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RESUMO

Esta Tese possui dois enfoques como objetivo geral. Primeiramente, nossos dados
contribuem para o conhecimento do padrdo de evolucdo do elemento de transposigdo
micropia dentro do género Drosophila, também verificando a atuacdo desses elementos
como fonte de variabilidade genética. Em segundo lugar geramos dados citogenéticos e
moleculares inéditos a respeito de espécies do grupo cardini de Drosophila, bastante
freqgliente nas assembléias de Drosophilidae na regido Neotropical e que havia sido muito
pouco estudado do ponto de vista genético até entdo.

Com isso, no Capitulo Il verificamos a presenca e a alta similaridade de
sequéncias deste retroelemento em diferentes populagdes de D. cardinoides, D. neocardini
e D. polymorpha. Ainda, quando comparadas com a sequéncia presente em uma espécie do
grupo repleta, D. hydei, as sequéncias daquelas trés espécies também apresentaram alta
similaridade (97%). O grupo repleta e o grupo cardini do género Drosophila parecem ter
divergido h& 45 milhGes de anos atrés. Portanto, para explicar os dados obtidos sugerimos
a atuacgdo de transmissao horizontal entre as espécies analisadas.

Ampliando as analises, no Capitulo 111 a presenca de micropia foi identificada nas
demais espécies do grupo cardini com excecdo das espécies do grupo que apresentam
distribuicdo geogréfica restrita as ilhas caribenhas. As compara¢fes com sequéncias
presentes em outras espécies do grupo repleta, assim como nos 12 genomas de espécies do
género Drosophila disponiveis em bancos de dados publicos, verificamos que a histéria
evolutiva do elemento micropia provavelmente inclui polimorfismo ancestral e
transmisséo tanto vertical quanto horizontal com mecanismos de introgressdo entre as

espécies potencialmente atuando na geragdo desses padrdes.
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Com a finalidade de estudar a possivel atuacdo deste retroelemento como fonte de
variabilidade genética através da geracdo de inversdes nas espécies do grupo cardini, 0
primeiro passo foi a identificacdo de potenciais sitios de inser¢cdo nos cromossomos
politénicos dessas espécies. No Capitulo 1V estimamos o numero de cOpias de micropia
no genoma de seis espécies do grupo cardini (D. cardini, D. cardinoides, D. neocardini, D.
neomorpha, D. parthenogenetica e D. polymorpha) verificando que varia entre seis e 18
copias. Ainda, observamos a presenca de potenciais copias em pontos de quebra para
inversdes cromossdmicas em trés espécies. No Capitulo 1V discutimos o significado
desses dados com base nos dados ja obtidos para outras espécies.

O polimorfismo cromossémico dos cromossomos politénicos e a analise comparada
dessas estruturas para as seis espécies do grupo cardini previamente citadas, foi estudado
no Capitulo V. Neste capitulo identificamos a presenca de uma inversdo nas populacdes
estudadas de D. cardini e D. neocardini, duas inversdes nas populacfes de D. cardinoides
e D. parthenogenetica e quatro inversdes nas populagdes de D. polymorpha. Das 10
inversdes identificadas, sete sdo descritas pela primeira vez neste capitulo. Nenhuma
inversdo heterozigota foi encontrada na populagdo de D. neomorpha aqui analisada,
portanto apresentando um padrdo homocariotipico. Ainda no Capitulo V apresentamos 0s
primeiros fotomapas para as espécies D. cardini e D. parthenogenetica, assim como a
reconstrucdo dos fotomapas das espécies D. cardinoides, D. neocardini e D. polymorpha.
Também foi realizada a comparacdo par a par de cada cromossomo politénico entre todas
as espécies com a finalidade de encontrar regiGes similares Uteis no estabelecimento de
relacdes de parentesco através deste marcador. No Capitulo V esses dados sdo discutidos

baseados no enfoque evolutivo para o grupo cardini.
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ABSTRACT

This Thesis possesses two approaches as mainly objectives. First, our data
contribute for the knowledge of the evolutionary pattern of the transposable element
micropia in the Drosophila genus, and also to the role of these elements as source of
genetic variability. Second, we generate cytogenetic and molecular new data regarding the
cardini group species of Drosophila genus; these species are frequent in the Neotropical
assemblies of Drosophilidae, and they had been very little studied of the genetic point of
view until then.

In Chapter Il we verify the presence and the high sequence similarity of this
retroelement in different populations of D. cardinoides, D. neocardini and D. polymorpha.
Furthermore, when these sequences are compared with the sequence present in the genome
of a repleta group species, D. hydei, they show also a high similarity (97%) among them.
The repleta group and the cardini group of the Drosophila genus seem to have diverged 45
million years ago. Therefore, to explain the obtained data we suggest the action of
horizontal transmission events between the species.

Extending this analysis, in Chapter 111 the presence of micropia was identified in
other species of the cardini group, with exception of the group species with geographic
distribution restricted to the Caribbean islands. The comparisons with sequences present in
other species of the repleta group as well as in the 12 Drosophila genomes available in
public data bases, we verify that the evolutionary history of the micropia element probably
includes ancestral polymorphism, vertical and horizontal transmission with introgression

mechanisms among species potentially acting in the generation of this evolutionary pattern.
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Aiming the analysis of micropia as source of genetic variability through the
inversions generation in the cardini group species, the first step was the identification of
potential insertion sites in the polytene chromosomes of these species. In Chapter 1V we
estimate the micropia copies number in the genome of six cardini group species (D.
cardini, D. cardinoides, D. neocardini, D. neomorpha, D. parthenogenetica and D.
polymorpha) verifying that it varies between six and 18 copies. Furthermore, we observed
the presence of copies in the break points of chromosomal inversions for three species. In
Chapter IV we argue the meaning of these data on the basis of the data already obtained
for other species.

The chromosomal polymorphism observed in the polytene chromosomes and the
comparative analysis of these structures for the six species of the cardini group previously
cited were studied in Chapter V. In this chapter we identified the presence of only one
chromosomal inversion in the analyzed populations of D. cardini and D. neocardini, two
inversions in the D. cardinoides and D. parthenogenetica populations, and four inversions
in the D. polymorpha. From these 10 identified inversions, seven are described for the first
time in this chapter. No heterozygous inversion was found in the D. neomorpha population
analyzed here, therefore presenting a homokaryotipic pattern. Besides this, in Chapter V
we also present the first reference photomaps for Drosophila cardini and D.
parthenogenetica, as well as the photomaps reconstruction of D. cardinoides, D.
neocardini and D. polymorpha. We also performed a pairwise analysis of the polytene
chromosomes between the species aiming to find useful regions for the establishment of
evolutionary relationships based in this marker. In Chapter V these data are argued based

on evolutionary approaches for the cardini group.
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CAPITULO |

Prefacio

Este trabalho teve inicialmente a intencdo de dar continuidade aos estudos
genéticos realizados com espécies do grupo cardini do género Drosophila (Diptera:
Drosophilidae). Durante a minha graduacdo, orientada pelo professor Dr. Paulo Hofmann,
trabalhei com a Dra Daniela De Toni e conheci o grupo cardini juntamente com a
exuberancia dos cromossomos politénicos. No meu mestrado tive a oportunidade de
estudar a presenca de elementos transponiveis (TEs, do inglés transposable elements) em
algumas espécies do grupo cardini cuja distribuicdo ocorre no sul do Brasil. Apesar dos
obstaculos que sempre surgem quando desafiamos nosso conhecimento, com a ajuda do
professor Dr. Elgion Loreto e sob a orientacéo da professora Dra. Vera Valente, conheci o
admiravel mundo dos TEs: transposons, retrotransposons, a instabilidade do genoma,
mutacdes, controle genético, geracdo de inversdes, reorganizacdo genémica, etc.

No meu projeto de doutorado reuni cromossomos politénicos e um elemento de
transposicéo, estudando a interacdo entre o grupo cardini e o retroelemento micropia.
Tanto o grupo cardini quanto o retroelemento micropia possuem uma histéria recente em
pesquisas. Em 1942 o grupo cardini comecou a ser estudado (Sturtevant, 1942),
salientando o elevado grau de polimorfismo inter e intraespecifico. O retroelemento
micropia , por sua vez, foi descoberto por acaso, nas algas das estruturas de lampbrush dos
cromossomos Y em D. hydei (Huijser et al., 1988). Os resultados da minha Tese seréo

descritos e discutidos a seguir.
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Introducéo

O género Drosophila

A familia Drosophilidae (Classe Insecta: Ordem Diptera) é apenas uma das mais de
150 familias que compdem a ordem Diptera (Yeates e Wiegmann, 2005), e encontra-se
entre as mais diversas e amplamente distribuidas. Esta familia compreende mais de 3500
espécies (Bachli, 2009) conhecidas vulgarmente por mosca da fruta ou mosca do vinagre.

Dentre os 40 géneros descritos para esta familia, o género Drosophila é o mais
diverso com mais de 1400 espécies ja descritas, presente nos mais diversos tipos de
ambientes com excecdo dos Po6los Norte e Sul. Neste género, os subgéneros mais
representativos sdo o subgénero Drosophila e o subgénero Sophophora (revisdéo em
Wheeler, 1981; Béchli, 2009). Segundo Tamura et al. (2004), estes dois subgéneros
dividiram-se ha cerca de 63 milhdes de anos.

O subgénero Sophophora foi estabelecido por Sturtevant (1939) e compreende
cerca de 340 espécies subdivididas em oito grupos (Béchli, 2009): dentissima, dispar, fima,
melanogaster, obscura, populi, saltans e willistoni. Throckmorton (1975) sugeriu, ainda,
que a radiacdo Sophophora originou-se nos trépicos do Velho Mundo e, segundo Powell et
al. (2003), a linhagem que levou aos grupos saltans e willistoni divergiu da linhagem

ancestral aos grupos melanogaster e obscura ha cerca de 20 milhGes de anos.

O subgénero Drosophila é o maior representante do género Drosophila, com pelo
menos 721 espécies descritas, subdivididas em 43 grupos (Bachli, 2009): angor,

annulimana, antioquia, aureata, bizonata, bromeliae, calloptera, canalinea, carbonaria,
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cardini, carsoni, coffeata, dreyfusi, flavopilosa, funebris, guarani, guttifera, histrio,
immigrans, macroptera, melanica, mesophragmatica, morelia, nannoptera, nigrosparsa,
onychophora, pallidipennis, peruviana, picta, pinicola, polichaeta, quadrisetata, quinaria,
repleta, robusta, rubrifrons, simulivora, sticta, testacea, tripunctata, tumiditarsus, virilis e
xanthopallescens. Segundo Powell e DeSalle (1995), esta radiacdo ocorreu entre 25 e 36

milhdes de anos atras.

Na regido Neotropical, o subgénero Drosophila constitui 0 maior representante da
familia Drosophilidae apresentando pelo menos 25 grupos diferentes de espécies (Val et
al., 1981). Malogolowkin (1953) e Throckmorton (1975) dividiram as espécies do
subgénero Drosophila em duas linhagens principais: a se¢do ou radiacdo virilis-repleta e a

secdo ou radiacdo quinaria-tripunctata.

O grupo cardini

O grupo cardini estd compreendido dentro da radiacdo quinaria-tripunctata do
subgénero Drosophila e teve sua origem no Novo Mundo (Trockmorton, 1975). Este grupo
de espécies estd filogeneticamente relacionado aos grupos calloptera, guarani e
tripunctata (Throckmorton, 1975; Grimaldi, 1990; Robe et al., 2005). Alguns trabalhos de
taxonomia com o grupo cardini reportam varias dificuldades em estabelecer critérios
baseados em caracteristicas de morfologia externa para identificar as espécies (Streisinger,
1946; Stalker, 1953; Heed e Wheeler, 1957; Vilela et al., 2002); e, muitas vezes, é
necessario recorrer a identificacdo pela morfologia da genitélia interna do macho, o edeago

(Heed, 1962; De Toni et al., 2005).
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Este grupo foi primeiramente estabelecido por Sturtevant (1942) incluindo D.

cardini, D. similis e outras duas espécies, D. albirostris e D. metzii, que posteriormente

foram classificadas como pertencentes ao grupo tripunctata (Vilela, 1984), demonstrando a

proximidade taxonémica destes dois grupos. Desde entdo outras espécies foram incluidas

no grupo cardini, baseado nos caracteres da morfologia interna e externa (Tabela 1).

Tabela 1: Diviséo das espécies do grupo cardini nos seus respectivos subgrupos, com seu

padréo de coloragdo abdominal

Subgrupo  Espécie Padrdo de coloracdo Primeira descri¢do
cardini D. bedichecki " Heed e Russel, 1971
D. acutilabella /% PN @ Stalker, 1953
D. cardini T e Q Sturtevant, 1916
D. cardinoides T s .% Dobzhansky e Pavan, 1943
D. neocardini W > Q/éa Streisinger, 1946
A | _
D. neomorpha {;, — féi Heed e Wheeler, 1957
D. parthenogenetica ,;7/’/;1 - @ Stalker, 1953
D. polymorpha ,;/(;;\ - ;‘Q Dobzhansky e Pavan, 1943
M .
D. procardinoides % Frydenberg, 1956
dunni D. antillea % Heed, 1962
D. arawakana @ Heed, 1962
D. belladunni ??‘ Heed e Krishnamurthy, 1959
D. caribiana % Heed, 1962
D. dunni .\G’E Townsend e Wheeler, 1955
D. nigrodunni % Heed e Wheeler, 1957
D. similis Williston, 1896

Fonte: Brisson et al. (2006)
? ndo ha informagéo para esta espécie
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O grupo cardini tem a seguinte distribuicdo geografica (Figura 1), segundo Béchli

(2009):

e D. bedicheki é descrita para a ilha de Trinidad, porém parece ser uma espécie rara, pois
ndo existem mais registros desta espécie (Brisson et al., 2006);

e D. acutilabella tem distribuicdo restrita ao sul da América no Norte, Panama, e algumas
ilhas ao norte do Caribe;

e D. cardini, D. cardinoides, D. neocardini e D. polymorpha possuem a distribui¢cdo mais
ampla do grupo: desde o sul da América do Norte até o sul o sul da América do Sul (sul
do Brasil e norte do Chile e Argentina); D. cardini ainda tem ocorréncia na ilha do
Hawaii e D. cardinoides ja foi descrita para a ilha de Galapagos;

e D. neomorpha e D. parthenogenetica tém distribuicdo descrita para o México, América
Central, Colémbia e Brasil. A presenca destas espécies no Brasil € recente (De Toni et
al., 2005), na regido norte e sul somente, e especula-se que essa distribuicdo seja mais
ampla devido a baixa frequéncia de tais espécies nas coletas e a dificuldade de
identificacdo, facilmente confundida com D. polymorpha e D. cardinoides;

e D. procardinoides tem a distribuicdo restrita a uma area de alta altitude entre Bolivia,
Peru e Brasil,

¢ D. antillea, D. arawakana, D. belladunni, D. caribiana, D. dunni, D. nigrodunni e D.
similis sdo espécies pertencentes ao subgrupo dunni e possuem uma distribuigdo restrita
as ilhas caribenhas Santa Lucia, Guadalupe, Jamaica, Martinique, Porto Rico e Sao

Tomas, Barbados, Séo Vicente e Grenada, respectivamente.
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Figura 1: Distribuicdo geogréfica das
espécies do subgrupo cardini (A) e do

subgrupo dunni (B). Baseado em

A | Béchli (2009).

Originalmente, as espécies do grupo cardini foram divididas nos dois subgrupos
(subgrupo dunni e subgrupo cardini) de acordo com a distribuicdo geografica e o padrdo da
pigmentacdo das faixas abdominais dessas espécies (Tabela 1; Figura 1). Com exce¢édo de
D. procardinoides, que é monomorfica quanto a pigmentacdo abdominal, todas as demais
espécies do subgrupo cardini sdo polimorficas para este marcador e apresentam uma
distribuicdo continental (Heed e Krishnamurth, 1959). O padrdo monomorfico da
pigmentacdo abdominal de D. procardinoides é atribuido ao fato desta espécie apresentar
uma distribuicdo restrita & uma regido de altitude entre a Bolivia Brasil e Peru (Figura 1A),
diferentemente das demais espécies deste subgrupo (Brisson et al., 2006). A distribuicédo
do subgrupo dunni apresenta um padrédo clinal (Figura 1B; Figura 2) onde as espécies de
padrdo mais escuro ocupam ilhas ao sul da distribuicdo do grupo e as espécies mais claras
ocupam ilhas ao norte (Heed e Krishnamurth, 1959). Estudos evolutivos verificaram que 0

padrdo clinal da pigmentagdo dessas espécies é resultado de forgas seletivas atuando no
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habitat durante o processo de especiacgdo (Hollocher, 1996; Hollocher et al., 2000; Wilder
et al., 2004).

No grupo cardini, D. polymorpha é a espécie que possui 0 maior polimorfismo de
pigmentacdo intraespecifico que parece responder a um controle genético com a interacao
de trés locus (Da Cunha, 1949; Da Cunha et al., 1953; Heed e Blake, 1963; Martinez e
Cordeiro, 1970) (Da Cunha, 1949; Heed e Russel, 1971; Brisson et al., 2005). Esta espécie
também apresenta uma distribuicdo clinal do polimorfismo de pigmentacdo (Figura 3) com
individuos mais claros ao sul e mais escuros ao norte da sua disctribuicdo (Heed, 1963).
Esta espécie apresenta um padrdo fenotipico sazonal (Machado et al., 2001) onde os
individuos escuros aumentam em nimero durante os periodos mais frios do ano, por volta

de 13°C, o que parece ter uma explicacdo fisioldgica ainda ndo totalmente elucidada.

D. dunni dunni D. dunni thomasensis D. arawakana kitcensis

arawakana

-.-‘;r Thomas £ / D. ranhmna
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Figura 3: Padrdo do polimorfismo de pigmentagédo
em D. polymorpha. A. Fenétipo claro. B.
Fendtipo intermediario. C. Feno6tipo escuro.
Modificado de Machado et al. (2001).

Recentemente, as relagdes filogenéticas do grupo cardini foram estudadas
utilizando-se marcadores genéticos, tanto genes nucleares quanto genes mitocondriais
(Figura 4) (Robe et al., 2005; Brisson et al., 2006). Previamente, hipéteses alternativas
foram propostas utilizando dados de intercruzamentos (Heed e Krishnamurthy, 1959),
morfologia da genitalia interna masculina (Heed, 1962), inversdes cromossémicas (Heed e
Russel, 1971) e o padrédo eletroforético de isoenzimas (Napp e Cordeiro, 1981).

Os dados de Brisson et al. (2006), com os genes nucleares pgd — phosphogluconate
dehydrogenase, mlc — myosin light chain, e sod — Cu, Zn superozidase dismutase e 0s
genes mitocondriais COIl — cytochrome oxidase Il, cytB — cytochrome B, e 16S — 16S
ribosonal DNA, mostram que D. neocardini se encontra filogeneticamente mais proxima a
D. cardinoides (Figura 4), enquanto que os outros marcadores (morfologia da genitalia
interna masculina, inversbes cromossdémicas e isoenzimas) mostram uma maior
proximidade filogenética de D. neocardini com D. polymorpha. Isto pode estar refletindo a
mistura de caracteristicas ancestrais presentes em D. neocardini no que diz respeito a
caracteristicas de genitalia e inversdes cromossémicas (Heed, 1962; Heed e Russel, 1971).

Outra inconsisténcia foram as relagdes entre D. cardinoides, D. parthenogenetica e D.
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procardinoides as quais foram agrupadas, porém com baixo suporte estatistico (Brisson et
al., 2006). Os autores informam que essas espécies possuem uma origem recente e ainda
podem estar se diferenciando tanto nos locos nucleares quanto mitocondriais.

De acordo com Brisson et al. (2006), as espécies do subgrupo cardini se divergiram
hd 6,6 milhdes de anos e formam um grupo parafilético. Os autores explicam que a
parafilia do subgrupo cardini é resultado da radiacdo das espécies do subgrupo dunni do
continente para as ilhas. Todos os trabalhos anteriormente citados, que estudaram as
relagdes filogenéticas do grupo, concordam com o estabelecimento de D. cardini como a
espécie basal do grupo (Figura 4). Esta informacdo corrobora os dados citogenéticos, onde
D. cardini apresenta o numero diploide de cromossomos igual a 12, todos acrocéntricos,
enquanto que as demais espéecies possuem 0ito cromossomos, 0 par XY acrocéntrico e 0s
autossomos metacéntricos (Heed e Russel, 1971). Além disso, esta constituicdo
cromossOmica das espécies sugere que, durante a evolucdo deste grupo, ocorreram varios

eventos de fusdo e inversdes cromossdmicas (Heed e Russel, 1971).

cardini

_‘— polymorpha

neomorpha

neocardini

parthenogenetica

cardinoides

subgrupo cardini

procardinoides

acutilabella

| belladunni

dunni

<imilis Figura 4. Reconstrucdo da
filogenia do grupo cardini baseado

caribiana

antillea em trés genes nucleares e trés

nigrodunni

subgrupo dunni

genes mitocondriais. Modificado

arawakana de Brisson et al. (2006).

22



O trabalho de Heed e Krishnamurthy (1959), com cruzamentos interespecificos,
mostra um padrdo interessante; enquanto que as espécies presentes em ilhas intercruzam e
geram hibridos férteis, as espécies presentes no continente possuem um intercruzamento
mais restrito. A maioria das espécies de ilha ndo intercruzam com as espécies do
continente, porém D. acutilabella potencialmente intercruza com algumas espécies do
continente e com espécies presentes nas ilhas do Caribe produzindo hibridos férteis.
Drosophila acutilabella é a Unica espécie do grupo cardini que apresenta distribuicdo tanto
em ilhas quanto no continente (Figura 1A). As inconsisténcias encontradas por Brisson et
al. (2006) nas relacdes filogenéticas entre as espécies do grupo cardini para cada marcador
molecular estudado podem estar mostrando que as espécies do grupo cardini tiveram uma
radiacdo rapida com a diferenciacdo incompleta dos genes (incomplete lineage sorting) nas
suas espécies ancestrais.

Além do polimorfismo de pigmentacdo abdominal, as espécies do grupo cardini
também séo polimorficas para inversdes cromossdmicas (Da Cunha et al., 1953; Heed e
Russel, 1971; Rohde e Valente, 1996a; De Toni et al., 2001a, 2006). Heed e Russel (1971)
realizaram um extensivo trabalho delineando as relagfes filogenéticas das espécies do
grupo cardini baseado nas inversdes cromossdémicas em cromossomos politénicos
compartilhadas entre as espécies. Apesar do grande nimero de inversdes analisadas, a
dificuldade estd em identificar tais inversbes nos estudos atuais, pois 0S primeiros
fotomapas de espécies do grupo cardini foram publicados anos depois por Rohde e Valente
(1996a), para D. cardinoides e D. polymorpha e por De Toni et al. (2001b; 2006) para D.
neocardini e D. neomorpha. Nesses estudos, D. polymorpha tem se mostrado a espécie
mais polimorfica do grupo cardini (Da Cunha et al., 1953; Rohde e Valente, 1996a; De

Toni et al., 2001a) e também a mais versatil, sendo encontrada em abundancia nos

23



diferentes tipos de ambientes (De Toni e Hofmann, 1995; Rohde e Valente, 1996b;
Gottschalk et al., 2007). Segundo Da Cunha et al. (1950, 1959), a quantidade de
polimorfismo encontrada em uma espécie reflete a variedade de nichos ecoldgicos
ocupados por suas populacdes, pois esses polimorfismos representam caracteristicas que
adaptaram os individuos da espécie a tais ambientes.

Considerando os grupos do género Drosophila nativos da regido Neotropical, as
espécies do subgrupo cardini ficam em segundo lugar em abundancia, perdendo para as
espécies do grupo willistoni que possui a maior representatividade (Gottschalk et al., 2007,
Chaves e Tidon, 2008). As espécies do grupo cardini, portanto, mostram-se objetos de
estudo promissores e potenciais em pesquisas de variabilidade, sendo visivel o alto grau de

polimorfismo cromossémico e de pigmentacdo presentes no grupo.

Identificando por cddigos de barra - Evolugdo cromossémica em Drosophila

Os cromossomos politénicos representam um arranjo linear das unidades génicas de
uma espécie que, por serem resultado de sucessivos ciclos de endomitose, amplificando
desta forma o numero de copias dos genes, tém sido bastante utilizados nos estudos de
biologia molecular e evolugédo (Krimbas e Powell, 1992). O processo de endomitose ocorre
no estagio de interfase da divisdo celular e resulta em uma grande estrutura cromossémica
que apresenta um padrdo de bandas formado naturalmente pela sinapse precisa dos
cromdmeros paralelos das cromatides politenizadas. Este padrdo de bandas é Unico para
cada espécie, tornando-se Unico também para cada um dos cromossomos (Ashburner,

1976).
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Por volta de 1935 foram realizadas as primeiras observagbes de inversdes
cromossdmicas heterozigotas nos cromossomos politénicos de D. pseudoobscura, D.
persimilis e nos seus hibridos (revisdo em Krimbas e Powell, 1992). Desde entdo, tem sido
demonstrado que mais da metade das espécies do género Drosophila sdo naturalmente
polimorficas para inversdes cromossdmicas paracéntricas (inversdo ocorrida em apenas um
brago cromossémico) e pericéntricas (inversdo envolvendo os dois bragcos cromossémicos).

Baseado nas inversGes cromossdmicas observadas em varias espécies de
Drosophila, Sturtevant e Dobzhansky (1936) e Dobzhansky (1937) verificaram que seria
possivel inferir as relagcdes filogenéticas entre as espécies bastando apenas apresentarem
certo namero de inversdes em um dos bragos de seus cromossomos politénicos, porém com
auséncia de indicacdo temporal dos eventos evolutivos. A metodologia de inferéncia das
relacdes filogenéticas utilizada por esses autores é baseada na sobreposi¢do de inversdes
paracéntricas. Através desta metodologia varios autores tém construido e reconstruido
filogenias para espécies de diferentes grupos do género Drosophila: grupos da fauna
havaiana (Carson e Kaneshiro, 1976), grupo guarani (Salzano, 1954; Kastritsis, 1969),
grupo melanogaster (Lemeunier e Ashburner, 1976 e 1984; Lemeunier et al., 1986), grupo
repleta (Wasserman, 1982, 1992; Wasserman e Wilson, 1957 e Diniz, 1998), grupo saltans
(Bicudo, 1973), grupo tripunctada (Kastritsis, 1966), grupo virilis (Throckmorton, 1982) e
0 subgrupo willistoni (Rohde et al., 2006).

