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“Computers have a strong tendency to treat

data and models quite literally”

J. P. Huelsenbeck, 2002.

“But this song will play until the light

It's the sound of her trying to find something to like
The sound of her walking day and night

And this song may lead her far away

But tonight it seems to light the way

And she can almost see the future shine

And everything's in tune and everything's in time
It will play until the day Big Julie rules the world
Big Julie rules the world”

Jarvis Cocker, 2007.
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RESUMO

O grupo tripunctata ¢ o segundo maior grupo neotropical de Drosophila em nimero de
espécies e foi incluido na radiacao tripunctata — que inclui outros grupos proximos. O segundo
cromossomo de Drosophila medipunctata (espécie que pertence ao grupo tripunctata) ¢
altamente polimorfico para inversdes. Trabalhos anteriores sugeriram a presenca de interacao
genotipo-ambiente para tamanho da asa, mas ndo para forma. Experimentos de laboratorio foram
realizados para testar os efeitos combinados de temperatura e inversao cromossomica no tamanho
e forma da asa de D. mediopuncta. A morfologia da asa foi analisada por métodos de
morfometria geométrica. Os resultados mostraram que tamanho e forma da asa sdo influeciados
por temperatura, sexo e caridtipo. Também foram encontradas evidéncias que sugeriram a
existéncia entre os efeitos de cariotipo e temperatura para forma da asa, mas ndo para tamanho,
indicando a presenca de interacdo gendtipo-ambiente para forma da asa em D. mediopunctata.
Sugerimos que outros fatores ecologicos — tais como densidade de larvas — ou variacao sazonal
de conteudo genético das inversdes poderia explicar os resultados anteriores. Além disso, uma
nova hipotese filogenética para a radiagdo tripunctata ¢ sugerida com base em dados de
seqiiéncias dos genes mitocondrias das subunidades I e II da citocromo oxidase, e a variacao de
tamanho e forma da asa ¢ descrita com bases na nova hipotese filogenética. As arvores
filogenéticas foram reconstruidas por métodos de parcimOnia, maxima verossimilhanca e
inferéncia Bayesiana. Os resultados rejeitaram a hipdtese de monofilia para o grupo tripunctata,
enquanto esta hipotese ndo foi rejeitada para a radi¢do tripunctata e outros grupos especificos
dentro da radiacdo. Ambos tamanho e forma da asa apresentaram sinal filogenético e diferentes
padrdes de tamanho e forma puderam ser identificados para cada um dos agrupamentos mais

importantes detectados pela analise filogenética.
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ABSTRACT

The tripunctata group is the second largest Neotropical group of Drosophila in number of
species and was included in the tripunctata radiation — which comprises other closely related
groups. The second chromosome of Drosophila mediopunctata (a species that belongs to the
tripunctata group) is highly polymorphic for inversions. Previous work suggested the presence of
genotype-environment interaction for wing size but not for shape. We performed experiments in
the laboratory to test for the joint effects of temperature and chromosome inversions on size and
shape of the wing in D. mediopunctata. Wing morphology was analyzed by methods of
geometric morphometrics. Our findings show that wing size and shape are influenced by
temperature, sex, and karyotype. We also found evidence suggestive of an interaction between
the effects of karyotype and temperature on wing shape (but not for size), indicating the existence
of genotype-environment interaction for wing shape in D. mediopunctata. We suggest that other
ecological factors — such as larval crowding — or seasonal variation of genetic content within
inversions may explain the previous results. Moreover, we suggest a new phylogenetic
hypothesis for the tripunctata radiation based on sequences of mitochondrial genes of
cytochrome oxidase subunits I and II, and describe wing size and shape variation in different
species based on this new phylogenetic hypothesis. Phylogenetic trees were reconstructed by
parsimony, maximum likelthood and bayesian inference. Results reject the monophyly
hypothesis for the tripunctata group whereas monophyly is not rejected for the tripunctata
radiation and other specific groups within the radiation. Both wing size and shape displayed
phylogenetic signal and different patterns of size and shape could be identified for each of the

most important clusters detected by phylogenetic analysis.
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INTRODUCAO GERAL

ORGANISMO MODELO: DROSOPHILA

Um dos modelos mais amplamente estudados em Biologia tem sido as espécies do género
Drosophila, particularmente Drosophila melanogaster. Muitas das primeiras descobertas em
genética classica foram realizadas a partir de experimentos que envolviam esta espécie, além de
seu importante papel na sintese da genética e da teoria evolutiva e, mais recentemente, no estudo
do desenvolvimento e da biologia molecular (ver revisdo em Powell, 1997). D. melanogaster foi
0 primeiro eucarioto complexo a ter o genoma completamente seqiienciado (Adams et al., 2000),
levando em 2003 a publicagdo de um White Paper (Clark et al. 2003) propondo o
seqlienciamento de outras espécies proximas. Atualmente estdo sendo seqiienciados os genomas
de outras 11 espécies (http://rana.lbl.gov/drosophila/index.html) — D. ananassae, D. erecta, D.
grimshawi, D. mojavensis, D. persimilis, D. pseudoobscura, D. sechelia, D. simulans, D. virilis,
D. willistoni, D. yakuba — o que fard com que o género Drosophila se torne um excelente
modelo para estudos de gendmica comparativa e¢ favorecera estudos de biologia comparativa
entre espécies do género.

Espécies de Drosophila existem numa grande parte do mundo, em regides temperadas,
desertos e nos tropicos, onde se encontra sua maior diversidade (Powell, 1997), particularmente
em matas e florestas (Throckmorton, 1975). Suas larvas alimentam-se de organismos que fazem
fermentag¢do ou em decomposi¢do, desempenhando um importante papel em cadeias alimentares
saprofiticas (Throckmorton, 1975). Os substratos de oviposicdo e os habitos alimentares dos
adultos sdo bastante diversificados, incluindo seiva e fungos, além de frutos, flores e vegetacao

em decomposi¢do. Esta diversidade de habitos alimentares tem em comum a presenca de



organismos fermentadores, sendo que estes constituem verdadeiramente o alimento das espécies

do género (Throckmorton, 1975).

TAXONOMIA DO GENERO DROSOPHILA

TaxoDros (Béchli, 2007) ¢ uma excelente base de dados de taxonomia de drosofilideos
on-line. Mantido por Gerhard Béchli, uma das maiores autoridades mundiais em taxonomia do
género Drosophila, o TaxoDros ¢ constantemente atualizado (a versao mais recente da base de
dados ¢ de junho de 2007) e fornece além das posigdes taxondmicas de espécies, referéncias as
descrigdes originais e a trabalhos de taxonomia em geral, informacdes de sinonimia e de
distribuicao geografica de espécies descritas. Todas as informagdes a respeito de nimeros de
espécies, subgrupos, grupos e subgéneros citadas nesta Introducao Geral foram retiradas da base
de dados TaxoDros de junho de 2007 (Béchli, 2007), a ndo ser nos casos em que outra referéncia
bibliografica € citada.

A familia Drosophilidae atualmente contém cerca de 3750 espécies descritas (Ashburner
et al., 2005) e esta dividida em duas subfamilias: Steganinae e Drosophilinae. Trinta e oito
géneros compdem a subfamilia Drosophilinae (Béichli, 2007), entre os quais, o género
Drosophila, no qual estdo incluidas atualmente contém 1149 espécies descritas, subdividido em
oito subgéneros (Béchli, 2007). Os subgéneros Drosophila e Sophophora abrigam mais de 90%
das espécies do género (721 e 332, respectivamente, Béchli, 2007) e contém as espécies mais
amplamente estudadas, em particular Drosophila melanogaster (Sophophora). Em fun¢do do
grande numero de espécies, agrupamentos foram criados especificamente para o género
Drosophila (Ashburner, 2005), tais como grupos, subgrupos e complexos de espécies, de modo

que ndo constituem categorias taxondmicas reconhecidas pelo Cddigo Internacional de



Nomenclatura Zoologica. O subgénero Sophophora, por exemplo, ¢ subdividido em 8 subgrupos
enquanto 43 subgrupos compdem o subgénero Drosophila.

Dentro do subgénero Drosophila, o grupo immigrans contém o maior numero de espécies
(101 espécies descritas atualmente, Béachli, 2007), seguido pelo grupo repleta (100 espécies
descritas, Bachli, 2007) e pelo grupo tripunctata (79 espécies descritas, Biachli, 2007). Os demais
grupos que pertecem a este subgénero sao compostos por numeros significativamente mais

baixos, em geral abaixo de vinte espécies descritas (Bachli, 2007).

A RADIACAO TRIPUNCTATA

Throckmorton (1962, 1975) propds a primeira hipotese filogenética para a familia
Drosophilidae (Markow & O’Grady, 2006). A partir de caracteres morfologicos, ele organizou as
espécies de drosofilideos em radiacdes, que representam eventos de multipla especiagdo,
seguidos de diversificagdo (figura 1.1). Ainda que seus métodos de andlise ndo sejam
formalizados e que novos estudos tenham comprovado que algumas de suas conclusdes estavam
incorretas (Markow & O’Grady, 2006), seu trabalho continua a ser de extrema importancia
atualmente. Throckmorton (1962, 1975) incluiu o grupo fripunctata na radiagdo tripunctata
(figura 1.1), juntamente com outros grupos (calloptera, cardini, guarani, macroptera,
pallidipennis, rubrifrons e sticta). A radiagdo tripunctata teria se originado da radiacao
immigrans-Hirtodrosophila, que surgiu e se diversificou nos paleotrdpicos, e teria enviado duas
linhagens (¢ripunctata e Hirtodrosophila) a Regido Neotropical, onde estas se diversificaram
constituindo novas radiacdes (figura 1.1). Throckmorton (1975) também sugeriu que as espécies
do grupo tripunctata ndo formam um grupo monofilético, concordando com observagoes feitas

por Kastritsis et al. (1970) baseadas em dados citologicos. Recentemente, dois estudos



moleculares (Yotoko et al., 2003; Robe et al., 2005) também obtiveram resultados que rejeitaram

a monofilia deste grupo.
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Figura 1.1: Radiagdes propostas como hipotese filogenética para a familia Drosophilidae (baseado em

Throckmorton, 1975 e Markow e O’Grady, 2006).



O grupo calloptera

O grupo calloptera foi proposto por Burla & Pavan (1953), que sugeriram que este grupo
seria proximamente relacionado ao grupo guarani (o que também foi proposto por Remsen &
O’Grady, 2002) e, ainda que de forma nao tdo proxima, aos grupos tripunctata, quinaria €
cardini. Este grupo ¢ composto atualmente por oito espécies, que se destacam por suas asas

fortemente pigmentadas em manchas (Burla & Pavan, 1953).

O grupo cardini

O grupo cardini contém 16 espécies descritas e € subdividido em dois subgrupos: cardini
e dunni. As espécies deste grupo sdo facilmente reconhecidas por possuirem o téorax marrom-
avermelhado ou amarelado e bastante brilhante, e por apresentarem véarios padrdoes de bandas
pretas nos tergitos, carater que € polimodrfico em algumas espécies (Vilela et al., 2002).

A andlise de dados de seqiiéncias de genes mitocondriais € nucleares resultaram em alto
suporte estatistico para a monofilia deste grupo (Brisson et al., 2006) e indicaram que D. cardini

ocuparia a posi¢ao mais basal dentro do grupo.

O grupo guarani

Dezessete espécies estdo incluidas no grupo guarani, das quais trés pertencem ao
subgrupo guaramunu, seis pertencem ao subgrupo guarani € as oito restantes ndo sao
classificadas em subgrupos. Kastritsis (1969) estudou os cromossomos politénicos de algumas
espécies do grupo e sugeriu que os subgrupos guarani e guaramunu deveriam ser elevados a
categoria de grupo. Esta sugestdo foi baseada no fato de que os cromossomos de espécies do
subgrupo guaramunu eram mais semelhantes aos cromossomos de espécies do grupo tripunctata
do que aos cromossomos das espécies do subgrupo guarani. Entretanto, Vilela e Pereira (1985)

argumentaram que o grupo guarani e seus dois subgrupos deveriam ser mantidos como tais até



que fossem encontradas mais evidéncias que sugerissem esta revisdo taxonOmica. Existe
atualmente uma controvérsia em torno desta questdo. Ainda que o grupo guarani seja
apresentado como sendo composto por dois subgrupos por Béchli (2007), Markow e O’Grady
(2006) adotaram a classificacdo sugerida por Kastritsis (1969) e mencionam a existéncia de
espécies proximamente relacionadas aos dois grupos, cuja posi¢ao ainda ndo foi definida. Os
mesmos autores apresentam uma tabela de espécies contidas em cada grupo da radiagdo
tripunctata em que apenas o grupo guarani € mecionado, contendo as espécies dos dois
subgrupos e as espécies nao agrupadas, demonstrando a dificuldade dos autores em lidar com a

conversao dos subgrupos guarani € guaramunu em grupos de espécies.

O grupo macroptera
As cinco espécies do grupo macroptera sao pouco conhecidas e sdo possivelmente

proximamente relacionadas as espécies do grupo rubrifrons (Vilela & Béchli, 2004).

O grupo pallidipennis

O grupo pallidipennis ¢ formado por uma tUnica espécie (D. pallidipennis), sobre a qual
existem poucos estudos, a maior parte enfocando a caracterizacdo de cromossomos politénicos
(Freire-Maia & Engel, 1949; Pasteur & Kastritsis, 1971), além da existéncia de duas subespécies

(Patterson & Dobzhansky, 1945).

O grupo rubrifrons
Este grupo também € pouco estudado e contém atualmente nove espécies descritas. Vilela
& Bichli (2004) sugeriram que as espécies do grupo rubrifrons seriam proximamente

relacionadas as espécies do grupo macroptera.



O grupo sticta

Este grupo ¢ composto por uma tnica espécie, muito pouco conhecida.

O grupo tripunctata

O grupo tripunctata foi proposto por Sturtevant em 1942 e atualmente ¢ composto por 79
espécies descritas. E um grupo quase exclusivamente neotropical, sendo D. tripunctata a Gnica
excecdo, por ocorrer na América do Norte. Suas espécies sao abundantes (Val et al. 1981),
particularmente em areas florestais (Sene et al. 1980), onde constituem o componente dominante
da fauna de drosofilideos (Ashburner et al., 2005).

Frota-Pessoa (1964) dividiu o grupo em quatro subgrupos (I, II, III e IV), o que foi
questionado posteriormente por Vilela (1992), que apontou que, com excecdo de algumas
espécies cujo parentesco proximo era Obvio, esta seria uma subdivisdo artificial. Recentemente,
Yotoko et al. (2003) reforgaram estas observacdes com base em dados de seqiiéncias de DNA

mitocondrial.

