figura 5 - Alinhamento da sequéncia do elemento hobo candnico de
Drosophila melanogaster (HFL1) (GenBank M69216) com o elemento hobo'-2

de Drosophila simulans (GenBank AY764286).
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Figura 6 - Alinhamentos das sequiéncias do elemento hdelsech de
Drosophila sechellia com a sequiéncia do elemento hobo'2 de Drosophila

simulans.
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Anexo 2

Figuras de Southern blot, matrizes e alinhamentos referentes as

sequéncias descritas no Capitulo 3.
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A)

S kb —
4 kb —
I kb —

D kh —
1.6 kb —

1 kb —

B)

Figura 1- Southern blot do DNA gendmico digerido com Bgll de algumas linhagens de
Drosophila simulans hibridizados com A) pHFL1 e B) pHVA. Os nomes das linhagens estao

acima e o marcador de peso molecular esta indicado a esquerda.
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Figura 2 - Alinhamento das regidoes subterminais 5’ das sequéncias
hobov-2 amplificadas com primers hva 1s e hva 2as, descritas no Capitulo 3.
As siglas correspondem aos nomes das linhagens utilizadas e os numeros ao

lado das siglas correspondem a clones diferentes de uma mesma linhagem.
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Figura 3 - Alinhamento das regides subterminais 3’ das sequéncias
hobov-2 amplificadas com primers hva 1s e hva 2as, descritas no Capitulo 3.
As siglas correspondem aos nomes das linhagens utilizadas e os numeros ao

lado das siglas correspondem a clones diferentes de uma mesma linhagem.
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Figura 4 — Montagem dos alinhamentos das regides subterminais 5’ e
3’ das sequéncias hobo'2 amplificadas com primers hva 1s e hva 2as,
descritas no Capitulo 3 juntamente com as sequiéncias dos elementos hobo'-2
(AY764286) e hdelsech (X77577) nas regides correspondentes. As siglas
correspondem aos nomes das linhagens utilizadas e os numeros ao lado das

siglas correspondem a clones diferentes de uma mesma linhagem.
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Livros Gratis

( http://www.livrosgratis.com.br )

Milhares de Livros para Download:

Baixar livros de Administracao

Baixar livros de Agronomia

Baixar livros de Arquitetura

Baixar livros de Artes

Baixar livros de Astronomia

Baixar livros de Biologia Geral

Baixar livros de Ciéncia da Computacao
Baixar livros de Ciéncia da Informacéo
Baixar livros de Ciéncia Politica

Baixar livros de Ciéncias da Saude
Baixar livros de Comunicacao

Baixar livros do Conselho Nacional de Educacdo - CNE
Baixar livros de Defesa civil

Baixar livros de Direito

Baixar livros de Direitos humanos
Baixar livros de Economia

Baixar livros de Economia Doméstica
Baixar livros de Educacao

Baixar livros de Educacdo - Transito
Baixar livros de Educacao Fisica

Baixar livros de Engenharia Aeroespacial
Baixar livros de Farmacia

Baixar livros de Filosofia

Baixar livros de Fisica

Baixar livros de Geociéncias

Baixar livros de Geografia

Baixar livros de Histdria

Baixar livros de Linguas
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