As analises mais acuradas de trabalhos recentes, que compararam sequéncias
nucleotidicas entre os genomas das 12 espécies de Drosophila ja disponiveis em banco de
dados publicos (Bhutkar et al., 2008; Schaeffer et al., 2008), verificaram que durante o
processo evolutivo das espécies de Drosophila houve uma intensa reorganizagdo das

sequéncias cromossOmicas, potencialmente auxiliada pelas inversdes paracéntricas e
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pericéntricas. O processo pelo qual origina as inverdes ainda ¢ muito limitado, entretanto
parece haver o envolvimento de eventos de recombinagdo ectOpica entre sequéncias
repetitivas e invertidas nas regides dos pontos de quebra das inversdes (Céceres et al.,
1999, 2001; Puig et al., 2004). Em D. melanogaster, D. simulans e D. yakuba foi
verificado que 59% das inversGes cromossomicas parecem estar associadas com

duplicacgdes invertidas de genes ou outras sequéncias ndo repetitivas (Ranz et al., 2007).

Elementos de Transposi¢édo

McClintock e o arco-iris nos gréaos de milho — Um breve historico

O estudo com TEs teve seu inicio no final da década de 40. Naquele periodo, ap6s
anos de pesquisa sobre um lécus mutdvel no genoma de milho (Zea mays), a
citogeneticista norte americana Barbara McClintock chegou a conclusdo de que, neste
organismo, o lécus Ds possuia a capacidade de se transpor de um lugar a outro no genoma,
auxiliado pelo lécus Ac, potencialmente alterando a coloragcdo da camada de aleurona nos
grdos de milho. Essas descobertas ndo foram facilmente aceitas pela comunidade cientifica
da época porque a existéncia de tais elementos mdveis implicaria no dinamismo do
genoma, algo inaceitavel até entdo. Porém, 35 anos mais tarde, Barbara McClintock
recebeu a mencdo maxima da pesquisa, o Prémio Nobel em Medicina, pela descoberta dos
elementos de transposicdo (Feschotte et al., 2002; http://profiles.nlm.nih.gov/). A partir de
entdo os TEs foram descobertos em uma variedade de organismos, estando amplamente

distribuidos em bactérias, plantas e animais (Biémont e Vieira, 2006).
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Basicamente, TEs sdo definidos como sequéncias de DNA que possuem a
capacidade de se transporem (elementos autbnomos), ou de serem transpostos (elementos
ndo autdbnomos), de uma regido do genoma a outra (Capy et al., 1998). O nivel de
dinamicidade do genoma é tal que esses elementos transpassam os limites de espécies
sendo capazes de invadir novos genomas (Loreto et al., 2008). Atualmente, sabe-se que as
consequéncias da mobilizacdo desses elementos sdo enormes, gerando mutagdes por meio
de delecdes e inser¢des de sequéncias nucleotidicas, rearranjos cromossémicos por meio de
pareamentos ectopicos, alteracdo no controle de genes, etc.,, potencialmente
proporcionando instabilidade ao genoma hospedeiro (Kidwell e Lisch, 1997; Capy et al.,
1998; Craig et al., 2002). Contudo, essas conseqliéncias nem sempre tém um carater
nocivo, uma vez que um dos principais impactos no genoma hospedeiro é o aumento da

variabilidade genética (Capy et al., 1998; Kidwell e Lisch, 1997, 2001).

Variabilidade gerando variabilidade — Dindmica dos TEs

Uma porcdo substancial do genoma eucarioto é composta por sequéncias referentes
a TEs; por exemplo, estima-se que em D. melanogaster 22% do genoma é constituido
por essas sequéncias (Kapitonov e Jurka, 2003), em Zea mays mais de 50% do
genoma (SanMiguel et al., 1996) e em humanos 45% do genoma é composto por
TEs (International Human Genome Sequencing Consortium, 2001). Essas sequéncias
sdo abundantes e parecem ser antigas no genoma eucarioto (Kapitonov e Jurka,
2003). Além disso, os TEs sao filogeneticamente muito préximos aos virus (Xiong e

Eickbush, 1990), sendo que a relagcdo entre parasita e hospedeiro € comumente
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utilizada nas relagdes entre TE e genoma hospedeiro, facilitando o entendimento das
interacdes.

A primeira etapa na evolucdo de um TE, ap0s ser gerado ou introduzido no
genoma hospedeiro, ¢ a amplificagdo do seu numero de copias, diversificando os
sitios de insercdo (Kidwell e Lisch, 2001). E nesta etapa que as espécies ficam mais
vulneraveis aos efeitos das mobilizagGes dos TEs. Portanto, a maioria das mutacdes
geradas pela mobilizacdo dos TEs é potencialmente mutagénica para o genoma do
hospedeiro (Kidwell e Lisch, 2001). Essas mobilizacbes possuem mecanismos
regulados de forma bastante complexa e diferencialmente para cada TE. Apesar disso, 0
genoma hospedeiro também participa do controle, através da producdo de proteinas
ativadoras ou repressoras da transposi¢do, silenciamento epigenético de genes, atuacdo de
RNA de interferéncia, etc. (Lozovskaya et al., 1995; Labrador e Corces, 1997; Hurst e
Werren, 2001; Castro e Carareto, 2004; Rij e Berezikov, 2009). Uma vez silenciadas, apés
longos periodos, essas sequéncias passam a fazer parte do DNA medianamente repetitivo
do genoma hospedeiro e serdo transmitidas verticalmente; sendo que, permanecendo assim,
elas aparentemente perderdo sua fungdo no genoma. Porém, alguns TES podem se tornar
parte integrante do genoma por meio do processo evolutivo chamado de domesticagdo
molecular, realizando fungdes vitais ao organismo. Uma dessas domesticacfes parecem ser
0s mecanismos utilizados pelas enzimas RAG1 e RAG2 durante a recombinagdo dos
segmentos V(D)J em vertebrados. Essas recombinacdes geram um imenso repertério de
receptores de superficie em células T e imunoglobulinas que sdo necessarias no
reconhecimento de diversos patogenos (revisao em Sinzelle et al., 2009). O mecanismo
catalitico pelo qual RAG1 e RAG2 afetam a recombinacdo é similar aos mecanismos de

transposicdo de TEs (Lewis e Wu, 1997). O interessante é que, mesmo in vitro, essas duas
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enzimas sdo capazes de catalisar a transposicdo de segmentos de DNA que possuem
sinalizac&o para a recombinagéo (Agrawal et al., 1998).

Em Drosophila ha o exemplo de domesticacdo molecular dos elementos Het-A e
TART. As espécies de Drosophila ndo produzem a enzima telomerase. Os elementos Het-A
e TART parecem ter sido domesticados pelo genoma por apresentarem a capacidade de
promoverem sua auto-replicacdo em regides teloméricas, e desta forma, garantem a
integridade dessas regides a cada nova divisdo celular. Esses TEs se transpfem
repetidamente e se inserem especificamente na porcao final dos cromossomos (revisdo em
Pardue et al., 2005). Além de ser um 6timo exemplo de domesticacdo, os TEs Het-A e
TART representam um exemplo de co-evolucdo entre TE e genoma hospedeiro resultando

em uma relagdo de mutualismo.

Mobilizacdo dos TEs e suas consequéncias

A mobilizacdo dos TEs em um genoma pode resultar em diferentes tipos de
alteracdes: insercbes/delecOes, alteracBes génicas, e rearranjos de sequéncias
cromossémicas (Capy et al., 1998; Kidwell e Lisch, 2001).

Insercdes e delecdes - Geralmente a mobilizacdo de um TE para um novo lugar no
cromossomo gera a duplicagéo do sitio alvo. Consequentemente, a saida deste TE do local
de origem deixa alteragdes naquela sequéncia nucleotidica, insercdo de nucleotideos
previamente duplicados ou delecdo de nucleotideos proximos ao sitio de insercao devido a
uma excisdo imprecisa. Um exemplo relacionado a alteragdes no sitio de insercdo é a
analise do elemento P em D. melanogaster a qual verificou que, apesar deste elemento

eliminar 14pb presentes ao redor do sitio alvo durante a sua insercdo, os 3pb pertencentes
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ao motivo do sitio alvo sdo restaurados pelas extremidades repetidas do TE, o que favorece
a insercdo de outras copias do elemento P (Linheiro e Bergman, 2008).

AlteracBes génicas — Com a mobilidade dos TEs, eles eventualmente podem ser
inseridos em regides codificantes (éxons), regibes ndo codificantes (introns) ou em
sequéncias regulatorias de um gene e, desta forma, resultar em efeitos diferentes sobre a
expressdo do gene, dependendo da localizagdo da insercdo. Um exemplo deste tipo de
interacdo é a atuacdo de RNA antisenso originado pelo transposon Kepler no genoma de D.
buzzatii que silencia a atividade do gene CG13617, envolvido no desenvolvimento de
Drosophila, ambos adjacentes ao ponto de quebra da inversdo 2j nesta espécie (Puig et al.,
2004). Outro exemplo em Drosophila é a presenca da cépia de um transposon Tcl-like
inserido na regido intergénica de duas enzimas relacionadas com a degradacdo do
horménio juvenil, que altera a expresséo do gene Jheh3 (Gonzalez et al., 2009).

Rearranjos de sequéncias cromossdmicas — Devido & caracteristica dos TEs de
apresentarem um numero de coOpias variavel, o pareamento ndo homologo dessas cépias
pode gerar alteracdes nos arranjos de sequéncias génicas por meio de recombinacgdes
ectdpicas. TEs tém sido encontrados nos pontos de quebra de inversées cromossdémicas em
Drosophila (Lyttle e Haymer, 1992; Regner et al., 1996; Ledeveze et al., 1998). No
entanto, a confirmacdo de que eles podem atuar como promotores de inversdes
cromossdmicas veio com o trabalho de Caceres et al. (1999) onde 0s autores demonstraram
ser 0 elemento Galileo o principal agente de eventos de inversdes nos cromossomos de D.
buzzatii. Ndo obstante, Casals et al. (2006) reportam que nem todas as inversdes onde ha
elementos em seus pontos de quebra foram necessariamente geradas pela recombinacéo
ectopica daqueles elementos. Nesses casos, 0s TEs presentes nos pontos de quebra

atuariam como invasores secundarios.
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Sabe-se que grande fragdo do genoma de diferentes organismos é composta por
TEs e que, apesar de grande parte das alteragdes mediadas por eles serem danosas, muitos
desses elementos promovem beneficios ao genoma em que estdo inseridos (Sinzelle et al.,
2009). Assim sendo, tem-se verificado que, além de promoverem a reorganizacdo do
genoma, os TEs participam ativamente da evolucdo dos diversos genomas em que estdo
inseridos (Biémont e Vieira, 2005). Outra atuacdo dos TEs parece ser o aumento do
tamanho do genoma (valor-C), sem ter uma explicacdo estritamente relacionada a
complexidade do organismo, mas sim com o conteddo de TEs (Bowen e Jordan, 2002;
Vieira et al., 2002; Bartolomé et al., 2009).

A atividade dos TEs pode ser induzida como uma resposta a estresses ambientais,
sendo o estresse caracterizado por uma resposta genética/fenotipica, e ndo simplesmente
fisiologica. A consequéncia do aumento da atividade dos TEs € a potencial criacdo de
variabilidade genética que, no ambiente estressante, pode gerar novidades que aumentam o
fitness do individuo (Capy et al., 2000). Gonzélez e Petrov (2009) listaram uma série de
elementos presentes em D. melanogaster que parecem ter um valor adaptativo por terem
localizacdo fixada proximo a genes envolvidos em diferentes respostas nos processos
bioldgicos, como aumento de temperatura, resposta a inseticidas, defesa, etc. Porém, em D.
melanogaster apesar da maioria dos TEs estarem presentes em baixa freqiiéncia, sugerindo
que a maioria das insercdes é deletéria (Gonzalez et al., 2008), a verificacdo de que os TEs

sdo fonte de variabilidade adaptativa em Drosophila tem sido comprovada.
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Explorando novos horizontes — Evolugéo de TEs

Mesmo existindo a possibilidade da geracdo de novo de um TE em um
genoma, através de rearranjos ou outros mecanismos - como, por exemplo, a
sequéncia Alu originada a partir de um RNA 7SL (Quentin, 1992), a presenca de
TESs no genoma de uma espécie pode ser resultado de: transmissao vertical (VT, do
inglés vertical transmission), onde uma sequéncia é herdada por descendéncia; ou
transmissdo horizontal (HT, do inglés horizontal transmission), onde uma sequéncia
invade o genoma de uma espécie reprodutivamente isolada (Capy et al., 1998;
Kidwell e Lisch, 2001). Esses processos fazem parte das fases do ciclo evolutivo
dos TEs, como proposto por Kidwell e Lisch (2001).

A partir da invasdo do TE na linhagem germinativa de um novo genoma,
geralmente por HT, na auséncia de mecanismos que regulem a atividade do novo
elemento, o TE passa por um periodo de alta transposicdo ampliando o seu numero
de cépias no genoma invadido e na populacdo através de VT (Le Rouzic e Capy,
2005). TEs estdo sujeitos a baixas pressdes seletivas o que, com o passar do tempo,
permite a geragdo de sucessivas mutagdes nas regides codificantes. Com isso, 0
elemento pode se tornar inativo, perdendo tanto a capacidade de produzir suas
proteinas quanto a sua integridade nucleotidica (Kidwell e Lisch, 2001; Capy et al.,
1998). Além disso, a atividade do TE pode ser requisitada durante o processo de
domesticacdo molecular, como no exemplo dos elementos Het-A e TART (Pardue et
al., 2005) mencionado anteriormente. Tais processos apresentam como
consequéncia a divergéncia nucleotidica dos elementos em relacdo ao TE original
e/ou a perda dessas sequéncias. Varios autores indicam que, devido aos efeitos

potencialmente danosos da recombinacdo ectdpica entre as diferentes copias de um

32



TE, esses elementos passam a fazer parte da heterocromatina (Hoogland e Biémont,
1996; Vieira e Biémont, 1996; Biémont et al., 1997; Guerreiro et al., 2008) sugerindo a
inativacdo dessas sequéncias (Kidwell e Lisch, 2001; Bowen e Jordan, 2002; Miller
e Capy, 2006).

Portanto, a compreensdo do padrdo evolutivo de um TE envolve a anéalise de
sua distribuicdo em diversas espécies assim como a analise da conservacdo
nucleotidica de suas sequéncias. Quando o TE é transmitido de forma vertical, a sua
histéria evolutiva tende a refletir a historia evolutiva do grupo de espécies em que
ele estd sendo analisado. Porém, quando aparecem distor¢Bes nesse padrdo
evolutivo, a existéncia de eventos de HT pode ser investigada (Herédia et al., 2004;
Silva et al., 2004; Loreto et al., 2008).

Além da distribuicdo descontinua do TE estudado entre as espécies de um
mesmo grupo, a inferéncia de HT geralmente € explicada pela presenca de algumas
evidéncias, como alta similaridade entre sequéncias de TEs presentes em espécies
evolutivamente distantes e a incongruéncia observada entre as filogenias do TE e da
espécie hospedeira (Silva et al., 2004; Loreto et al., 2008). Um requisito
extremamente necessario para a confirmacdo de que a HT de sequéncias
nucleotidicas ocorreu é a existéncia de uma sobreposicdo geografica, ecoldgica e
temporal das espécies envolvidas no evento. Porém, apesar de fortes evidéncias
favorecendo a existéncia de eventos de HT em uma anélise, é necessario serem
descartadas todas as demais possibilidades de VT, que sdo: a) existéncia de um
polimorfismo ancestral para as sequéncias do TE analisado com distribuigcdo
independente de cépias para as espécies descendentes, b) diferentes taxas de

substituicdo nucleotidica das copias do TE nas diferentes espécies devido a pressdes
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seletivas diferenciadas - isto pode levar & menor divergéncia entre as sequéncias do
TE em relacdo a divergéncia entre as sequéncias de genes nucleares e c¢) perda
estocastica de sequéncias do TE em algumas espécies, explicando a distribuicéo
descontinua (Silva et al., 2004; Loreto et al., 2008; Lisch, 2008).

O aumento do numero de copias de um TE ao longo do cromossomo aumenta
a probabilidade da ocorréncia de recombinacdo ndo homologa durante a meiose,
produzindo um grande nUmero de rearranjos cromossémicos potencialmente
levando a danos durante a gametogénese. Com a existéncia de selecdo contra tais
rearranjos, é esperada a localizacdo abundante de TEs na heterocromatina, evitando
assim os efeitos deletérios causados pela mobilizacdo dos TEs (Dimitri e Junakovic,
1999).

Varios trabalhos tém mostrado que a ocorréncia de HT em genomas
eucariotos ndo é tdo rara quanto se conjeturava. Foram descritos casos de HT para
0s retrotransposons gypsy (Herédia et al., 2004; Ludwig et al., 2008), Penelope
(Morales-Hojas et al., 2006), copia (Jordan et al., 1999; Sanchez-Garcia et al.,
2005; Almeida e Carareto, 2006), gtwin (Ludwig e Loreto, 2007; Ludwig et al.,
2008), Tom, 297, 17.6 e rover (Vidal et al., 2009), jockey (Mizrokhi e Mazo, 1990;
Sanchez-Garcia et al., 2005) e também para os transposons P (Clark e Kidwell,
1997; Loreto et al., 2001; Castro e Carareto, 2004), mariner (Brunet et al., 1994;
1999), minos (Almeida e Carareto, 2005), hobo (Daniels et al., 1990), entre muitos
outros elementos. Bartolomé et al. (2009) verificaram que os retroelementos

parecem contribuir com 89% dos casos de HT detectados.
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Organizando o que gera desorganizacéo — Classificacdo dos TES

Baseado nos mecanismos de transposicdo dos TEs basicamente existe duas grandes
classes que os divide (Finnegan, 1989; Wicker et al., 2007):
* Classe | — retroelementos ou elementos que possuem um intermediério de RNA durante a
sua transposicdo, também chamados de retrotransposons. Utilizam a enzima transcriptase
reversa no processo de transposicdo. Os elementos dessa classe também eram conhecidos
por elementos copia-e-cola, por terem o comportamento de deixarem uma cépia no local
de origem. Este mecanismo é chamado de transposicdo replicativa. Fazem parte desta
classe os elementos com longas repeticbes terminais (LTR, do inglés long terminal
repeats), como o elemento gypsy e copia, os elementos DIRS-like (DIRS, Ngaro e VIPER),
o0s elementos Penelope-like (PLE), os LINEs (long intersperced nuclear elements - jockey
e L1 e os SINEs (small intersperced nuclear element).
* Classe Il — transposons ou elementos que possuem um intermediario de DNA durante a
sua transposicdo, e utilizam a enzima transposase durante este processo. Nessa classe 0s
elementos eram conhecidos por corta-e-cola, por geralmente serem excisados do local de
origem ao se transporem. O mecanismo é chamado de transposi¢cdo conservativa. Fazem
parte desta classe os elementos com repeti¢des terminais invertidas (TIR, terminal inverted
repeats), como os elementos das familias Tcl-mariner, hAT, Mutator, P, CACTA e 0s
elementos Crypton, Helitron e Maverick.

Devido ao crescente nimero de novos TEs descritos, o sistema de apenas duas
classes proposto por Finnegan (1989) foi aprimorado por Capy et al. (1998), criando o
nivel de subclasse que separa 0os elementos baseado nas suas estruturas: para a classe I,

separa 0s elementos com longas repeti¢cbes terminais dos elementos sem LTR; para a
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classe 1l separa os elementos com e sem assinatura DDE (dois acidos aspérticos e um &cido
glutdmico) na transposase.

Posteriormente, com a descoberta de uma variedade de TES que ndo se encaixava
nesse sistema de classificacdo - por terem um intermediario de RNA, mas sem manter a
copia no local de origem por exemplo, Wicker et al. (2007) sugeriram um novo modelo de
classificagdo, mantendo a diviséo inicial em classes como proposta por Finnegan (1989),
resultando na seguinte estruturagéo:
* Classes: como anteriormente, divide os TEs baseado na presenca ou auséncia de um
intermediario de RNA durante a transposicéo;
* Subclasse: distingue os elementos de mecanismo copia-e-cola dos corta-e-cola;
* Ordem: separa o0s elementos baseado nas diferengas dos mecanismos de insercéo,
consequentemente considera as caracteristicas enzimaticas do processo;
» Superfamilia: separa os elementos baseado na estrutura das proteinas, na estrutura dos
dominios ndo codificantes, na presenca e no tamanho dos sitios alvos de duplicacdo (TSD,
do inglés target site duplication);
 Familia: separa os elementos de acordo com a similaridade de sequéncias nucleotidicas.
No intuito de facilitar a utilizacdo do sistema proposto, os autores estabeleceram que, na
analise de sequéncias maiores de 80pb, as mesmas podem ser consideradas como
pertencentes a mesma familia se apresentarem 80% de similaridade em pelo menos 80% da
sequéncia do seu dominio codificante, das regides terminais repetidas, ou de ambos;
« Subfamilias: neste nivel, a classificacdo utiliza as relacfes filogenéticas dos elementos de

uma mesma familia como critério de divisdo dos TEs;
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* Insercdo: este ltimo nivel taxonémico é voltado para os anotadores dos projetos genoma
dos diferentes organismos. Ele descreve uma cdpia em particular do TE correspondendo a
um especifico evento de transposigao.

Uma das caracteristicas importantes dos TEs é a existéncia de elementos
autbnomos e ndo autdbnomos (ou defectivos). Enquanto que os elementos autdbnomos
codificam as enzimas necessarias a sua propria transposi¢do, os elementos nao autbnomos,
por terem perdido parte ou todo o seu dominio codificante, dependem das enzimas
fornecidas in trans pelos elementos autbnomos. Neste caso, no sistema de classificacdo
proposto por Wicker et al. (2007) coOpias autbnomas e ndo autbnomas de um mesmo
elemento, pertencente a uma certa familia, podem ser classificadas como diferentes
subfamilias. Ainda, os elementos ndo autdbnomos podem ter homologia de sequéncia
suficiente que possibilite classifica-los em diferentes subfamilias (Wicher et al., 2001).
Sequéncias autbnomas e ndo autdbnomas de um mesmo elemento geralmente apresentam a
regido 5’UTR altamente conservadas, pois essa regido € necessaria durante sua
transposicdo (Kidwell e Lisch, 1997; Wicker et al., 2007).

A Figura 5 mostra esquematicamente a estrutura organizacional dos elementos
pertencentes as duas classes. Outras caracteristicas moleculares, além das indicadas na

Figura 5, sdo utilizadas para identificar os TEs (revisdo em Wicker et al., 2007).
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Figura 5: Estruturas dos elementos de Classe | e Classe 1l. GAG: proteina do capsideo. AP:
proteinase. INT: integrase. RT: transcriptase reversa. RH: RNase H. Env: proteina do
envelope viral. En: endonuclease. ORF: nesta figura significa regido de leitura de funcéo
desconhecida. Tase: transposase (*com motivo DDE). YR: recombinase. RPA: proteina A
de raplicacdo (encontrado apenas em plantas). HEL: helicase. ATP: ATPase de
empacotamento. CYP: cisteina protease. PolB: DNA polimerase B. Modificado de Wicker
et al. (2007).

Este sistema de classificacdo hierarquico proposto por Wicker et al. (2007) recebeu
criticas principalmente em relacdo a definicdo de familia de TEs. Seberg e Petersen (2009)
argumentam que o sistema ndo reflete a filogenia dos TEs uma vez que ele pode gerar uma
mistura de grupos monofiléticos, parafiléticos e polifiléticos quando estipula a simples
similaridade nucleotidica das sequéncias para agrupa-las em familias. Devido a
caracteristica intrinseca dos TEs de se mobilizarem dentro do genoma de uma espécie e
entre genomas de diferentes espécies (Loreto et al., 2008), eles estdo sujeitos a
mecanismos (mutagdes, recombinacdes, delecdes...) que elevam a sua taxa de mutacdo
(Craig et al., 2002). Devido a essas caracteristicas, a filogenia de TEs muitas vezes envolve
uma série de interacdes gerando um padrdo evolutivo bastante complexo (Herédia et al.,

2004). Apesar das criticas, e por ndo existir outra classificacdo para TEs oficialmente
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aceita pela comunidade cientifica, atualmente alguns autores vém utilizando o sistema
proposto por Wicker et al.(2007) (Charles et al., 2009; Piednoél e Bonnivard, 2009;

Staginnus et al., 2009).

O TE estudado - O retroelemento micropia

O elemento micropia pertence a classe | de elementos de transposicao, portanto é
um retroelemento, da ordem dos elementos com LTR e superfamilia Ty3 (Finnegan, 1989;
Wicker et al., 2007). E constituido por duas ORFs e tem a seguinte composicdo (Figura 6):
a primeira ORF refere-se ao gene GAG que produz uma poliproteina que é processada em
trés proteinas maduras de producdo do capsideo, com similaridade com proteinas virais; a
segunda ORF constitui-se do gene que codifica as enzimas necessarias a transposicao do
elemento, proteinase (AP), transcriptase reversa (RT), RNase H (RH) e integrase (INT).
Micropia parece ainda ter uma terceira ORF, porém de funcdo ndo reconhecida (Huijser et

al., 1988; Lankenau et al., 1988).

Figura 6: Esquema basico do retroelemento com LTR
micropia. GAG: proteinas do capsideo. AP: proteinase.
RT: transcriptase reversa. RH: RNase H. INT: integrase.
Modificado de Wicker et al. (2007).

Micropia foi primeiramente encontrado nas algas das estruturas de lampbrush
presentes no cromossomo Y de D. hydei durante o estagio de préfase da divisdo meiotica

dos espermatdcitos primarios (Hennig et al., 1983; Huijser et al., 1988). O nome micropia
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vem da técnica empregada na sua descoberta (experimentos de microclonagem) e da sua
similaridade com o retroelemento copia. Sua caracterizagdo molecular mais completa foi
feita para as copias presentes em D. hydei (clones micropia-dhMiF2 e micropia-dhMiF8)
(Huijser et al., 1988) e D. melanogaster (clones micropia-Dm1l e micropia-Dm2)
(Lankenau et al., 1988; 1990). Na sua extensdo, o elemento micropia possui duas regides
abertas para leitura que codificam proteinas similares a proteinas de nucleocapsideo,
transcriptase reversa, integrase RNAseH e protease de retrovirus (Lankenau et al., 1988;
Huijser et al., 1988).