DROSOPHILA MEDIOPUNCTATA: UM MODELO NEOTROPICAL

D. mediopunctata pertence ao grupo tripunctata € tem uma ampla distribuicao, tendo
sido encontrada em localidades da América Central até o sul do Brasil (Val et al. 1981). A
histéria de vida desta espécie ¢ bastante diferente de outras espécies de Drosophila estudadas
mais freqiientemente, tais como D. melanogaster € D. pseudoobscura, uma vez que o tempo de
maturagdo € longo, a fecundidade ¢ baixa e a longevidade ¢ maior (Klaczko, 1995). Esta biologia
peculiar da espécie poderia revelar aspectos ndo observados em outras espécies, 0 que motivou o
inicio do estudo da espécie no Brasil, objetivando torni-la um organismo modelo (Klaczko,
1995; 2006). Desde entdo, D. mediopunctata tem sido estudada em diversos aspectos, tais como

seus polimorfismos de inversdes cromossomicas (Ananina et al., 2002), ocorréncia de sex-ratio



(por exemplo: Carvalho et al., 1989; Carvalho & Klaczko, 1993 e 1994; Carvalho et al., 1997,
Varandas et al., 1997), além de aspectos morfologicos da asa (Klaczko & Bitner Mathé, 1990;
Bitner-Math¢ et al., 1995; Bitner-Mathé¢ & Klaczko, 1999a; Bitner-Mathé & Klaczko, 1999b),
polimorfismo de coloragao (Hatadani et al., 2004) e biologia molecular (Loreto et al, 2001).

Esta espécie tem seis pares de cromossomos: cinco acrocéntricos € um pontual que nao se
politeniza. Os cromossomo II, IV e X apresentam polimorfismo de inversdes (Peixoto &
Klaczko, 1991; Ananina et al. 2002). O cromossomo II ¢ o mais polimoérfico e suas inversdes
podem ser divididas em dois grupos, de acordo com a regido do cromossomo: existem oito
inversoes na regiao distal (DA, DI, DV, DS etc.) e nove na regido proximal (PA0, PB0, PC0, PCI,
PC2 etc.) (Ananina et al., 2002). H4 um forte desequilibrio de ligacdo entre as inversdes
proximais e distais do cromossomo II, de modo que PA0 esta predominantemente ligada a DA
enquanto PCO esta preferencialmente ligada a DV, DP e DS (Peixoto & Klaczko, 1991). As
freqiiéncias das inversdes do cromossomo Il se alteram durante o ano: P40 tende a ser mais
freqliente nos meses mais frios, enquanto o contrario ocorre para PC0O (Klaczko, 1995; Ananina
et al.,, 2004). Existe também uma correlagdo positiva entre a freqiiéncia de PA0 e altitude,
enquanto a mesma correlagdao ¢ negativa para PC0O (Klaczko, 1995). Esses dados indicam que

PA0 estd mais adaptada a temperaturas mais baixas e PC(, a temperaturas mais altas.

VARIACAO DE TAMANHO E FORMA DA ASA EM DROSOPHILA

Apesar de sua aparente simplicidade, as asas de insetos sdo estruturas complexas, o que ¢
necessario, ja que o voo € um processo complexo em que as asas precisam executar uma série de
movimentos diferentes (batimentos, curvas e deformacdes) que precisam estar sutilmente
ajustados para permitir aos insetos a sua amplitude de velocidades e manobras (Wootton, 2001).

As fungdes da asa em insetos ndo sdo apenas locomotoras, mas estdo relacionadas a funcdes



sensorias, termorregulacdo, prote¢do e defesa, além de sinalizagdo territorial e sexual (Wooton,
1992). De extrema importancia, as veias das asas t€ém a funcdo de suporte e de conduzir
hemolinfa, oxigénio e informacao sensorial, ¢ de prevengao de que danos a membrana da asa se
espalhem (Wooton, 1992; DeCelis & Diaz-Benjumea, 2003).

O padrao de venacao da asa de Drosophila ¢ relativamente simples em comparagdo com
outros insetos. Geneticistas que estudavam mutagdes em Drosophila desenvolveram sua propria
nomenclatura para as veias da asa, de modo que L1 corresponde a veia marginal ao longo da
margem anterior da asa; L2 a L5 correspondem as quatro veias longitudinais principais; cv-a e
cv-p, as duas veias tranversais; e L0 e L6, as duas veias curtas na regido proximal da asa (Stark et
al. 1999; DeCelis & Diaz-Benjumea, 2003).

Em geral, o tamanho da asa em Drosophila estd relacionado com a temperatura de
desenvolvimento das larvas. No que diz respeito a plasticidade fenotipica (por exemplo, Crill et
al., 1996; Imasheva et al., 2000), moscas que se desenvolvem em temperaturas mais baixas
tendem a ter asas maiores, inclusive em relagdo ao tamanho do resto do corpo (por exemplo,
Robertson, 1987; Thomas, 1993; Pétavy et al., 2001).

Em relacdo ao componente genético que determina o tamanho da asa, também foram
encontrados clines latitudinais em vérias espécies (Pfriem, 1983; Hyytia et al., 1985; Imasheva et
al. 1994; Huey et al., 2000), como correlagdes positivas com a latitude. Estes clines sdo causados
quase certamente por selecao natural e o fator seletivo ¢ provavelmente a temperatura (Imasheva
etal., 1994).

A forma da asa, também, parece estar relacionada a temperatura. Imasheva et al. (1995)
detectaram padrdes geograficos possivelmente adaptativos e correlacionados com a temperatura.
Além disso, foi observado que a forma da asa em D. melanogaster estava sob selecdo natural

dependente de temperatura em laboratdrio (Cavicchi ef al., 1985).



Debat et al. (2003) separaram a variacdo na forma da asa de D. simulans em dois
componentes: alométrico (correlacionado com o tamanho) e nao-alométrico. Seus resultados
mostraram que o componente alométrico (responsavel por 23,8% da variacdo de forma)
apresentava um variacdo direcional proporcional a variagcdo de temperatura, enquanto o
componente nao-alométrico apresentou uma reversao na direcdo da mudanca de forma em uma
das temperaturas intermedidrias. Entretanto, em ambos os componentes, os marcos anatdmicos
localizados na parte distal da asa foram mais sensiveis a variagdo de temperatura que os marcos
anatdmicos proximais.

Apesar do tamanho e da forma da asa de algumas espécies de Drosophila terem sido
bastante estudados, poucas vezes foram feitas comparagdes entre as morfologias da asa entre
diferentes espécies de Drosophila. Um dos poucos estudos (Imasheva et al., 2000) comparou
distancias entre pontos da asa em D. melanogaster e D. simulans. Starmer & Wolf (1989)
compararam diversas espécies com o objetivo de encontrar a melhor forma de estimar o wing
loading (definido como a massa corporal dividido pela area da asa), o que representa uma forma
de estimar variacdes no tamanho da asa em relagdo ao tamanho do animal. Portanto, a
comparacao da forma da asa entre espécies de Drosophila permanece pouco explorada.

No que diz respeito a morfologia da asa em D. mediopunctata, Bitner-Mathé & Klaczko
(1999a) utilizaram um método que descreve a asa através da equacdo da elipse (Klaczko &
Bitner-Mathé, 1990) e encontraram uma alta herdabilidade para a forma da asa em condicdes
naturais. Utilizando métodos de morfometria tradicional, Bitner-Mathé & Klaczko (1999b)
encontraram resultados que sugeriram que tamanho e forma da asa nesta espécie tém
propriedades diferentes. A variancia e a herdabilidade do tamanho parecem bastante sensiveis a

pequenas variagcdes ambientais, impossibilitando a obtencdo de estimativas consistentes. Por
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outro lado, no que diz respeito a forma, a variancia ¢ menos sensivel as variagdes ambientais e a
sua herdabilidade ¢ alta, possibilitando estimativas similares em diferentes coletas e localidades.

Em um trabalho anterior, Bitner-Mathé et al. (1995) analisaram uma populacdo natural e
encontraram uma correlagdo significativa entre a forma da asa e a altitude. Este mesmo trabalho
detectou um efeito significativo do més de coleta tanto no tamanho quanto na forma da asa.
Também foram encontrados um efeito significativo do cariotipo do cromossomo II na forma da
asa e uma interacao significativa entre o cariotipo do cromossomo Il e 0 més de coleta em ambos
forma e tamanho. Estas interagdes sao fortes indicios da presenga de interacao gendtipo-ambiente

para a morfologia da asa em condi¢des naturais nesta espécie.

MORFOMETRIA GEOMETRICA

Nas décadas de 1960 e 1970, pesquisadores comegaram a aplicar métodos de estatistica
multivariada para a andlise de variaveis morfologicas, em geral, medidas lineares. Este conjunto
de métodos € hoje chamado “morfometria tradicional”. Um dos principais problemas encontrados
foi obter medidas de forma, livres de tamanho. Varios métodos foram propostos, mas nenhum
deles parecia suficientemente adequado ou eficiente. Outro problema da abordagem
morfométrica tradicional era a identificagdo de homologia entre as distancias que serviam como
dados, uma vez que muitas das distancias usadas ndo eram definidas por pontos homodlogos.
Além disso, estes métodos ndo possibilitavam a representagdo grafica das mudangas de forma, ja
que as distancias lineares ndo preservavam as relagdes geométricas entre as varidveis (ver
revisoes em Rohlf & Marcus, 1993; Adams et al., 2004).

No final da década de 1980 e inicio da década de1990, um novo conjunto de métodos de
analise de forma biologica foi proposto. Estes métodos enfatizavam a preservagdo da geometria

das formas ao longo da analise e foram, portanto, chamados de “morfometria geométrica”. Varios
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destes métodos sdo baseados em coordenadas de marcos anatomicos, definidos por Dryden &
Mardia (1998) como “pontos de correspondéncia em cada objeto, compativeis entre e dentro de
populagdes”. Uma caracteristica fundamental dos marcos anatdomicos ¢ que devem ser homoélogos
entre todos os espécimes estudados. Além de apresentar uma definicdo clara de tamanho e uma
maneira eficiente de remové-lo do conjunto de dados, uma das vantagens dos métodos de
morfometria geométrica ¢ permitir representagdes graficas dos resultados, uma vez que a
geometria da forma ¢ preservada ao longo da analise (ver revisdes em Rohlf & Marcus, 1993;
Adams et al., 2004).

Kendall (1977) definiu forma como “toda a informag¢do geométrica que permanece
quando efeitos de localizacdo, escala e rotacdo sdao removidos de um objeto”. O tamanho, em
morfometria geométrica, ¢ descrito pelo tamanho do centréide, calculado pela raiz quadrada da
soma dos quadrados das distancias de cada marco anatomico ao centrdide (Bookstein, 1991). A
localizagdo do centroide ¢ calculada pela média das coordenadas de uma configuragdo de marcos
anatomicos, ou seja, a coordenada X do centrdide ¢ a média das coordenadas X de todos os
marcos anatomicos e a a coordenada Y do centrdide ¢ a média das coordenadas Y de todos os
marcos anatémicos.

O método de superimposi¢ao de Procrustes ou GLS (generalized least squares Procrustes
superimposition) (Rohlf, 1990) ¢ o método mais usado atualmente para remover os efeitos de
localizagdo, escala (tamanho) e rotacdo dos objetos de andlise. Os passos deste método podem ser
descritos da seguinte forma (ver revisdo em Zelditch et al, 2004):

1. Centrar cada configuragdo de marcos anatdomicos na origem,
subtraindo as coordenadas do centréide das coordenadas

correspondentes de cada marco;
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2. Padronizar as configuragdes para o tamanho unitario, dividindo as
coordenadas de cada marco anatomico pelo tamanho do centréide.

3. Escolher uma configuracao que sera a referéncia, rotacionar todas as
demais configuragdes de modo a minimizar a soma das distancias ao
quadrado entre marcos homologos entre as configuragdes.

4. Calcular a forma média, que passa a ser a nova referéncia, e repetir o
passo 3 até que a referéncia mais recente seja igual a anterior.

As novas coordenadas obtidas, livres de efeitos de translacdo, escala e rotacao,
descrevem apenas a forma de cada espécime. Entretanto, o nimero de varidveis geradas por GLS
possui quatro dimensdes a mais do que o espago de forma, cujo numero de dimensdes ¢ duas
vezes 0 numero de marcos anatOmicos subtraidas quatro dimensdes (uma perdida pela
padronizacdo do tamanho, uma perdida pela rotacdo e duas, pela translagdo). Uma explicagdao
detalhada do espago de forma, descrito com base nas teorias matemadticas de forma, pode ser
encontrada em Zelditch et al. (2004). Este fato impossibiliza a utilizacdo de métodos usuais de
estatistica multivariada para a andlise dos dados. Uma das formas de lidar com este problema ¢ o
método de thin-plate splines (TPS), que gera um conjunto de variaveis de forma (chamadas
deformacdes parciais), cujo numero ¢ igual ao numero de dimensdes do espago de forma

(Bookstein 1989, 1991), permitindo a analise por métodos usuais de estatistica multivariada.

METODOS DE RECONSTRUCAO FILOGENETICA
Atualmente, neighbour-joining (Saitou & Nei, 1987), mdxima parcimOnia, méxima
verossimilhanga e, mais recentemente, inferéncia Bayesiana sdo os métodos de reconstrucao

filogenética mais usados para dados moleculares (Lewis, 2001) .
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O método de neighbour-joining € baseado em uma matriz de distancias entre os taxa e sua
principal vantagem ¢ a rapidez com que a analise pode ser feita em um computador comum. Essa
matriz de distancias pode ser calculada com base em um modelo especifico de substitui¢ao de
nucleotideos, permitindo estimar o nimero de substitui¢des de nucleotideos que ocorreu durante
a historia evolutiva dos organismos, uma vez que multiplas substituicdes no mesmo sitio ou
substituigdes paralelas podem fazer com que o nimero de substituicdes observado seja uma
subestimativa do numero verdadeiro, causando o aparecimento de homoplasias (uma revisao dos
diversos modelos de substituicao pode ser encontrada em Felsenstein, 2004).

