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RESUMO

HISTORIA EVOLUTIVA DE ESPECIES DO GRUPO FLAVOPILOSA DE DROSOPHILA (DIPTERA,
DROSOPHILIDAE): UMA ABORDAGEM FILOGENETICA, FILOGEOGRAFICA E TAXONOMICA

Drosophilidae apresenta uma série de organismos-modelo para diferentes dreas da Ciéncia,
incluindo a Ecologia e a Genética. Os drosofilideos estao mundialmente distribuidos e utilizam
diversos tipos de recursos ou hospedeiros. O grupo flavopilosa de Drosophila, em especial,
possui alta especializagdo ecoldgica a flores do género Cestrum, utilizando esse hospedeiro
como Unico sitio de alimentacdo e reproducdo. No entanto, o hospedeiro possui um padrao
descontinuo de floragdo ao longo do ano, o que torna o grupo flavopilosa um 6timo modelo
para o entendimento de adaptagdes populacionais em face aos hébitos ecoldgicos de uma
espécie. Nesta Dissertacio, estudou-se a histéria evolutiva do grupo flavopilosa através de
enfoques filogenéticos, filogeograficos e taxondmicos. Assim, no Capitulo II, as relacdes
filogenéticas entre espécies brasileiras do grupo (D. cestri, D. cordeiroi, D. flavopilosa, D.
incompta e D. mariaehelenae) foram inferidas através de andlises filogenéticas por Inferéncia
Bayesiana, utilizando trés genes — Citocromo oxidase subunidade I (COI), alfametildopa (Amd)
e dopa descarboxilase (Ddc). A aplicacao da técnica de DNA barcode para o grupo foi revisada
mediante inclusdo de novas espécies e espécimes. Além de comprovar a eficiéncia do DNA
barcode na identificagdo das espécies avaliadas, este estudo também permitiu recuperar a
subdivisdo do grupo, alocando D. cestri e D. cordeiroi junto a D. flavopilosa no subgrupo
flavopilosa e D. incompta e D. mariaehelenae no subgrupo nesiota. Além disso, uma andlise
cronofilogenética datou a origem do grupo para cerca de 10 milhdes de anos atrds,
demonstrando que esta ocorreu antes da formagdo do istmo do Panama. No Capitulo III, as
dinamicas populacionais associadas a ecologia restrita destas espécies foram avaliadas através
de um enfoque filogeografico comparativo. Para tanto, os genes COI e Ebony (E) foram
amplificados para diferentes populacdes de D. cestri e D. incompta provenientes de Estados
das regides Sul e Sudeste do Brasil. Os resultados obtidos para ambas espécies e genes sao
concordantes e revelaram alta diversidade haplotipica ou alélica, com baixa diversidade
nucleotidica e testes de neutralidade negativos, sugerindo expansdes populacionais recentes.
As redes de haplétipos de COI e as arvores filogenéticas dos genes concatenados, junto com
testes de Fsr, Mantel e BAPS sugerem, ainda, uma estruturacdo populacional superficial. A
histéria demogréfica inferida por skyline plots, no entanto, indicou que a expansio
populacional de D. incompta provavelmente teria come¢ado muito tempo antes (ha cerca de
1,5 milhdo de anos) da expansao de D. cestri (hé cerca de 300 mil anos). Este resultado sugere
que similaridades encontradas podem ser uma consequéncia dos padrdes ecoldgicos
compartilhados por ambas espécies e as estratégias de sobrevivéncia das mesmas em face da
efemeridade das flores de Cestrum. Neste caso, as espécies do grupo flavopilosa parecem estar
organizadas em metapopulacdes, as quais sao constituidas por subpopulagdes com altos niveis
de migracao.

Palavras-chave: Drosophila cestri; Drosophila incompta; especializacdo ecoldgica;
filogeografia; metapopulacdo



ABSTRACT

EVOLUTIONARY HISTORY OF SPECIES OF THE FLAVOPILOSA GROUP OF DROSOPHILA
(DIPTERA, DROSOPHILIDAE): A PHYLOGENETIC, PHYLOGEOGRAPHIC AND TAXONOMIC
APPROACH