Sequéncias similares a micropia ja foram identificadas em espécies do subgénero
Sophophora (grupos: melanogaster, willistoni, e saltans) e no subgénero Drosophila
(grupos: immigrans, funebris e repleta) (Lankenau, 1993; Almeida et al., 2001; Almeida e
Carareto, 2004), ambos subgéneros do género Drosophila. Almeida e Carareto (2004)
identificaram a existéncia de duas possiveis subfamilias do elemento micropia em espécies
do grupo repleta. Esses dados sugerem uma herancga baseada em transmisséo vertical deste
elemento dentro do género Drosophila.

Drosophila hydei e D. neohydei sdo espécies irmds e possuem o mesmo padrao de
bandeamento entre 0s seus cromossomos politénicos. Nessas espécies o elemento micropia
compartilha alguns sitios de insercdo, indicando que este elemento apresentou atividade
transposicional apds a divergéncia dessas duas espécies (Hennig et al., 1983). Em D. hydei
micropia possui 11 copias nos cromossomos X e autossomos e cerca de 50 a 100 cdpias no
cromossomo Y (Lankenau et al., 1994). Outro estudo com diferentes espécies do grupo
repleta mostrou que elas parecem ter entre sete e dezessete copias no seu genoma
(Almeida e Carareto, 2004). Ja para D. melanogaster é estimado que a espécie possua entre

16 e 32 copias do retroelemento micropia em seu genoma (Lankenau, 1993).
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Trabalhos anteriores reportam que micropia expressa tanto RNA senso quanto
antisenso, indicando um controle mediado por RNA de interferéncia (Lankenau, 1993;
Lankenau et al., 1994; Almeida e Carareto, 2004). O transcrito senso que possui 5kb,
referente ao tamanho total do elemento, é expresso tanto nas células somaticas quanto
germinativas de machos e fémeas de D. hydei. O elemento produz dois transcritos
antisenso, de 1kb e de 1,6kb de extensdo, e a presenca desses transcritos parece estar
limitada as células germinativas dos machos. O transcrito de 1kb parece ser 30 vezes mais
abundante nas células germinativas do que os transcritos senso de 5kb. A origem do
transcrito antisenso de 1kb parece envolver uma regido promotora localizada entre as
sequéncias que ddo origem as proteinas RNase H e integrase. A regido de iniciacdo da
transcricdo parece estar dez nucleotideos distante de uma sequéncia idéntica ao promotor
da proteina B2-tubulina testiculo especifica em D. hydei. Este promotor ndo esta presente
nas sequéncias micropia-Dm11 e micropia-Dm2, extraidas de D. melanogaster, o que é
consistente com a inexisténcia da expressdao dos transcritos antisenso nessa espécie. O
controle da expressdo do transcrito senso de 5kb parece ser feito através do direcionamento
do transcrito antisenso de 1kb as regides referentes a RNase H e parte da transcriptase
reversa, contribuindo para a degradacdo do RNA e/ou simplesmente para a interferéncia da
sua traducdo (Lankenau, 1990; 1993; Lankenau et al., 1994; Almeida e Carareto, 2004).

Até agora o elemento micropia parece nao estar envolvido na geracdo de
mutacdes, levando a crer que o mecanismo acima descrito, ou algum outro mecanismo de
controle de transposicdo de TEs, parece estar reprimindo efetivamente este elemento

(Lankenau, 1993).
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Objetivos

Com base nas informagdes fornecidas sobre o grupo cardini assim como sobre 0
retroelemento micropia esta Tese teve como objetivo geral contribuir para o conhecimento
do padrédo de evolucdo do elemento de transposi¢do micropia dentro do género Drosophila
e dos TEs como fonte de variabilidade genética. Ainda tivemos o objetivo de gerar dados
citogenéticos e moleculares inéditos a respeito de espécies do grupo cardini de Drosophila,
bastante freqliente na regido Neotropical e que havia sido muito pouco estudado do ponto

de vista genético até entdo. Desta forma, delineamos os diferentes objetivos especificos:

e Analisar in silico, a similaridade de sequéncias do retroelemento micropia dentro do
grupo cardini, tragando a sua historia evolutiva, comparativamente com a do grupo
repleta e com as 12 espécies que possuem genomas disponiveis em bancos de dados
publicos, gerando o cenéario evolutivo deste retroelemento no género Drosophila

(Capitulos 11 e 111);

e Inferir o nimero de cdpias do retroelemento micropia nos cromossomos politénicos de
seis espécies do grupo cardini de Drosophila por hibridacao in situ, tentando relacionar
seus locais de inser¢do com pontos de quebra para inversdes cromossémicas (Capitulo

IV); e,
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Caracterizar o polimorfismo de inversdes cromossdmicas de seis espécies do grupo
cardini, construir os fotomapas de referéncia dos cromossomos politénicos de
Drosophila cardini e Drosophila parthenogenetica, bem como reconstruir 0s
fotomapas de referéncia anteriores das espécies D. polymorpha, D. cardinoides e D.
neocardini, melhorando a definicdo dos seus padrbes de bandas e interbandas para
poder analisar comparativamente os cromossomos politénicos das seis espécies sob 0

ponto de vista evolutivo (Capitulo V).
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CAPITULO 11

Trabalho publicado na revista cientifica Genetica 134(3): 335-344 (2008)

The LTR retrotransposon micropia in the cardini group of Drosophila (Diptera:
Drosophilidae): a possible case of horizontal transfer*
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Abstract

This study analyses the distribution and the evolutionary history of the micropia
retrotransposon in species from the cardini and repleta groups, as also in the 12
Drosophila genomes available at Flybase site. A phylogenetic study was performed with
the 71 micropia related sequences found on the genomes of D. sechellia, D. melanogaster,
D. simulans, D. erecta, D. yakuba and D. willistoni; including other 33 sequences found on
the cardini and repleta species groups. Using a series of criteria to support horizontal
transfer inferences (as incongruence between the transposable element and host phylogeny,
discontinuous distribution of the element, comparison of the synonymous divergences
between the transposable element and a nuclear host gene, among other considerations) we
identified, at least, 17 horizontal transfer events between the species. Based on nucleotide
and amino acid sequence similarities, we also identified the existence of three different
families of micropia related sequences in the Drosophila genus. The evolutionary history
of these sequences probably includes the effects of ancestral polymorphism, vertical and
horizontal transmission, with some of these last possibly related to introgression

mechanisms.

Running title: micropia element in the Drosophila genus

Key words: micropia classification — Drosophila genus — cardini group — repleta group —

horizontal transfer
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Introduction

Transposable elements (TE) are mobile sequences, found in practically all life
forms, that can spread within a genome or even between genomes, acting like
“intragenomic parasites” (Craig et al. 2002). Despite the significant host fitness cost
generated by the mobilization of these elements, several authors have explained their
abundance in these genomes by means of their participation on fundamental features such
as chromatin organization, chromosome structure, genome size, regulatory functions and
coevolutionary processes (Capy et al. 1998; Céceres et al. 1999; Kidwell and Lisch 2001;
Pooma et al. 2002; Vieira et al. 2002; Lippman et al. 2004; Puig et al. 2004). However, the
abundance of TEs in a host genome seems to be determined by their intrinsic ability to
replicate by transposition and to keep out of extinction (Kidwell and Lisch 2001; Silva et
al. 2004; Loreto et al. 2007).

One of the most notable TE properties is their capability to cross species
boundaries, invading new genomes, by means of horizontal transfer (HT) process. It was
shown by several authors that this event is more common than ever thought (review in
Loreto et al. 2007), becoming an important step in the TEs’ “life cycle” (Kidwell and Lisch
2001), and therefore, to the host genome evolution. However, considering all the
interactions between TEs and the host genome, the evolutionary history of these mobile
elements is considerably more complex than suggested by the classification attempts
(Finnegan 1989; Capy et al. 1998; Wicker et al. 2007).

Recently, it was shown that the long terminal repeats (LTR) retrotransposons
perform approximately 90% of the HT events detected across the Drosophila
melanogaster, D. simulans and D. yakuba genomes (Bartolomé et al. 2009); and the

micropia retroelement is among these elements. The micropia TE was discovery by chance
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in the lampbrush loops of the Drosophila hydei Y chromosomes (Huijser et al. 1988;
Lankenau 1993). Concerning molecular characteristics, there are four best characterized
micropia elements (micropia-dhMiF2 and micropia-dhMiF8, both extracted from the D.
hydei genome, and micropia-Dm11 and micropia-Dm2, both from the D. melanogaster
genome) (Huijser et al. 1988; Lankenau et al. 1988; 1990), which positioned this family as
belonging to the Ty3 superfamily of retrotransposable elements with LTRs (Lankenau
1993; Capy et al. 1988). Sequences similar to micropia were identified in the genome of
species from the Sophophora subgenus (melanogaster, willistoni, and saltans groups), and
the Drosophila subgenus (cardini, immigrans, funebris and repleta group) (Lankenau
1993; Almeida et al. 2001; Almeida and Carareto 2004; Cordeiro et al. 2008). Almeida and
Carareto (2004) identified two subfamilies of micropia in the genomes of some repleta
group species. These findings, together with the previous data, suggest a heritance based
on vertical transfer (VT) of this element in the Drosophila genus. However, recently
Cordeiro et al. (2008) found evidences in the cardini group that strongly suggests a HT of
micropia between D. hydei and D. neocardini, showing that the evolutionary pattern of
micropia is likely not only based on VT.

Previous works showed that micropia expression gives rise to a complex set of
sense and antisense RNAs (Lankenau 1993; Lankenau et al. 1994; Almeida and Carareto
2004), and the principal transcript is a 5kb full-length sense product expressed in both
somatic and germ line tissues of males and females of D. hydei. In addition, micropia
encodes two different antisense RNAs, 1kb and 1.6kb long, which have their expression
limited to the testis. These antisense transcripts, produced by the copies present on Y
chromosome, are potentially directed against the entire RNaseH and some domains of the

reverse transcriptase, contributing to the micropia full-length RNA degradation and/or to
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translational interference (Lankenau 1993; Lankenau et al. 1994; Almeida and Carareto
2004). The transposing activity of this retrotransposon family might be quite effectively
repressed by the mechanism above described; in a way that micropia has never been
observed to cause any mutation (Lankenau 1993; Almeida and Carareto 2004). However,
the micropia elements isolated from D. melanogaster does not seem to express such RNA
repression mechanism (Lankenau 1993).

This study analyses 104 micropia related sequences obtained from eight species of
the cardini group, four species from the repleta group and six species from the 12 available
Drosophila genomes. Here we delineate the most likely evolutionary history of these
sequences on the Drosophila genus, possibly involving three different families of micropia

that underwent a series of HT events.

Materials and methods

Species and sequences

A total of 41 Drosophila species were analysed in this study. Sixteen species were
utilyzed in the in silico search and 25 species in the in vivo search. Table 1 and the
Supplementary Material Table 1S lists the species used in the in vivo study, with their
collection sites coordinates or Stock Center number. The in silico search recovered
micropia sequences that were previously deposited in GenBank (Benson et al. 2008) for D.
cardinoides (EF090263), D. neocardini (EF090264), D. polymorpha (EF090265), D. hydei
(dhMiF2 sequence - X13304) and D. melanogaster (Dm11 sequence - X14037). Besides, a
search was also conducted in the 12 available Drosophila genomes (Drosophila 12

Genomes Consortium 2007).
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Table 1: Drosophila species investigated in this study with their respective source

and GenBank micropia accession numbers.

Group

Species

Coordinate or

Stock Center number

Localization

GenBank
Acc. Nos.

cardini

repleta

D. cardini®

D. neomorpha®

D. parthenogenetica

D. procardinoides

D. acutilabella

D. buzzatii

D. mercatorum®

D. zottii®

23°14’S 46°58'W

26°17°S 49°00°'W

27°35’S 48922°W

15181-2241.00

15181-2171.09

37°19’S 59°09°'W

27°35’S 48°22°'W

26°17°S 49°00°'W

Serra do Japi-SP-BR

Joinville-SC-BR

Florianopolis-SC-BR

Coroico-BR

Everglades-Florida-USA

Tandil-AR

Florianopolis-SC-BR

Joinville-SC-BR

FJ748690
FI748691
FJ748692
FJ748695
FJ748696
FJ748697
FJ748698
FJ748699

GQ339587

GQ339588

GQ339589

GQ339590
FJ748700
FJ748701
FJ748702
FI748684
FJ748685
FJ748686
FJ748687
FJ748688
FJ748689

GQ339579

GQ339580

GQ339581

GQ339582
FJ748693

GQ339583

GQ339584

GQ339585

GQ339586
FI748694
FJ748703

GQ339578

Capital letters refer to the fly collectors: ADra Claudia Rohde, Dra Daniela Cristina De Toni, *Dr Marco
Silva Gottschalk, °MSc Jonas da Silva Doge.



PCR, Dot Blot, cloning and sequencing

Genomic DNA from each of the 25 species analysed in vivo was prepared
according to Sassi et al. (2005). Polymerase Chain Reactions (PCR) were performed with
the primers described in Cordeiro et al. (2008). The following conditions for a 25ul PCR
reaction were used: 25ng template DNA, 20pMol of each primer, 0.2mM of each
nucleotide, 1.5mM MgCl, and 1 unit Taqg DNA polymerase in 1x Polymerase Buffer (all
from Invitrogen). Amplifications parameters were 95°C for 2min, 35 cycles at 95°C for
30s, 57°C for 30s and 72°C for 1min, followed by an extension cycle at 72°C for 10min.
Drosophila hydei genomic DNA was used as positive control. The above described
annealing temperature varied, nevertheless, between 50°C and 60°C in an attempt to
amplify the micropia element in all species. In order to confirm the homology of the
amplified fragments, a Southern Blot was conducted with the obtained amplicons. The
PCR products were eletrophorezed using a 1% agarose gel and transferred to nylon
membranes (Hybond N+®, GE Healthcare), as in Southern Blot methodology. The 812bp
PCR micropia fragment from D. hydei was used as probe (from nucleotide 1,777 to 2,589
of dhMIiF2 sequence) (see Figure 1 in Cordeiro et al. 2008). The probe was labeled and the
signal was detected using the Gene Images™ AlkPhos Direct™ labelling and detection
system (GE Healthcare), according to manufacturer’s instructions. The membranes were
hybridized at 55°C and exposed to the revealing film for 5 minutes. In the Dot Blot
methodology, for denaturation, DNA samples (3ug in 10ul) were boiled for five minutes,
freezed for other five minutes and applied onto a nylon membrane (Hybond N+®, GE
Healthcare). As positive control, we used 5ng (in 10ul) of the micropia probe. The probe
sequence, the labeling of the probe, the signal detection and the hybridization temperature

were performed as above mentioned. The revealing film underwent 3 minutes exposure.
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To isolate the amplified fragments, the amplicons were separated by 1.5% agarose
gel electrophoresis and purified using illustra GEX™ PCR DNA and Gel Band Purification
kit (GE Healthcare) according to the supplier’s specifications. The fragments were cloned
using the TOPO-TA Cloning® Vector system (Invitrogen) or pGEM®-T Easy Vector
system (Promega). The obtained recombinant plasmids underwent a new PCR reaction
using the universal M13 primers at a 55°C annealing temperature. The amplicons so
obtained were purified by incubations with Exonuclease | (Exol) and Shrimp Alkaline
Phosphatase (SAP) (both from GE Healthcare) and directly sequenced in a
MegaBACE "™500 (GE Healthcare) automatic sequencer. In all cases, both strands were
sequenced, and ambiguities and compressions were resolved through assemblage in the
Staden Package Gap 4 program (Staden 1996). The GenBank accession numbers at
National Center for Biotecnology Information website (NCBI -

http://www.ncbi.nIm.nih.gov/) of the obtained sequences are indicated in Table 1.

Genome search

Initially, a BLAST search was performed in each of the 12 Drosophila genomes
(Drosophila 12 Genomes Consortium 2007) available in the Flybase website
(http://flybase.org/blast/ - Last accessed on February 2009) searching in the up to date
releases and using the default parameters. The queries consisted of a 722bp fragment from
the reverse transcriptase region of dhMiF2, Dm11 and each of the fragments sequenced in
this work (see Table 1). The retrieved sequences matched the following criteria: more than
400bp length; scores > 200; and Evalue < 1e™*°. For each chosen sequence 2kb from both
side of the hit were saved for the analysis. Table 2S (see Supplementary Material) lists the

species from which micropia sequences were obtained in the in silico search.
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Phylogenetic analysis, codon usage bias and dS estimates

The sequences obtained according to the described methodologies were aligned
using ClustalW (Jeanmougin et al. 1998) as contained in MEGAA4 program (Tamura et al.
2007). The evolutionary model that best fits to the data was searched through the Akaike
Information Criterion test (AIC test) (Akaike 1974) as performed by PAUP4.0b10
(Swofford 2003) and ModelTest3.7 (Posada and Crandall 1998) or MrModelTest2.2
(Nylander 2004), in which cases the HKY model (Hasegawa et al., 1985) with a gamma
correction (a = 2.1450) was chosen The sequences were analyzed by four phylogenetic
methods: (1) Neighbor-Joining (NJ) (Saitou and Nei 1987), using MEGA4 program,
following the Tamura-3 parameters model (Tamura 1992) with gamma correction. This
model was chosen because it is the one available in MEGAA4 that is more similar with the
HKY+G model proposed by the AIC test and ModelTest3.7 program; (2) Maximum
Parsimony (MP) in PAUP4.0b10, through an heuristic search with Nearest-neighbor
interchange (NNI) applied to 100 random stepwise addition trees, with maxtrees set to
20,000; (3) Maximum Likelihood (ML) in PhyML2.4.4 (Gindon and Gascuel 2003)
according to the HKY + G evolutionary model (Hasegawa et al. 1985); and (4) Bayesian
inferences in MrBayes3.1.2 (Huelsenbeck and Ronquist 2001) with the trees saved every
100 of the 3,000,000 generations of Markow Chain Monte Carlo (MCMC) and a burnin of
7,500, following the HKY + G model. In the NJ, MP and ML analyses, bootstrap tests
(Felsenstein 1985) with 1,000 replications were utilized to measure the support of the
clades. For the Bayesian analyses the posterior probability (PP) of each clade on the 50%
majority rule consensus tree was calculated (Hall, 2001). In all the four phylogenetic
analysis, a sequence related to reverse transcriptase of a Bracovirus from the Hymenoptera

Glyptapentelis flavicoxis (EF710649) was utilized as outgroup because a BLASTX search,
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executed using dhMiF2 and Dm11 as query, recovered it as the best external hit.

The nucleotides and amino acid divergence matrices were constructed using
MEGA4 program. The Tamura 3-parameters substitution model with gamma correction
(0=2.1450) was used to calculate the divergence between the nucleotide sequences. The
JTT (Jones et al. 1992) amino acid substitution model with gamma correction (a=3.128)
was used to calculate the divergence between the amino acid sequences, since it is the
MEGA4 model that better resembles the LG model (Le and Gascuel 2008) indicated by
ProtTest2.1 program (Abascal et al. 2005). To estimate the number of synonymous
substitution per synonymous sites (dS) values and the number of synonymous sites (S) we
used Nei-Gojobori equation (1986) as computed in MEGA4 software using p-distance.
Based on the MB tree, the sequences that fit the following criterion were grouped to
calculate the dS values: monophyletic sequences found in the genome of the same species
presenting a PP > 0.70. The average number of synonymous and nonsynonymous
substitution per codon of the aligned nucleotide sequence were calculated by the SNAP
program (Korber 2000) available at http://www.hiv.lanl.gov/. The effective number of
codon (ENC; Wright 1990) and the codon bias index (CBI; Bennetzen and Hall 1982) were
calculated in the DnaSP5.0 software (Librado and Rozas 2009).

The alpha—-metildopa (Amd) nuclear gene was used in the comparisons of the dS
values with micropia because it is the only nuclear gene available for all species here
analyzed. Moreover, among different nuclear genes, Amd was shown to present one of the
lowest codon usage bias (Vidal et al. 2009) which is a pre-requisite to avoid HT
overestimation. The Amd sequences of the species were obtained from the NCBI website
(accession numbers in GenBank: AY699258 for D. cardinoides, AY699260 for D.

neocardini, AY699259 for D. polymorpha, AF324947 for D. buzzatii, AF293712 for D.
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hydei, AF293730 for D. willistoni, X04695 for D. melanogaster); and from the species
genomes (XM_01974256 for D. erecta, XM_002039039 for D. sechellia, XM_002079852
for D. simulans and XM_002090630 for D. yakuba). For D. zottii, D. cardini, D.
acutilabella, D. neomorpha, D. parthenogenetica and D. procardinoides the Amd

sequences were obtained by one of the authors (FCR).

Results
Discontinuous distribution of micropia in Drosophila genus

We have analyzed the presence of micropia related sequences in the genome of
Drosophila species in three ways: by in silico search, and through PCR and Dot Blot. The
in silico search showed that micropia is present in the genome of: D. erecta, D.
melanogaster, D. sechellia, D. simulans, D. yakuba (all from the melanogaster subgroup)
and D. willistoni (willistoni group); but absent in the genomes of: D. ananassae
(melanogaster group), D. pseudobscura, D. persimilis (both from the obscura group), D.
virilis (virilis group), D. grimshawi (picture wing group) and D. mojavensis (repleta
group). Supplementary Material Table 2S summarizes the main information about the
sequences found in the in silico search. This discontinuous distribution was also confirmed
by the PCR and Dot Blot results, as can be seen in the Supplementary Material Table 1S
and Figure 1S. We only were able to amplify, clone and sequence micropia copies present
in the eight species shown in Table 1, despite the fact that we also tested 17 other species
(Table 2S). The cardini group showed an interesting distribution pattern, where only the
mainland species (from Florida, USA to south Brazil) (Heed and Russel 1971) have

micropia related sequences in their genome. The other four species; which seem to be
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devoid of micropia (Figure 1S); belong to the dunni subgroup, endemic to the Caribbean

islands (Heed and Russel 1971).

Phylogenetic analysis

For the micropia phylogenetic analysis, we used a total of 104 sequences: 66
obtained through genome search; five from GenBank; and 33 from in vivo search in
species from the cardini and repleta groups. From all of these, 58 sequences are putatively
active, maintaining its encoding potential (55.77% of the total number of the sequences)
(see Figure 1). We analyzed these sequences under four phylogenetic methods, which
showed similar topologies. In Figure 1 the Bayesian phylogenetic reconstruction is shown,
with the posterior probability indicated in the branches, whereas in Table 2 the bootstrap
values for the recovered clades in each of the other three phylogenetic methods are
presented.

In general, two main clades were recovered: clade 1, grouping the 61 sequences
from the melanogaster subgroup (29 from D. sechellia, 12 from D. yakuba, 10 from D.
simulans, nine from D. melanogaster, and the unique sequence from D. erecta); clade 2,
clustering the sequences found in the four studied members from the repleta group (D.
hydei with one sequence, D. zottii with two sequences, D. buzzatii with five sequences and
D. mercatorum with six sequences), with those found in the eight species from the cardini
group (D. neocardini, D. polymorpha and D. cardinoides each with one sequence; D.
cardini, D. neomorpha and D. procardinoides with three sequences; D. acutilabella with
five sequences; D. parthenogenetica with six sequences), and with those encountered in

the D. willistoni genome (six sequences). Within each of these clades contrasting patterns
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emerge, in a way that in the clade 1 the sequences recovered from the different species are
mainly intermingled, whereas in the clade 2 each species sequences appear mostly
clustered. Exceptions are provided, nevertheless, by D. yakuba in clade 1 and D.
parthenogenetica, D. cardini and D. willistoni in clade 2. Although, in both clusters a
general subdivision can be envisioned (see clades 3 and 4 within main clade 1, and clades
5 and 6 within main clade 2), polytomic clades detach as the prevalent pattern, rendering

the obtained phylogeny incongruent with the phylogeny of the species (Figure 2).

Figure 1 (see next page): Phylogenetic reconstruction obtained using Bayesian analysis and
the HKY+G model, as proposed by the AIC test for the 104 micropia related nucleotide
sequences. The posterior probability of each clade is indicated near its respective internal
branch; and under each clade there is an arbitrarily defined number representing the clade
that follows and which can be used to interpret Table 2 and information in the text. See
legend in the figure for identification about potential coding sequences and about the

taxonomic grouping of the species from which the sequences belong.
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Table 2: Bootstrap values presented for
each of the clades shown in Figure 1 by
the trees reconstructed using different

phylogenetic reconstruction methods.

Phylogenetic reconstruction methods

Clades NJ ML MP
1 99 100 100
2 97 992 99
3 -- 837 94
4 96 932 63
5 82 995 100
6 99 100 100
7 -- 72 74
8 -- 40 --
9 - - 75

10 -- -- 75
11 -- -- 76
12 - - 81

--: Clade not recovered.
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Figure 2: Representation of the evolutionary relationships of
the species used in the phylogenetic analysis of micropia
related sequences. This schematic tree is based on Robe et al.
(2005), Brisson et al. (2006), and Drosophila 12 Genome
Consortium (2007). Drosophila zottii position was inferred

though a NJ analysis with the available Amd sequences.
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Synonymous divergence values

To Dbetter examine the phylogenetic incongruence causes, we performed
comparisons between dS values obtained for micropia and those for a nuclear gene, alpha-
methyldopa (Amd). Although active elements might suffer a selective pressure to maintain
its sequences, especially in the reverse transcriptase domain, Amd is expected to be even
more restricted, since it plays essential roles in the Drosophila development and viability
(Wang et al. 1996).

In recent events of HT transmission, it is expected a significantly lower dS value
for the TE than for the nuclear gene, reflecting the lower divergence time of the TE
sequences in relation to the divergence time of the species (Silva and Kidwell 2000; Loreto
et al. 2008; Bartolomé et al. 2009). From the 1,378 pairwise dS comparisons a total of 358
significantly lower micropia dS values; statistically tested using the Fisher’s exact test;
were encountered (Table 3S), indicating that the source of the phylogenetic incongruences
could be related to HT events.