O objetivo do método de méaxima parcimdnia € encontrar a arvore em que o minimo
numero de substitui¢des seria necessario para produzir os dados. Este método, portanto, ndo leva
em conta diferentes modelos de substituicdo nucleotidica. As vantagens oferecidas por este
método ¢ a relativa rapidez com que a analise pode ser realizada e sua robustez quando as
sequéncias sdo provenientes de taxa relativamente proximos, ou seja, quando os ramos da arvore
sao curtos (Lewis, 2001). Entretanto, caso exista uma consideravel variagdo nos comprimentos
dos ramos, o método de parsimonia € particularmente sensivel ao fendomeno de atracdo dos ramos
longos (Felsenstein, 1978), em que ramos longos tendem a ser posicionados mais proximos um
ao outro do que seriam na arvore verdadeira de relagdes filogenéticas.

Um dos métodos mais eficientes de reconstrucao filogenética ¢ o método de maxima
verossimilhanga (ver revisdo em Felsenstein, 2004). Este método tem como objetivo encontrar a
arvore de maior verossimilhanca (no caso de inferéncia filogenética, a probabilidade de os dados
terem sido produzidos por um determinada topologia e modelo de substitui¢do de nucleotideos).
Estimativas de maxima verossimilhanca possuem propriedades bastante favoraveis a medida em
que a quantidade de dados aumenta, tais como consisténcia (convergéncia para o valor correto do

parametro) e eficiéncia (minima variancia em torno do valor real do pardmetro) (Fisher, 1922). A

14



principal desvantagem deste método ¢ a lentiddo com que a analise ¢ completada, o que pode
tornar impossivel a analise de um nimero de taxons relativamente alto. No entanto, Guindon &
Gascuel (2003) propuseram um algoritimo que permite a estimativa de arvores filogenéticas pelo
método de méaxima verossimilhanga, implementado no programa PHYML, que realiza a analise
de grande numero de espécies em um tempo razoavelmente curto (equivalente ao tempo
necessario para analises usando métodos de distancia ou de parsimonia) e cujo desempenho, de
acordo com os autores, ¢ equivalente a outros métodos implementados em programas bastante
usados, tais como PAUP (Swofford, 2003) e PHYLIP (Felsenstein, 1993).

Rannala & Yang (1996) foram os primeiros a propor o uso de inferéncia Bayesiana para
reconstrug¢do filogenética. No mesmo ano, duas teses de doutorado (Mau, 1996; Li, 1996)
propuseram métodos semelhantes. A inferéncia Bayesiana baseia-se no teorema de Bayes, usado
para a obtencao de probabilidades posteriores, a partir da verossimilhanc¢a e de uma probabilidade
a priori (ver revisdes em Lewis, 2001; Huelsenbeck et al., 2001; Holder & Lewis, 2003). Em vez
de ser um método de optimizagcdo (como maxima parcimOnia ou maxima verossimilhanga), a
inferéncia Bayesiana faz uma amostragem de arvores, de acordo com suas probabilidades
posteriores (Huelsenbeck et al., 2001). A mesma analise produz tanto a estimativa da arvore
quando medidas de incerteza (probabilidades posteriores) para os agrupamentos (Holder &
Lewis, 2003). Uma das vantagens da inferéncia Bayesiana apontadas por seus defensores ¢ a
interpretacdo direta das probabilidades posteriores dos agrupamentos: estas representam as
probabilidades de que um agrupamento ¢ verdadeiro, dados o modelo, as probabilidades a priori e
o conjunto de dados (Huelsenbeck, 2002).

O célculo das probabilidades posteriores, entretanto, envolve uma soma entre todas as
arvores possiveis e, para cada arvore, a integral entre todas as combinagdes de comprimentos de

ramos e valores de pardmetros do modelo de substitui¢do. Este fato torna impossivel uma solugdo
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analitica para o problema e faz com que sejam necessarios métodos numéricos para o calculo das
probabilidades posteriores. O método usado para obter uma aproximacao destas probabilidades
em inferéncia filogenética ¢ Markov Chain Monte Carlo (MCMC) (revisao em Huelsenbeck et
al., 2002). Este método permite a estimativa de hipodteses filogenéticas em um tempo
razoavelmente curto e pode ser descrito pela seguinte sequéncia de passos:

1. Iniciar a cadeia de Markov com uma arvore;

2. Uma nova arvore € proposta através de uma perturbagdo aleatoria;

3. A nova arvore ¢ aceita ou rejeitada de acordo com a probabilidade descrita por

Metropolis et al. (1953) e Hastings (1970);

4. Retornar ao passo 2.

Estes passos devem ser repetidos até que a cadeia de Markov atinja a convergéncia para a
distribuicao correta de probabilidades posteriores. O diagndstico de convergéncia pode ser feito
de duas formas. Uma delas ¢ examinar os graficos dos logaritimos de verossimilhanga e verificar
a auséncia de tendéncias nos valores ao longo da cadeia. Uma alternativa, mais eficiente, ¢
comparar cadeias independentes. A convergéncia das cadeias pode ser aceita se varias cadeias
iniciadas de pontos diversos no espago de parametros estiverem produzindo amostras
aparentemente iguais (Huelsenbeck et al., 2002; Nylander et al., 2004).

Uma das vantagens freqiientemente apontadas para a inferéncia Bayesiana ¢ a
oportunidade que o pesquisador dispde de incorporar na analise seu conhecimento prévio sobre o
grupo de organismos de interesse através das probabilidades a priori. Por outro lado, uma das
maiores criticas ¢ a de que as probabilidades a priori seriam escolhidas de forma arbitraria ou
inadequada. Entretanto, a medida em que mais dados sdo adicionados a analise, a influéncia das

probabilidades a priori diminui de modo que em uma andlise Bayesiana tipica, os resultados sdo
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pouco influenciados pelas probabilidades a priori (Huelsenbeck et al., 2002). Em geral,
pesquisadores ddo preferéncias a distribuigdes ndo-informativas de probabilidades a priori.

As medidas de suporte estatistico para os ramos de uma arvore filogenética mais usadas
atualmente sdo os valores de bootstrap nao-paramétrico (gerados por um processo de
reamostratem, com reposicdo, dos dados) e as probabilidades posteriores calculadas por
inferéncia Bayesiana. Empiricamente, as probabilidades posteriores sdo normalmente mais altas
do que os valores de bootstrap correspondentes (Erixon et al., 2003).

O significado estatistico dos valores de bootstrap ¢ controverso. Ainda que fortemente
correlacionados com a probabilidade de que o ramo correspondente seja verdadeiro, os valores de
bootstrap parecem ser uma subestimativa da confiabilidade dos ramos (Hillis & Bull, 1993).

Por outro lado, as probabilidades posteriores geradas por inferéncia Bayesiana tendem a
ser bastante altas, de acordo com Suzuki et al., 2003 que, através do estudo de simulagdes,
concluiram que estas probabilidades sdo superestimativas das probabilidades reais de se recuperar
um determinado ramo. Os mesmos autores concluiram que os valores de bootstrap sao uma
estimativa conservadora de suporte filogenético e aconselharam o uso do bootstrap como medida
de confiabilidade em arvores filogenéticas. Outro estudo envolvendo simulagdes (Wilcox et al.,
2002) obteve conclusdes ligeiramente diferentes: os valores de bootstrap seriam estimativas
altamente conservadoras da exatiddo das arvores filogenéticas, enquanto as probabilidades
posteriores sdo estimativas mais proximas das probabilidades reais.

Douady et al. (2003) sugerem que, pelo fato de os valores de bootstrap serem medidas
conservadoras enquanto as probabilidades posteriores geram superestimativas, estas duas
medidas de suporte filogenético poderiam servir como limites inferior e superior
(respectivamente) da confiabilidade dos ramos. Os autores ressaltam, no entanto, que estas duas

medidas ndo sdo de forma alguma comparaveis. Erixon et al. (2003) obtiveram resultados
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semelhantes e concluiram que “altos valores de suporte ndo garantem conclusoes corretas, mas
apenas conclusoes com alto suporte. Dados adicionais, se amostrados da mesma filogenia, fazem

com que as conclusoes sejam mais confiaveis e mais robustas.”

DNA MITOCONDRIAL EM ANALISES FILOGENETICAS

O primeiro genoma mitocondrial completamente seqiienciado em Drosophila foi o de D.
vakuba (Clary & Wolstenholme, 1985), constituindo também o primeiro invertebrado a ter o
genoma mitocondrial completo. O genoma mitocondrial de D. yakuba ¢ contituido por 16.019
pares de base e contém 13 genes codificadores de proteinas, dois genes de RNA ribossomico, e
22 genes de RNA transportador, € uma alta propor¢ao de adeninas e timinas (32,3% e 44,4%,
respectivamente) (Clary & Wolstenholme, 1985).

As caracteristicas gerais que tornam seqiiéncias de DNA mitocondrial particularmente
atraente para estudos de genética populacional e de sistematica sdo as seguintes: heranga materna;
alto nimero de copias; haploide; ndo hd recombinagdo; auséncia de introns; as regides
intergénicas sdao pequenas ou ausentes (Moritz et al., 1987; Harrison, 1989; Wolstenholme, 1992;
Simon, 1994). Além disso, O genoma mitocondrial animal ¢ bastante conservado em termos de
tamanho (cerca de 16 mil pares de base), em contetido e ordem de genes, mas apresenta uma alta
taxa de substituicdo de nucletideos (Avise, 1986). Estas caracteristicas fazem com que sequéncias
mitocondrias sejam as mais amplamente utilizadas para estudos filogenéticos de insetos e animais
em geral (Caterino et al., 2000).

Outra vantagem do uso de seqiiéncias mitocondriais em estudos filogenéticos € o fato de
que quanto menor o tamanho efetivo da populacdo, maior a probabilidade de a arvore filogenética
do gene recuperar a arvore de espécies, uma vez que uma arvore construida a partir da seqiiéncia

de um gene reflete as relagdes filogenéticas entre os diferentes alelos deste gene e ndo
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necessariamente as relagcdes filogenéticas entre as espécies estudadas (Pamilo & Nei, 1988;
Doyle, 1997; Nichols, 2001). Ja que o tamanho efetivo populacional de genes mitocondriais ¢ um
quarto do tamanho efetivo de genes nucleares, uma arvore filogenética construida a partir da
seqliéncia de um gene mitocondrial tem uma probabilidade maior de recuperar a filogenia das
espécies do que qualquer arvore construida a partir de um tUnico gene nuclear (supondo que a
arvore do gene tenha sido recuperada corretamente) (Moore, 1995). Entretanto, a alta taxa de
substitui¢do de nucletideos de genes mitocondriais faz com que estes genes sejam inadequados
para a reconstru¢do filogenética entre taxa com tempos longos de divergéncia (Graf & Sparks,
2000), gerando arvores de ramos internos curtos € ramos terminais longos, com baixo suporte
estatistico dos noés, e favorecendo a ocorréncia de atracdo de ramos longos (Felsenstein, 1978).
Graf & Sparks (2000) sugeriram que, nestes casos, o simples acréscimo de dados de seqiiéncias
mitocondriais ndo ¢ suficiente para melhorar a probabilidade de se recuperar a arvore correta de
espécies (em funcdo de outros genes mitocondriais sofrerem do mesmo problema de alto indice
de homoplasia) e que seriam necessarios dados de seqiiéncias mais conservadas (genes
nucleares).

O gene da citocromo oxidase subunidade I (COI) ¢ o mais longo dos trés genes
mitocondriais que codificam subunidades da citocromo oxidase. Este gene possui regioes mais
conservadas e outras mais variaveis, o que o torna particularmente util para estudos evolutivos
(Lunt et al., 1996). Este gene tem recebido bastante atencdo recentemente por ter sido escolhido
como o gene a ser usado como codigo de barras genético (DNA barcoding) em animais (Hebert et

al., 2003a; Hebert et al., 2003b; Hajibabaei et al., 2007).
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O METODO COMPARATIVO

Em geral, a morfologia, ecologia e comportamento sdo mais semelhantes entre espécies
proximas do que entre espécies mais distantes. Hipoteses filogenéticas permitem identificar
eventos evolutivos independentes e, conseqlientemente, sdo extremamente Uteis em analises
estatiticas de diferentes caracteres, uma vez que a maior parte destas analises partem da premissa
de eventos independentes (Harvey & Pagel, 1991). De acordo com Harvey & Pagel (1991),
existem pelo menos trés razdes pelas quais espécies proximamente relacionadas sejam
semelhantes: conservacionismo filogenético do nicho, time lag filogenético e respostas
adaptativas similares. O trabalho classico de Felsenstein (1985) chamou a atengdo para o fato de
que as espécies, devido as relacdes filogenéticas, fazem parte de uma estrutura hieraquica e nao
poderiam, portanto, ser usadas em analise estatisticas na forma de eventos independentes
provenientes de uma mesma distribui¢ao, uma vez que poderiam levar a deteccdo de correlagdes
inexistentes entre caracteres. Neste mesmo trabalho, Felsenstein (1985) propos o método de
contrastes independentes filogenéticos, cujo objetivo seria produzir um conjunto de dados
continuos de eventos independentes, adequado a analises estatiticas que partissem deste
pressuposto. Este foi o primeiro trabalho a enfatizar a importancia de se considerar as relagdes
filogenéticas em biologia comparativa, em que o autor conclui que: “Filogenias sdo fundamentais
em biologia comparativa; ndao hd como fazé-lo sem leva-las em consideracdo.” Desde entdo,
varios métodos de andlise comparativa foram propostos com o mesmo objetivo (ver revisdes em
Pagel, 1991 e Martins, 2000). Rohlf (2006) mostrou que o uso de corregdes filogenéticas nao
afeta de forma significativa o valor da estimativa dos coeficientes de correlacdo ou regressao.
Entretanto, ignorar as relagdes filogenéticas aumenta o desvio padrdo destas estimativas e a

probabilidade de erro tipo I, ou seja, rejeitar uma hipotese que € verdadeira.
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A existéncia de hipodteses filogenética também permite, a principio, descrever o estado de
caracteres em ancestrais hipotéticos e, a partir disto, inferir padrdes de evolugdo e funcao de
caracteres. Existem alguns métodos de reconstru¢ao de caracteres ancestrais, entre os quais o
critério de méxima parsimonia ¢ um dos mais usados, além de métodos de maxima
verossimilhanca para caracteres discretos (Pagel, 1999).