Drosophilidae presents several model organisms for different fields in Science, including
Ecology and Genetics. In fact, drosophilids are worldwide distributed and use several kinds of
resources or hosts to live. The flavopilosa group of the Drosophila genus, particularly, presents
high ecological specialization to the flowers of Cestrum and uses this host as a unique site for
both feeding and breeding. Nevertheless, these host plants display a disjunct pattern on the
flourishing seasons, which make the flavopilosa group an excellent model for understanding
population adaptations in face to ecological specializations. In this Thesis, the evolutionary
history of species belonging to the flavopilosa group was evaluated with a phylogenetic,
phylogeographic and taxonomic approaches. Therefore, in Chapther II, the phylogenetic
relationships among Brazilian species of the group (D. cestri, D. cordeiroi, D. flavopilosa, D.
incompta and D. mariaehelenae) were inferred through Bayesian inference using three genes
— Cytochrome oxidase subunit I (COI), alphametyldopa (Amd) and dopa decarboxylase (Ddc).
The effectiveness of DNA barcode technique for the group was re-evaluated through inclusion
of new species and specimens. Besides proving the efficiency of DNA barcode in the
identification of the evaluated species, this study also allowed to recover the subdivision of the
group, placing D. cestri and D. cordeiroi with D. flavopilosa in the subgroup flavopilosa and
D.incompta and D. mariaehelenae in the subgroup nesiota. Furthermore, a cronophylogenetic
analysis dated the origin of the group for about 10 Mya, showing that this occurred before the
closure of the Isthmus of Panama. In Chapter III, the population dynamics associated with the
restricted ecology of these species was evaluated through a comparative phylogeographic
approach. For this, the genes COI and Ebony (E) were amplified for different populations of
D. cestri and D. incompta from States of the Southern and Southeast of Brazil. The results
obtained for both species and genes are congruent and revealed high haplotype or allelic
diversity, with low nucleotide diversity and negative results for the neutrality tests, suggesting
recent population expansions. The haplotype networks for COI and the phylogenetic trees for
the concatenated genes, together with the Fsr, Mantel and BAPS tests, further suggest a shallow
population structure. The demographic history inferred by skyline plots, however, indicated
that the population expansion for D. incompta probably started a long time before (about 1.5
Mya) than that of D. cestri (about 300 kya). This result suggests that the similarities
encountered can be a consequence of ecological patterns shared by both species and their
survival strategies in face of Cestrum ephemerity. In this case, the species belonging to the
flavopilosa group are apparently organized into metapopulations, which are constituted by
subpopulations with high levels of migration.

Keywords: Drosophila cestri; Drosophila incompta; ecological specialization;
phylogeography; metapopulation



CAPITULO I - INTRODUCAO GERAL

1. FILOGEOGRAFIA: A DISTRIBUICAO ESPACIAL DE LINHAGENS GENEALOGICAS

Em meados do século XVIII, com os trabalhos pioneiros dos naturalistas Carolus
Linnaeus e, principalmente, Georges-Louis Leclerc, conde de Buffon, comecou-se a introduzir
a concepg¢do de que a vida na Terra ndo era rigida e imutavel (COX; MOORE, 2005). Lineu,
por exemplo, hipotetizou uma ilha central e primordial, da qual todos organismos migraram
conforme as dguas retrocederam, se estabelecendo e permanecendo até os dias atuais (BRIGGS;
HUMPHRIES, 2004). Contudo, apesar de ainda acreditar em um unico evento de criac¢do, o
pensamento hegemonico da época comegou a ser refutado apenas apds a publicacdo da ampla
obra de Buffon — na qual o naturalista discute causas e hipdteses para os diferentes
agrupamentos de espécies em diferentes regidoes do mundo, introduzindo o conceito de
“adaptacdo” aos diferentes ambientes (CAPONI, 2017).

Nesse contexto, a medida que novos exploradores e naturalistas realizavam expedi¢Oes
ao redor do mundo, teorias como o gradiente de diversidade do equador em direcdo aos polos
e a Lei de Buffon foram sendo corroboradas, consolidando a biogeografia como uma importante
ferramenta para a compreensdo da biodiversidade (COX; MOORE, 2005). A biogeografia é
uma disciplina no dmbito das ciéncias bioldgicas cujos objetivos centrais sdo a reconstru¢ao
dos padrdes de distribuicdo da diversidade bioldgica e a identificagdo dos processos que
moldam ou moldaram os mesmos durante o tempo.

Assim, tradicionalmente divide-se a biogeografia conforme a abordagem utilizada: a
biogeografia ecoldgica, a qual explica a distribuicdo dos organismos em funcdo de fatores
bidticos (ecologia ou outras caracteristicas de distintos organismos) ou ambientais (abidticos)
atuais; e a biogeografia historica, a qual busca entender a distribui¢do dos organismos sob uma
perspectiva evolutiva e histdrica, centrando-se em questdes geoldgicas de milhdes de anos atras
(MONGE—NAJERA, 2008; MORRONE; CRISCI, 1995). No entanto, de acordo com
SANMARTIN (2012), a linha que separa essas duas principais abordagens tornou-se ténue nos
ultimos anos, uma vez que a biogeografia historica comecou a incorporar questdes ecolégicas
em suas andlises através da modelagem de nicho ecoldgico e novos métodos analiticos.
Ademais, segundo VITT; CALDWELL (2013), com o progresso da biologia e sistematica
molecular no fim do século XX, a biogeografia historica acabou reinventando-se e emergindo
em uma nova darea: a filogeografia.