In general, the significant lower dS values were concentrated in the pairwise
comparisons executed within three main groups: those relating different sequences that
compose clade 3, comparing sequences from D. melanogaster, D. sechellia and D.
simulans; those from clade 7, comparing the sequences D.melanogaster9, D.sechellia29
and 27, D.simulans4, 9 and 10 with the sequences from D. yakuba; and those from clade 5,
comparing D.willistonil and all sequences from the repleta and cardini species groups,
and these last against each other and within themselves. It is noticeable that the highest
significant values of Fisher’s exact test were presented in the comparisons within clade 3,
followed by those comparing sequences from clade 11 (Table 3S), that is, the most

polytomic clades.
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Different causes could lead to these low TE dS values, for example the sites
required in splicing mechanisms or those involved in RNA secondary structure and other
aspects related to functional RNAs (Parmely et al. 2006; Xing and Lee 2006). Codon usage
bias is also a factor that may be responsible for low dS values for the TE sequences, since
there is a negative correlation between codon usage bias and the dS values (Vidal et al.
2009). So, this possibility needs to be considered as a source of HT overestimation.
However, micropia shows lower codon bias indices than Amd (Figure 3A), and also higher
effective number of codons (Figure 3B). Taken together, these data validate the use of dS
comparisons to infer HT events for micropia.

Analyzing the dN and dS substitutions along the micropia and Amd codon
sequences it is possible to see that the dS substitutions are evenly distributed through the
micropia codons (Figure 4A), which is at contrast with Amd, that presents peaks and
valleys of dS values (Figure 4B). This pattern allows to infer that, whichever is the source
of the low synonymous divergences, it is acting homogenously along the approximately
700 bp of the analyzed micropia sequence, a pattern not expected through the action of
selective pressures related to both, coding or non coding features (RNA interference, for
example), but expected for HT. As a whole, micropia presents an average dN/dS value
which is higher than that presented by Amd (0,167 and 0,134, respectively), reinforcing

the hypothesis of a lower selective pressure for the TE.

2 tis important to detach that this value is greater than that of Amd, even with only coding

sequences being retained in the analysis, a matrix which is highly skewed for related sequences.
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Figure 3: Comparisons of (A) codon bias index,
CBI, and (B) effective number of codon, ENC,
between micropia and Amd gene for each species.

ENC varies between 21 (maximum bias) and 61

(minimum bias) and CBI varies between 0 (no

bias) and 1 (maximum bias).
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—— Synonymous —— Nonsynonymous

Figure 4: Distribution of the synonymous and
nonsynonymous substitutions per site of each codon
position within the micropia putative encoding sequence
alignment (A) and the Amd matrix (B) as performed by
SNAP (Korber, 2000; as available at www.hiv.lanl.gov).
These values were calculated only for the micropia

coding sequences (see Figure 1).
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Micropia new classification

Analyzing the phylogenetic relationships of the micropia sequences studied here
(Figure 1), a general subdivision in two groups is clearly observed: the sequences are
divided between those grouped in clade 1 and those constituting clade 2. To clarify if this
subdivision is reflecting the presence of different families or subfamilies of micropia
related sequences in the species of the Drosophila genus, we evaluated the similarity
values of the nucleotide and amino acid sequences. In this way, we grouped the sequences
from clade 1 and compared them with the clustered sequences from clade 2. This same
analysis was performed between the grouped sequences from clade 3 and the sequences
from clade 4 and between the sequences from clade 5 and clade 6 (Table 4). The pattern
that emerges is that the sequences from clade 1 (that are exclusively present in the
melanogaster subgroup), is similar to the sequences from clade 2 in an average of 56.6%
and 73.4% of the nucleotide and amino acid sequences, respectively. Moreover, within
clade 2, the sequences from clade 6 (belonging to species from the willistoni group) are
similar with those composing clade 5 (belonging mainly to species from the Drosophila
subgenus, that is, the cardini and repleta species groups) in an average of 71% and 79.8%

of the nucleotide and amino acid positions, respectively.

Table 4: Nucleotide and amino acid similarity values for

micropia sequences grouped in clades (see Figure 1).

Nucleotide (%) Amino Acid (%)
cladel x clade2 56.6 73.4
clade3 x clade4 89.3 87.4
clade5 x clade6 71.0 79.8
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Discussion
Avre there three different micropia families from Drosophila genus?

Except for the very well accepted criteria used to classify TEs in classes and
subclasses proposed by Finnegan (1989), in general, there is no consensus in the criteria
adopted to achieve family and subfamily definition. Several authors used different
strategies to identify new TE families and subfamilies, whether based on nucleotide and/or
amino acid sequence similarities (Lohe et al. 1995; Clark and Kidwell 1997; Capy et al.
1998; Heredia et al. 2004; Wicker et al. 2007; Bao et al. 2009; Smith et al. 2009). Given
the abundance and diversity of TEs, Wicker et al. (2007) proposed a classification for
eukaryotic TEs based on nucleotide similarity, with relevance not only to TE specialists,
but also to genome annotators. This unified classification system is necessary in such a
moment that more and more large and complex eukaryotic genomes are being sequenced
and new repetitive sequences are being identified. Although this new attempt to TE
classification might have some inconsistencies (Seberg and Petersen, 2009), due to
characteristics generated by their behavior to recombine and the complex structure of the
TE populations, it is the most parsimonious classification system for TEs until now
proposed.

As reviewed by Capy et al. (1998), the micropia TE is a family of the Ty3
superfamily, from LTR retrotransposons subclass, belonging to class | of RNA-
intermediated elements. Based on Wicker’s et al. (2007) rule; which defines a TE family as
a group of sequences longer than 80bp that “share 80% of sequence identity in at least 80%
of their coding or internal domain, or within their terminal repeat region, or in both”; to
establish the new classification of micropia sequences, we propose here the re-

classification of the former micropia family into three new families. The first family,
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herein named nanopia, is present on species of the melanogaster subgroup (clade 1 in
Figure 1); the second family, the micropia family [since micropia was first described in D.
hydei (Huijser et al. 1988; Lankenau et al. 1988)], is present mostly on the species from
Drosophila subgenus (clade 5); and the third family, herein named picopia, is encountered
in D. willistoni and maybe other related species. micropia was named after the
microdissection experiments and the similarity of the sequences with the copia elements
(Huijser et al., 1988). The proposed nanopia and picopia names are not related with
metrical values. This micropia families division is supported by our analysis of nucleotide
and amino acid similarities (Table 4) and follows the hierarchical step by step procedure
implemented by Wicker et al. (2007), besides presenting a strong connection with micropia
related sequences phylogenetic history and proposing only monophyletic groups (Seberg

and Petersen, 2009).

Evolutionary history of micropia in Drosophila genus

Previous works have proposed HT events between Drosophila species based on
different kind of inferences (Silva and Kidwell 2000; Heredia et al. 2004; Almeida and
Carareto 2006; Sanchez-Garcia et al. 2005; Bartolomé et al. 2009). Here, we adopted the
following criteria to infer HT evens, as indicated by Loreto et al. (2008): (a) analysis of the
TE patchy distribution in the species; (b) incongruence in the comparisons between the TE
phylogeny and the species relationships described elsewhere; (c) analysis of the sequences
similarity thought dS values comparisons between the TE and a nuclear gene, with support
of the dN/dS index and the codon usage bias analysis. In our evolutionary inferences, VT
and ancestral polymorphisms appear to be a strong feature, since faint signals were

recovered in Dot Blot and in Southern Blot both, for species not presenting detectable
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micropia related sequences (Figure 1S) or for species with micropia characterized
elements [Figure 2 in Cordeiro et al. (2008)]. Nevertheless, in the attempt of outlining the
evolutionary scenario of micropia, nanopia and picopia retroelements in the species here
studied, our results show that, beyond VT and ancestral polymorphism, there might have
happen successive invasions of micropia related sequences in the species genome after the
speciation events.

The nanopia sequences detected in D. erecta and D. yakuba seem to be
representatives of ancient elements likely present in the Sophophora subgenus most recent
common ancestral. This prelude is taken from their dS values, which are not at high
contrast with those presented for Amd (Table 3S) in the comparisons involving both these
species sequences, in those comparisons involving these sequences and some of the D.
melanogaster cryptic species sequences (clade 3 in Figure 1), or in those comparisons
involving these and both, the D. willistoni picopia sequences and the Drosophila subgenus
micropia sequences (clade 2 in Figure 1). Nevertheless, some extremely similar
representatives of this group of sequences were also encountered within the D.
melanogaster cryptic species (Dsechellia27 and 29, Dmelanogaster9, Dsimulans4, 9 and
10 sequences) (clade 7 in Figure 1). Considering the evolution rate calibration as 1.6%
divergence per MYA (Sharp and Li 1989), which is indicated for neutral evolution
sequences and using only dS values, it is possible to infer that the D. erecta and D. yakuba
nanopia sequences diverged from the D. melanogaster cryptic species sequences that
comprise clade 7 at about 5.3MYA and 3.3MYA, respectively, which is well after the
species split (12.8MYA, Tamura et al. 2004). So, we conceive that these D. melanogaster
cryptic species nanopia sequences were independently acquired through at least one HT

event involving a D. yakuba and a D. melanogaster cryptic species ancestral lineage.
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Although the D. melanogaster cryptic species sequences comprising clade 7 present a
polytomic relationship (Figure 1) and have lower dS values in the intra-group comparisons,
the difference with Amd is not statistically significant most of the times (Table 3S), so that
VT could not be discarded.

Within clade 3 (Figure 1), nevertheless, the picture is different. In a first sight, it is
possible to see that these nanopia sequences, as detected in D. melanogaster, D. sechellia
and D. simulans, are extremely similar (clade 3 in Figure 1; Table 3S), which could be an
indication that these species have acquired their sequences very recently. According to
Tamura et al. (2004), D. melanogaster shared the most recent common ancestor with D.
simulans and D. sechellia 5.4MYA. Applying the above described molecular clock
hypothesis, it is possible to infer that the nanopia sequences within these species diverged
0.5MYA, i.e., well after the speciation events. So, HT events could be invoked as a
possible source of incongruence. Although it was identified that these three species can
generate fertile hybrids (Lachaise et al. 1986), introgression may have played an essential
role in the acquisition of new sequences. Other authors have identified the same highly
frequencies of HT events between these species, both for transposons and for
retrotransposons (Sanchez-Garcia et al. 2005; Ludwig and Loreto 2007; Ludwig et al.
2008; Bartolomé et al. 2009) and some of them also pointed to introgression as a possible
source mechanism (Silva and Kidwell 2000; Ludwig et al. 2008). It is well known that D.
simulans and D. melanogaster are widespread species; but all the other species from
melanogaster subgroup have their distribution limited to the African continent and D.
sechellia has an even more restricted distribution, known only for the Seychelles islands

(Lemeunier et al. 1986; Bdachli, 2009). So, at least one of the inferred HT events might
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have occurred in Africa, where there is a main contact of the species, mainly regarding D.
sechellia.

In summary, comparing the TE (Figure 1) and the species phylogeny (Figure 2),
and utilizing the dS values information, the conservative scenario that emerges for clade 1
is the presence of a nanopia copy in the melanogaster subgroup ancestor, with this being
inherited both, by the yakuba/erecta lineage (giving rise to clade 4 with at least one HT)
and by a D. melanogaster ancestral lineage (giving rise to clade 3, with at least two
independent HT events). More than that, conservatively speaking, we hypothesize that the
ancestral nanopia copy was likely present in the Sophophora ancestral lineage, since when
comparing the sequences from clade 1 with those comprising clade 2, no significant
incongruences were found as concerns the dS values. Nevertheless, this scenario also
requests some nanopia stochastic losses, since we were not able to find any nanopia
sequence in the D. ananassae (ananassae subgroup of melanogaster group), D. persimilis
and D. pseudoobscura (obscura group) genomes through our in silico search.

Clade 2 from Figure 1 presents an even more complex pattern, with significant
incongruences with the species phylogeny (Figure 2): the picopia sequences from D.
willistoni (clade 6 - Sophophora subgenus) clustered with the micropia sequences mainly
found in species from the cardini and repleta group (clade 5 - Drosophila subgenus), with
a strong support in all phylogenetic analysis (Figure 1; Table 2). In general, the majority of
the D. willistoni picopia sequences (clade 6) seem to have a higher evolving rate. But even
so, significant deviations between the TE and Amd dS values are detected in most of the
comparisons involving clades 5 and 6. More than that, a D. willistoni micropia sequence,
Dwillistonil, is clustered within the clade grouping the cardini and repleta species groups

copies, and presents lower dS values in the comparisons with these Drosophila subgenus
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micropia sequences than with the D. willistoni picopia sequences (clade 6 in Figure 1)
(willil cluster in Table 3S). The Drosophila subgenus, that embraces the cardini and
repleta group species, diverged from the Sophophora subgenus, containing the willistoni
species group, at about 62.9MY A (Tamura et al. 2004), whereas the sequences from clade
5 and 6 diverged from each other at an estimated 19MYA. Therefore, we conceive that the
cardini and repleta groups both acquired a micropia related sequence from D. willistoni, or
some other related species, with a possible second HT being postulated in the reverse
sense, that is, from some species of the cardini/repleta group back to D. willistoni. As the
willistoni and saltans group diverged at about 20MYA (Powell et al. 2003), almost the
same time since the split of the micropia and picopia sequences (clades 5 and 6) (1I9MYA),
the donor species of the repleta and cardini groups sequences could be some species from
the saltans group, which also possess micropia and/or picopia sequences (Almeida et al.
2001). However, as the sequences obtained for the saltans group species embraces another
nucleotide region; this hypothesis has to be further elucidated.

Within the cardini and the repleta groups, micropia has a patchy distribution, since
neither the species from the dunni subgroup (cardini group) nor D. mojavensis (repleta
group) seem to have detectable copies of micropia in their genomes. Almost all the dS
comparisons concerning species from clade 5 were highly significant (Table 3S).
Moreover, clade 5 does not present any phylogenetic subdivision between the cardini and
repleta groups species, which is unexpected since these species groups appear to have
diverged at about 45MYA (L. J. Robe, unpublished data). So, in an attempt to explain all
these results, we propose the occurrence of independent HT events from member(s) of the
willistoni/saltans lineage to at least one member from the repleta and, maybe, from the

cardini group. Since D. zottii is the early offshoot within clade 5, it was probably the first
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receptor species (4.1MYA), followed by D. acutilabella (3.7MYA), that may have
received its copy again from a willistoni/saltans species, or from D. zottii itself.
Afterwards, possibly through the action of introgression mechanisms, micropia spread to
other members of both of these groups in an almost simultaneous fashion (about 2MYA),
since both of them have species that also can interbreed and produce fertile hybrids (Heed
1962; Wasserman 1992). So, the evolutionary history of micropia sequences within clade 2
appears to be governed mainly by HT events, with at least 14 events being inferred®.

All the species from clade 2 have a Neotropical restrict distribution, with the
exception of the D. hydei, D. mercatorum and D. buzzatii (all from repleta group) that are
widespread species (Fontdevila et al. 1981; Val et al. 1981; Bachli 2009). Drosophila
willistoni, from willistoni group, and the species D. polymorpha, D. cardinoides, D.
neocardini, D. cardini, D. neomorpha and D. parthenogenetica, all from the cardini
subgroup, have the same widely distribution pattern ranging from south USA through
South America (Heed and Russel 1971; Dobzhansky and Powell 1975; Béachli 2009).
Drosophila procardinoides and D. acutilabella are the exceptions within the cardini
subgroup: the first is endemic to Bolivia, Peru and north of Brazil, whereas the second
occurs only in south of USA, Mexico and some Caribbean islands (Brisson et al. 2006;
Bachli 2009). Thus, the statement made by Cordeiro et al. (2008), that indicated the
Central and/or South America as the likely contact site for the HT events, is also validated

here.

HT mechanisms

® Drosophila polymorpha does not present significant lower dS values for micropia in the comparisons
involving D. acutilabella, D. cardinoides, D. neomorpha, D. parthenogenetica and D. procardinoides.
However, this result probably reflects the fact that this species presents a 133bp deletion in its micropia
sequence, so that a reduced sample of synonymous sites is compared.
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The micropia related sequences contain one open reading frame, flanked by LTRs,
that putatively encodes protease, integrase, reverse transcriptase, RNseH, and a capsid
protein similar to that from the vertebrates’ retroviruses (Lankenau et al. 1989; 1994).
According to the International Committee on Taxonomy of Viruses (ICTV) (Boeke et al.
1999), micropia, is a metavirus classified as belonging to the Metaviridae family, as does it
might be for nanopia and picopia TE families. The retroviruses and retroelements
belonging to this family do not have a functional coding env gene, which gives the
infectious properties to retroviruses such as gypsy (Heredia et al. 2004). However, the
hypothesis that the elements without env gene can use the Env protein provided by other
TESs to produce their infectious particles (Vidal et al. 2009) can not be discarded. Different
vectors that could lead to HT on genes have been described, such as process mediated by
virus, parasites and parasitoids, intracellular symbiotic bacteria, and others (Silva et al.
2004; Loreto et al. 2008). Considering these possibilities, the sequences here studied seems
to have used some of these strategies; however, introgression mechanisms detach, in a first
sight, as the most likely source of most HT events here inferred, at least as the

melanogaster, cardini and repleta intra-groups transfers are concerned.
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Table 1S: Drosophila species investigated in this study which did not present any

amplification/hybridization signal of micropia related sequences.

Coordinate or

Group Species Stock Center number  Localization
cardini D. dunni 15182-2301.00 St Thomas-Caribe
D. similis 15182-2321.00 St George-Grenada
D. nigrodunni 15182-2311.01 Barbados-Caribe
D. arawakana 15182-2260.00 St Kitts-Caribe
tripunctata  D. bandeirantorum”® 30°03’S 51°07°'W Porto Alegre-RS-BR
D. mediopictoides 15220-2371.00 Bogquete-Panama
D. mediopunctata’® 30°03’S 51°07°'W Porto Alegre-RS-BR
D. mediodiffusa 15220-2351.04 Maricao-Porto Rico
D. paraguayensis® 27°35’S 48°22°'W Florianopolis-SC-BR
D. paramediostriata’® 30°03’S 51°07°'W Porto Alegre-RS-BR
D. tripunctata 15220-2401.12 lowa River-lowa-EUA
guarani D. guaru® 26°17°S 49°00°'W Joinville-SC-BR
D. ornatifons® 26°17°S 49°00'W Joinville-SC-BR
guaramunu  D. maculifrons® 27°35’S 48°22°'W Florianopolis-SC-BR
D. griseolineata® 27°35’S 48°22°W Florianopolis-SC-BR
funnebris D. funnebris 15120-1911.01 Mexico City-MX
immigrans  D. immigrans® 26°17°S 49°00°'W Joinville-SC-BR

Capital letters refer to the fly collectors: ADr. Luciano Basso da Silva, 2Dr. Marco Silva Gottschalk,

®MSc. Jonas da Silva Doge, PDra. Daniela Cristina De Toni.
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Table 2S: Drosophila species analyzed in silico with their respective scaffold

retrieved from the genome search.

Group Species Scaffold/Chromosome/Trace  Adopted Nomenclature
willistoni D. willistoni scf2_1100000004965 Dwillistonil
scf2_1100000004954 Dwillistoni2, 3
scf2_1100000004953 Dwillistoni4
scf2_1100000004961 Dwillistoni5
scf2_1100000004959 Dwillistoni6
melanogaster  D. melanogaster 3R Dmelanogasterl, 2
3RHet Dmelanogaster3, 4
] Dmelanogasters, 6, 7
2R Dmelanogaster9
D. simulans chrU_M_2288 Dsimulansl
chr2h_Mrandom_009 Dsimulans2
2R Dsimulans3, 4
chrU_M_786 Dsimulans5
chrU_M_6079 Dsimulans6
X Dsimulans7
chrUu_M_978 Dsimulans8
2h_Mrandom_005 Dsimulans9
U_M_2475 Dsimulans10
D. sechellia scafold 1 Dsechellial, 2, 3
scaffold 7 Dsechellia4, 5
scaffold 0 Dsechellia6, 7, 8, 9
scaffold 9599 Dsechellial0
scaffold 2140 Dsechelliall
scaffold 62 Dsechellial2
scafold 89 Dsechellial3
scaffold 2 Dsechellial4
scafold 1078 Dsechellials
scafold 1972 Dsechellial6
scafold 935 Dsechellial?
scafold 28 Dsechellial8
scafold 6 Dsechellial9
scafold 443 Dsechellia20
scafold 72 Dsechellia21
scafold 15 Dsechellia22
scafold 1378 Dsechellia23
scafold 12503 Dsechellia24
scafold 688 Dsechellia25
scafold 218 Dsechellia26
scafold 66 Dsechellia27
scafold 13 Dsechellia28
scaffold 57 Dsechellia29
D. erecta scaffold 4929 Derectal
D. yakuba V2_chrUn_1883 Dyakubal
V2_chrUn_975 Dyakuba?2
V2_chrUn_709 Dyakuba3
V2_chr2h_random_005 Dyakuba4
V2_chrUh_007 Dyakubab, 6, 7
V2_chrUn_080 Dyakuba8
V2 _chrUn_3220 Dyakuba9

V2 _chrX random 046

Dyakubal0, 11, 12
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Control D. zotii D. neomorpha D. parthenogenetica
D. mercatorum D. cardini D. procardinoides
D. repleta D. arawakana D. similis ~ D. acutilabella

D. buzzatii D. nigrodunni D. dunni
B

Figure 1S: (A) Southern Blot on the PCR of some
species from the cardini and repleta groups (see Table
1 and Table 2S). (B) Dot Blot on genomic DNA
confirming the pattern seen on the PCR/Southern Blot.
In both cases, the probe used was an 812bp PCR
fragment from D. hydei dhMiF2 sequence. Control: 5ul

(in 10ul) of micropia probe.
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Table 3S: Comparative analysis of the dS values between micropia and
Amd sequences. Only the sequences from different species were compared.
The comparisons suggesting the occurrence of HT were statistically tested
by Fisher's exact test. (*) P<0.05, (**) P<0.01, (***) P<0.001. See footnote for

sequences grouping explanation.

Sequences comparisons dS micropia dS Amd eF;ZT:?:[;st
Dsechellial X  Derectal 0.195 0.257
Dsechellial X  Dsimulansl 0.018 0.080 *x
Dsechellial X  Dsimulans2 0.018 0.080 *ox
Dsechellial X  Dsimulans3 0.000 0.080 Hokk
Dsechellial X  siml 0.210 0.080
Dsechellial X  Dsimulansb 0.012 0.080 *x
Dsechellial X  Dsimulans6 0.024 0.080 *
Dsechellial X  Dsimulans7 0.026 0.080 *
Dsechellial X  Dsimulans8 0.016 0.080 *x
Dsechellial X  Dsimulans9 0.219 0.080
Dsechellial X  Dm11 0.019 0.160 Frx
Dsechellial X  Dmelanogasterl 0.006 0.160 Hokk
Dsechellial X  mell 0.015 0.160 il
Dsechellial X  mel2 0.006 0.160 il
Dsechellial X  Dmelanogaster5 0.000 0.160 il
Dsechellial X  Dmelanogaster6 0.013 0.160 il
Dsechellial X  Dmelanogaster9 0.204 0.160
Dsechellial X  yakl 0.223 0.280
Dsechellial X  Dwillistonil 0.766 0.798
Dsechellial X willil 0.868 0.798
Dsechellial X  dhMiF2 0.761 0.775
Dsechellial X  Dmercatorum 0.758 0.647
Dsechellial X  Dbuzzatii 0.777 0.742
Dsechellial X  Dzottii 0.772 0.697
Dsechellial X  Dacutilabella 0.776 0.592
Dsechellial X  Dcardinil 0.796 0.639
Dsechellial X  Dcardini2 0.799 0.639
Dsechellial X  Dcardini3 0.799 0.639
Dsechellial X  Dneomorpha 0.786 0.616
Dsechellial X  parthl 0.774 0.624
Dsechellial X  Dparthenogenetica4 0.796 0.624
Dsechellial X  Dparthenogenetica5 0.791 0.624
Dsechellial X  Dparthenogenetica6 0.797 0.624
Dsechellial X  Dprocardinoides 0.764 0.584
Dsechellial X  Dneocardini 0.794 0.645
Dsechellial X  Dpolymorpha 0.766 0.627
Dsechellial X  Dcardinoides 0.786 0.610
sechl X  Derectal 0.195 0.257
sechl X  Dsimulansl 0.016 0.080 *x
sechl X  Dsimulans2 0.016 0.080 *x
sechl X  Dsimulans3 0.002 0.080 Fkk

sechl X  siml 0.209 0.080



sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
sechl X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X

Dsimulans5
Dsimulans6
Dsimulans?
Dsimulans8
Dsimulans9
Dm11
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6é
Dmelanogaster9
yakl
Dwillistonil
willil

dhMiF2
Dmercatorum
Dbuzzatii
Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha
parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Derectal
Dsimulansl1
Dsimulans2
Dsimulans3
siml
Dsimulans5
Dsimulans6
Dsimulans?
Dsimulans8
Dsimulans9
Dm1l
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6
Dmelanogaster9
yak1
Dwillistonil
willil

0.014
0.027
0.027
0.017
0.220
0.021
0.008
0.016
0.008
0.002
0.015
0.203
0.224
0.767
0.871
0.762
0.760
0.779
0.772
0.775
0.797
0.799
0.799
0.787
0.776
0.797
0.792
0.798
0.766
0.795
0.768
0.787
0.195
0.018
0.018
0.000
0.210
0.012
0.024
0.026
0.016
0.219
0.019
0.006
0.015
0.006
0.000
0.013
0.204
0.223
0.766
0.868

0.080
0.080
0.080
0.080
0.080
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.280
0.798
0.798
0.775
0.647
0.742
0.697
0.592
0.639
0.639
0.639
0.616
0.624
0.624
0.624
0.624
0.584
0.645
0.627
0.610
0.257
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.280
0.798
0.798

Fk

Fk

Fokk

FokKk

Fokk

Fokk

Fokk

FokKk

Fk

Fk

Fokk

Fk

Fk

Fokk

Fokk

FokKk

Fokk

Fokk

FokKk
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Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia5 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X
Dsechellia7 X

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Derectal
Dsimulansl
Dsimulans2
Dsimulans3

siml

Dsimulans5
Dsimulans6
Dsimulans?
Dsimulans8
Dsimulans9

Dm11
Dmelanogasterl
mell

mel2
Dmelanogasters
Dmelanogaster6é
Dmelanogaster9
yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogeneticab
Dprocardinoides
Dneocardini

0.761
0.758
0.777
0.772
0.776
0.796
0.799
0.799
0.786
0.774
0.796
0.791
0.797
0.764
0.794
0.766
0.786
0.195
0.000
0.000
0.018
0.200
0.030
0.030
0.026
0.016
0.225
0.025
0.012
0.014
0.012
0.012
0.019
0.204
0.227
0.772
0.868
0.767
0.765
0.784
0.786
0.782
0.802
0.799
0.799
0.792
0.776
0.802
0.797
0.803
0.773
0.800