Uma vez que a superimposi¢do de Procrustes ¢ baseada na superimposi¢ao de todos os
espécimes em uma configuracdo escolhida como referéncia, os métodos de analise estatististica
nao podem ser influenciados por diferentes escolhas da orientacdo da configuragdo de referéncia
(ver revisao em Rohlf, 2002). Isso significa que métodos de parcimodnia linear ndo devem ser
usados para a reconstrugdo de configuracdes ancestrais, sendo preferiveis os métodos de squared-
change parsimony (Huey & Bennet, 1987; Maddison, 1991) e de maxima verossimilhanga para
caracteres continuos (Felsenstein, 1988). No método de squared-change parsimony (Huey &
Bennet, 1987; Maddison, 1991), os estados ancestrais sdo estimados de forma que a soma dos
quadrados dos comprimentos dos ramos sejam minimizados em uma arvore filogenética. A
estimativa do valor de um carater para um né interno da arvore ¢ simplesmente a média entre os

valores dos nos imediatamente conectados a ele (Huey & Bennet, 1987; Maddison, 1991).

ORGANIZACAO DA TESE

Fazem parte desta tese dois artigos preparados da forma em que seriam submetidos a
publicacdo, que constituem os capitulos 1 e 2, aos quais se segue uma compilacao das conclusdes
gerais obtidas em cada trabalho. Sdo apresentados os manuscritos, no formato requisitado por
cada periodico ao qual seriam submetidos. Com a finalidade de facilitar a leitura da tese, as
figuras e tabelas foram inseridas ao longo do texto, em vez de serem apresentadas ao final de

cada manuscrito.
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OBJETIVOS

Os objetivos deste trabalho foram:

1. Estudar a variagdo morfométrica da asa de Drosophila mediopunctata, procurando
verificar efeitos da temperatura, do cariotipo e a possivel existéncia de interagdo
genotipo-ambiente para o tamanho e forma da asa.

2. Caracterizar a variacdo morfométrica da asa entre espécies da radiacdo tripunctata.

3. Propor uma filogenia de espécies da radiacdo tripunctata com base nas seqiiéncia do
genes mitocondriais da citocromo oxidase subunidades I e I (COI e COII) e discutir,

com base nesta filogenia, padrdes de evolugdo da asa entre estas espécies.
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ABSTRACT

The second chromosome of Drosophila mediopunctata is highly polymorphic for
inversions. Previous work reported a significant interaction between these inversions and
collecting date on wing size, suggesting the presence of genotype-environment interaction. We
performed experiments in the laboratory to test for the joint effects of temperature and
chromosome inversions on size and shape of the wing in D. mediopunctata. Size was measured
as the centroid size, and shape was analyzed using the generalized least squares Procrustes
superimposition followed by discriminant analysis and canonical variates analysis of partial
warps and uniform components scores. Our findings show that wing size and shape are
influenced by temperature, sex, and karyotype. We also found evidence suggestive of an
interaction between the effects of karyotype and temperature on wing shape, indicating the
existence of genotype-environment interaction for this trait in D. mediopunctata. In addition, the
association between wing size and chromosome inversions is in agreement with previous results
indicating that these inversions might be accumulating alleles adapted to different temperatures.
However, no significant interaction between temperature and karyotype for size was found — in
spite of the significant presence of temperature - genotype (cross) interaction. We suggest that
other ecological factors — such as larval crowding — or seasonal variation of genetic content

within inversions may explain the previous results.

KEYWORDS:
Chromosome inversions, wing, temperature, genotype-environment interaction, plasticity,

geometric morphometrics.
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Introduction

Many traits have been associated with chromosome inversion polymorphisms in
Drosophila. These include heat/cold resistance, female fecundity, male mating success and
longevity (see review in Hoffmann et al., 2004). For morphometric traits, chromosome inversions
have also been related to wing loading (Iriarte , Norry & Hasson, 2003), wing area and thorax
length (Calboli, Gilchrist & Partridge, 2003), and wing size and shape (Bitner-Mathé, Peixoto &
Klaczko, 1995; Orengo & Prevosti, 2002).

Drosophila mediopunctata Dobzhansky & Pavan 1943 has a distribution that ranges from
southern South America to Central America (Val et al. 1981). Life history traits in this species
are quite different than in other commonly studied Drosophila species (e.g. D. melanogaster and
D. pseudoobscura), since maturation time is long, fecundity is low and longevity is extended.
This species belongs to the Drosophila tripunctata group, the second largest Neotropical
Drosophila group. Chromosome inversion polymorphisms appear to be common in this group.
Kastritsis (1966) found polymorphic inversions in nine of eleven species, the second
chromosome being the most polymorphic chromosome of the group. D. mediopunctata has six
pairs of chromosomes: five acrocentrics and a dot that does not undergo polytenization. The X,
second and fourth chromosomes are polymorphic for inversions. The second chromosome is the
most polymorphic and its inversions can be divided in two groups according to their position
with respect to the centromere: there are eight distal inversions (DA, DP, DS, DV etc.) and nine
proximal (PA0, PB0, PC0, PCI etc.) (Ananina et al., 2002). Distal and proximal inversions are in
intense linkage disequilibrium so that DA is associated with PA0, DP is associated with PC0 and
DS with PCO (Peixoto & Klaczko, 1991). Second chromosome inversion frequencies in D.
mediopunctata change during the year so that PA0 tends to be more frequent in colder months

than in warmer months, whereas PC0 varies inversely (Klaczko, 1995, 2006; Ananina et al.,
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2004). These data suggest that PA( is more adapted to lower temperatures and PC0 to higher
temperatures. In addition, second chromosome inversions in this species have been previously
associated with abdominal pigmentation polymorphism (Hatadani et al., 2004).

Bitner-Mathé & Klaczko (1999) estimated “natural” heritabilities of size and shape of the
wing of D. mediopunctata and found a high heritability for shape and a lower, but still
significant, heritability for size. As these authors also found that size variation was much greater
in nature than in the laboratory, whereas variation in shape remained approximately the same in
both conditions, they concluded that size and shape could have different genetic properties in this
species. In another study, Bitner-Mathé, Peixoto & Klaczko (1995) observed an altitudinal cline
for wing shape in which distances between landmarks on the distal margin of the wing were
responsible for most of the shape variation. Moreover, they found a significant effect of second
chromosome inversions on wing shape — also caused primarily by variation in distances between
landmarks on the distal margin of the wing — and a significant interaction between second
chromosome inversions and collection date on wing size. According to the authors, this
interaction indicated the presence of genotype-environment interaction for wing morphology in
this species.

In the present study, we performed laboratory experiments to test for effects of
temperature and second chromosome inversions on wing size and shape in D. mediopunctata.
Our findings show that wing size and shape are influenced by temperature, sex, and karyotype.
Moreover, our results suggest the presence of the interaction of temperature and karyotype on

wing shape, indicative of genotype-environment interaction.
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Materials and Methods

In order to test for the effect of second chromosome inversions on wing morphology, we
produced strains which differed from each other on the second chromosome but shared the same
genetic background. We used isofemale lines obtained from two collections from Serra do Japi,
SP, Brazil (23°11'S, 46°40'W) in July 1994 and May 1995. These strains were crossed with
marker strains to replace all chromosomes except the second, which was made autozygous by
inbreeding. Whenever the second chromosome from the isofemale line carried a recessive lethal
allele, heterokaryotipic males and females were crossed and the strain was kept balanced against
a visible mutation, which was also recessive and lethal. Thus, we obtained strains that were
differentiated in the second chromosome, but not in the other chromosomes, that is, they shared
the same genetic background. In addition, no strains were lost due to lethal alleles on the second
chromosome. The detailed description of the procedure used to produce these strains can be
found in Hatadani et al. (2004). Overall, 27 strains were produced (14 PA0 and 13 PC0) using
this approach. In order to avoid autozygosis for an entire chromosome, crosses were made
between strains with the same karyotype, so that the resulting offspring would simultaneously be
homokaryotypic and allozygous (two alleles of independent origin) for the proximal inversions of
the second chromosome. The crosses were chosen randomly among all possibilities, with the
condition that each strain would be part of only one cross. This procedure was used to ensure that
the results would be independent among crosses. Crosses were made with males from one strain
and females from another strain and reciprocal crosses were not made. First instar larvae were
collected from the offspring of each cross and placed in vials containing 10 ml of culture

medium. These larvae were kept at 16.5°C or 20°C, twelve larvae per vial.

27



Left wings were prepared on microscope slides and images were captured using a digital
camera attached to a microscope. Approximately 30 wings of each sex per cross were measured,
resulting in a total of 1216 wings.  For  morphometric  analysis, we wused geometric
morphometrics methods (Bookstein, 1991; Rohlf & Marcus, 1993; Dryden & Mardia, 1998 and
Adams et al., 2004). Eleven landmarks were used (figure 1) located at points of vein intersections

or at their extremities, ensuring that all landmarks would be homologous and easily recognized.

Figure 1: Wing of Drosophila mediopunctata with the eleven landmarks used for the analysis.

Size was measured as the centroid size (CS), calculated as the square root of the sum of
the squared distances of each landmark to the centroid (Bookstein, 1991). Temperature,
karyotype, cross and sex effects on CS were assessed by analysis of variance (ANOVA). Effects
of temperature, sex and karyotype were considered fixed and the effect of cross was considered
to be a random effect.

For the analysis of shape, the landmark coordinates were aligned by generalized least
squares Procrustes superimposition (Rohlf, 1990). The aligned coordinates were used to compute
the matrix of partial warps and uniform components, as described in Bookstein (1989, 1991).
This method uses the fitting of an interpolating function, called the thin-plate spline, to the

coordinates of the landmarks of the individuals in the sample. Partial warps and uniform
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components scores were calculated by the program TPS Relw 1.29 (F. James Rohlf, 2003, SUNY
at Stony Brook), with the scaling option a=0 (i.e. no weights were assigned to any of the
landmarks). The simplest way to evaluate effects of temperature, karyotype, sex and interactions
on wing shape would be a multivariate analysis of variance (MANOVA) to the partial warps and
uniform components scores. However, as our data are the result of a nested experimental design —
the effect of cross is nested within karyotype and should be treated as a random factor in the
model — it was not possible to perform a MANOVA correctly (i.e. considering cross as a random
effect) due to insufficient degrees of freedom. Hence, partial warps and uniform component
scores were analyzed by canonical variates analysis (CVA) in which 95% confidence regions
were calculated for each of the eight groups formed by classifying individuals by sex, karyotype
and temperature. The 95% confidence regions were computed with MATLAB 6.5, as described
in Von Zuben et al. (1998). The same shape variables were also analyzed by discriminant
analysis, separated by sex, with four groups in each analysis, determined by temperature and
karyotype.

In order to estimate repeatability, 30 wings of each sex, temperature and karyotype (240
wings in total) were digitized twice. Repeatability was computed for the coordinates of each
landmark and for centroid size as the intraclass correlation (Falconer, 1981). We specifically
avoided overestimating repeatabilities caused by using the mean squares as variance components
as described in Lessells & Boag (1987).

In order to account for allometric effects, we performed a multivariate regression of
landmark aligned coordinates on CS with the program NTSYSpc 2.11(Rohlf, 1998). Size-
dependent variation was removed by adding the residuals to the mean landmark configuration.

Consequently, we obtained a standardized shape dataset, not correlated to CS. The standardized
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Procrustes coordinates were used to produce the partial warps and uniform components matrix,
which was analyzed by canonical variates analysis and discriminant analysis as described

previously.

Results

All repeatabilities for coordinates of each landmark and centroid size were higher than
90% and did not vary considerably among landmarks (table 1). Analysis of variance of centroid
size (table 2) resulted in significant effects of temperature, sex, karyotype and a significant
interaction between temperature and cross (within karyotype). As expected, flies raised at 20°C
have smaller wings (CS=3.4610.009mm) than flies that developed at 16.5°C
(CS=3.65+£0.010mm), a pattern known as the temperature-size rule (reviewed in Atkinson, 1994).
Male wings were smaller (CS=3.33+£0.006mm) than those of females (CS=3.76+0.006mm), and
flies carrying the PA0 karyotype had larger wings (CS=3.59+0.010mm) when compared to flies

carrying PC0O (CS=3.51£0.01 1mm).

Table 1: Repeatabilities of coordinates of each landmark and centroid size (CS).

Variable Repeatability

Ix 0.9980
ly 0.9988
2% 0.9989
2y 0.9992
3x 0.9994
3y 0.9994
4x 0.9991
4y 0.9994
5% 0.9987
Sy 0.9992
6x 0.9140
6y 0.9945
7x 0.9278
Ty 0.9821
8x 0.9083
8y 0.9937
9x 0.9226
9y 0.9822
10x 0.9981
10y 0.9995
11x 0.9982
11y 0.9991
(& 0.9994
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Multivariate regression of shape variables on centroid size was significant by the
generalized Goodall F-test (F=74.92, P<0.0001), although the percentage of explained variation
was only 5.81%. Discriminant analysis of total shape variation correctly classified 80.1% of
females and 78.0% of males (table 3) whilst 74.2% of females and 77.0% were classified
correctly when size-dependent effects on shape were removed (table 4). The first and second
canonical variates were responsible for 75.02% of total shape variation and 94.02% of non-
allometric shape variation (figure 2). Regarding total shape variation (figure 2a), there was no
overlap among confidence regions, except for PA0) males and PCO females reared at 20°C.
However, when size-dependent effects were removed (figure 2b), no confidence intervals
overlapped among any of the eight groups separated by temperature, karyotype and sex. In both
cases, the first canonical variate separated groups by temperature and the second canonical
variate separated karyotypes with the exception of PA0 males and PC0O females reared at 20°C.
Males and females were separated by CV1 and CV2 combined. Although this kind of analysis
does not allow for a direct test for interactions between independent variables, an indication of
different response rates of each karyotype to temperature can be obtained by observing whether
Mahalanobis distances between average shapes of each temperature differ according to each
karyotype. An interaction of these two variables would be suggested if the distance between
average shapes of the two temperatures differed according to karyotype. Our results show that
distances are larger when comparing between temperatures for inversion PC0 than for PA(0 (table
5). The Mahalanobis distance between temperatures for PA( is approximately half of the same
distance for PC0. This indicates that the same temperature change causes flies carrying the PC0

karyotype to undergo a larger shape change than flies carrying PA(. This is true whether size
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effects on shape are removed or not. However, since these comparisons are not based on

confidence intervals, these results should be considered carefully.
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Figure 2: Confidence regions (95%) of first and second canonical variates obtained from partial warps and uniform

components scores. The percentage of variance explained by each variate is shown in the label of each axis. (a) total

shape variation; (b) non-allometric shape variation.
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Figure 3: Pair-wise comparisons between consensus configurations of each karyotype, temperature and sex. Total
shape variation is represented in the upper half of the figure: the first pair of configurations represents shape
differences between karyotypes PA0 and PCO; the second pair represents differences between temperatures 16.5°C
and 20°C; and the third pair represents differences between females and males. Nonallometric shape variation is

represented in the lower half of the figure in the same order as above. The arrows indicate landmarks responsible for

most of the shape variation according to each variable.
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Table 2: ANOVA of centroid size with effects of temperature, karyotype, cross, sex and interactions.