O termo “filogeografia intraespecifica”, tradicionalmente reduzido a “filogeografia”, foi



introduzido por AVISE et al. (1987) ao detectar que muitas espécies apresentam uma histdria
filogenética geograficamente estruturada para genes mitocondriais. AVISE (1998) classifica a
filogeografia como uma subdisciplina da biogeografia, a qual enfatiza a influéncia de fatores
histéricos ou de processos recorrentes na atual distribui¢do das linhagens de genes, utilizando
para tanto dados de genética molecular e populacional, além de dados geoldgicos,
demograficos, etoldgicos e filogenéticos. De fato, o principal foco da filogeografia sdao estudos
que integram a genealogia a biogeografia em dimensodes espaciais e temporais, com €nfase em
aspectos historicos ou recorrentes, capazes de explicar a atual distribuicdo das linhagens
genealdgicas (AVISE, 2009).

Desde o seu estabelecimento, os estudos filogeograficos utilizam predominantemente o
DNA mitocondrial (mtDNA) como marcador genético (BEHEREGARAY, 2008). Isso
acontece principalmente devido a auséncia de recombinacdo e a sua rapida evolucao, aliadas
ao menor tamanho efetivo populacional (N,) em relacdo ao DNA nuclear (SUNNUCKS, 2000).
Ou seja, por possuir cerca de Y4 do N, em relagdo a marcadores nucleares devido a heranca
exclusivamente materna, o mtDNA proporciona a reconstru¢io e acesso a eventos evolutivos
recentes sem um esfor¢o amostral tdo extensivo (HURST; JIGGINS, 2005).

No entanto, apesar de sua facil amplificagcdo, o mtDNA também apresenta algumas
desvantagens, como a propria uniparentalidade (a qual pode refletir apenas a histdria evolutiva
das fémeas); a presenca de Numts (cOpias de genes mitocondriais transpostas para o DNA
gendmico), as quais nao sdo ortélogas as sequéncias comparadas; € a ocasional influéncia de
endossimbiontes em artropodes em seus processos de heranca (por exemplo, o género de
bactérias Wolbachia) (BENSASSON et al., 2001; BOURTZIS et al., 1996; DEN TEX et al.,
2010; HURST; JIGGINS, 2005). Dessa forma, € essencial realizar uma andlise concomitante e
comparativa de marcadores mitocondriais e nucleares, recuperando diferentes aspectos da
histéria evolutiva e demografica das espécies (TEMPLETON, 2011).

Uma das principais aplicacdoes da filogeografia € explicar os padrdes atuais de
distribuicdo da biodiversidade, tendo sido utilizada em indmeros estudos relacionados a
biologia da conservacao e, particularmente, especiacio (BEHEREGARAY, 2008). Além disso,
métodos associados a filogeografia também facilitam o enderecamento de questdes
relacionadas as alteracdes histdricas nos padroes de estruturacdo populacional e suas causas
(HEWITT, 2000). Nesse sentido, é possivel investigar uma série de questdes referentes a
diversidade genética e seu vinculo com processos historicos ou padroes geograficos, as quais
incluem o papel de eventos evolutivos como, por exemplo, a vicariancia, efeitos de bottlenecks

e de expansdes populacionais (ARBOGAST; KENAGY, 2001). Enquanto a biogeografia



histérica trabalha com eventos muito antigos na histéria geoldgica da Terra — como, por
exemplo, as dinamicas das placas tectonicas ao longo das Eras —, a filogeografia consegue
acessar eventos em uma escala de tempo mais recente, frequentemente relacionados ao Periodo
Quaterndrio (SANMARTIN, 2012). Como reportado por TURCHETTO-ZOLET et al. (2013),
na América do Sul, por exemplo, hd um mosaico de padrdes filogeograficos, no qual 57% dos
tempos de divergéncia entre as linhagens sdo datados para o Quaternario. RULL (2008), por
exemplo, aponta que os insetos foram impactados predominantemente pelas oscilacdes

climédticas do Quaterndrio em detrimento aos eventos geoldgicos do Terciario.