0.775
0.647
0.742
0.697
0.592
0.639
0.639
0.639
0.616
0.624
0.624
0.624
0.624
0.584
0.645
0.627
0.610
0.257
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.280
0.798
0.798
0.775
0.647
0.742
0.697
0.592
0.639
0.639
0.639
0.616
0.624
0.624
0.624
0.624
0.584
0.645
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Dsechellia7 X
Dsechellia7 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia8 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X

Dpolymorpha
Dcardinoides
Derectal
Dsimulansl
Dsimulans2
Dsimulans3
siml
Dsimulans5
Dsimulans6
Dsimulans7
Dsimulans8
Dsimulans9
Dm11
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6é
Dmelanogaster9
yakl
Dwillistonil
willil

dhMiF2
Dmercatorum
Dbuzzatii
Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha
parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Derectal
Dsimulansl1
Dsimulans2
Dsimulans3
siml
Dsimulans5
Dsimulans6
Dsimulans?
Dsimulans8
Dsimulans9
Dmll
Dmelanogasterl
mell

0.774
0.793
0.195
0.000
0.000
0.018
0.200
0.030
0.030
0.026
0.016
0.225
0.025
0.012
0.014
0.012
0.012
0.019
0.204
0.227
0.772
0.868
0.767
0.765
0.784
0.786
0.782
0.802
0.799
0.799
0.792
0.776
0.802
0.797
0.803
0.773
0.800
0.774
0.793
0.180
0.000
0.000
0.018
0.188
0.031
0.031
0.027
0.017
0.218
0.026
0.012
0.014

0.627
0.610
0.257
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.280
0.798
0.798
0.775
0.647
0.742
0.697
0.592
0.639
0.639
0.639
0.616
0.624
0.624
0.624
0.624
0.584
0.645
0.627
0.610
0.257
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.160
0.160
0.160

Fokk

Fokk

Fk

Fk

Fokk

Fokok

Fokk

Fokk

Fokok
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Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
Dsechellia9 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X
sech2 X

mel2
Dmelanogaster5
Dmelanogaster6é
Dmelanogaster9
yakl
Dwillistonil
willil

dhMiF2
Dmercatorum
Dbuzzatii
Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha
parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Derectal
Dsimulansl1
Dsimulans2
Dsimulans3
siml
Dsimulans5
Dsimulans6
Dsimulans?
Dsimulans8
Dsimulans9
Dm11
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6
Dmelanogaster9
yakl
Dwillistonil
willil

dhMiF2
Dmercatorum
Dbuzzatii
Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3

0.012
0.013
0.019
0.204
0.224
0.762
0.860
0.757
0.758
0.774
0.785
0.773
0.793
0.775
0.775
0.783
0.768
0.793
0.787
0.794
0.763
0.796
0.769
0.789
0.196
0.017
0.017
0.002
0.211
0.014
0.026
0.025
0.016
0.220
0.021
0.008
0.016
0.008
0.002
0.015
0.205
0.225
0.763
0.864
0.758
0.755
0.775
0.772
0.775
0.794
0.799
0.799

0.160
0.160
0.160
0.160
0.280
0.798
0.798
0.775
0.647
0.742
0.697
0.592
0.639
0.639
0.639
0.616
0.624
0.624
0.624
0.624
0.584
0.645
0.627
0.610
0.257
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.280
0.798
0.798
0.775
0.647
0.742
0.697
0.592
0.639
0.639
0.639

Fokk

Fokk

Fokk

Fk

Fokk

Fk

Fk

Fokk

FokKk

Fokk

Fokk

Fokk
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sech2 X

sech2 X

sech2 X

sech2 X

sech2 X

sech2 X

sech2 X

sech2 X

sech2 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial3 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X

Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Derectal
Dsimulansl1
Dsimulans2
Dsimulans3

siml

Dsimulans5
Dsimulans6
Dsimulans?
Dsimulans8
Dsimulans9

Dmll
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6é
Dmelanogaster9
yak1

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Derectal
Dsimulansl1
Dsimulans2
Dsimulans3

siml

Dsimulans5

0.783
0.772
0.794
0.788
0.794
0.761
0.791
0.766
0.784
0.195
0.000
0.000
0.018
0.200
0.030
0.030
0.026
0.016
0.225
0.025
0.012
0.014
0.012
0.012
0.019
0.204
0.227
0.772
0.868
0.767
0.765
0.784
0.786
0.782
0.802
0.799
0.799
0.792
0.776
0.802
0.797
0.803
0.773
0.800
0.774
0.793
0.195
0.000
0.000
0.018
0.200
0.030

0.616
0.624
0.624
0.624
0.624
0.584
0.645
0.627
0.610
0.257
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.280
0.798
0.798
0.775
0.647
0.742
0.697
0.592
0.639
0.639
0.639
0.616
0.624
0.624
0.624
0.624
0.584
0.645
0.627
0.610
0.257
0.080
0.080
0.080
0.080
0.080

Fokk

Fokk

Fk
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Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellials X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial5 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X

Dsimulans6
Dsimulans7
Dsimulans8
Dsimulans9
Dm11
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6é
Dmelanogaster9
yakl
Dwillistonil
willil

dhMiF2
Dmercatorum
Dbuzzatii
Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha
parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogeneticab
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Derectal
Dsimulansl
Dsimulans2
Dsimulans3
siml
Dsimulans5
Dsimulans6
Dsimulans?
Dsimulans8
Dsimulans9
Dm11l
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6
Dmelanogaster9
yakl
Dwillistonil
willil

dhMiF2

0.030
0.026
0.016
0.225
0.025
0.012
0.014
0.012
0.012
0.019
0.204
0.227
0.772
0.868
0.767
0.765
0.784
0.786
0.782
0.802
0.799
0.799
0.792
0.776
0.802
0.797
0.803
0.773
0.800
0.774
0.793
0.195
0.000
0.000
0.018
0.200
0.030
0.030
0.026
0.016
0.225
0.025
0.012
0.014
0.012
0.012
0.019
0.204
0.227
0.772
0.868
0.767

0.080
0.080
0.080
0.080
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.280
0.798
0.798
0.775
0.647
0.742
0.697
0.592
0.639
0.639
0.639
0.616
0.624
0.624
0.624
0.624
0.584
0.645
0.627
0.610
0.257
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.280
0.798
0.798
0.775

Hk

Fokk

Fokk

Fokk

FokKk

Fokk

FokKk

Fokk

Fokk

Fk

Fk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk
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Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
Dsechellial8 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X
sech3 X

Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogeneticab
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Derectal
Dsimulansl
Dsimulans2
Dsimulans3

siml

Dsimulans5
Dsimulans6
Dsimulans7
Dsimulans8
Dsimulans9

Dmll
Dmelanogasterl
mell

mel2
Dmelanogasters
Dmelanogaster6é
Dmelanogaster9
yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha

0.765
0.784
0.786
0.782
0.802
0.799
0.799
0.792
0.776
0.802
0.797
0.803
0.773
0.800
0.774
0.793
0.195
0.035
0.035
0.016
0.209
0.029
0.041
0.042
0.032
0.224
0.037
0.023
0.033
0.023
0.017
0.025
0.206
0.227
0.761
0.866
0.756
0.755
0.773
0.773
0.770
0.793
0.784
0.784
0.781
0.770
0.793
0.789
0.794
0.756
0.795
0.764

0.647
0.742
0.697
0.592
0.639
0.639
0.639
0.616
0.624
0.624
0.624
0.624
0.584
0.645
0.627
0.610
0.257
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.280
0.798
0.798
0.775
0.647
0.742
0.697
0.592
0.639
0.639
0.639
0.616
0.624
0.624
0.624
0.624
0.584
0.645
0.627
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Fkk
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Fokk

Fokk
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sech3 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia22 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X

Dcardinoides
Derectal
Dsimulansl
Dsimulans2
Dsimulans3
siml
Dsimulans5
Dsimulans6
Dsimulans?
Dsimulans8
Dsimulans9
Dmll
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6é
Dmelanogaster9
yakl
Dwillistonil
willil

dhMiF2
Dmercatorum
Dbuzzatii
Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha
parthl
Dparthenogenetica4
Dparthenogenetica5
Dparthenogeneticab
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Derectal
Dsimulansl1
Dsimulans2
Dsimulans3
siml
Dsimulans5
Dsimulans6
Dsimulans?
Dsimulans8
Dsimulans9
Dm11l
Dmelanogasterl
mell

mel2

0.780
0.202
0.006
0.006
0.024
0.211
0.036
0.036
0.033
0.024
0.231
0.031
0.018
0.021
0.018
0.018
0.026
0.204
0.233
0.779
0.864
0.774
0.772
0.791
0.790
0.790
0.810
0.817
0.817
0.800
0.784
0.810
0.804
0.810
0.780
0.807
0.783
0.801
0.196
0.026
0.026
0.006
0.210
0.019
0.026
0.021
0.025
0.218
0.020
0.013
0.019
0.013

0.610
0.257
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.280
0.798
0.798
0.775
0.647
0.742
0.697
0.592
0.639
0.639
0.639
0.616
0.624
0.624
0.624
0.624
0.584
0.645
0.627
0.610
0.257
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.160
0.160
0.160
0.160

Fokk

Fokk

Fokk

Fokk

Fokok

FokKk

Fokk

Fokk

Fokk

Fk

FokKk

Fkk

FokKk
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Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia26 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X

Dmelanogaster5
Dmelanogaster6é
Dmelanogaster9
yakl
Dwillistonil
willil

dhMiF2
Dmercatorum
Dbuzzatii
Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha
parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Derectal
Dsimulansl
Dsimulans2
Dsimulans3
siml
Dsimulans5
Dsimulans6
Dsimulans?
Dsimulans8
Dsimulans9
Dm11
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6é
Dmelanogaster9
yakl
Dwillistonil
willil

dhMiF2
Dmercatorum
Dbuzzatii
Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

0.007
0.021
0.205
0.222
0.767
0.843
0.754
0.759
0.783
0.773
0.778
0.800
0.800
0.800
0.787
0.776
0.800
0.794
0.800
0.762
0.797
0.787
0.789
0.165
0.222
0.222
0.216
0.102
0.227
0.230
0.224
0.241
0.037
0.236
0.222
0.230
0.214
0.221
0.220
0.089
0.134
0.771
0.841
0.764
0.772
0.785
0.807
0.768
0.795
0.772
0.772
0.787

0.160
0.160
0.160
0.280
0.798
0.798
0.775
0.647
0.742
0.697
0.592
0.639
0.639
0.639
0.616
0.624
0.624
0.624
0.624
0.584
0.645
0.627
0.610
0.257
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.280
0.798
0.798
0.775
0.647
0.742
0.697
0.592
0.639
0.639
0.639
0.616

FokKk

Fokk

Fokk
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Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia27 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia28 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X

parthl
Dparthenogeneticad
Dparthenogenetica
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Derectal
Dsimulansl
Dsimulans2
Dsimulans3

siml

Dsimulans5
Dsimulans6
Dsimulans7
Dsimulans8
Dsimulans9

Dmll
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6
Dmelanogaster9
yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Derectal
Dsimulansl1
Dsimulans2
Dsimulans3

siml

Dsimulans5
Dsimulans6

0.798
0.795
0.784
0.790
0.789
0.805
0.764
0.804
0.218
0.048
0.048
0.039
0.196
0.058
0.059
0.048
0.058
0.197
0.052
0.048
0.058
0.048
0.040
0.050
0.114
0.213
0.755
0.817
0.741
0.752
0.773
0.781
0.772
0.800
0.784
0.784
0.787
0.774
0.800
0.791
0.800
0.758
0.788
0.788
0.779
0.157
0.222
0.222
0.217
0.095
0.228
0.231

0.624
0.624
0.624
0.624
0.584
0.645
0.627
0.610
0.257
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.080
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.280
0.798
0.798
0.775
0.647
0.742
0.697
0.592
0.639
0.639
0.639
0.616
0.624
0.624
0.624
0.624
0.584
0.645
0.627
0.610
0.257
0.080
0.080
0.080
0.080
0.080
0.080

F%k

F%k

F%k

Fk

£

Fk
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Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Dsechellia29 X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X
Derectal X

Dsimulans?
Dsimulans8
Dsimulans9
Dm11
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6é
Dmelanogaster9
yakl
Dwillistonil
willil

dhMiF2
Dmercatorum
Dbuzzatii
Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha
parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dsimulansl1
Dsimulans2
Dsimulans3
siml
Dsimulans5
Dsimulans6
Dsimulans7
Dsimulans8
Dsimulans9
Dm11l
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6
Dmelanogaster9
yakl
Dwillistonil
willil

dhMiF2
Dmercatorum
Dbuzzatii

0.225
0.234
0.073
0.238
0.222
0.231
0.214
0.218
0.221
0.076
0.139
0.742
0.871
0.744
0.752
0.757
0.791
0.764
0.786
0.779
0.779
0.777
0.775
0.786
0.773
0.786
0.777
0.796
0.757
0.794
0.195
0.195
0.196
0.153
0.207
0.211
0.204
0.223
0.162
0.225
0.201
0.214
0.194
0.194
0.190
0.117
0.178
0.724
0.873
0.726
0.726
0.741

0.080
0.080
0.080
0.160
0.160
0.160
0.160
0.160
0.160
0.160
0.280
0.798
0.798
0.775
0.647
0.742
0.697
0.592
0.639
0.639
0.639
0.616
0.624
0.624
0.624
0.624
0.584
0.645
0.627
0.610
0.223
0.223
0.223
0.223
0.223
0.223
0.223
0.223
0.223
0.271
0.271
0.271
0.271
0.271
0.271
0.271
0.155
0.780
0.780
0.777
0.620
0.745

Fk

Fokk
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Derectal X

Derectal X

Derectal X

Derectal X

Derectal X

Derectal X

Derectal X

Derectal X

Derectal X

Derectal X

Derectal X

Derectal X

Derectal X

Derectal X
Dsimulansl X
Dsimulansl X
Dsimulansl X
Dsimulansl X
Dsimulansl X
Dsimulansl X
Dsimulansl X
Dsimulans1 X
Dsimulansl X
Dsimulans1 X
Dsimulansl X
Dsimulans1 X
Dsimulans1 X
Dsimulans1 X
Dsimulans1 X
Dsimulans1 X
Dsimulans1 X
Dsimulans1 X
Dsimulans1 X
Dsimulans1 X
Dsimulans1 X
Dsimulansl X
Dsimulans1 X
Dsimulans1 X
Dsimulans1 X
Dsimulans1 X
Dsimulans1 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogeneticab
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides

Dmll
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6é
Dmelanogaster9
yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dm11
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6
Dmelanogaster9
yakl

Dwillistonil

willil

dhMiF2

0.751
0.743
0.764
0.770
0.770
0.763
0.748
0.764
0.761
0.773
0.745
0.781
0.775
0.775
0.025
0.012
0.014
0.012
0.012
0.019
0.204
0.227
0.772
0.868
0.767
0.765
0.784
0.786
0.782
0.802
0.799
0.799
0.792
0.776
0.802
0.797
0.803
0.773
0.800
0.774
0.793
0.025
0.012
0.014
0.012
0.012
0.019
0.204
0.227
0.772
0.868
0.767

0.711
0.610
0.687
0.687
0.687
0.652
0.656
0.656
0.656
0.656
0.607
0.682
0.672
0.637
0.146
0.146
0.146
0.146
0.146
0.146
0.146
0.259
0.771
0.771
0.749
0.619
0.738
0.684
0.586
0.649
0.649
0.649
0.610
0.632
0.632
0.632
0.632
0.588
0.640
0.626
0.609
0.146
0.146
0.146
0.146
0.146
0.146
0.146
0.259
0.771
0.771
0.749

Fokk

Fokk

Fekok

Fokk

Fokk

Fokk

Fokk

FokKk

FokKk

Fokk

Fokk

Fokk

107



Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans2 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X
Dsimulans3 X

siml X

siml X

siml X

siml X

siml X

siml X

siml X

siml X

siml X

Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogeneticab
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides

Dmll
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6
Dmelanogaster9
yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dm11l
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6
Dmelanogaster9
yakl

Dwillistonil

0.765
0.784
0.786
0.782
0.802
0.799
0.799
0.792
0.776
0.802
0.797
0.803
0.773
0.800
0.774
0.793
0.019
0.006
0.015
0.006
0.000
0.013
0.205
0.223
0.768
0.871
0.763
0.758
0.780
0.775
0.778
0.799
0.799
0.799
0.788
0.777
0.799
0.793
0.799
0.766
0.796
0.769
0.789
0.243
0.210
0.209
0.197
0.214
0.199
0.043
0.111
0.683

0.619
0.738
0.684
0.586
0.649
0.649
0.649
0.610
0.632
0.632
0.632
0.632
0.588
0.640
0.626
0.609
0.146
0.146
0.146
0.146
0.146
0.146
0.146
0.259
0.771
0.771
0.749
0.619
0.738
0.684
0.586
0.649
0.649
0.649
0.610
0.632
0.632
0.632
0.632
0.588
0.640
0.626
0.609
0.146
0.146
0.146
0.146
0.146
0.146
0.146
0.259
0.771

Fokok

Fokok

Fokk

Fokok

Fokk

Fokk

Fk
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siml X
siml X
siml X
siml X
siml X
siml X
siml X
siml X
siml X
siml X
siml X
siml X
siml X
siml X
siml X
siml X
siml X
siml X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulans5 X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogeneticab
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides

Dml1l
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6
Dmelanogaster9
yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dm1l
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6
Dmelanogaster9

0.785
0.683
0.696
0.726
0.745
0.725
0.757
0.768
0.768
0.747
0.730
0.757
0.735
0.760
0.733
0.762
0.777
0.766
0.031
0.018
0.030
0.018
0.012
0.026
0.221
0.234
0.764
0.869
0.759
0.757
0.776
0.766
0.774
0.795
0.813
0.813
0.784
0.773
0.795
0.789
0.795
0.762
0.792
0.764
0.785
0.025
0.018
0.022
0.018
0.019
0.020
0.225

0.771
0.749
0.619
0.738
0.684
0.586
0.649
0.649
0.649
0.610
0.632
0.632
0.632
0.632
0.588
0.640
0.626
0.609
0.146
0.146
0.146
0.146
0.146
0.146
0.146
0.259
0.771
0.771
0.749
0.619
0.738
0.684
0.586
0.649
0.649
0.649
0.610
0.632
0.632
0.632
0.632
0.588
0.640
0.626
0.609
0.146
0.146
0.146
0.146
0.146
0.146
0.146

Fokok

Fokok

Fokok

Fokk

Fokk

Fokk

Fokk

FokKk

Fokk

Fokk

Fdkok

Fokk
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Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulansé X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans7 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X

yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogeneticab
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides

Dmll
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6é
Dmelanogaster9
yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dm1l
Dmelanogasterl
mell

mel2
Dmelanogaster5

0.238
0.768
0.854
0.762
0.760
0.778
0.778
0.778
0.798
0.788
0.788
0.788
0.772
0.798
0.792
0.799
0.765
0.796
0.777
0.788
0.035
0.020
0.018
0.020
0.020
0.027
0.200
0.226
0.773
0.864
0.771
0.767
0.785
0.775
0.784
0.807
0.799
0.799
0.795
0.779
0.807
0.801
0.807
0.777
0.804
0.789
0.793
0.026
0.008
0.017
0.008
0.008

0.259
0.771
0.771
0.749
0.619
0.738
0.684
0.586
0.649
0.649
0.649
0.610
0.632
0.632
0.632
0.632
0.588
0.640
0.626
0.609
0.146
0.146
0.146
0.146
0.146
0.146
0.146
0.259
0.771
0.771
0.749
0.619
0.738
0.684
0.586
0.649
0.649
0.649
0.610
0.632
0.632
0.632
0.632
0.588
0.640
0.626
0.609
0.146
0.146
0.146
0.146
0.146

Fokk

Fokk

Fdkk

Fkk

Fkk

Fokk

Fokk

FokKk

Fdkk

Fokk

110



Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans8 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X
Dsimulans9 X

Dm11l X

Dmill X

Dm11 X

Dmelanogaster6é
Dmelanogaster9
yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogeneticab
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dmll
Dmelanogasterl
mell

mel2
Dmelanogaster5
Dmelanogaster6é
Dmelanogaster9
yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides

yak1

Dwillistonil

willil

0.008
0.164
0.232
0.738
0.817
0.753
0.753
0.763
0.751
0.776
0.802
0.813
0.813
0.793
0.771
0.802
0.795
0.803
0.776
0.793
0.804
0.785
0.243
0.225
0.220
0.217
0.224
0.217
0.096
0.132
0.772
0.832
0.765
0.772
0.783
0.802
0.782
0.797
0.777
0.777
0.789
0.796
0.797
0.785
0.791
0.788
0.807
0.778
0.806
0.252
0.767
0.861

0.146
0.146
0.259
0.771
0.771
0.749
0.619
0.738
0.684
0.586
0.649
0.649
0.649
0.610
0.632
0.632
0.632
0.632
0.588
0.640
0.626
0.609
0.146
0.146
0.146
0.146
0.146
0.146
0.146
0.259
0.771
0.771
0.749
0.619
0.738
0.684
0.586
0.649
0.649
0.649
0.610
0.632
0.632
0.632
0.632
0.588
0.640
0.626
0.609
0.285
0.770
0.770

Fokk

Fk
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Dmill X

Dm1l1 X

Dm1ll X

Dmill X

Dm1l1 X

Dm1l1 X

Dmill X

Dmill X

Dm1l1 X

Dm1l X

Dm1l1 X

Dm11l X

Dm1l1 X

Dm11l X

Dm1l X

Dm1l X

Dm11l X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
Dmelanogasterl X
mell X

mell X

mell X

mell X

mell X

mell X

mell X

mell X

mell X

mell X

mell X

mell X

mell X

mell X

mell X

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides

yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogeneticab
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides

yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5

0.762
0.760
0.780
0.783
0.780
0.801
0.756
0.756
0.791
0.772
0.799
0.793
0.794
0.765
0.797
0.764
0.791
0.229
0.772
0.862
0.767
0.765
0.784
0.780
0.782
0.802
0.799
0.799
0.792
0.776
0.802
0.797
0.803
0.770
0.800
0.774
0.793
0.226
0.762
0.839
0.760
0.753
0.779
0.803
0.788
0.799
0.798
0.798
0.787
0.767
0.799
0.791

0.778
0.666
0.764
0.727
0.631
0.657
0.657
0.657
0.611
0.642
0.642
0.642
0.642
0.624
0.636
0.625
0.636
0.285
0.770
0.770
0.778
0.666
0.764
0.727
0.631
0.657
0.657
0.657
0.611
0.642
0.642
0.642
0.642
0.624
0.636
0.625
0.636
0.285
0.770
0.770
0.778
0.666
0.764
0.727
0.631
0.657
0.657
0.657
0.611
0.642
0.642
0.642
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mell X
mell X
mell X
mell X
mell X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
mel2 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster5 X
Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogasteré X
Dmelanogaster6 X
Dmelanogaster6 X

Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides

yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogeneticab
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides

yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides

yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii

0.799
0.762
0.792
0.778
0.784
0.221
0.776
0.867
0.764
0.769
0.788
0.786
0.786
0.806
0.799
0.799
0.796
0.780
0.806
0.800
0.807
0.773
0.804
0.779
0.797
0.228
0.759
0.864
0.754
0.754
0.772
0.763
0.770
0.790
0.799
0.799
0.782
0.766
0.790
0.785
0.791
0.757
0.788
0.758
0.780
0.222
0.772
0.851
0.769
0.768
0.784
0.782

0.642
0.624
0.636
0.625
0.636
0.285
0.770
0.770
0.778
0.666
0.764
0.727
0.631
0.657
0.657
0.657
0.611
0.642
0.642
0.642
0.642
0.624
0.636
0.625
0.636
0.285
0.770
0.770
0.778
0.666
0.764
0.727
0.631
0.657
0.657
0.657
0.611
0.642
0.642
0.642
0.642
0.624
0.636
0.625
0.636
0.285
0.770
0.770
0.778
0.666
0.764
0.727
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Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogaster6 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
Dmelanogaster9 X
yakl X
yakl X
yakl X
yakl X
yakl X
yakl X
yakl X
yakl X
yakl X
yakl X
yakl X
yakl X
yakl X
yakl X
yakl X
yakl X
yakl X
yakl X
yakl X

Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides

yakl

Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogeneticab
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dwillistonil

willil

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides

0.783
0.805
0.785
0.785
0.794
0.777
0.805
0.799
0.805
0.770
0.808
0.783
0.797
0.125
0.751
0.903
0.763
0.760
0.766
0.783
0.784
0.793
0.796
0.796
0.773
0.769
0.790
0.791
0.796
0.788
0.800
0.745
0.806
0.751
0.853
0.759
0.758
0.774
0.784
0.776
0.785
0.783
0.783
0.779
0.776
0.785
0.773
0.790
0.771
0.793
0.758
0.799

0.631
0.657
0.657
0.657
0.611
0.642
0.642
0.642
0.642
0.624
0.636
0.625
0.636
0.285
0.770
0.770
0.778
0.666
0.764
0.727
0.631
0.657
0.657
0.657
0.611
0.642
0.642
0.642
0.642
0.624
0.636
0.625
0.636
0.801
0.801
0.787
0.656
0.783
0.734
0.606
0.687
0.687
0.687
0.652
0.661
0.661
0.661
0.661
0.616
0.662
0.654
0.637

Fokok
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Dwillistonil X
Dwillistonil X
Dwillistonil X
Dwillistonil X
Dwillistonil X
Dwillistonil X
Dwillistonil X
Dwillistonil X
Dwillistonil X
Dwillistonil X
Dwillistonil X
Dwillistonil X
Dwillistonil X
Dwillistonil X
Dwillistonil X
Dwillistonil X
Dwillistonil X
willil X
willil X
willil X
willil X
willil X
willil X
willil X
willil X
willil X
willil X
willil X
willil X
willil X
willil X
willil X
willil X
willil X
dhMiF2 X
dhMiF2 X
dhMiF2 X
dhMiF2 X
dhMiF2 X
dhMiF2 X
dhMiF2 X
dhMiF2 X
dhMiF2 X
dhMiF2 X
dhMiF2 X
dhMiF2 X
dhMiF2 X
dhMiF2 X
dhMiF2 X
dhMiF2 X
Dmercatorum X
Dmercatorum X

dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
dhMiF2
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dmercatorum
Dbuzzatii

Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dbuzzatii

Dzottii

0.081
0.066
0.069
0.133
0.126
0.089
0.148
0.148
0.091
0.091
0.095
0.099
0.095
0.089
0.084
0.214
0.101
0.601
0.614
0.580
0.575
0.613
0.604
0.641
0.641
0.601
0.611
0.604
0.618
0.607
0.607
0.600
0.644
0.613
0.048
0.053
0.120
0.096
0.063
0.103
0.103
0.061
0.065
0.069
0.066
0.069
0.063
0.058
0.171
0.073
0.048
0.126

0.801
0.772
0.747
0.791
0.687
0.698
0.698
0.698
0.708
0.728
0.728
0.728
0.728
0.684
0.663
0.691
0.677
0.801
0.772
0.747
0.791
0.687
0.698
0.698
0.698
0.708
0.728
0.728
0.728
0.728
0.684
0.663
0.691
0.677
0.341
0.320
0.302
0.752
0.726
0.726
0.726
0.732
0.730
0.730
0.730
0.730
0.743
0.708
0.751
0.783
0.379
0.306

Fokk

Fkk

Fkk

Fkk

Fkk

Fkk

Fkk

Fkk

Fkk

Fkk

Fkk

Fkk

Fkk

Fkk

Fkk

Fkk

Fkk

Fokok

Fekok

Fekok

Fkk

Fk

Fk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fkk

Fokk

FokKk
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Dmercatorum X
Dmercatorum X
Dmercatorum X
Dmercatorum X
Dmercatorum X
Dmercatorum X
Dmercatorum X
Dmercatorum X
Dmercatorum X
Dmercatorum X
Dmercatorum X
Dmercatorum X
Dmercatorum X
Dbuzzatii X
Dbuzzatii X
Dbuzzatii X
Dbuzzatii X
Dbuzzatii X
Dbuzzatii X
Dbuzzatii X
Dbuzzatii X
Dbuzzatii X
Dbuzzatii X
Dbuzzatii X
Dbuzzatii X
Dbuzzatii X
Dbuzzatii X
Dzottii X
Dzottii X
Dzottii X
Dzottii X
Dzottii X
Dzottii X
Dzottii X
Dzottii X
Dzottii X
Dzottii X
Dzottii X
Dzottii X
Dzottii X
Dacutilabella X
Dacutilabella X
Dacutilabella X
Dacutilabella X
Dacutilabella X
Dacutilabella X
Dacutilabella X
Dacutilabella X
Dacutilabella X
Dacutilabella X
Dacutilabella X
Dacutilabella X

Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dzottii
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dacutilabella
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dcardinil
Dcardini2
Dcardini3
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides

0.106
0.057
0.086
0.086
0.056
0.055
0.062
0.065
0.063
0.057
0.052
0.186
0.066
0.130
0.110
0.064
0.095
0.095
0.065
0.064
0.071
0.074
0.069
0.063
0.059
0.172
0.072
0.102
0.120
0.151
0.151
0.128
0.131
0.129
0.129
0.135
0.134
0.114
0.321
0.127
0.114
0.149
0.149
0.118
0.123
0.121
0.120
0.121
0.103
0.109
0.242
0.119

0.592
0.686
0.686
0.686
0.628
0.627
0.627
0.627
0.627
0.610
0.602
0.617
0.657
0.319
0.732
0.723
0.723
0.723
0.739
0.751
0.751
0.751
0.751
0.738
0.738
0.727
0.763
0.671
0.694
0.694
0.694
0.686
0.715
0.715
0.715
0.715
0.681
0.678
0.690
0.732
0.264
0.264
0.264
0.238
0.248
0.248
0.248
0.248
0.219
0.220
0.176
0.224

Fokk

Fokk

Fokk

Fokk

FokKk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokok

Fokk

Fodkok

Fokk

Fodkk

Fokk

Fedkok

Fokk

Fkk

Fkk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk

Fkk

Fokk

Fokk

Fokk

Fokk

Fokk

Fokk
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Dcardinil X
Dcardinil X
Dcardinil X
Dcardinil X
Dcardinil X
Dcardinil X
Dcardinil X
Dcardinil X
Dcardinil X
Dcardini2 X
Dcardini2 X
Dcardini2 X
Dcardini2 X
Dcardini2 X
Dcardini2 X
Dcardini2 X
Dcardini2 X
Dcardini2 X
Dcardini3 X
Dcardini3 X
Dcardini3 X
Dcardini3 X
Dcardini3 X
Dcardini3 X
Dcardini3 X
Dcardini3 X
Dcardini3 X
Dneomorpha X
Dneomorpha X
Dneomorpha X
Dneomorpha X
Dneomorpha X
Dneomorpha X
Dneomorpha X
Dneomorpha X

parthl X

parthl X

parthl X

parthl X
Dparthenogeneticad X
Dparthenogeneticad X
Dparthenogeneticad X
Dparthenogeneticad X
Dparthenogenetica5 X
Dparthenogenetica5 X
Dparthenogenetica5 X
Dparthenogenetica5 X
Dparthenogenetica5 X
Dparthenogeneticaé X
Dparthenogeneticaé X
Dparthenogeneticaé X
Dparthenogeneticaé X

Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dneomorpha

parthl
Dparthenogeneticad
Dparthenogeneticab
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
parthl
Dparthenogeneticad
Dparthenogenetica5
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dparthenogenetica6
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides
Dprocardinoides
Dneocardini
Dpolymorpha
Dcardinoides

0.036
0.053
0.006
0.009
0.030
0.060
0.018
0.140
0.006
0.045
0.105
0.045
0.060
0.000
0.089
0.015
0.031
0.052
0.045
0.105
0.045
0.060
0.000
0.089
0.015
0.031
0.052
0.062
0.042
0.046
0.042
0.061
0.029
0.144
0.039
0.059
0.056
0.184
0.063
0.066
0.024
0.147
0.013
0.030
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Dprocardinoides X  Dneocardini 0.054 0.353 faieid

Dprocardinoides X  Dpolymorpha 0.170 0.248
Dprocardinoides X  Dcardinoides 0.070 0.173 falad
Dneocardini X  Dpolymorpha 0.124 0.247 foled
Dneocardini X Dcardinoides 0.025 0.345 okk

Dpolymorpha X Dcardinoides 0.155 0.230

sechl groups the sequences: Dsechellia2, Dsechellia3, Dsechelliad, Dsechelliaé, Dsechellial0. Dsechelliall,
Dsechellial4 and Dsechellial9; sech2 groups sequences: Dsechellial2, Dsechellial6, Dsechellial? and
Dsechellia23; sech3 groups: Dsechellia20. Dsechellia2l, Dsechellia24 and Dsechellia25; mell:
Dmelanogaster2 and Dmelanogaster7; mel2: Dmelanogaster3 and Dmelanogaster4; siml: Dsimulans4 and
Dsimulans10; yakl groups all sequences from D. yakuba (Dyakubal, Dyakuba2, Dyakuba3, Dyakuba4,
Dyakuba5, Dyakuba6, Dyakuba7, Dyakuba8, Dyakuba9, DyakubalO. Dyakuball and Dyakubal?);
Dbuzzatii groups all sequences from D. buzzatii (Dbuzzatiil, Dbuzzatii2, Dbuzzatii3, Dbuzzatii4 and
Dbuzzatii5); Dmercatorum groups all sequences from Dmercatorum (Dmercatoruml, Dmercatorum2,
Dmercatorum3, Dmercatorum4, Dmercatorum5 and Dmercatorum6); Dneomorpha groups all sequences
from D. neomorpha (Dneomorphal, Dneomorpha2 and Dneomorpha3); Parthl groups sequences from D.
parthenogenetica (Dparthenogenetical, Dparthenogenetica2 and Dparthenogenetica3) with exception from
sequences Dparthenogenetica4 and Dparthenogenetica5; Dprocardinoides groups all sequences from D.
procardinoides (Dprocardinoidesl, Dprocardinoides2 and Dprocardinoides3); Dacutilabella groups all
sequences from D. acutilabella (Dacutilabellal, Dacutilabella2, Dacutilabella3, Dacutilabella4 and

Dacutilabellab); and Dzottii groups the two sequences from D. zottii (Dzottiil and Dzottii2).
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Abstract

This work analyzes the possible micropia related sequences insertion sites in the
polytene chromosomes of six species of the cardini group from Drosophila genus: D.
cardini, D. cardinoides, D. neocardini, D. neomorpha, D. parthenogenetica and D.
polymorpha. This analysis showed an interesting distribution pattern, where the micropia
element is present from five to 18 copies number among the species, despite its recent
invasion in their genomes. Considering all species together, the IV chromosome, in D.
cardini, or the IlIL chromosome, in the other species, presented the majority of the
insertion sites (19). It was also observed that micropia is present near or in the break point
of some inversions in D. cardinoides, D. polymorpha and D. parthenogenetica. The

significance of these results is discussed.

Running title: micropia chromosomal localization in cardini group

Keywords: micropia — cardini group — in situ hybridization — chromosomal localization
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Introduction

Due to the transposable elements (TEs) dynamics in the host genome they have
been indicated as responsible for causing gene mutation and chromosomal rearrangements,
leading to genome evolution (Capy et al. 1998; Miller and Capy 2006). Studies on
Drosophila species were the first to suggest (Lyttle and Haymer 1992; Regner et al. 1996;
Ledeveze et al. 1998) and show evidences (Caceres et al. 1999, 2001; Puig et al. 2004) of
the TEs involvement in chromosomal rearrangement, indicating their presence in the
chromosomal inversion breakpoints. These last works suggest that TEs can promote these
variations due to ectopic recombination (Marzo et al. 2008).

More than a half of the Drosophila species are polymorphic for paracentric
inversions (Krimbas and Powell 1992) and some species of the cardini group follow this
pattern (Heed and Russel 1971). This group consists of 16 species with Neotropical
distribution which ranges from southern USA to southern Brazil and northern Argentina
and Chile, including the Caribbean islands on Central America (Heed and Rusell 1971;
Vilela et al. 2002). The group is divided in two subgroups, the dunni subgroup and the
cardini subgroup (Heed 1962) which together compose one of the intriguing groups of the
Drosophila genus in terms of distribution, abdominal pigmentation and evolution pattern
(Heed and Russel 1971; Hollocher et al. 2000; Brisson et al. 2006). The phylogenetic
relationships within the cardini group are not totally elucidated (Brisson et al. 2006)
however it is well accepted that D. cardini is the basal species of the group with a diploid
number of chromosomes 2n=12 with all acrocentric chromosomes, while the other species
have 2n=8 with acrocentric XY chromosome pair and metacentric autosomes (Heed 1962).

In this work we analyzed six species of the cardini subgroup (D. cardini, D. cardinoides,
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D. neocardini, D. neomorpha, D. parthenogenetica and D. polymorpha) for the location of
the micropia element.

Micropia was discovered in the lampbrush loops of D. hydei (Huijser et al. 1988),
and is classified as a retrotransposable element with long terminal repeats (LTRS)
belonging to the Ty3 superfamily (Capy et al. 1998). However it seems that at least some
copy of a micropia related sequence might be putatively active in the species of the
Drosophila subgenus (cardini and repleta group) and Sophophora subgenus (willistoni and
melanogaster group) (Cordeiro et al. unpublished data, chapter 111 of this Thesis). Based on
these findings the present study offers a contribution to the growing body of evidence that
has shown that TEs may act as a rearrangement promoter and/or only as a secondary

invader of these regions (Cassals et al. 2006; Marzo et al. 2008).

Materials and Method
Samples

One strain of each of the following species was studied: D. cardini (strain from
Serra do Japi, Sao Paulo State, Brazil - 23°14°S 46°58°W), D. cardinoides, D. neocardini,
D. polymorpha (strains from Florianépolis, Santa Catarina State, Brazil - 27°35’S
48°22°W), D. neomorpha (strain from Joinville, Santa Catarina State, Brazil - 26°17’S
49°00°W) and D. parthenogenetica (strain from Puebla, Mexico, Tuckson Stock Center
number 15181-2221.01). These strains have been maintained in the laboratory, reared in
corn flour culture medium in a controlled chamber (17°C + 1°C, 60% r.h.) and carefully
fed with yeast solution once a day. To ensure the identification of the species, we
reanalyzed the stocks using the literature available about external morphologies and

genitalia characters (Val 1982; Vilela and Béachli 1990; De Toni et al. 2005).
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In situ hybridization on polytene chromosomes

To analyze the insertion sites of the micropia retroelement, species-specific clones
were used as probes for in situ hybridization on polytene chromosomes. Polymerase chain
reaction (PCR) assays were performed with the primers Micl777 (5
CTCCCCTTTTGCCAGTCCT 3’) and Mic2570 (5° TTGAGCTAGCGTCGGTGTG 3’)
(Cordeiro et al. 2008). The following conditions for a 25ul PCR reaction were used:
25ng/ul template DNA, 20pMol of each primer, 0.2mM of each nucleotide, 1.5mM MgCl,
and 1 unit Tag DNA polymerase in 1x Polymerase Buffer (all from Invitrogen).
Amplification parameters for D. cardini, D. neomorpha and D. parthenogenetica were
95°C for 2min, 35 cycles at 95°C for 30s, 57°C for 30s and 72°C for 1min, followed by an
extension cycle at 72°C for 10min. The annealing temperature used to amplify micropia in
D. cardinoides, D. neocardini and D. polymorpha was 64°C. The amplicons size was
approximately 850bp; exception for D. polymorpha with 700bp. The fragments were
inserted into pGEM®-T Easy Vector (Promega), for D. parthenogenetica, and into TOPO-
TA Cloning® Vector (Invitrogen), for the others species. Polytene chromosome squashing,
hybridization, and detection were carried out as described by Montgomery et al. (1987),
with small modifications. All probes were labelled with biotin-14-dATP (Invitrogen)
according to the nick translation technique; the detection was carried out using the ABC®-
Elite kit (Vector Laboratories) and the hybridizations were performed at 37°C.
Hybridization signals were located on the polytene chromosomes using the improved
cytological maps of each species (Cordeiro et al. unpublished data, chapter V of this
Thesis) and their identification was done comparing them among the nucleus analyzed for
each species, where three larvae per species were used and at least three nuclei per larvae

were photomicrographed.
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Results and Discussion

Considering that D. cardini has 2n=12 and the other species of the group cardini
have 2n=8, here we designate the chromosomal complements as, for example, I1/I1L
chromosome; where the first is the D. cardini chromosome and then the others species
chromosomal arm. The Figs. 1, 2 and 3 show the hybridization signals of the micropia
retroelement detected in the chromosomes of the cardini group species. Fig. 4 and Table 1
summarize the putative insertion sites of micropia retroelement detected by in situ
hybridization in each chromosomal arm of the species.

Analyzing the Figs. and observing the Table 1, it is possible to identify five
hybridizations signals in D. neomorpha, six in D. cardini and in D. parthenogenetica, 12 in
D. neocardini, 14 in D. cardinoides, and 18 in D. polymorpha. Considering the total
insertions per chromosome in Table 1, the I\V/IIIL chromosomes have the majority of the
micropia insertions (19), followed by the III/IIR chromosomes (12), by II/IIL
chromosomes (11), by X chromosome (10) and by V/IIIR chromosomes (nine). Indeed the
IIL chromosomal arm is the most polymorphic for paracentric inversion for D.
cardinoides and D. neocardini (Rohde and Valente 1996; De Toni et al. 2001). Drosophila
polymorpha is the most polymorphic species of the group with inversions described for all
its chromosomal arms (Cordeiro et al. unpublished data, chapter V of this thesis), and for
this species we localized micropia hybridization signals in all chromosomal arms,

totalizing 18 insertion sites (Fig 3; Table 1).

124



Fig. 1. Drosophila cardini (a) and D. neomorpha (b, c, d) polytene chromosomes
hybridized with the micropia probe. The arrows indicate the hybridization signals; beside
it, there is the chromosomal section of the reference photomaps. The identification of the

chromosome and the chromosomal arms is indicated near the tip of them. Bar: 10um

Fig. 2. Drosophila cardinoides (a, b) and D.

neocardini (c, d, e, f) polytene chromosomal

arms hybridized with the micropia probe.

The arrows indicate the hybridization

signals; beside it, there is the chromosomal

sections of the reference photomaps. The identification of the chromosomal arms is

indicated near the tip of them. Bar: 10um
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Fig. 3. Drosophila polymorpha (a, b, c, d,
e) and D. parthenogenetica (f, g, h, i)
polytene chromosomes hybridized with
the micropia probe. The arrows indicate
the hybridization signals; beside it, there is
the chromosomal section of the reference
photomaps. The identification of the
chromosomal arms is indicated near the tip

of them. Bar: 10um
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Fig. 4. Scheme showing a general pattern of the micropia insertion sites
on the polytene chromosomes of D. cardini, D. cardinoides, D.
neocardini, D. neomorpha, D. parthenogenetica and D. polymorpha (see
legend in the Fig.). The chromosomes and chromosomal arms are
identified on the right. The chromocenter is located on the left
represented by a filled circle; and the sections of the polytene
chromosomes are indicated under the lines that represent the
chromosomes.
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Table 1: Putative insertion sites of micropia retroelement detected by in situ hybridization on the chromosomes of the six cardini

species group analyzed in this study.

Chromosome/ Total per
Chromosomal D. cardini D. cardinoides D. neocardini  D.neomorpha  D. parthenogenetica D. polymorpha chromosome
arms
X 19a 2a, 13a 4h, 173, 18a -- 5b, 6b 9b, 16a 10
/1L 32b 24c, 33a, 38c, 37b 40a -- 284, 31c, 32c, 37a 11
390
/R 41b, 59c 42b 46a 47a, 57c¢ 42a 44a**, 48a** 48c*, 12
54b, 57a
IV/IIL 71a, 73a 61b, 64a*, 63b, 64b, 66b, 68a 72¢c 63a, 67¢, 68a, 70b 19
69b, 72c*, 77b  70a, 71c, 73c
V/IIR -- 86b, 91b 93¢ 84c 91c*, 94c 83a*, 88c, 90a 09
Total per 06 14 12 05 06 18
species

* insertion site next to chromosomal inversion break point.
** nsertion site in the chromosomal inversion break point.
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However, the VV chromosome of D. cardini, the X chromosome of D. neomorpha
and the IIL chromosome of D. parthenogenetica did not present any hybridization signal.
Moreover, these three species showed the lower number of hybridization signals here
detected and, coincidently, they are the species with less heterozygous chromosomal
inversion polymorphism in the cardini subgroup (De Toni et al. 2006; Cordeiro et al.
unpublished data, chapter V of this Thesis). These three species have limited ecological
characteristics, as verified by the very low frequency on field collections (De Toni et al.
2005; 2007) which, as a consequence, may reflect in the low polymorphism for
heterozygous inversions in these species. It is interesting to observe that the species with a
wide distribution and high frequency on field collections; D. neocardini, D. cardinoides
and D. polymorpha; obtained the higher number of micropia insertions. Although it was
suggested for D. melanogaster that the TEs acquisition and accumulation in the genome
may parallel the species colonization process; for D. simulans it was not observed (Vieira
et al. 1999). Drosophila melanogaster has a worldwide distribution that is thought to have
occurred a long time ago; otherwise, the worldwide dispersal of its sibling species, D.
simulans, seems to have occurred more recently (Nardon et al. 2005). Therefore, D.
simulans populations still seem to be in the process of being invaded by TEs (Vieira et al.
1999). When populations are subjected to new environmental conditions may have some of
their TEs mobilized (Capy et al. 2000) increasing their copy number in the genome.
Therefore, this can explain the insertion sites number differences among the species of the
cardini group; where D. neocardini, D. polymorpha and D. neocardini have a higher
insertion site number then D. cardini, D. neomorpha and D. parthenogenetica.

The dot chromosomes (data not shown) and the centromeric heterochromatin

(observed on the region base of the X chromosomes in Figs 1, 2 and 3) of all species do not
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react with the probes used for in situ hybridizations, indicating that the cardini group
species do not have this micropia sequences insertions in these structures. The presence of
a TE in the heterochromatin is a strong inference that this copy might be not active (Capy
et al. 1998); therefore, our result suggests an evidence of the activity of these micropia
sequences in the genome of the cardini group species. Contrasting with these results, in D.
hydei micropia is highly present in the heterochromatin of this species and it seems to be
active (Hennig et al. 1983).

The representativeness of micropia related sequences copy number for the repleta
group species was estimated between seven and 17 copies (Almeida and Carareto 2004),
for D. melanogaster between 16 and 32 copies (Lankenau 1990), and for D. cardinoides D.
neocardini and D. polymorpha between four and six copies (Cordeiro et al. 2008); all of
these data was based on Southern Blot analysis. For D. hydei, Hennig et al. (1983)
estimated 11 euchromatic copies of micropia using in situ hybridization on polytene
chromosomes. Regarding the data for the cardini group, here we improved our previous
results using the accurate in situ hybridization technique for this purpose.

Despite being indicated as rearrangements promoters (Caceres et al. 1999, 2001;
Puig et al. 2004) the relationship between chromosomal inversions and the number of TEs
in the genome is not explained simply by means of inversion generation. Such association
may also be explained by the generation of hotspots for TEs insertions after the occurrence
of the inversion, where these elements may act as secondary invaders of these regions
(Casals et al. 2006; Ranz et al. 2007).

Until now there is no evidence that retrotransposable elements with LTR are the
promoters of the chromosomal inversions as observed for the transposon Galileo (Caceres

et al. 1999); however, the elements with LTR are the most representative TEs in the
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genome of D. melanogaster, D. simulans and D. yakuba (Bartolomé et al. 2009). Our
results found some hybridization signals near or in the inversion break points for D.
cardinoides (Fig. 2b), D. polymorpha (Figs. 3a and 3d) and for D. parthenogenetica (Fig
3i; see Table 1), as it follows: for D. cardinoides, sections 64a and 72c, near the distal
break point of inversion IILD and IILC, respectively; for D. polymorpha, sections 44a
and 48a, in the distal break point of inversion IIRD, IIRA, respectively, and sections 48c
and 83a, near the distal break point of inversion IIRD and IHIRA, respectively; and for D.
parthenogenetica, section 94c, near the proximal break point of inversion IIIRA.
Considering these results, the precise inference of the action of this element in the
generation of inversions is not possible to be suggested; so, in these cases, micropia might
be acting as a secondary invader of these chromosomal sites.

The TEs seem to be maintained in populations as equilibrium between the
transposing events, which can amplify their copy number (Charlesworth and Charlesworth
1983), and the action of opposing forces that reduce their copies (Charlesworth and
Charlesworth 1983; Montgomery et al. 1987; Langley et al. 1988). Regarding mechanism
that leads to copies reduction, it is inferred that selection can act either directly, against
deleterious insertions of TEs, or indirectly, against deleterious chromosomal
rearrangements produced by non-homologous ectopic recombination between the TEs
(Biémont et al. 1997; Guerreiro et al. 2008). In the first model the action of selection
against deleterious insertions would lead to a lower number of TEs copies in the X
chromosome, when compared to autosomes, due to the possible deleterious effect of
recessive insertional mutations in hemizygous males of Drosophila species (Montgomery

et al. 1987; Hoogland and Biémont 1996). This hypothesis was tested for the cardini group

131



species here studied and the number of insertion sites in X chromosomes is not statistically
different from that of autosomes (* = 0.593, GI = 0.05).

In the second model, where the selection acts against ectopic rearrangements of
TEs, an accumulation of TEs in reduced crossing over regions is expected, such as the base
and the tip of the chromosomes (Hoogland and Biémont 1996). However, in the cardini
group species the micropia element was detected in all chromosome extensions with no
statistical significance difference, and also, this retroelement is equally distributed on the X
chromosomes and autosomes (Fig. 4). Otherwise, for D. melanogaster no global tendency
was observed in the relationship between the TEs chromosomal distribution and reduced
crossing over region for the elements P, I, copia, mdgl, mdg3, 412, 297 and roo, but for
hobo element it was observed a preferential insertion in the tip and base of the
chromosomes (Hoogland and Biémont 1996). Moreover, Vieira and Biémont (1996)
observed a strong tendency toward a lower copy number of the copia and 412 elements on
the X chromosome of D. melanogaster populations, demonstrating that the TEs dynamics
may be controlled by different factors, depending on the interaction between the host
genome and the TE itself.

The cardini group consists of 16 described species inhabiting different areas of
Neotropical America subdivided in two subgroups: the dunni subgroup, with eight species
restricted to the Caribbean islands, and the cardini subgroup composed of the other eight
species that are present in the mainland, comprising an area that starts in USA and
stretches to south Brazil, covering also the north of Argentina and Chile (Heed and Rusell
1971; Vilela et al. 2002). We have shown that all species from the cardini subgroup have
sequences related to micropia in their genomes (Cordeiro et al. unpublished data, chapter

I11 of this Thesis). However, the species from the dunni subgroup seems to have micropia
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copies with a very divergent nucleotide sequence. To explain these findings, we
hypothesized that those species might have acquired the micropia copies recently
(3.7MYA) by an horizontal transfer event after the species divergence, that might have
been occurred about (10.7MYA) (Cordeiro et al. unpublished data, chapter Il of this
Thesis). Moreover, based on the analysis of approximately 700bp of reverse transcriptase
sequence, it seems that micropia might be active in the cardini subgroup species with
exception of D. polymorpha.

Some studies have shown that this TE expression gives rise to a complex set of
sense and antisense RNAs (Lankenau et al. 1994; Almeida and Carareto 2004). In this
model, the antisense transcript, produced by the copies present in the Y chromosome, is
potentially driven against the entire reverse transcriptase domain, thus contributing to the
micropia RNA degradation (Lankenau 1993). In the cardini group the micropia control
seems to have a different mechanism, since it is not possible do detect any hybridization

signal that could be related to the Y chromosome, i.e., in the heterochromatin.
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Abstract

In this study we present the first reference photomaps for Drosophila cardini and
D. parthenogenetica and their first inversions found: 3A for D. cardini, 2RA and 3RA for
D. parthenogenetica. Furthermore, we improved the D. cardinoides, the D. neocardini and
the D. polymorpha reference photomaps previously published. Beyond the D. cardini and
D. parthenogenetica populations, we also analyzed the inversion polymorphism for
heterozygous rearrangements for different populations of other four species of the cardini
subgroup, D. cardinoides, D. neocardini, D. neomorpha, and D. polymorpha. In these
analyses, for D. polymorpha, we found the inversions 2RA, 2RC, 2RD and the
rearrangement 2RA+C previously described. We also described new inversions in these
species, the inversion 3RA for D. neocardini, 3LE and 3LF for D. cardinoides, 3LC and
the rearrangement 2RA+D for D. polymorpha. Drosophila neomorpha presented a
homokaryotypic banding pattern for the unique population here analyzed. After all, we can
conclude that for the species populations distributed in south Brazil, D. polymorpha is by
far the most polymorphic species of cardini subgroup; and perhaps, the analysis of
different other populations of these species would provide different rearrangements which
could contributed to the evolutionary studies of the cardini group based on the polytene

chromosomes.