Source DF MS F P
Temperature (T) 1 10.8805 158.33 <0.001
Karyotype (K) 1 1.9289 17.74 0.002
Cross (C) 9 0.1087 1.65 0.243
Sex (S) 1 55.3085 15582.87 0.000
TxK 1 0.0961 1.40 0.267
TxC 9 0.0687 11.05  <0.001
KxS 1 0.0005 0.13 0.724
SxC 9 0.0035 0.57 0.822
Error 1183 0.0062

In addition, we also conducted ANOVAs on the first five relative warps (RWs) scores in

order to test for the effects of temperature, karyotype, sex, cross (not analyzed by CVA or

discriminant analysis), and interactions (analyses not shown). Results from these analyses

confirmed significant effects of temperature (RW1, RW2, RW3 and RW5), sex (RW1 RW2,

RW4 and RW5), and karyotype (RW1 and RW3). A significant interaction between temperature

and karyotype (for RW1) was also found.

Table 3: Classification matrix derived from discriminant function analysis based on partial warp scores and uniform

components (total shape variation).

Correct group

Females Males
Predicted group 16.5°C 20°C 16.5°C 20°C

PAO PCO PAO PCO PAO PCO PAO PCO
16.5°C / PAO 134 17 11 2 130 18 22 2
16.5°C / PCO 24 118 3 6 23 114 3 11
20°C / PAO 21 3 122 11 17 3 114 9
20°C / PCO 0 8 16 118 3 11 10 110
Total N 179 146 152 137 173 146 149 132
Proportion correct 0.749 0.808 0.803 0.861 0.751 0.781 0.765 0.833

Table 4: Classification matrix derived from discriminant function analysis based on partial warp scores and uniform

components (non-allometric variation).

Correct group

Females Males
Predicted group 16.5°C 20°C 16.5°C 20°C

PAO PCO PAO PCO PAO PCO PAO PCO
16.5°C / PAO 114 14 29 9 111 9 19 4
16.5°C / PCO 13 114 0 14 10 110 2 12
20°C / PAO 17 2 127 23 24 1 133 21
20°C / PCO 8 7 23 102 4 13 19 108
Total N 152 137 179 148 149 133 173 145
Proportion correct 0.750 0.832 0.709 0.689 0.745 0.827 0.769 0.745
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Table 5: Mahalanobis distances among group average shapes for total shape variation (above diagonal) and non-

allometric shape variation (below diagonal). Distances between temperatures for each karyotype are in bold.

Females Males

PAO PCO PAO PCO
16.5°C 20°C 16.5°C 20°C 16.5°C 20°C 16.5°C 20°C
Females PAO 16.5°C - 0.00388 0.00524 0.00786 0.00463 0.00740 0.01099 0.01471
20°C  0.003148 - 0.01087 0.00354 0.00812 0.00383 0.01495 0.00961
PCO 16.5°C 0.005090 0.010745 - 0.00797 0.00811 0.01244 0.00450 0.01226
20°C  0.005327 0.003059 0.006582 - 0.00985 0.00515 0.00992 0.00393
Males PAO  16.5°C 0.001137 0.007092 0.006137 0.009930 - 0.00374 0.00536 0.00918
20°C  0.001010 0.001074 0.008282 0.004723 0.003362 - 0.00916 0.00402
PCO 16.5°C 0.005338 0.012645 0.000744 0.009398 0.005121 0.009326 - 0.00684

20°C  0.003260 0.003217 0.003608 0.000888 0.006904 0.003502 0.005827 -

Comparisons of consensus configurations of each treatment indicated that, regarding total
shape variation, temperature seemed to affect mainly landmarks B, E and G, whereas karyotype
affected mainly landmarks B, D and E (figure 3). Temperature and karyotype seemed to affect
nonallometric shape variation in a very similar way. Shape differences between sexes, on the
other hand, are due to mostly allometric variation, since landmarks B, C, D, F and G are affected
by sex when total shape variation is considered, whereas only landmark B is influenced by sex
when size correlation is removed (figure 3). Thus, most of the shape variation observed in this

study was caused by displacement of landmarks located at the distal region of the wing.

Discussion
Wing size

Our results revealed a significant association between wing size and chromosome
inversions, similar to other studies of chromosome arrangement associated morphological
variation in Drosophila species, e.g. D. subobscura (Orengo & Prevosti 2002), D. melanogaster
(Weeks et al, 2002; Calboli, Kennington & Partridge, 2003), D. ananassae (Yadav & Singh,
2003) and D. buzzatii (Fanara, Hasson & Rodriguez 1997; Ruiz et al., 1991; Hasson et al. 1992).

Previously, a chromosome inversion effect in D. mediopunctata was detected only as a
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significant interaction with collecting date (Bitner-Math¢, Peixoto & Klaczko (1995). In the
present study, inversion PA(0 was clearly associated with larger wings, and inversion PC( was
associated with smaller wings. This is consistent with previous evidence that inversion PAQ is
more adapted to lower temperatures (Ananina et al., 2004; Klaczko, 2006) and PCO0, to higher
temperatures as suggested by a significantly positive altitudinal cline for PA0, and a negative
altitudinal cline for PCO.

Even though our results are consistent with the hypothesis of natural selection favoring
larger wings under lower temperatures, the adaptive nature of this relationship is still not clear.
Santos et al. (2006) argued that clines formed in North and South America for inversion
frequencies and body size in D. subobscura were not related, based on laboratory populations,
although natural populations in Europe exhibit a positive association between chromosome
inversions and wing size along a latitudinal cline (Orengo & Prevosti 2002). Santos et al. (2006)
also proposed that clines in North and South America could not only be explained by temperature
variation and suggested that other factors, including larval crowding, may have an important role
in the formation of these clines. This hypothesis is consistent with our results: there was an
overall effect of temperature on size because individuals developing under lower temperatures
are larger than those growing under higher temperatures (Robertson, 1987; Thomas, 1993;
Partridge et al., 1994; Crill et al., 1996; Pétavy et al., 2001; Azevedo, French & Partridge, 2002;
David et al., 1994, 1997, 2006); there was an interaction between genotype (cross) and
temperature, the inversions analyzed showed average differences in size (P40 larger than PC0),
and no interaction between inversion and temperature was found. This suggests that other factors
— perhaps larval density — may be responsible for the karyotype x collecting date interaction

observed by Bitner-Mathé, Peixoto & Klaczko (1995).
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Wing shape

Temperature also seems to influence wing shape in Drosophila (Imasheva et al., 1995;
Cavicchi et al., 1985), although there are fewer studies focusing the effect of temperature on wing
shape than on size and Griffiths et al. (2005) did not detect a latitudinal cline for this trait in D.
birchii.

Our results suggested that temperature influences wing shape in D. mediopunctata due
mostly to differences in the placement of landmarks located at the distal region of the wing
(Figure 3) consistent with previous results (Bitner-Mathé, Peixoto & Klaczko 1995). They
suggested that wing shape variation among flies collected at different times of the year, possibly
due to temperature changes, was caused mainly by variation in distances between landmarks B, C
and D (figure 3). Distal landmarks for both total and non-allometric shape variation were
responsible for most of the shape differences between temperatures (Figure 3). Similarly, Debat
et al. (2003) found that distal wing landmarks were more strongly influenced by temperature than
proximal ones in D. simulans. These authors decomposed wing shape variation in allometric and
non-allometric components and found that both components were influenced by temperature in
different ways; the allometric component displayed a directional change proportional to
temperature, and the non-allometric component showed a reversal in the direction of shape
change at an intermediary temperature. In both components, however, distal landmarks were the

most sensitive to temperature changes, similar to our results with D. mediopunctata.

Genotype-environment interaction
Our results suggest the existence of genotype-environment interaction for wing shape in
D. mediopunctata, but not size whereas the opposite was found by Bitner-Mathé, Peixoto &

Klaczko (1995). One possibility for this apparent disagreement is that wing morphology is
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affected by environmental factors other than temperature (e. g. larval crowding, as suggested by
Santos et al., 2006).

As an alternate explanation, the genetic contents influencing wing size and shape could
vary for the same chromosome inversion. Our observations support this hypothesis for size. In
that case, the strains used in our study could have differed genetically from the flies that were
observed by Bitner-Mathé, Peixoto & Klaczko (1995) in natural populations, leading to different
conclusions. One of the possibilities is that seasonal fluctuations of alleles occur within each
karyotype. Such seasonal cycles of gametic disequilibrium between allozyme and inversions
were observed in Drosophila subobscura (Rodriguez-Trelles, 2003), suggested by the authors to
be caused most likely by natural selection. We should note that our results revealed a strong
significant interaction between cross (within karyotype) and temperature for wing size showing
that each karyotype is heterogeneous in its response for size in different temperatures. Actually, a
similar result of interaction between temperature and line for wing size was detected in D.
subobscura by Iriarte, Céspedes & Santos (2003).

To this point, we have strong evidence that temperature and chromosome inversions
influence both wing shape and size in D. mediopunctata. As for the existence of karyotype-
environment interaction, the apparent conflict between our results and those obtained by previous
works suggest that additional experimentation, including other environmental factor may clarify

the field observations.
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ABSTRACT

The tripunctata group is the second largest Neotropical group of Drosophila in number of
species and was included in the tripunctata radiation — which comprises other closely related
groups. Our objectives were: suggest a new phylogenetic hypothesis for the tripunctata radiation
based on CO1 and CO2 sequences, and describe wing size and shape variation based on this new
phylogenetic hypothesis. Phylogenetic trees were reconstructed by parsimony, maximum
likelihood and bayesian methods. In addition, tests of monophyly were performed in order to test
for specific hypothesis. Wing size and shape were described by geometric morphometrics
methods and patterns of variation among species were evaluated through character
reconstruction. Results reject the monophyly hypothesis for the tripunctata group whereas
monophyly is not rejected for the tripunctata radiation and other specific groups within the
radiation. Both wing size and shape displayed strong phylogenetic signal and different patterns of
size and shape could be identified for each of the most important monophyletic groups detected
by phylogenetic analysis. Most of the shape variation among species involved landmarks

responsible for the placement of the two major crossveins.
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1. Introduction

The Drosophila tripunctata species group was proposed by Sturtevant in 1942. Several
other species have been added since, so that this group is presently the second largest Neotropical
group of Drosophila (surpassed by the D. repleta group), comprising 79 species according to
Taxodros database of June 2007 (Béchli, 2007). With the exception of D. tripunctata (which
occurs in North America) the D. tripunctata group is endemic to the Neotropics (Throckmorton,
1975), where its species are abundant (Val et al., 1981) and are a dominant component of the
drosophilid fauna (Ashburner et al., 2005), particularly in forest areas (Sene et al., 1980).

The D. tripunctata group was included by Throckmorton (1975) in the tripunctata
radiation, as well as other groups (calloptera, cardini, guarani, macroptera, pallidipennis,
rubrifrons and sticta). According to this author, a radiation which he called immigrans-
Hirtodrosophila originated in the Paleotropics, where it initially diversified and from where it
sent two separate lineages to the Neotropics: tripunctata and Hirtodrosophila. The groups
mentioned previously originated from the first lineage, composing the tripunctata radiation.
Throckmorton (1975) also suggested that the tripunctata group itself should not be considered a
monophyletic group. This statement is in agreement with cytological observations (Kastritsis et
al., 1970) and recent molecular studies (Yotoko et al., 2003; Robe et al., 2005). The monophyly
of tripunctata radiation as a whole has also been questioned. Remsen & O’Grady (2002)
analyzed molecular and morphological data and their results did not recover this radiation as a
monophyletic group, whereas the opposite was suggested by Robe et al. (2005), based on
mitochondrial and nuclear sequences. Yotoko et al. (2002) presented evidence of the monophyly
of what they called the “fripunctata lineage”, a group composed by the tripunctata radiation in

addition to species of the D. festacea and the D. funebris groups.
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In general, phylogenetic relationships among species belonging to the tripunctata
radiation have been poorly studied, a fact pointed out by Markow and O’Grady (2006), who
stated the need of such studies, particularly for the D. tripunctata and D. guarani groups. Even
though it seems clear that the fripunctata group is not monophyletic, the monophyly of the
tripunctata radiation is still unresolved. Moreover, the studies mentioned previously were unable
to recover a well supported phylogenetic hypothesis for relationships among the species groups
within the radiation.

A reliable phylogenetic hypothesis is essential to any comparative study (Felsenstein,
1981). The use of phylogenies allows for the identification of independent evolutionary events
(Harvey & Pagel, 1991). Phylogenies are also useful for the reconstruction of ancestral character
states and therefore for the inference of evolutionary patterns (Pagel, 1999).

Compared with other insects, Drosophila venation pattern is relatively simple. It is
formed by a marginal vein running all along the anterior wing margin, four main longitudinal
veins, two short crossveins, and two short veins in the basis of the wing (DeCelis & Diaz-
Benjumea, 2003). The functions of wing veins include strengthening of the wing, the presence of
conducts in which the haemolymph can circulate and that may carry trachea and axons (DeCelis
& Diaz-Benjumea, 2003). They also prevent rips from spreading across the membrane (Wooton,
1992). In insects, in addition to locomotion, wing characters are involved in self maintenance;
folding; sensation; thermoregulation; protection and defense, both physical and visual; and
territorial and sexual signaling (Wooton, 1992).

To our knowledge only one study has focused on the comparative analysis of wing shape
of more than two species in Drosophila. Houle et al. (2003) analyzed 25 species in the subfamily
Drosophilinae and concluded that wing shape and centroid size could be used to diagnose

different species.
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In this paper we propose a new phylogenetic hypothesis for species of the tripunctata
radiation of Drosophila based on sequences of mitochondrial genes of citochrome oxidase
subunits 1 and 2 (COI and COII). Our goal was to improve the results obtained by Yotoko et al.
(2003) by adding both taxa and characters. In addition, we tested for monophyly of taxonomic
groups (calloptera, cardini, guarani and tripunctata), of the tripunctata radiation, and of specific
clades that appeared on the phylogenetic trees as monophyletic. In order to investigate wing
morphology evolution in the tripunctata radiation, we also describe wing size and shape variation
and perform ancestral state reconstruction and tests for phylogenetic signal on these characters

based on the phylogenetic reconstruction obtained from COI and COII sequences.

2. Materials and Methods

2.1. COI and COII sequence data

The largest part of the sequences included in this experiment was obtained from flies
collected in the state of Sao Paulo, Brazil, during the years of 2003 and 2004. Only one species
(D. cardinoides) was collected in Brasilia, Brazil. Specific location of collection and taxonomic
placement of each species is given in Appendix B. Adult flies were collected with traps
(Medeiros & Klaczko, 1999) containing banana bait or by net sweeping over banana bait or
natural substrates. All individuals included in the analysis were adult males, either obtained
directly from the field or from isofemale lines established from the same collections. Males were
identified by the aedeagus, the most reliable method of identification of these species (Vilela,
1992). In addition, prior to DNA extraction, the terminalia of each male was removed and
preserved in alcohol 70%. This procedure would allow for future confirmation of species

identification, reevaluation in case of taxonomic revisions and for storage of voucher specimens.
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Total DNA of each individual was extracted using a phenol-chloroform protocol
(Azeredo-Espin et al., 1991). PCR for amplification of COI consisted of 35 cycles, each formed

by 94°C denaturing (60s), 50°C annealing (75s), and 72°C elongation (90s). The same protocol

was conducted for amplification of COII, except for the annealing temperature, modified to 55°C.
The primers used for amplification were TL2-N-3014 and C1-J-2195 (COI), and TL-2-J3037 and
TK-N-3785 (COII), described in Simon et al. (1994). The amplified products were purified with
the QIAquick PCR purification kit. With the exceptions of the 5’ fragment of COI of D. guaru,
D. trifilum, D. maculifrons and D. setula, and COIl of D. mediostriata — in which case PCR
products were cloned into the PCR2.1 cloning vector using a TA Cloning Kit (Invitrogen) — all
PCR products were directly sequenced. Sequencing was performed using BigDye (Applied
Biosystems) chemistry on either an ABI377A or an ABI3700 automatic sequencer. At least two
sequences of each fragment were obtained for each individual to ensure high quality of
sequences. Except for the cloned samples, for which proper primers were used, the primers used
for sequencing were the same as in PCR. All resulting sequence chromatograms were evaluated
and edited with the programs Phred (Ewing et al. 1998), Phrap e Consed (Gordon et al., 1998).

Additional sequences were obtained from GenBank whereas individuals of D. ornatipenis
were obtained from Tucson Fly Stock Center and D. tripunctata was kindly provided by Dr. Jean
R. David. Accession numbers of all sequences are listed on Appendix A.

For the analysis of COI, we obtained fragments of 1413 bp whereas a fragment of 663 bp
was obtained for COIIL. The phylogenetic analyses included 48 taxa, of which 36 sequences of
COI and 21 sequences of COII were newly obtained in this study. Sixteen taxa belonging to the

tripunctata radiation were added — as an attempt to improve phylogenetic resolution — compared
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with the sequence data used by Robe et al. (2005), the most inclusive molecular study focusing

on these groups to date.

Table 1: Drosophila species used for the wing morphometric analyses.

Group Species Abbreviation
Cardini D. cardini CD
D. cardinoides CO
D. neocardini NO
D. polymorpha PO
Guarani D. guaraja GA
D. griseolineata GR
D. maculifrons MA
D. ornatifrons OR
tripunctata D. bandeirantorum BA
D. cuaso CUA
D. frotapessoai FP
D. mediopicta MI
D. mediosignata MN
D. mediopunctata MPT
D. metzii MZ
D. nappae NA
D. paraguayensis PG
D. paramediostriata PM
D. setula SE
Sp22* SP22
pallidipennis D. pallidipennis PD
immigrans D. immigrans IM

*Non-described species. SP22 and D. nappae are sibling species.

Outgroups included species belonging to the quinaria (D. innubila, D. falleni, D.
quinaria, D. recens and D. subquinaria,), immigrans (D. immigrans) and repleta (D. eohydei and
D. hydei) groups — in order to assess the monophyly of the fripunctata radiation — as well as
species from the melanogaster group (D. mauritiana, D. melanogaster, D. sechellia, D. simulans

and D. yakuba) — used to root the trees.
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2.2 Phylogenetic analysis and hypothesis testing

Sequences were aligned with ClustalW (Thompson et al., 1994), implemented as a tool in
MEGA 3.1 (Kumar et al. 2004), followed by translation into amino acids for confirmation of
alignment and assignment of codon positions.

PTP (permutation tail probability) tests were conducted in order to detect phylogenetic
signal on the sequence data. Base composition heterogeneity among taxa was also tested.

Uncorrected distances — considering all codon positions, only first and second, and only
third — were computed separately in order to evaluate the amount of variation and homoplasy
depending on codon position. Distances were calculated on PAUP 4.0 beta 10 (Swofford, 2003)
among all taxa and among ingroup taxa.

The maximum parsimony (MP) tree was obtained with PAUP, using TBR heuristic
search, whereas maximum likelihood (ML) trees were generated by Phyml (Guindon & Gascuel,
2003). In order to perform the ML analysis, we allowed the program to estimate both the
proportion of invariant sites and the gamma distribution parameter. In addition, base frequencies
were estimated by maximum likelihood. Branch support for both MP and ML trees was
computed as bootstrap values (1000 replicates) either on PAUP (MP tree) or Phyml (ML tree).

MrBayes 3.1 (Huelsenbeck and Ronquist, 2001) was used to obtain the Bayesian tree. In
order to account for differences in nucleotide substitution parameters in each codon position, we
used a model partitioned by gene and codon position. This model allows for independent
estimates of parameters for each codon position of each gene and is considered to result in better
phylogenetic reconstructions (Nylander et al., 2004). Posterior probabilities were based on two
independent MCMC runs, each composed of four chains (three heated chains and one cold
chain), with sample frequency of 1000 generations of a total of 70 million generations. We used a

flat Dirichlet prior (non-informative) and the first 25% generations of each run were discarded as
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burn-in. Average standard deviation of split frequencies of the cold chain likelihoods between the
two independent MCMC runs was used as convergence diagnostic. We considered that
convergence had been achieved when this value dropped below 0.01, as suggested by MrBayes
3.1 manual.

The program Modeltest (Posada and Crandall, 1998) was used to select the appropriate
model of nucleotide substitution for ML and bayesian analyses. The model suggested by
Modeltest with the Akaike information criterion (AIC) for each of the genes separately was the
general time-reversible model with a gamma distribution of substitution rates across sites and
proportion of invariant sites (GTR+I+G). The Tamura-Nei model was suggested by AIC for the
combined data set, also with a gamma distribution of substitution rates across sites and
proportion of invariant sites (TN93+I+G). As GTR and TN93 are very similar models, we
reconstructed trees on Phyml with the both models and tested for significant differences between
topologies produced by the two models with the sequences of each separate gene and the
combined data. We used a one-tailed SH topology test on PAUP (10000 RELL bootstrap
replicates) for this test. Parameters suggested by Modeltest for each model were not used since
Phyml estimates them prior to tree reconstruction. The SH test did not detect significant
differences between the GTR and TN93 models for any of the comparisons: COI (p=0.408), COII
(p=0.256) and combined data (p=0.418). We therefore opted to analyze the combined dataset and
use the TN93+I+G model of substitution for the ML analysis. However, as it is not possible to
specify this model of nucleotide substitution in MrBayes, we used the GTR+I+G for the bayesian
reconstruction. This should not be a problem, since bayesian inference is relatively robust to

model overparameterization (Nylander et al., 2004).
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All trees were reconstructed as unrooted trees and the five species belonging to the
melanogaster group were later used to root the trees obtained by the three methods of
phylogenetic reconstruction.

In order to test for specific hypotheses of monophyly we compared constrained and
unconstrained trees. For each hypothesis, trees were reconstructed with the constraint to enforce
a specific group of taxa to be a monophyletic group. Tests of monophyly used were Templeton

(Wilcoxon-rank) and winning-sites tests.

2.3 Wing morphometric data

Isofemale lines were established from the same collections made to obtain individuals for
the phylogenetic analysis. Since we were not able to rear in the laboratory all the species included
in the phylogenetic analysis, we analyzed wings of 22 species of the tripunctata radiation (table
1). Two isofemale lines per species and 30 individuals of each sex per isofemale line were
analyzed, summing up 2640 wings.

First instar larvae were collected from each isofemale line kept under controlled
conditions of temperature and larval density. Temperature of 20°C was chosen for being an
adequate growth temperature for all species included in the experiment, and density of 20 larvae
per vial (containing 10ml of culture medium) was selected in order to avoid crowding effects.
Left wings were prepared on microscope slides and images were produced by a digital camera
attached to a microscope.

Even though we detected variation in shape and size among isofemale lines (not shown),
we opted to pool the data of both isofemale lines to describe each species, in order to simplify the
analysis. This is justified by the fact of variation among species being expected to be much

greater than variation within each species (confirmed by our preliminary analysis, not shown).
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Wing morphology was analyzed by methods of geometric morphometrics (see reviews in
Rohlf & Marcus, 1993; Adams, Rohlf & Slice, 2004). Coordinates of eleven easily recognizable
and homologous landmarks (figure 1) were obtained with the program TPSdig 1.4 (F. James
Rohlf, 2004, SUNY at Stony Brook). Size was measured as the centroid size — calculated as the
square root of the sum of the squared distances of each landmark to the centroid (Bookstein,
1991) — and examined by analysis of variance (ANOVA). Size sexual dimorphism was computed
as the ratio between the sizes of females and males, which, according to David et al. 2003) is a

better index of size sexual dimorphism, since it avoids scaling effects among species.

Figure 1: Wing of Drosophila mediopunctata with the eleven landmarks used for morphometric analysis.

For the analysis of shape, the landmark coordinates of all individuals were aligned using
the generalized least squares Procrustes superimposition (Rohlf, 1990). The aligned coordinates
were used to compute the partial warps and uniform components matrix with the program TPS
Relw 1.29 (Rohlf, 2003). A discriminant analysis of these shape variables, in addition to a
multivariate analysis of variance (MANOVA), was carried out in MINITAB 1.4.

A multivariate regression of landmark aligned coordinates on CS with the program
NTSYSpe 2.11 was performed in order to account for allometric effects. Size-dependent
variation was removed by adding the residuals to the mean landmark configuration.

Consequently, we obtained a standardized shape dataset, not correlated to CS.
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TPS Relw was also used to compute relative warps (RWs) of the aligned coordinates of
the mean shape configurations (consensus) of each species, for both total and nonallometric
shape variation. The relative warp analysis (RWA), as described in Bookstein (1989, 1991), is
analogous to a principal components analysis (PCA) and can be used to describe major trends in
shape variation as deformations in shape (Rohlf, 1993). When all landmarks are weighted
equally, RWA is PCA (Zelditch et al., 2004). We used the scaling option a=0 (i.e. no particular

weights were given to any of the landmarks) in TPS Relw to compute the relative warps.

2.4. Ancestral state reconstruction and tests for phylogenetic signal

As both MP and ML trees obtained here presented low resolution, ancestral character
reconstruction on those trees would have almost no value for discussion either due to very low
branch support or to politomies (in case we decided to consider only branches supported by high
bootstrap values). Hence, we chose to use the bayesian tree for ancestral character reconstruction
and consider for discussion only branches with posterior probabilities higher than 0.80. Taxa for
which we did not have wing data had their branches pruned so that the phylogenetic tree would
have the same taxa as those for which we had morphometric data.

The program Mesquite 1.11 (Maddison & Maddison, 2006) was used for ancestral
character state reconstruction of centroid size using the squared change parsimony method
(Maddison, 1991), a method for reconstructing ancestral character states that minimizes the sum
of squared changes along the branches of the phylogenetic tree. TPStree 1.18 (Rohlf, 2003) was
used for character reconstruction of wing shape. This software fits shape data to a tree by
estimating the shape of the nodes in the tree. The shape of each node was estimated using the

squared change parsimony procedure based on McArdle & Rodrigo (1994).
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Tests for phylogenetic signal on size and size sexual dimorphism were performed on
PHYSIG (Bloomberg et al., 2003). This test compares the fit of tip data of a given tree with the
fit obtained when the data have been randomly permuted across the tips of the tree and gives the
probability of the existence of phylogenetic signal that can be interpreted as significant at the

0.05 level (Bloomberg et al., 2003).

3. Results
3.1. COI and COII data description

The complete data set included 2076 bp, of which 1301 were constant, 97 were variable
parsimony-uninformative and 678 were parsimony informative characters.

As expected, we found a low GC content for both genes (A: 30.3%; C: 15.2%; G: 15.3%;
T: 39.2%), a common finding in insect mitochondrial sequences. No bias in base composition
among taxa was detected by the chi-square test (P-value=0.999) whereas the PTP test detected
the presence of phylogenetic signal on the sequence data (p=0.001).

Distances among taxa when the third codon position was excluded were much lower than
those obtained when second and first positions were excluded (table 2), indicating a high level of
homoplasy on the third codon position and a low amount of variation on the first and second

positions.

Table 2: Uncorrected distances among taxa for all codon positions; only first and second positions; and only third

position.
1" and 2™ codon positions 3™ codon position all codon positions
all taxa mean * standard error 0.0278 £ 0.0002 0.2949 £ 0.0013 0.1168 £ 0.0005
maximum 0.0434 0.3829 0.1527
minimum 0 0.0275 0.0092
ingroup mean * standard error 0.0252 £ 0.000164 0.2912 £0.0012 0.113940.0005
maximum 0.0362 0.3714 0.1450
minimum 0 0.0275 0.0091
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3.2. Phylogenetic analysis

Maximum parsimony analysis resulted in only one most parsimonious tree, with 5358
steps (consistency index= 0.226; retention index= 0.396; homoplasy index=0.774). The
phylogenetic tree obtained by this method resulted, as expected, in the repleta and immigrans
groups diverging first (figure 2a). Within the clade formed by species of the quinaria group and
the tripunctata radiation, D. ornatipenis is the first do diverge, followed by a clade composed by
species of the D. tripunctata group (D. frotapessoai, D. paramediostriata and D. mediostriata),
D. guaramunu subgroup (D. maculifrons and D. griseolineata) and D. calloptera group (D.
schildi). A basal polytomy is formed within this clade in which three pairs of obviously closely
related species are placed together. In addition, the quinaria, cardini and a clade of species
belonging to the tripunctata group (including also D. pallidipennis and D. sticta) appear as
monophyletic. However, the bootstrap 50% majority consensus tree (figure 2b) resulted in a basal
polytomy in the ingroup, with reliable support values only for the monophyly of cardini group,
three species of the quinaria group, and a few pairs of sibling species. Hence, the maximum
parsimony reconstruction presented very low resolution, most of the basal branches were not
resolved and only a few clades presented bootstrap values higher than 50%. This analysis per se
does not allow for the discussion of hypotheses of monophyly of either the #ripunctata radiation
or the tripunctata group. As a consequence, the relationship among groups of the tripunctata

radiation is also unresolved.
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Figure 2: Phylogenetic reconstruction of the tripunctata radiation by maximum parsimony on PAUP. (a) most parsimonious tree; (b) bootstrap 50% majority

consensus tree - numbers below branches represent bootstrap values.
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Maximum likelihood reconstruction resulted in a tree very similar to the one obtained by
MP, with analogous clusters (figure 3). Again, we observe a large clade formed by species of the
tripunctata group (in addition to D. sticta and D. pallidipennis), monophyletic clades composed
by the taxa of the cardini and quinaria groups, and another clade formed by species of the
tripunctata group (D. frotapessoai, D. paramediostriata and D. mediostriata) and guaramunu
subgroup (D. maculifrons and D. griseolineata). Bootstrap values, however, give low support to
most of the basal nodes, with high branch support only to the same clades produced with high
support by MP reconstruction.