Running title: Evolutionary studies in cardini group

Key words: Drosophila cardini group - reference photomap - chromosomal evolution
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Introduction

The publication of the 12 Drosophila genomes and the comparative analysis of
these sequences with the reference photomap of polytene chromosomes of each species
(Schaeffer et al., 2008), gives rise to a new era in the evolutionary studies of the genus
(Bhutkar et al., 2008). Several authors used the method of the triads of overlapping
inversions (Sturtevant and Dobzhansky, 1936; Dobzhansky and Sturtevant, 1938) to infer
phylogenetic relationships of species for some groups of flies: D. pseudoobscura
populations (Sturtevant and Dobzhansky, 1936), virilis group (Throckmorton, 1982),
melanogaster group (Lemeunier and Ashburner, 1976), repleta group (Wasserman, 1982;
1992), the Hawaiian drosophilids (Clayton et al., 1972; Kaneshiro et al., 1995), and
willistoni subgroup (Rohde et al., 2006). These studies show that the inversions found in
polytene chromosomes in Drosophila species consists of good tools for the phylogenetic
studies with valuable evolutionary information.

The species from the cardini group have been studied since 40’s with works about
their taxonomy and distribution (Sturtevant, 1942; Dobzhansky and Pavan, 1943; Stalker,
1953; Heed and Russell, 1971), crossing patterns (Heed, 1962; 1963), abdominal color
polymorphisms (Da Cunha et al., 1953; Heed and Khrishinamurthy, 1959; Hollocher et al.,
2000ab; Brisson et al., 2005), chromosomal inversions, and evolutionary relationships
(Martinez and Cordeiro, 1970; Heed and Russell, 1971; Brisson et al., 2006). Moreover,
recent collections on Neotropical Atlantic Forest have shown that the cardini group species
have a very expressive presence in the Drosophilidae community (Vilela et al., 2002; De
Toni et al., 2007; Chaves and Tidon, 2008). The cardini group consists of 16 described
species inhabiting different areas of Neotropical America (Heed and Rusell, 1971) and is

characterized by highly polymorphic pigmentation appearing (Heed and Krishnamurthy,
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1959). Seven of the species belongs to dunni subgroup restrictedly distributed in the
Caribbean islands; and the other nine species assemble the cardini subgroup present from
USA to southern Brazil. This group has radiated equally on the Caribbean islands and the
neighboring mainland (Heed, 1962) providing valuable tools to study the evolution in
islands and continent simultaneously. Therefore, the cardini subgroup is a paraphyletic
group that diverged 6.6 million years ago (Brisson et al., 2006); and the paraphyletic
situation was a consequence of the radiation of the dunni subgroup from the mainland to
the islands.

The taxonomic studies of the cardini group report several difficulties in
establishing criteria to separate the species within the group using morphological character
only (Streisinger, 1946; Stalker, 1953; Heed and Wheeler, 1957; Vilela et al., 2002).
Concerning the molecular data, this group is phylogeneticaly related to the calloptera,
guarani and tripunctata groups (Throckmorton, 1975; Grimaldi, 1990; Robe et al., 2005)
and the limits among them are not always clear-cut. Some phylogenetic relationships
hypotheses within the cardini group had previously been proposed by Heed (1962) using
male genitalia morphology data, by Heed and Russel (1971) with chromosomal inversions
and intercrossing, by Napp and Cordeiro (1981) using electrophoresis pattern of
isoenzymes, and by Robe et al. (2005) and Brisson et al. (2006) using nuclear and
mitochondrial genes as molecular markers. However, when these data are compared some
inconsistencies are observed specially regarding the D. neocardini phylogenetic
relationships. According to the hypothesis presented by Robe et al., (2005) and Brisson et
al., (2006), D. neocardini is phylogeneticaly closer to D. cardinoides than to D.
polymorpha, whereas according to Heed (1962), Heed and Russel (1971) and to Napp and

Cordeiro (1981), D. neocardini and D. polymorpha bear closer phylogenetic affinities.
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These differences may be due to different selective constrains suffered by these different
markers.

In this study, we analyzed the polytene chromosomes of six species from the
cardini subgroup; D. cardini, D. cardinoides, D. neocardini, D. neomorpha, D.
parthenogenetica and D. polymorpha; and we present improved reference photomaps of D.
cardinoides, D. neocardini and D. polymorpha. Also, we analyzed new heterozygous
inversions data found in these species, and we present a first step to establish a clear
chromosomal evolution pattern in these species. Differently from Heed and Russel (1971),
here we show the banding similarities between the polytene chromosomes, which are an

essential data to comprehend the chromosomal evolutionary pattern.

Materials and Methods
Fly stocks

Table 1 lists the information about the species and populations strains studied in
this work; all of them have been maintained in the laboratory and reared in corn flour
culture medium (Marques et al., 1966) in a controlled chamber (17°C £ 1°C, 60% rh). The
strains were established using three fertile females collected from nature and, for the
strains maintained as a pool in the laboratory, we performed at least five isofemale strains.
To ensure the identification of the species kindly sent by our collectors’ collaborators and
by the National Drosophila Species Research Center (NDSRC), we reanalyzed the stock

using the available literature about external morphologies and genitalia characters.
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Table 1: Information about the species and populations analyzed in this study

Species Locality N. of isostrains Coordinate Year of collection/Collector

D. cardini Itaqui — RS? 05 29°08’S 56° 33'W 2004/MD Fantinel
Porto Alegre — RS? 05 30°07°S 51° 09'W 2007/HJ Schmitz
Paulo Faria — SP 07 20°01°S 49° 24'W 2006/L Maddi-Ravazzi
Serra do Japi — SP 06 23°14°S 46° 58'W 2006/C Rohde
Serra do Cipo - MG 06 19912°S 43° 42°'W 2005/C Rohde
Tangara da Serra— MT 05 14° 37°S 57° 29'W 2007/MS Gottschalk
Cabralia— BA 03 12°36°S 41° 24°'W 2006/C Rhode

D. cardinoides Florianopolis — SC* 05 27°35°S 48° 22'W 2001/MS Gottschalk
Porto Alegre — RS? 05 30°03’S 51°07'W 2002/MS Gottschalk
Séo Sebastiao — SP 05 23°47°S 45° 33'W 2005/C Rohde
Itaunas — ES 02 18°24°S 39° 41°'W 2005/C Rohde
Grao Mogol - MG 04 16°33’S 42°53'W 2005/L Maddi-Ravazzi
Serra do Cipo - MG 04 19012°S 43° 42'W 2006/C Rohde
Mucuri — BA 03 18°05’S39°35°'W  2005/C Rohde

D. neocardini 1lha do Arvoredo — SC? 05 27°16°S 48° 21'W 1999/ DC De Toni
Ilha do Campeche — SC* 05 27°41°S 48° 27"W 2006/ DC De Toni
Morro do Bau — SC 02 26°46°S 49° 02'W 2006/ DC De Toni
Florianopolis — SC 07 27°35’S 48° 22'W 2002/ MS Gottschalk
Joinville - SC 04 26°17°S 49° 00'W 2004/] Ddge
Mucuri - BA 02 18°05°S 39° 35'W 2005/C Rohde

D. neomorpha Joinville - SC 05 26°17°S 49° 00'W 2007/DC De Toni

D. parthenogenetica Ilha do Campeche — SC 05 27°41°S 48° 27'W 2006/DC De Toni
Sinaloa — Mexico® 05 15181-2221.00° 1971/W Heed
Los Hornos — Mexico® ¢ 05 - 1971/W Heed

D. polymorpha Ilha de Ratones Grande — SC 03 27°28’S 48° 33’'W 2005/DC De Toni
Ilha do Campeche — SC 07 27°41°S 48° 27'W 2005/DC De Toni
Florianopolis — SC? 05 27°35’S 48° 22'W 2002/MS Gottschalk
Joinville - SC 07 26°17°S 49° 00'W 2005/J Ddge
Porto Alegre — RS? 05 30°03’S 51°07'W 2002/MS Gottchalk
Turvo - RS? 05 27°13°S53°51'W 1999/L Basso
Santa Maria — RS 05 29°42°S 53° 47°'W 2003/J Cordeiro
Sao Sebastiao — SP 02 23°47°S 45° 33'W 2005/C Rohde
Serra do Cipo - MG 02 19912°S 43° 42°'W 2005/C Rohde
Cabralia - BA 01 12°36°S 41° 24'W 2005/C Rohde
Itauna — ES 01 18°24’°S39°41°'W  2005/C Rohde

%trains maintained as pool in our laboratory.
®National Drosophila Species Research Center (NDSRC) stock number
“strain provided by Dr Hope Hollocher from University of Notre Dame — Indiana/USA.
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Cytological preparations

The salivary glands of third instar female larvae were prepared according to
Ashburner (1989, p30) using Ringer’s solution for dissection. Among three and five female
larvae were analyzed for each isofemale strain. These strategies were used in an effort to
sample all inversions present in each species. The brain ganglia metaphase chromosomes

of the species were prepared according to Santos-Colares et al., (2002).

Polytene chromosome reference photomaps

The slides were examined using a Zeiss photomicroscope with phase contrast at
1,000x magnification and images were taken on Kodak Asa 100 color print film. After
comparing the banding pattern of each chromosome within each species strains, we chose
one homokaryotipic strain from Serra do Cipo/Brazil from D. cardini and the
Sinaloa/Mexico strain from D. parthenogenetica to produce their first polytene reference
photomap. The identification of the chromosomal complement of these species were done
comparing the banding pattern of each polytene chromosome between the species that
already have their reference photomaps (D. cardinoides, D. polymorpha — Rohde and
Valente, 1996 — D. neocardini and D. neomorpha — De Toni et al., 2001a; 2006). Aiming
the improvement of the D. cardinoides, D. neocardini and D polymorpha photomaps; we
used different photomicrographs, from different strains, that were representative of the
banding pattern of each polytene chromosome; following the banding pattern of previous
published photomaps of each species (Rohde and Valente, 1996; De Toni et al., 2001a). In
the comparative analyses of the polytene chromosomes we used the photomaps here
produced and improved, and the D. neomorpha photomap published by De Toni et al.,

(2006). The best images were captured using a film scanner and processed with the
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Adobe® Photoshop® program (Adobe® Photoshop® CS3 Extended, v 10.0.1, San Jose,

California, Adobe Systems Inc.).

Results
Metaphase chromosomes characterization

Figure 1 depicts the metaphase chromosomes of D. cardini (A and B) and D.
parthenogenetica (C and D) where it is possible to observe that the first species has 2n=12,
being all acrocentric chromosomes; and the second species has 2n=8, with metacentric
autosomes and acrocentric sexual chromosomes, as the other species of the group. The
recognition of the XY pair in the metaphase preparations was facilitated by the analysis of
two characteristics: the heteropicnotic state of the Y chromosome, and the tendency of the
homologous chromosomes to be next to each other. Regarding the species from the cardini
subgroup, only D. parthenogenetica shows a visible secondary constriction in the X
chromosomal pair (Figure 1D), as also observed by Stalker (1953). However, it is known
that this kind of constriction is associated with rRNA synthesis (Sumner, 2003); otherwise
it can also be used as a structural chromosomal marker to differentiate this species from its
related species. As D. cardini is believed to be the basal species of the cardini group (Heed
and Russell, 1971; Brisson et al., 2006), the chromosomal composition of the other species
might have been formed through fusions of the ancestral species chromosomes (Heed,

1962; Heed and Russell, 1971).
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Figure 1. Metaphase chromosomes of D.

cardini male (A) and female (B), and D.
parthenogenetica male (C) and female
(D). Arrows indicate the secondary
constriction on D. parthenogenetica X

Reference photomaps of polytene chromosomes

chromosomes. Bar = 10pm.

The assembly of the photomaps followed a rigorous comparison of each
chromosome within each species strains making possible to identify the exact
chromosomal banding pattern of each chromosome. Also we conducted an analysis of each
chromosome between the species aiming the correct identification of each chromosome. In
order to promote the precise localization of the banding pattern and of the inversions break
points, the polytene chromosomes of all species were divided into 20 sections each, always
beginning from the tip of the chromosomes, and subdivided into “a” and “b” or “a”, “b”
and “c” subsections, based on banding similarities between the species and based on the
division of the previous photomaps performed by Rohde and Valente (1996) and by De
Toni et al. (2001a). The V chromosome of D. cardini, the I1IR chromosomal arms of the
other species and the dot chromosomes of all of them are the exceptions, where the first are
divided into 19 sections and the latter is the 100" section for all species. In this way, the
improved reference photomaps of D. cardinoides, D. polymorpha (Rohde and Valente,
1996) and D. neocardini (De Toni et al., 2001a) are shown in Supplementary Material
Figure 1S. Figure 2 shows the first reference photomaps of D. cardini (Figure 2A) and D.

parthenogenetica (Figure 2B).
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Figure 2. Reference photomap of D. cardini (A) and D. parthenogenetica (B). The distal regions of the chromosomes (base) are in the
right side of the figure. The lines indicate the break points of the inversion IHIA of D. cardini and inversions IIRA and IIIRA of D.

parthenogenetica.
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Figure 2B: Reference photomap of D. parthenogenetica. See legend in the previous page.
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Inversion polymorphism

Although Heed and Russel (1971) have studied several inversions in the cardini
group, it is not possible to compare their data with the data obtained in this study, as there
is no demonstration of where the inversions analyzed by that authors are located in the
polytene chromosomes of the cardini group species. Considering this, here we are
describing the first inversion for D. cardini and two first inversions for D.
parthenogenetica (Table 2 and Figure 3). Here, we also are describing two new inversions
for D. cardinoides, one for D. neocardini and one new inversion rearrangement for D.
polymorpha (Table 2 and Figure 3 and 4). Table 2 summarizes the information about the
heterozygous inversions observed in this study with their respective chromosomal
localization; Figure 3 shows these inversions found in the species D. cardini, D.
cardinoides, D. neocardini, D. parthenogenetica and Figure 4 shows the inversions found
in D. polymorpha here analyzed. Table 3 shows which populations of each species
presented each of the inversions found in this study. For the sake of simplicity, the
inversions nomenclature follows the Arabic numbers, instead of the Roman numbers used

for the chromosomes.
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Table 2: Heterozygous inversions observed in this study for
the five species of the cardini group analyzed, with their

chromosomal localization.

Heterozygous Chromosome Figure where

Species

inversion localization it is shown

D. cardini 3A* 51c -58b 3A

D. neocardini 3RA* 83c-91a 3B

D. cardinoides 3LE* 62a — 68c 3C

3LF* 69b - 77c 3D

D. parthenogenetica 2RA* 46b - 49b 3E

3RA* 84b - 88b 3F

D. polymorpha 2RA? 48a-53a 4A

2RC" 47c - 48a 4C

2RD" 45¢c - 47a 4B

3LC* 63b — 68a 4F

2RA +CP 4D

2RA + D* 4E

*new inversions found for these species in this study
®inversion first descried in Rohde and Valente (1996)
®inversions first described in De Toni et al., 2001a

inversion first described in De Toni, 2002
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LA

populations of: Drosophila cardini, 3A (A); D. neocardini, 3RA (B), D.
cardinoides, 3LE (C) and 3LF (C) and of D. parthenogenetica, 2RA (E) and
3RA (F). Bar = 10um.

Figure 4: Heterozygous inversions found in the polytene chromosomes of
Drosophila polymorpha populations: 2RA (A), 2RD (B), 2RC (C), 2RA + C
(D), 2RA + D (E) and 3LC (F). Bar = 10um.
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Table 3: Populations of the Drosophila cardini species group

where the inversions and arrangements were detected in the

present study.

Species Locality Inversions

D. cardini Itaqui — RS 29°08'S 56°33'W 3A
Porto Alegre — RS 30°04’S 51°08W 3A
Paulo Faria — SP 20°01'S 49°23'W 3A
Serra do Japi — SP 23°14’S 46°58’W 3A
Serra do Cipo — MG 18°59'S 43°38'W 3A
Tangara da Serra— MT 14°37'S 57°29'W 3A
Cabralia— BA 12°50'S 41°50'3W 3A

D. cardinoides Florianépolis — SC 27°35’S 48°33’'W 3LE
Porto Alegre — RS 30°04’S 51°08W 3LE; 3LF
Sao Sebastiao — SP 23°45'S 45°24'W st
Itaunas — ES 18°25'S 39°42'W st
Grao Mogol - MG 16°33'S 42°53'W st
Serra do Cipo — MG 18°59'S 43°38'W st
Mucuri — BA 18°03'S 39°32'W st

D. neocardini Ilha do Arvoredo — SC 27°17°S 48°21°’'W st
Ilha do Campeche — SC 27°35’S 48°22°'W st
Morro do Bau — SC 26°46'S 48°54'W 3RA
Floriandpolis — SC 27°35’S 48°33'W 3RA
Joinville — SC 26°17°S 49°00°W 3RA
Mucuri — BA 18°03'S 39°32'W st

D. neomorpha Joinville — SC 26°17°S 49°00'W st

D. parthenogenetica llha do Campeche — SC 27°35’S 48°22°'W st
Sinaloa — Mexico 28°46'N 110°25'W st
Los Hornos — Mexico 24°21'N 107°29'W 2RA; 3RA

D. polymorpha Ilha de Ratones Grande — SC 27°28'S 48°33'W 2RA; 2RD
Ilha do Campeche — SC 27°35’S 48°22'W 2RA
Floriandpolis — SC 27°35’S 48°33'W 2RA; 2RA+D
Joinville — SC 26°17°S 49°00°W 2RA
Porto Alegre — RS 30°04’S 51°08W 2RA; 2RC
Turvo — RS 27°20’S 53°40°W 2RA; 2RA+C; 3LC
Santa Maria — RS 29°32’S 53°42°W 2RA; 2RC; 3LC
Sao Sebastiao — SP 23°45'S 45°24'W 2RA
Serra do Cipo — MG 18°59'S 43°38'W 2RA
Cabralia— BA 12°50'S 41°50'3W 2RA
Itauna — ES 18°25'S 39°42'W 2RA

st: population with the standard band/interband rearrangement for all chromosomal

arms
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In the analysis of these data we can observe some characteristics of the inversion
pattern shown by each population species. First, all D. cardini populations presented the
inversion 3A, showing that this inversion seems to be well widespread. Second, only the D.
parthenogenetica population from Los Hornos (Mexico) is polymorphic for inversions,
although the other Mexican population, Sinaloa, is homokariotypic. Third, all populations
of D. polymorpha have the 2RA rearrangement, from south (Rio Grande do Sul) to north
(Bahia) of the distribution here studied. In this work it is the first time that the
rearrangement 2RA+D is observed in this species, and it was found only in a population
distributed in a restinga area of Florianopolis. Moreover, the rearrangement 2RA+C was
found only in the D. polymorpha population from Turvo and the 2LC rearrangement was
only in the Santa Maria population. Fourth, each of the new inversions here analyzed was
found only in one of the species populations, in contrast to the inversions 3LE and 3LF of
D. cardinoides that were found in the same population from Porto Alegre. Fifth, there were
some species populations free of inversions, but D. polymorpha (see Table 3). We also
could not observe any inversion in the only D. neomorpha population here analyzed from
Joinville.

The IIL chromosomal arm seems to be the most polymorphic for heterozygous
inversions both for D. cardinoides and D. neocardini, with six and two inversions
respectively; differently for D. polymorpha in which the IR chromosomal arm was the
most polymorphic, with five inversions segregating. Drosophila cardini, D. neomorpha
and D. parthenogenetica do not seem to be very polymorphic for heterozygous inversions,

at least for the populations here analyzed.
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Characterization and comparison of the polytene chromosomes

The comparisons of the chromosomes among the species were done using the new
and improved photomaps, and the whole amount of photographs obtained in this study.
For D. neomorpha we also used the published photomap (De Toni et al., 2006). Intrinsic
error may exist in the pairwise chromosomal analysis, one of them being the observational
mistakes (Wasserman, 1992). To overcome this, we performed at least six times the same
pairwise analysis but with different observer. Although D. cardini is the basal species of
the cardini group (Brisson et al., 2006); in general, the banding pattern of the polytene
chromosomes of the six species here studied resembles the ones of D. cardinoides. In the
comparisons involving D. neomorpha and D. parthenogenetica we have some difficulty to
observe similarities between the banding patterns in the pairwise comparisons with the
others species and between themselves. This could be a consequence of the proper
difficulties of maintenance (rearing) of these species strains, where the attainment of good
chromosomes becomes extremely laborious. So, for sake of simplicity, considering the
metaphase chromosomes difference numbers we adopted the following designation for the
chromosomes: chromosomal Roman number of D. cardini and chromosomal arm Roman
number of the other species related chromosomal arm separated by a bar, example: 11/1IL
chromosomes.

Figure 5 shows the side by side positioning of each chromosome aiming the
compared analysis of the banding pattern among the species, which amounted in 75
comparisons (Table 4; Supplementary Material Figure 2S). From these analyses some
similar banding pattern emerged. In general the tip and the base (centromeric region)

regions resemble each other, comparing the same chromosome of the different species;
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however, throughout the chromosomes, small regions were detected that can be used as

hallmarks, helping their recognition.
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Figure 5. Comparisons among the chromosomes of the six cardini subgroup species. (A)
X chromosomes. (B) Chromosome 1l of Drosophila cardini and IIL chromosomal arms of
the other five species. (C) Chromosome Il and IIR chromosomal arms. (D) Chromosome
IV and IIIL chromosomal arms. (E) Chromosome V and IIIR chromosomal arms. (F)
Chromosome VI and 1V. The distal regions of the chromosomes (base) are in the right
side. The dotted lines highlight the information about similarities discussed in the text. * In

(B) and (C): regions supposed to be involved in an ancient pericentric inversion (see text).
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Figure 5F: Comparisons among the chromosomes of the six cardini subgroup

species. Legend is in the previous page.
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Table 4: Pairwise analysis of the chromosomes sections among the five species from cardini group analyzed

Pairwise comparison

Chromosome subsections

D. polymorpha

. parthenogenetica
. cardinoides

21c-27a—21c-28b
21c-27b—21c-27a

33b-33a—32a-33b

37c-40a—38c-40a
39b-40a—39a-40a

Chro;r:r?]some First species Second species tip middle base
X D. cardini D. polymorpha lc-la—1lc-1a -- 20c-20a—20c-20a
D. cardinoides 1c-la—1c-1a - 20c-20a—20c-20a
D. neocardini 1c-5¢c—1c-6b - 16a-20a—16c¢-20a
D. neomorpha 1c-6a—1c-8b -- 19¢-20a—19c¢-20a
D. parthenogenetica 1c-2a—1c-1a -- 15c-20a—12a-20a
D. polymorpha  D. cardinoides 1c-10b—1c-8b -- 20c-20a—20c-20a
D. neocardini 1c-9c—1c-9c - 18b-20a—17c-20a
D. neomorpha 1c-6a—1c-6a -- 19a-20a—20c-20a
D. parthenogenetica 1c-3b—1c-2a 12b-14a<5a-8b 18b-20a—18b-20a
D. cardinoides D. neocardini - - -
D. neomorpha 1c-3b—1c-4b -- 18a-20a—18a-20a
D. parthenogenetica 1c-7a—1c-8a -- 17a-20a—18a-20a
D. neocardini D. neomorpha 1c-3c—1c-3c -- 20c-20a—20c-20a
D. parthenogenetica 1c-4a—1c-4c -- 17a-20a—18a-20a
D. neomorpha D. parthenogenetica 1c-3c—1c-3c 16¢-18a—7c-9a 19¢c-20a—20c-20a
/1L D. cardini D. polymorpha 21c-27a—21c-28a 28a-32b—31b-36a  37a-40a—37c-40a
D. cardinoides 21c-26a—21c-27b 34c-34a<28c-29a  36b-40a—37a-40a
D. neocardini 21c-32b—21c-32c  32b-37bh«33c-37b -
D. neomorpha 21c-25b—21c-28b -- 37b-40a—39a-40a
D
D
D

. neocardini

21c-27¢c—21c-28¢c

33b-35a—33b-35¢

38a-40a—38a-40a
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Table 4: Continuation.

Chromosome
arm

Pairwise comparison

Chromosome subsections

First species

Second species

tip

middle

base

Hn/1L

/R

D. polymorpha

D. cardinoides

D. neocardini

D. neomorpha

D. cardini

D. polymorpha

D. cardinoides

O 0O 0O 0O 0o o0 OO 0O 0 0 o0 U o

O O 0O 0O O U O

. neomorpha

. parthenogenetica
. neocardini

. neomorpha

. parthenogenetica
. heomorpha

. parthenogenetica
. parthenogenetica
. polymorpha

. cardinoides

. neocardini

. neomorpha

. parthenogenetica

. cardinoides

. neocardini

. neomorpha

. parthenogenetica
. neocardini

. neomorpha

. parthenogenetica

21c-25¢c—21c-27c
21c-25a—21c-26a
21c-30b—21c-30a
21c-25b—21c-25a
21c-28b—21c-29c
21c-24a—21c-25a
21c-22a—21c-22a
21c-25a—21c-25a
41c-43a—41c-42c
41c-43a—41c-43c

41c-44a—41c-44c

41c-44b—41c-44a
41c-44a—41c-47c
41c-42a—41c-43a
41c-42a—41c-43a
41c-44a—41c-44c
41c-43a—41c-44c
41c-43a—41c-43b

33b-33a—31c-31b
31c-37a«<31c-37a
30b-31a«35b-36b
31b-32a—32b-33a

53c-57a«50c-53a
52b-57c«51b-54a
46a-50a—55b-58b
52c-55h—45a-48a
53a-55a«48a-50a

56¢-57a—56¢-57a

35a-40a—37b-40a
35a-40a—36a-40a
39a-40a—40c-40a
38c-40a—38a-40a

38c-40a—38a-40a
59c-60a—57a-60a
60b-60a—60c-60a
58b-60a—58b-60a
60c-60a—59c¢-60a

57a-60a—58a-60a
57c-60a—57b-60a
59b-60a—59c¢-60a
58b-60a—59b-60a
56b-60a—56b-60a
59¢-60a—59c-60a
59c¢-60a—59c-60a
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Table 4: Continuation.