In agreement with the two previous methods, bayesian analysis revealed an early
divergence of the repleta and immigrans groups (figure 4). However, in the bayesian tree, the
quinaria group diverges earlier than the remaining taxa, even though posterior probability for
monophyly of the tripunctata radiation is low (0.62). A basal polytomy is observed within the
tripunctata radiation, within which clades with high posterior probabilities are: (1) a
monophyletic cardini group (1.00); (2) the same large tripunctata clade observed in MP and ML
analysis (0.97); (3) a clade composed by guaramunu subgroup, tripunctata and calloptera groups
(0.98), within which a clade with high posterior probability (1.00) is formed by D. griseolineata,
D. maculifrons, D. frotapessoai and D. paramediostriata; (4) there is also relatively high support

(0.89) to a clade formed by D. nappae, SP22 (a pair of sibling species), and D. setula.
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Figure 3: Phylogenetic reconstruction of the tripunctata radiation by maximum likelihood on PHYML. Numbers

below branches represent bootstrap values (values below 0.50 are not shown).
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Figure 4: Phylogenetic reconstruction of the #ripunctata radiation by bayesian analysis on MrBayes. Values below
branches represent posterior probabilities. Branches were collapsed whenever posterior probabilities were lower than

0.50.

3.3. Tests of monophyly
Based on the results obtained by the three methods of phylogenetic reconstruction, and
due to low support values to most of the basal nodes, we performed tests of the following specific

hypotheses of monophyly of taxonomic groups:

1. tripunctata group
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1.  calloptera group

1.  cardini group

1v.  guarani group

V.  guaramunu subgroup

Vi. quinaria group
In addition, we also tested for the monophyly of the following clades:

vil. tripunctata radiation

viil. “tripunctata restricted lineage” (D. bifilum, D. cuaso, D. medioimpressa, D.
mediopicta, D. mediopunctata, D. mediosignata, D. metzii, D. pallidipennis, D.
paraguayensis, D. roehrae, D. sticta, D. trifilum, D. tripunctata and D. unipunctata)

1X. “nappae lineage” (D. nappae, D. setula and SP22)

X.  “tripunctata-guaramunu lineage” (D. mediostriata, D. paramediostriata, D.
frotapessoai, D. maculifrons and D. griseolineata)

x1.  “tripunctata-guaramunu alternative lineage” (D. paramediostriata, D. frotapessoai,
D. maculifrons and D. griseolineata)

xil. “guarani alternative lineage” (all species belonging to the guarani group, excluding

D. guaraja)

The reason for testing for the last hypothesis is that monophyly of the guarani group
would consequently be rejected in case the monophyly of the guaramunu subgroup was also
rejected due to D. guaraja not being closely related to D. griseolineata and D. maculifrons, as
suggested by our phylogenetic reconstructions. It is worth noticing that the cluster we called

“tripunctata restricted lineage” does not correspond to the tripunctata lineage proposed by
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Yotoko et al. (2002), which comprised the entire tripunctata radiation added to two other species
groups.

Winning-sites and Templeton tests, comparing strict consensus trees produced according
to each hypothesis, rejected monophyly for the tripunctata group, for both constrained trees by
the guarani group (either including or not D. guaraja), and for the guaramunu subgroup (table
3). Monophyly of the “tripunctata-guaramunu alternative lineage” was also rejected by the
winning-sites test whereas this hypothesis was not rejected by the Templeton test.

Table 3: P-values for Templeton (Wilcoxon-rank) and winning-sites tests on most parsimonious trees obtained by

each enforced constraint. The unconstrained MP tree presented a tree length of 5358. Significant values (<0.05) are

in bold.

Constraint Tree length  Templeton  Winning-sites

calloptera group 5376 0.1837 0.1036
cardini group 5358 - -

guarani group 5398 <0.0001 <0.0001
guaramunu subgroup 5429 0.0387 0.2065
tripunctata group 5359 0.0035 0.0107
tripunctata radiation 5359 0.9202 1.0000
tripunctata restricted lineage 5359 0.9202 1.0000
nappae lineage 5358 0.9202 1.0000
tripunctata-guaramunu lineage 5358 - -

tripunctata-guaramunu alternative 5789 <0.0001 <0.0001
guarani alternative lineage 5750 <0.0001 <0.0001

3.4. Wing size

ANOVA of centroid size (table 4) resulted in significant effects of species, sex and the
interaction between these two factors. Sex had the stronger effect on size, females being larger
than males, as expected. In general, species of the cardini group have smaller wings whereas

wings of species of the tripunctata group are larger (figure 5).

Table 4: ANOVA of centroid size with effects of species, sex and interaction between the two factors.

Source d. f. Mean squares F P-value
species 21 14.8201 1955.83 <0.0001
sex 1 74.0324 9770.15 <0.0001
species x sex 21 0.3014 39.78 <0.0001
Error 2596 0.0076
Total 2639
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Since we observed a significant interaction between species and sex, ancestral state
reconstructions and tests for phylogenetic signal were done separately for each sex. Tests for
phylogenetic signal were significant for both female and male size (p=0.0008 and p=0.0104,
respectively). Ancestral state reconstructions (figure 6) confirm that flies belonging to the cardini
group and tripunctata-guaramunu lineage have small wings whereas species of the tripunctata
restricted lineage have much larger wings. The nappae lineage appears to be very homogeneous,
displaying large wings. These results suggest that the ancestral states were: small wings for the
cardini group and tripunctata-guaramunu lineage, large wings for the tripunctata restricted
lineage and intermediary size for the nappae lineage. Results were similar for both females and
males.

On the other hand, we did not detect phylogenetic signal on sexual size dimorphism
(p=0.4320). Ancestral state reconstruction for this character resulted in no easily recognizable

pattern and consequently ancestral states appear as intermediary values for all four lineages

(figure 6).
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3.5. Wing shape

Size-dependant effects explained 26.67% of shape variation in females and 26.25% in
males. Regarding total shape variation, MANOVA of partial warps and uniform components
scores was significant for species (Wilks” A=0.00002, F=127.510, P<0.001), sex (Wilks’
A=0.75071, F=48.501, p<0.001) and the interaction between species and sex (Wilks’ A=0.66673,
F=3.664, P<0.001). Considering nonallometric variation, MANOVA also resulted in significant
effects for species (Wilks” A=0.00003, F=106.312, P<0.001), sex (Wilks’ A=0.074483, F=49.086,
p<0.001) although no interaction between species and sex was detected (Wilks” A=0.99963,
F=0.002, P=1.000).

Discriminant analysis of partial warps and uniform components considering total shape
variation resulted in correct classification of 93.7% of females and 92.3% of males (tables 5 and
6) whereas 92.7% of both males and females were correctly classified when the allometric
component was removed (results not shown). These results indicate that wing shape displays
enough variation to distinguish among the studied species with confidence higher than 90%, for
both total and nonallometric variation. In addition, among the individuals incorrectly classified,
most of them were grouped with closely related species, e.g. within the cardini group (CD, CO,
NO and PO) and with the paraguayensis complex (CUA, MN and PG).

The first two relative warps explained 70.13% of total shape variation in females and
70.56% in males whereas, 60.51% of nonallometric variation was explained in females and
60.51% in males. RW1 separates most species belonging to the tripunctata restricted lineage
from species of the other three lineages, whereas RW2 separates species from the cardini group

and the nappae lineage (figure 7). The tripunctata-guaramunu lineage could not be differentiated
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from the others by either RW1 or RW2. In contrast, when only nonallometric shape variation is

considered (figure 7), it is not possible to separate the lineages by either RW1 or RW2.

Table 5: Classification matrix derived from discriminant function analysis based on partial warp scores and uniform

components of total shape variation of females.
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In general, most of the variation in total shape among the four lineages is due to the
displacement of landmarks F, G, H and I, which determine the position of the crossveins (figure
8). In the cardini group, these landmarks are displaced so that the two crossveins are closer to
each other than in the mean shape of all species, whereas in the tripunctata restricted lineage, the
crossveins are more separate from each other when compared to the mean shape. Landmarks F,
G, H and I are also responsible for differences in species of the nappae lineage, although in this
case, these four landmarks are displaced towards the tip of the wing. In the tripunctata-

guaramunu lineage, the lack of noticeable displacement of landmarks of the lineage consensus
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suggests that this lineage did not present an easily recognizable pattern of shape changes. Details

of total shape variation between each species and the consensus can be visualized in figure 9.

Table 6: Classification matrix derived from discriminant function analysis based on partial warp scores and uniform

components of shape variation of males.
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Nonallometric shape variation involved mostly landmarks G and H (figure 8). However,
little difference is recognizable between the consensus configuration of all species and the mean
shapes of the cardini group and the tripunctata-guaramunu lineage. Displacement of landmarks
G and H are more visible in the nappae lineage, moving the anterior crossvein towards the tip of
the wing. Landmarks B and C are also affected in this lineage. The tripunctata restricted lineage
displayed a difference in the coordinates of landmarks G and H, although much smaller than in
the nappae lineage. In regard to nonallometric wing shape variation, the details of landmark
coordinates differences between each species and the consensus configuration (figure 10) do not

present trends as strong as the ones observed for total shape variation (figure 9).
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Figure 7: Ancestral state reconstruction of the first and second relative warps (for total and nonallometric shape

variation of females) plotted against and the second relative warp.
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4. Discussion

4.1. Phylogenetic analysis

All three methods of phylogenetic reconstruction (MP, ML and bayesian) resulted, as
expected, in the early divergence of the D. repleta and D. immigrans groups. Although the
posterior probability was low (0.62), the tripunctata radiation was recovered as monophyletic by
bayesian reconstruction. Moreover, winning-sites and Templeton tests did not reject the
monophyly of this clade. This result disagrees with the results obtained by Remsen & O’Grady
(2002), and supports the hypothesis of monophyly of the #ripunctata radiation, suggested earlier
by Throckmorton (1975) and later reinforced by molecular studies (Yotoko et al., 2003 and Robe
et al., 2005). On the other hand, the D. tripunctata group itself did not appear as monophyletic
and both tests rejected its monophyly, confirming previous suggestions (Throckmorton, 1975;
Kastritsis, 1970; Yotoko et al., 2003; Robe et al., 2005).

Our results suggest the existence of four monophyletic groups within the tripunctata
radiation: the D. cardini group and three clades which we called “tripunctata restricted lineage”,
“nappae lineage”, and “tripunctata-guaramunu lineage”. All three methods of phylogenetic
reconstruction recovered these four clades. Even though MP and ML analyses gave low support
values (with the exception of the D. cardini group), these groups were supported by posterior
probabilities higher than 0.85 in the bayesian reconstruction. It is worth mentioning that, in
general, posterior probabilities are higher that their correspondent bootstrap values (Erixon et al.,
2003). These two measures of phylogenetic accuracy are not comparable (Douady et al., 2003;
Erixon et al., 2003). The statistical meaning of bootstrapping is controversial. Hillis & Bull
(2003) argue that “at best bootstrap estimates should provide an indication only of the degree of

support of a particular clade” and should not be treated as probabilities of that clade being a real
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historical group. In contrast, posterior probabilities have a simple interpretation: they represent
the probability that a particular clade is true conditional on the model, the priors and the data
(Huelsenbeck, 2002). Simulations studies showed that bootstrap values are usually an
underestimate of the accuracy of branches (Hillis & Bull, 2003; Suzuki et al., 2003; Wilcox et al.,
2002; Douady et al., 2003) whereas posterior probabilities are overestimates (Suzuki et al., 2003).
Douady et al. (2003) suggested that, even though bootstrap support and posterior probabilities
cannot be directly compared, they could be treated as potential lower and upper bounds of node
support.

The D. cardini group is composed of 16 described species and is subdivided in two
subgroups: cardini and dunni. Brisson et al. (2006) analyzed sequence data of all 16 species for
four mitochondrial and two nuclear genes and obtained a tree for which strong support was given
to the monophyly of D. cardini group as a whole, although the D. cardini subgroup was not
monophyletic. Our dataset included only four species of this group, all belonging to the D.
cardini subgroup. In agreement with the previous results obtained by Brisson et al. (2006), our
trees recovered a monophyletic D. cardini group, with D. cardini as the most ancestral species
within the group.

The D. guarani group currently comprises 17 species, three of which belong to the D.
guaramunu subgroup, six belong to the D. guarani subgroup and the eight remaining species are
ungrouped. Kastritsis (1969) suggested that this group should be split into two groups (guarani
and guaramunu), based on polytene chromosomal banding analysis. Vilela & Pereira (1985)
disagreed and proposed that the D. guarani group (containing two subgroups) should be
maintained until more detailed information was available. Kastritsis (1969) noticed that the
chromosomes of species of the D. guaramunu subgroup were more similar to some of the D.

tripunctata group than to those of the D. guarani subgroup and a recent molecular study by Robe
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et al. (2002) was unable to divide the D. guarani group into two subgroups. In addition, Kastritsis
et al. (1970) compared chromosomes of D. griseolineata and D. mediostriata and concluded that
“the polytene chromosomes of the species studied are more similar among themselves than they
are found to be when compared to the chromosomes of species of their own group”. Our results
recovered the relationships suggested by Kastritsis (1969) and Kastritsis et al. (1970): we found
an apparently monophyletic clade composed by D. griseolineata and its sibling species D.
maculifrons, and the pair of sibling species D. mediostriata and D. paramediostriata, in addition
to D. frotapessoai.

D. guaraja with D. maculifrons and D. griseolineata compose the D. guaramunu
subgroup. However, according to our results, the phylogenetic placement of D. guaraja is
uncertain and there is no evidence of a close relationship of this species and the clade which we
named the tripunctata-guaramunu lineage.

Among species belonging to the D. tripunctata group we found evidence for the
monophyly of a group formed by D. nappae and SP22 (a pair of sibling species, in which the
latter is an undescribed species), and D. setula. This is in agreement with the original description
of D. nappae (Vilela et al., 2004), that suggested that this species could be closely related to D.
setula.

Even though the D. tripunctata group was not recovered as monophyletic in our study, we
found a cluster with high posterior probability in which several species of this group were
included in addition to D. pallidipennis and D. sticta. Each of the D. pallidipennis and D. sticta
species groups are formed by a single species and are morphologically similar to species from the
D. tripunctata species group (Throckmorton, 1975). The remaining species placed in this cluster
belong to subgroups II, III and 1V, including the paraguayensis complex (composed by the D.

paraguayensis, D. mediosignata and D. cuaso, Bichli et al., 2000) and D. metzii forming a clade
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with high support value; D. roehrae and D. unipunctata (sibling species, Pipkin & Heed, 1964),
D. mediopunctata, D. medioimpressa, D. trifilum, D. bifilum and D. bandeirantorum. Therefore,
there 1s some evidence for the existence of a monophyletic group within the D. tripunctata
species group.

Hence, our results suggest the need of a thorough taxonomic revision of groups belonging
to the tripunctata radiation. However, the apparent monophyly of the ripunctata restricted
lineage may turn out useful if the D. tripunctata group is maintained and redefined.

The case of the guarani group is more difficult, since we have evidence that species
belonging to the guaramunu subgroup are more closely related to D. frotapessoai, D.
mediostriata and D. paramediostriata than to species of the guarani subgroup. It is worth
mentioning that this group comprises 17 species and several of them are not placed in either
subgroup, reflecting the difficulty of taxonomists to classify species in this subdivision. More
inclusive phylogenetic studies are necessary before the controversy whether this group should be
split into two (or more) groups is resolved.

The D. calloptera group is another group that deserves further studies. Burla & Pavan
(1953), who originally proposed the group, suggested that this group was closely related to the D.
tripunctata, D. quinaria, D. cardini and D. guarani groups, being closest to the latest. Our
bayesian tree suggests a close relationship of species of the guarani group to D. schildi and D.
ornatipenis whereas D. atrata is not placed within the same cluster. MP and ML methods place
these three species in different positions, always with low support values. Therefore, our results
were unable to determine phylogenetic positions of species of the calloptera group and even its
monophyly (strongly suggested by morphological evidence) was rejected.

Both MP and ML methods of phylogenetic reconstruction resulted in trees with very low

resolution, particularly for basal nodes, even though the PTP test detected significant
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phylogenetic signal on the data. However, PTP test results present high type I error probabilities
(in this case, detecting phylogenetic signal when there is none) (Peres-Neto & Marques, 2000).
Slowinsky & Crother (1998) suggested that “if a data set fails the PTP test, it should not be used
in a phylogenetic analysis” but that this test merely detected that the data set is not random,
instead of detecting significant phylogenetic signal.

Bayesian reconstruction resulted in better support values than ML and MP but most of the
basal nodes remain unresolved. The pattern for the trees obtained by all three methods is the
existence of short internal branches and long terminal branches, a pattern also observed by
Yotoko et al. (2003). This kind of branching pattern is often interpreted as evidence of periods of
rapid speciation. This hypothesis has been suggested by Throckmorton (1975) but it is not easy to
confirm, since a polytomy on a gene tree does not necessarily mean a corresponding polytomy on
the species tree (Slowinski, 2001). This is due to differences between gene trees and species trees
(Pamilo & Nei, 1988; Doyle, 1997; Nichols, 2001). Most tests designed to detect politomies do
not make this distinction and therefore are not useful for testing the hypothesis of rapid speciation
in the tripunctata radiation (see examples in Slowinski et al., 2001). Slowinski et al. (2001)
proposed a test for the detection of species politomies. However, this test requires independent
gene trees. As both genes analyzed in this study were mitochondrial genes, and therefore not
independently inherited, this test cannot be applied unless more data (nuclear sequence data) is
collected. In addition, our data revealed very low variation on the first and second codon
positions and high homoplasy on the third codon position and that could be causing deeper
relationships to be more difficult to recover. Hence, perhaps the analysis of nuclear genes — with
more appropriate nucleotide substitution rates — will be necessary before any consistent
conclusions about the patterns of speciation of the D. ftripunctata radiation can be properly

discussed.
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4.2. Morphometric analysis and ancestral character reconstruction

Our results detected significant phylogenetic signal for both female and male size,
whereas no phylogenetic signal was detected for sexual dimorphism. These results suggest the
existence of species adaptations for size sexual dimorphism that is independent of the phylogeny.
Sexual size dimorphism might reflect different selection pressures acting on male and female
body-sizes (Stamps, 1993) and are usually caused by differences in growth patterns between
males and females (Shine, 1990).

Teder & Tammaru (2005) examined data from more than 150 species of different orders
of insects and concluded that sexual size dimorphism was mostly female-biased, females being
larger in 81.6% of the sampled species. They also suggested that sexual differences in size tended
to increase with increasing body size. Our data was consistent with their results in the sense that
females had larger wings than males in all species examined. However, we did not detect a
significant correlation between body size and size sexual dimorphism (analysis not shown).

Discriminant analysis of shape variables revealed that species of the tripunctata radiation
are reasonably diagnosable by wing shape. Houle et al. (2003) obtained similar results in a
comparative analysis of 25 species in the subfamily Drosophilinae but the authors suggested
that, because their data set was widely sampled across the subfamily, other sets of species could
be less diagnosable. Our dataset was focused only on species of the tripunctata radiation and we
could still correctly classify more than 90% of the individuals, indicating that wing shape may be
used to discriminate even among closely related species.

Moreover, our results displayed an apparent pattern of wing total shape variation among
different lineages. Most of the wing shape variation was due to the displacement of the two
crossveins. In the cardini group they are closer to each other; in the tripunctata restricted lineage

the distance between these veins is larger whereas in the nappae lineage both crossveins are
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displaced towards the tip of the wing. This pattern was not present in the nonallometric shape
variation, reflecting the possible absence of phylogenetic signal on this trait. It is possible that
total shape variation, which includes the allometric component of wing shape, is subject to
stronger constraints than nonallometric variation. Hence nonallometric aspects of wing variation
would be more likely to respond to specific selective pressures or to diverge randomly by genetic
drift. However, the fact that most of the total shape variation concerned the position of crossveins
indicate that these veins could be involved in adaptations specific to each lineage. Crossveins are
important in determining the flexural stiffness of the wing (Ennos, 1989). The number,
placement, thickness, or flexibility of the crossveins are important mechanisms of altering the
amount of lift a wing can generate (Ennos, 1989). Nevertheless, not all wing characters are
related to flight. Some are concerned with sensory functions, thermoregulation and territorial or
sexual signaling (Wooton, 1992), which should be considered when an adaptive explanation is to
be proposed about wing shape patterns of evolution. In addition, the possibility that these patterns

have been generated by random events in the ancestors of each lineage cannot be disregarded.

4.3. Conclusions

The results we obtained by the phylogenetic reconstructions based on the sequences of
COI and COII, although not able to completely resolve the phylogenetic relationships among the
species of the tripunctata radiation, allowed the identification of monophyletic groups that may
shed some light over the patterns of speciation in this radiation. Our work may also motivate
future phylogenetic studies on these species and a possible taxonomic revision, which appears to
be necessary since we can now state with reasonable confidence that the tripunctata group is not
monophyletic, as probably some other groups belonging to the tripunctata radiation. The

existence of consistent patterns of wing shape variation among the phylogenetic lineages
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identified by the molecular data reinforces the hypothesis of monophyly of these groups.
However, many questions remain. In order to identify patterns of evolution of wing shape, we
would have to know the phylogenetic relationships among these groups, which was not possible
since most of the basal nodes in our analysis presented extremely poor statistical support. The
collection of additional molecular data (preferably nuclear genes) is obligatory before we can
establish a reliable phylogenetic hypothesis or conclude that the tripunctata radiation in fact

originated from episodes of rapid or multiple speciation.
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APPENDIX A

Accession numbers of all sequences included in the phylogenetic analyses.

Accession number

Species Col co2
D. atrata EF569988 * EF570024 *
D. ornatipenis EF570010 * EFS570038 *
D. schildi EF570016 * AY162973
D. cardini EF569991 * AY162974
D. cardinoides EF569992 * AY162975
D. neocardini EF570006 * EF570034 *
D. polymorpha EF570014 * EF570040 *
D. griseolineata EF569995 * EF570029 *
D. guaraja EF569996 * EF570030 *
D. maculifrons EF569998 * EF570031 *
D. guaru EF569997 * EF570031 *
D. ornatifrons EF570009 * AY162978
D. pallidipennis EF570011 * AY162982
D. sticta EF570018 * EF570044 *
D. bandeirantorum EF569989 * EF570025 *
D. bifilum EF569990 * EF570026 *
D. cuaso EF569993 * EF570027 *
D. frotapessoai EF569994 * EF570028 *
D. medioimpressa EF569999 * AY162994
D. mediopicta EF570000 * EF570033 *
D. mediopunctata EF570001 * AY162988
D. mediosignata EF570002 * AY162985
D. mediostriata EF570003 * EF570034 *
D. metzii EF570004 * AY162992
D. nappae EFS570005 * AY162983
D. neoguaramunu EF570007 * EF570036 *
D. nigricincta EF570008 * EF570037 *
D. paraguayensis EF570012 * EF570039 *
D. paramediostriata EF570013 * AY162995
D. roehrae EF570015 * EF570041 *
D. setula EF570022 * EF570042 *
SP22** EF570017 * EF570043 *
D. trifilum EF570019 * EF570046 *
D. tripunctata EFS570023 * AF519343
D. unipunctata EF570020 * EF570047 *
D. falleni AY541136 AF147117
D. innubila AY541192 AY541211
D. quinaria AY154400 AF478428
D. recens AY154456 AF147123
D. subquinaria AY154457 AY154457
D. immigrans EF570021 AY162993
D. eohydei DQ471601 AF145889
D. hydei DQ471602 DQ202020
D. melanogaster NC001709 NC005779
D. mauritiana NC005779 NC001709
D. sechellia NC005780 NC005780
D. simulans NC005781 AF474082
D. yakuba NC001322 NC001322

* new sequences obtained in this study
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APPENDIX B

Taxonomic placement and collection site of each species collected for DNA extraction.

Subgenus Group Subgroup Species Collection site*
Drosophila  calloptera D. atrata Mata Ribeirao Cachoeira
D. schildi Bosque dos Jequitibas
cardini cardini D. cardini Serra do Japi
D. cardinoides Brasilia
D. neocardini Bosque dos Jequitibas
D. polymorpha Serra do Japi
guarani guarani D. guaru Mata Ribeirdo Cachoeira
D. ornatifrons Serra do Japi
guaramunu  D. griseolineata Serra do Japi
D. guaraja Serra do Japi
D. maculifrons Serra do Japi
sticta D. sticta Mata Ribeirdo Cachoeira
pallidipennis D. pallidipennis Serra do Japi
tripunctata 1 D. nappae Mata Ribeirdo Cachoeira
D. neoguaramunu Mata Ribeirdo Cachoeira
D. setula Bosque dos Jequitibas
SpP22** Serra do Japi
II D. cuaso Serra do Japi
D. medioimpressa Mata Ribeirao Cachoeira
D. mediopunctata Serra do Japi
D. mediosignata Serra do Japi
D. paraguayensis Serra do Japi
D. roehrae Serra do Japi
D. unipunctata Mata Ribeirdo Cachoeira
I D. bandeirantorum Serra do Japi
D. bifilum Bosque dos Jequitibas
D. frotapessoai Mata Ribeirdo Cachoeira
D. mediopicta Serra do Japi
D. mediostriata Serra do Japi
D. nigricincta Mata Ribeirdo Cachoeira
D. paramediostriata  Serra do Japi
D. trifilum Mata Ribeirdo Cachoeira
v D. metzii Bosque dos Jequitibas
immigrans immigrans  D. immigrans Mata Ribeirdo Cachoeira

*Coordinates for each collection site are: 22°55' S, 47°03' W (Bosque dos Jequitibas, Campinas, SP); 15°46’ S 47°55' W (Brasilia,

DF); 22°50' S, 46°55' W (Mata Ribeirdo Cachoeira, Campinas, SP); 23°13' S, 46°53' W (Serra do Japi, Jundiai, SP).

**Undescribed species. SP22 and D. nappae are sibling species.
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1.

CONCLUSOES GERAIS
A temperatura de desenvolvimento das larvas, as inversdes cromossdmicas € 0 SexXo
influenciam tanto o tamanho quanto a forma da asa de D. mediopunctata.
Existe uma interacdo de temperatura e caridtipo apenas para forma da asa, o que nao foi
detectado para o tamanho.
Outros fatores, talvez a densidade de desenvolvimento das larvas, ou mudangas sazonais
no contetido de genes dentro das inversdes cromossomicas, podem influenciar a
morfologia da asa em populacdes naturais, causando a diferenga observada entre nossos
resultados e trabalhos anteriores.
A radiacdo tripunctata pode ser considerada um grupo monofilético.
O grupo tripunctata ndo constitui um grupo monofilético.
Encontramos evidéncias a favor de Kastritsis (1969, 1970) em relacdo ao grupo guarani,
ou seja, as espécies do subgrupo guaramunu parecem ser mais proximas de algumas
espécies do grupo tripunctata do que as espécies do subgrupo guarani.
Foram encontrados quatro agrupamentos dentro da radiagdo tripunctata, que podem
constituir grupos monofiléticos dentro desta radiacao.
A forma da asa permite diagnosticar, com 90% de certeza, as espécies pertencentes a
radiacdo tripunctata.
Foram encontrados padroes de variagdo morfologica da asa nestes agrupamentos,
causados principalmente pelo deslocamento das veias transversais da asa, além da

variagao de tamanho.
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