Pairwise comparison

Chromosome subsections

Chro;r:r?]some First species Second species tip middle base
/MR D. neocardini D. neomorpha 41c-43c—41c-42b 46a-49c—46¢c-48a  57c-60a—57¢-60a
53c-53a—53c-53a
D. parthenogenetica 41c-44c—41c-44c 54c-55b«—47b-48a  57a-60a—58b-60a
D. neomorpha D. parthenogenetica -- -- --
IV/IHIL D. cardini D. polymorpha 61c-64a—61c-63a  68b-70b—67b-68b  75a-80a— 75a-80a
D. cardinoides 61c-66a—61c-64a - -
D. neocardini 61c-66a—61c-65¢c - 77a-80a— 76¢-80a
D. neomorpha 61c-65a—61c-66a -- 77b-80a—77c-80a
D. parthenogenetica 61c-62a—61c-62a -- 78b-80a— 78a-80a
D. polymorpha  D. cardinoides 61c-69b—61c-69a -- 77b-80a—77b-80a
D. neocardini 61c-67a—61c-67¢ -- -
D. neomorpha 61c-62a—61c-64a -- 80b-80a—78b-80a
D. parthenogenetica 61c-62a—61c-62b 70b-75a<67c-69a  77c-80a—78b-80a
D. cardinoides D. neocardini 61c-64b—61c-64b - 77b-80a—76¢-80a
D. neomorpha - - -
D. parthenogenetica -- -- --
D. neocardini D. neomorpha -- -- --
D. parthenogenetica 61c-63b—61c-63a -- --
D. neomorpha D. parthenogenetica -- -- 77b-80a—74a-80a
V/IIR D. cardini D. polymorpha 81c-86a—81c-87c -- 92a-99a—93a-99%
D. cardinoides 81c-86a—81c-86a - 93b-99a—94a-99a
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Table 4: Continuation.

Pairwise comparison

Chromosome subsections

D. neocardini

. parthenogenetica
. neomorpha

. parthenogenetica

81c-84c—81c-85¢c
81c-83b—81c-83b
81c-85c—81c-85¢c

91b-93b—92c¢-94a

Chro;r:r?]some First species Second species tip middle base
VIR D. neocardini 81c-84c—81c-84c - 96¢-99a—96¢-99a
D. neomorpha -- -- --
D. parthenogenetica 81c-83b—81c-84c -- --
D. polymorpha  D. cardinoides 81c-86a—81c-86a 90c-93a—89c-92a --
D. neocardini 81c-85a—81c-84b 90c-91c—89c-90b  95b-99a—94b-99a
D. neomorpha -- -- --
D. parthenogenetica -- 86b-89c—93a-96a  97c-99a—98a-99a
D. cardinoides D. neocardini 81c-84b—81c-84b 87a-89a—90a-92c  97b-99a—96¢-99a
D. neomorpha -- 93b-94a—92a-93a --
D
D
D
D

D. neomorpha

. parthenogenetica

81c-83a—81c-84c

85c-88b—86¢-89b
91b-93b—92b-95b

— not inverted section
«— inverted section

-- region of difficult comparison analysis
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The X chromosome of all species (Figure 5A) is easily recognized by the puffed
band present in the first section, and by the 20" section, the last section of this
chromosome, that remains attached to the chromocentric heterochromatin. In all pairwise
comparisons for this chromosome, only in the analysis between D. cardinoides and D.
neocardini we were unable to identify precise banding similarities. This situation also
occurred in most comparisons in the middle part of this chromosome. Table 4 summarizes
the sections with clear similarities found among the species for all chromosomes arms,
indicating the observed inverted and the not inverted sections; and the Supplementary
Material Figure 2S shows a schematic representation of the data in Table 4. For instance,
in the analysis of the X chromosomes between the D. polymorpha and D. parthenogenetica
we found one region with inverted similarity: sections from 12b to 14a that in D.
polymorpha slightly matches with sections from 5a to 8b of D. parthenogenetica in an
inverted direction. Moreover, the only species that presented inversions in this
chromosome is D. polymorpha with the XA, XB and XC inversions.

The chromosome II/IIL (Figure 5B) was divided from section 21 to 40; and in
general, the first section of this chromosome share the same pattern among the species,
which includes the strong bands in the tip of the chromosome followed by a large
interband, and three strong bands. Moreover, the IIL chromosome shares a “hexagonal”
puffed band (hallmark) observed on section 23 of D. polymorpha, 24 of D. cardini and D.
neocardini, 25 of D. cardinoides, D. neomorpha and D. parthenogenetica. As observed for
all chromosomes, the base of this chromosome between the species remains similar,
although the similarity of this region in the comparisons between D. cardini and D.
neocardini, D. cardinoides and D. neocardini, D. neocardini and D. neomorpha and D.

neomorpha and D. parthenogenetica was difficult to establish. After the analysis of the
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photomicrographs of the base region in different strains of D. cardini and D. neocardini,
we could visualize a major similarity of the base banding pattern of sections 39 and 40 of
D. cardini chromosome Il (Figure 5B) with the sections 59 and 60 of D. neocardini
chromosome IIR (Figure 5B and 5C, indicated by an *); suggesting the occurrence of a
pericentric inversion between chromosomes II/IIL and HI/1IR in the ancestral of D.
neocardini, considering that D. cardini is the basal species of the group. In the search for
inverted gene sequences, we found some sequences with similar banding pattern, as was
the case of the other chromosomes. See Table 4 and Figure 2S for all the inverted or not
inverted regions. Indeed, D. polymorpha is the only species with inversions found in this
chromosomal arm: 2LA and 2LB.

In the HI/1IR chromosome (Figure 5C), which was divided from section 41 to 60,
the banding regions with relevance for their identification among species seem to be
absent. However, this chromosome follows the general pattern of similar tips and bases;
and the species D. polymorpha, D. neocardini and D. cardinoides share great similarity in
their base region (Figure 5C). Nevertheless, the comparisons between D. cardini and D.
neocardini, D. cardini and D. neomorpha, and between D. neomorpha and D.
parthenogenetica seems to be difficult, preventing the establishment of major similarities.
In this chromosome, heterozygous inversions were observed for D. cardini, its unique
widespread inversion analyzed in this study, 3A; D. parthenogenetica, one of the two
inversions 2RA and D. polymorpha, the widespread inversion 2RA, the inversion 2RB that
although is not present in our samples it was observed in other populations (De Toni et al.,
2001b), the 2RC present in the populations from the southernmost distribution of this
species, Porto Alegre, Turvo and Santa Maria; and 2RD found in the population from

Ratones Grande Island as also observed by De Toni et al. (2001b) (see Table 2; Figure 4).
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The IV/IIIL chromosomes were divided in sections 61 (tip) to 80 (base). This
chromosome is identified by the several bands and interbands with approximately the same
width in the first sections (Figure 5D). The base region among the species resembles each
other with no hallmark more evident. In the pairwise comparisons between D. cardini and
D. cardinoides, D. polymorpha and D. neocardini, D. neocardini and D. parthenogenetica
it was difficult to establish similarities in some parts of the chromosome (Table 4).
However, regarding the comparisons between D. cardinoides and D. neomorpha, D.
cardinoides and D. parthenogenetica, D. neocardini and D. neomorpha, the whole
chromosome seems to be reorganized in a way that becomes hard to identify the
band/interband similarities. In general, neither similarities in the middle of the
chromosomes (Table 4), nor in the not inverted or in the inverted direction were detected in
the comparisons. Considering all species together, this chromosome is the most
polymorphic in the cardini subgroup with 11 heterozygous inversions. Drosophila
cardinoides has four inversions already described: 3LA, 3LB, 3LC, 3LD (Rohde and
Valente, 1996), and two new inversions found in our study, 3LE and 3LF, for populations
from Florianopolis and Porto Alegre. Drosophila neocardini has two inversions, 3LA and
3LB (De Toni et al., 2001a; De Toni, 2002); and D. polymorpha has three, 3LA, 3LB (De
Toni, 2002) and 3LC the new one found in this study present in the southern populations of
Turvo and Santa Maria.

In the V/IIIR chromosome, that was divided in sections 81 to 99, the tip of all
chromosomes resembles each other in the sections 81 to 83 (Figure 5E). In the comparison
between D. cardini and D. parthenogenetica, D. neocardini and D. neomorpha, D.
neocardini and D. parthenogenetica only the tip region of the chromosomes showed

identified banding similarities (Table 4, Figure 2S). However, in the comparisons between
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D. cardini and D. neomorpha, and D. polymorpha and D. neomorpha we could not identify
the band/interband similarities in the whole extension of the chromosome. Although the
comparisons among the IV/IIIL chromosomes showed whole chromosomes without
similarities, the V/IIIR chromosomes showed fewer similarities in the overall analysis. In
this chromosome it was observed the second new heterozygous inversion for D.
parthenogenetica in our analysis, and a new inversion for D. neocardini, the 3RA present
in the continental populations of its southern distribution. Drosophila polymorpha has five
inversions already detected for chromosome IlIR: 3RA (De Toni et al., 2001a), 3RB, 3RC,
3RD and 3RE (De Toni, 2002).

The VI/IV chromosome (Figure 5F) corresponds to the dot chromosome of all the
cardini group species and it was divided in one section with two subsections (100a and
100b). This chromosome is generally attached to the X chromosome; however it differs in
shape and number of bands among the species. The attempt to establish the band number
for this chromosome is not always precise; consequently we do not perform the pairwise

comparison among them.

Discussion

Regarding the cardini group, our study is the first to presents the species
photomaps and the chromosomal analysis aiming to generate a formal comparative
evolutionary study, for this group of species. For this purpose, the construction of precise
photomaps that allow the exact localization of nucleotide sequences is extremely
important, as recently performed by Schaeffer et al. (2008) with the sequences of the

Drosophila 12 Genomes Project (2007). Some authors have successfully performed studies
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on the chromosomal evolution of some group of species in the Drosophila genus
(Sturtevant and Dobzhansky, 1936; Clayton et al., 1972; Lemeunier and Ashburner, 1976;
Throckmorton 1982; Wasserman 1982, 1992; Kaneshiro et al., 1995; Rohde et al., 2006).
These works suggest that the use of band/interband pattern comparisons is valuable in the
evolutionary assays, although several sources of error may exist in this kind of analysis
(Wasserman, 1992).

For the Drosophila genus the genome restructuration seems to be the rule of the
evolution; where the gene order inversions are mainly generated by chromosomal
inversions; although, in general, the relationships of sinteny of the genes remain conserved
on the same chromosome arm among species (Bhutkar et al., 2008). Drosophila cardini is
the basal species of the cardini group (Heed and Russel, 1971; Brisson et al., 2006), with a
diploid chromosome number 2n=12 while all the other species of the group have 2n=8.
Considering this, along the evolutionary history of the cardini group species seems to have
undergone to a series of chromosomal restructuration, including chromosome fusions,
pericentric and paracentric inversions. Analyzing the heterozygous chromosomal
inversions in the six species of this group, it seems that the common situation is the
occurrence of larger chromosomal inversions than small ones. Another source for the
scramble pattern of the bands/interbands sequences might be the introgression mechanism
that was identified to have happen among the cardini group species (Heed, 1962),
providing a higher mixture of the gene sequences among these species. Therefore, the
difficult to find banding similarities in the middle of the chromosomes for these species is
possible due to these chromosomal reorganizing mechanisms acting together. Differently
of some species, as Drosophila willistoni (Rohde, 2000; Schaeffer et al., 2008) that have

several chromosomal regions serving as hallmark, the cardini group polytene

166



chromosomes have very little chromosomal regions of easy recognition leading the whole
analyzing process very laborious.

Considering the chromosomal studies in the cardini group species, it is possible
that the inversions described by Rohde and Valente (1996), by De Toni et al. (2001a), by
De Toni (2002) and by us in this study was already observed by Heed and Russel (1971).
However, the absence of the break points characterization draws and photomicrographs in
this last work becomes any comparison impracticable. Although the cardini species present
a high number of polymorphic heterozygous inversions detected by Heed and Russel
(1971), the populations analyzed in this study showed a low number of inversions. These
low records of chromosomal variants in our samples may be explained as a consequence of
founder effect or even by the high inbreeding of the cultures in the laboratory environment.
Yet, another explanation lies in the fact that some of these samples may be descendants of
marginal populations.

According to the review by Singh (2008), marginal populations show a lower
degree of chromosomal polymorphism than those in the centre of a given geographical
distribution. Considering that marginal populations are under a strong pressure selection
and that chromosomal recombination is an adaptative factor, the low level of chromosomal
inversion polymorphism in these populations gives a high potential for free chromosomal
recombination from which adaptative novelties can be generated (Singh, 2008).
Considering this, the geographical distribution of the cardini subgroup species are
designated to an area that stretches through the south of USA to the south of Brazil and
north of Argentina. The cardini group species putative center of dispersion is indicated as
been in the Central America (Heed and Russel, 1971). Therefore, the populations here

analyzed, mainly from south Brazil, are potentially marginal populations form the six
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species. Indeed, D. neomorpha and D. parthenogenetica recently had their first
identification on south rainforests of Brazil (De Toni et al., 2005).

For the species populations distributed in south Brazil, D. polymorpha is without
doubt the most polymorphic species of cardini subgroup. When more populations from
different distribution could be analyzed for heterozygous inversions, however, the
probabilities of to found different rearrangements will certainly increase. Perhaps, the
analysis of population of these six species from different places from Brazil would
improve our data aiming the evolutionary studies of the cardini group based on the

polytene chromosomes.
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Figure 1SB: Improved reference photomap of Drosophila neocardini. Legend is in the previous page.
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Figure 1SC: Improved reference photomap of Drosophila polymorpha. Legend is in the previous page.
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Figure 2S. Schematic representation of the analysis of 75 pairwise comparisons informed
in Table 4. The lines represent the chromosomes, where in (A) it is represented the X
chromosomes of all species; in (B) the chromosome Il for Drosophila cardini and IIL
chromosomal arms for the other five species; in (C) the chromosome Il and IIR
chromosomal arms; in (D) the chromosome 1V and I1IL chromosomal arms; and in (E) the
chromosome V and IR chromosomal arms. The distal regions of the chromosomes (base)
are in the right side. Above the figures it is indicated the section and subsection for all
chromosomes. The gray part of the comparisons indicates the regions with similarities.

Inverted regions are filled by dark gray.
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CAPITULO VI

Discussao Geral

Nos anos 80 o retroelemento micropia foi descoberto intimamente relacionado as
estruturas “plumosas” (lampbrush) presentes no cromossomo Y de Drosophila hydei
(Hennig et al., 1983; Huijser et al., 1988). Ap6s a sua descoberta, os trabalhos realizados
até 1994 estudaram a organizacdo molecular deste retroelemento nos genomas de D. hydei
e D. melanogaster (Hennig et al., 1989; Lankenau et al., 1988, 1989, 1990, 1994)
observando que ele estava presente em alto nimero de cdpias nos genomas dessas duas
espécies, além de possuir caracteristicas muito relacionadas com elementos virais. Neste
periodo o elemento micropia ja havia sido identificado como um retroelemento com LTR.
Mais recentemente os trabalhos de Almeida et al. (2001) e Almeida e Carareto (2004)
ampliaram o registro da presenca desse elemento para 0s genomas de espécies dos grupos
repleta e saltans, revelando a ampla distribuicdo deste elemento no género Drosophila.
Porém os dados gerados por esta Tese mostram que, apesar da distribuigdo do elemento
micropia ter sido ampliada também para espécies do grupo cardini (Capitulo Il e I111), esta
distribuicdo é descontinua tanto neste grupo quanto nos grupos repleta e melanogaster. O
interessante é que utilizando uma regido da sequéncia do clone micropia-dhMiF2 (entre os
nucleotideos 1777 e 2570 do total de aproximadamente 5kb) diferente da regido utilizada
por Almeida e Carareto (2004) (entre os nucleotideos 2813 e 3198 da mesma sequéncia)
ndo encontramos sequéncias similares no genoma completo de D. mojavensis, pertencente
ao grupo repleta, disponivel no banco de dados (Consércio 12 Genomas de Drosophila,

2007), apesar das autoras anteriormente citadas terem conseguido amplificar o fragmento
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esperado. A escolha do par de primers Micl777 e Mic2570 levou em consideragéo a
temperatura de anelamento (por volta de 60°C) e principalmente o tamanho do fragmento
potencialmente amplificado (por volta de 800pb). As diferencas obtidas entre os dados
desta Tese e os dados daquele trabalho podem ser devidas a existéncia de copias
divergentes do elemento micropia no genoma dessas espécies, como foi sugerido por
Almeida e Carareto (2004).

Ainda, em consideracdo a distribuicdo descontinua no grupo cardini, este fator
parece refletir a propria distribuicdo geografica deste grupo. As espécies do subgrupo dunni
do grupo cardini, as quais ndo apresentam sequéncias similares ao elemento micropia,
possuem distribuicdo restrita as ilhas do Caribe. Essas espécies insulares do grupo cardini
sdo derivadas de um ancestral presente no continente, e a divergéncia dessas espécies
aconteceu por volta de 1,6 a 2,6 milhdes de anos atras (Wilder e Hollocher, 2003). No
Capitulo 111 calculamos que as copias do retroelemento micropia presentes no grupo
cardini parecem ter divergido ha 3,7 milhdes de anos atras envolvendo mecanismos de HT.
Considerando essas datas de divergéncia, pode-se supor que o0 evento de invasdo desta
cOpia de micropia nao atingiu o ancestral do subgrupo dunni, devido a perda de area de
contato ou qualquer outro motivo. Contrariamente, se 0 genoma da espécie ancestral foi
invadido por micropia, essas copias divergiram rapidamente dificultando a detec¢do dessas
sequéncias, representadas pelos fracos sinais no Dot Blot (Figura 1S, Capitulo I11).

Ainda nos Capitulos Il e 111 foi verificada uma baixa divergéncia entre as copias
de micropia presentes no grupo cardini e repleta, assim como entre as copias presentes no
grupo melanogaster (nomeadas de nanopia no Capitulo 111 de acordo com critérios
estabelecidos por Wicker et al., 2007 ja discutidos). No Capitulo IV foi estimado o

numero de copias do elemento micropia para seis espéecies do grupo cardini (que variaram
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de cinco a 18 copias) que parece estar dentro da média encontrada para espécies do grupo
repleta, variando entre sete e 17 copias (Lankenau et al., 1994; Almeida e Carareto, 2004).
Algumas espécies do grupo repleta, incluindo D. hydei, apresentam um mecanismo de
controle da transposicdo por meio da inibigdo de transcritos por interacdo RNA-RNA. No
grupo cardini, a presenca deste elemento tanto no cromossomo X quanto nos autossomos,
assim como a sua distribuicdo aleatoria (sem preferéncia por regides de baixa
recombina¢do como a heterocromatina), pode sugerir que, se este elemento esta ativo nas
espécies do grupo cardini, como parece estar em D. hydei, é possivel que 0 mecanismo de
regulacdo de transposicao ja identificado no grupo repleta também atue no genoma das
espécies do grupo cardini.

Apesar de no Capitulo IV ter sido identificada a presenca de micropia em pontos
de quebra para inversbes cromossdémicas em trés das espécies estudadas (D. cardinoides,
D. parthenogenetica e D. polymorpha), ndo podemos afirmar que micropia esteja
envolvido em mecanismos de geracdo de inversdes, podendo corresponder a insergdes
secundérias a entrada de outros TEs da Classe Il, estes sim promotores das quebras e
rearranjos, como por exemplo, Galileo (Caceres et al., 1999, 2001; Casals et al. 2003,
2005) em D. buzzatii. E no Capitulo V que é mostrado que D. polymorpha ¢ a espécie do
grupo cardini com o maior nimero de inversfes heterozigotas analisadas, seguida por D.
cardinoides. Essas duas espécies sdo as mais amplamente distribuidas e freqlientemente
coletadas do grupo cardini. Esta observacdo talvez esteja conectada ao resultado obtido no
Capitulo 1V, onde essas duas espécies foram as que apresentaram maior nimero de
inser¢Oes do elemento micropia. Como foi observado para D. melanogaster e D. simulans
(Vieira et al., 1999), parece que a aquisicdo de novos TEs acompanha o processo de

colonizacdo de novos territorios, possivelmente propiciando maior plasticidade aos
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genomas dos individuos dessas populagdes. Um estudo populacional identificando os sitios
de inser¢do de micropia nos diferentes genomas poderia informar se 0 mesmo ocorre no
grupo cardini; que apesar de ndo ter espécies cosmopolitas, apresenta espécies que ainda
estdo em processo de ocupacgdo de novos ambientes, como € o caso de D. neomorpha e D.
parthenogenetica (De Toni et al., 2005).

O registro da variabilidade de inversdes em diferentes populacdes das seis espécies
do grupo cardini anteriormente citadas, assim como a analise comparativa dos padr@es de
bandas e interbandas dos seus cromossomos politénicos (Capitulo V), tendem a ser
refinados, permitindo compreender melhor os dados obtidos por Heed e Russel (1971).
Como discutido no Capitulo V, o primeiro trabalho que construiu o fotomapa de espécies
do grupo cardini foi publicado em 1996 (Rohde e Valente, 1996a), e o trabalho de Heed e
Russel (1971) néo apresenta os pontos de quebra das inversdes analisadas, nem desenhos
ou fotografias dessas variantes cromossémicas. A evolucdo dos cromossomos neste grupo
de espécies parece ter envolvido uma grande série de rearranjos, dificultando o
estabelecimento de regides similares, invertidas ou ndo, principalmente na por¢cdo mediana
dos cromossomos e bragos cromossdmicos. Com isso, a auséncia da identificacdo das
inversdes obtidas por Heed e Russel (1971) prejudica a comparagdo com os dados obtidos
no Capitulo V.

O estabelecimento correto e fiel de fotomapas de referéncia dos cromossomos
politénicos para as espécies do grupo cardini é de extrema importancia para os estudos
genéticos e moleculares futuros. No Capitulo V além de melhorarmos os fotomapas ja
existentes de algumas espécies do grupo cardini, através do uso de recursos computagao
grafica, produzimos os fotomapas cromossémicos para duas outras espécies que ocorrem

no sul do Brasil. Com excecéo de D. parthenogenetica, onde encontramos dificuldade em
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obter bons cromossomos, o fotomapa aqui construido para D. cardini e os fotomapas
remontados de D. polymorpha, D. cardinoides e D. neocardini permitem uma defini¢éo
mais acurada das diferentes regiGes cromossomicas e a descri¢do detalhada dos pontos de

quebra das inversdes, como consequéncia da divisdo das se¢des em subsegdes.

Conclusdes

Com os resultados obtidos e discutidos nos capitulos anteriores podemos chegar as

seguintes conclusoes:

e O elemento micropia apresenta sequéncias muito similares no genoma de espécies
distantes evolutivamente (espécies dos grupos cardini, repleta, melanogaster e willistoni) e
0 padrdo de evolugdo deste elemento no género Drosophila parece ser baseado na
existéncia de polimorfismo ancestral, heranca vertical, perdas estocasticas, mas

principalmente por eventos de transmisséo horizontal.

e As seis espécies do grupo cardini em que foram analisados os sitios de inser¢do do
elemento micropia, D. cardini, D. cardinoides, D. neocardini, D. neomorpha, D.
parthenogenetica e D. polymorpha apresentaram seis, 14, 12, cinco, seis, 18 coOpias deste
retroelemento nos bragos eucromaticos dos cromossomos politénicos, respectivamente e
ndo foram encontrados sinais de hibridacdo nos cromocentros de todas elas. Foram

encontradas cdpias localizadas em pontos de quebra de inversdes em D. cardinoides, D.
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polymorpha e D. parthenogenetica: duas, quatro e uma, respectivamente. Porém, o papel
dessas coincidéncias entre sitios de inser¢do e quebra de inversdes devera ser testado em
estudos futuros, ja que elas podem ser devidas ao acaso ou representar insercdes

secundérias a entrada de outros TEs, especialmente os da Classe Il, como Galileo.

e O fotomapa de D. cardini foi construido e os fotomapas de D. cardinoides, D.
neocardini e D. polymorpha ja existentes foram melhorados. Drosophila polymorpha se
mostrou a espécies com o0 maior nimero de inversdes heterozigotas do grupo cardini, e em
D. neomorpha ndo foram encontradas inversdes heterozigotas. A analise comparativa dos
cromossomos politénicos mostrou que 0s cromossomos dessas espécies sdo extremamente
reorganizados, dificultando o estabelecimento de uma relag&o filogenética precisa entre as
espécies do grupo cardini baseada neste marcador. O uso de sondas de genes cuja
localizacdo cromossdmica em outras espécies de Drosophila seja conhecida sera Gtil para

resolver este tipo de dificuldade.

Perspectivas

Tomando como base os resultados obtidos nos Capitulos I, I1l, 1V e V desta

Tese, tem-se como perspectiva de trabalho o que se segue:

e Analisar a presenca de sequéncias relacionadas a micropia no genoma de outras

espécies do género Drosophila verificando a potencial doadora das sequéncias para 0s

grupos cardini e repleta;

185



e Verificar a presenca de sequéncias relacionadas a micropia no genoma de espécies
neotropicais com a finalidade de determinar a real distribuicdo deste retroelemento no

género Drosophila .

e Analisar a sequéncia completa de micropia no grupo cardini verificando o seu padrdo
de controle de transposicdo com a finalidade de verificar se existe semelhangca com o
padrédo observado em D. hydei, determinando, assim, a eficiéncia desta regulagcdo no

controle da transposicéo das copias do elemento.

e Analisar a integridade de cOpias divergentes encontradas nas espécies do grupo cardini

e nas espécies dos demais grupos durante as analises tanto in vivo quanto in silico.

e Analisar os sitios de insercdo das cOpias de micropia nos cromossomos politénicos de
diferentes populacdes de espécies do grupo cardini com o intuito de estudar a dindmica

deste retroelemento.

e Analisar a presenca do transposon Galileo nas espécies do grupo cardini verificando a
sua presenca nas proximidades dos sitios de insercdo onde micropia ja foi encontrado,
investigando a relacdo de Galileo com geracdo de inversdo e a relacdo de micropia com

uma possivel invasao secundaria dos pontos de quebra.

e Refinar o estudo da evolugdo cromossémica do grupo cardini por meio da técnica de

hibridacdo in situ de genes nucleares de copia Unica com a finalidade de monitorar de
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forma mais precisa os rearranjos ocorridos durante o processo evolutivo, bem como

estabelecer as relagdes filogenéticas das espécies do grupo.
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