1.1. EVENTOS PALEOGEOCLIMATICOS EM FILOGEOGRAFIA

Como reportado por BEHEREGARAY (2008), os tempos de divergéncia entre
linhagens em estudos filogeograficos sao frequentemente datados para os periodos Terciario e
Quaterndrio. No entanto, apesar de ainda ser aceito, o termo Tercidrio vem caindo em desuso
nos ultimos anos e passou a ser substituido pelos periodos Paleogeno (mais antigo) e Neogeno
(mais recente) (WALKER et al., 2018). Os periodos Paleogeno, Neogeno e Quaternario
compdem o Cenozoico — a Era na qual atualmente nos encontramos — (Figura 1), marcada pela
diversificacdo e dominio das angiospermas e dos mamiferos (ELIAS, 2013). De acordo com
GULICK et al. (2019), estima-se que o inicio dessa Era tenha ocorrido apds o impacto de um

asteroide na peninsula de Yucatan (evento que resultou na extin¢cao dos dinossauros, ha cerca

de 66 milhdes de anos).
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*The Pleistocene is divided into four ages, but only two are shown here. What is shown as Calabrian is actually three ages—Calabrian from 1.80 to 0.781 Ma, Middle from 0.781 to 0.126 Ma, and Late from 0.126 to 0.0117 Ma.

Figura 1. Escala do tempo geoldgico da Terra, referente a Era Cenozoica. Retirado de WALKER et al. (2018).

Os periodos Paleogeno e Neogeno compreendem subdivisdes do Tercidrio, e sdo



caracterizados por importantes eventos geoldgicos. Durante o Paleogeno (estendendo-se de 66
a 23 milhdes de anos atrés), por exemplo, houve a colisdo entre a Asia e India, acarretando no
soerguimento da cordilheira do Himalaia (SINGH, 2003); a colisdo entre as placas Africana e
Eurasiana, resultando na elevacao dos Alpes (STECK; HUNZIKER, 1994); e a separacao da
América do Sul e Antartida, com a abertura da Passagem de Drake (LAWVER; GAHAGAN;
COFFIN, 1992). Quanto ao periodo Neogeno (que se estende de 23 a 2,6 milhdes de anos),
destaca-se a elevagcdo do Panama e a consequente unido das Américas do Sul e Norte (HAUG
etal.,2001).

O periodo Quaterndrio corresponde ao atual periodo geoldgico e € dividido em duas
épocas: o Pleistoceno e o Holoceno (WALKER et al., 2018). Enquanto o periodo Tercidrio é
marcado pelos eventos geoldgicos, o periodo Quaterndrio € caracterizado por oscilacoes
climaticas e periodos de glaciagGes intermitentes, em ciclos de aproximadamente 100.000 anos
(HEWITT, 1996). As flutua¢des climaticas ao longo desse periodo tem ocasionado mudangas
na distribuicdo espacial dos organismos, a qual varia de acordo com a topografia e a latitude
dos habitats de cada espécie (HEWITT, 2000). Os principais estudos concentram-se no
hemisfério Norte e apontam, por exemplo, a total cobertura das altas latitudes por mantos de
gelo [como no caso do dltimo méximo glacial (UMG), ha cerca de 21.000 anos] e a consequente
compressdo das regides tropicais e temperadas em dire¢do ao equador (HEWITT, 1996, 2004;
MIX; BARD; SCHNEIDER, 2001).

Na América do Sul, a principal fonte dos estudos paleoclimaticos consiste na anélise e
datacdo de material vegetal por meio dos isétopos *C e 2C (SUGUIO, 1999). Durante o
Quaternario, a regido sudeste do Brasil experimentou uma série de oscilacdes climdticas
rapidas, variando entre periodos frios - secos e umidos, e com diferencas climaticas inclusive
em localidades muito proximas (BEHLING; LICHTE, 1997). Ha o registro, por exemplo, da
substitui¢do da atual Floresta Atlantica no sul e sudeste por campos de gramineas com mais de
750km de extensao (BEHLING, 2002). Tais mudangas foram fundamentais para que processos
evolutivos, como os eventos de gargalo de garrafa, efeito do fundador e expansoes
populacionais interferissem na demografia das populacdes e influenciassem seu potencial

adaptativo (HEWITT, 2004).

2. DROSOPHILIDAE (INSECTA: DIPTERA)

Ha mais de um século, diversas espécies de Drosophilidae vem sendo utilizadas como

organismo modelo em indmeras dreas do conhecimento bioldgico (KOHLER, 1993). Em uma
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perspectiva histdrica, o trabalho seminal de CASTLE et al. (1906) pode ser considerado o
marco inicial para o presente status. Este trabalho teve suas origens ainda no inicio do século
XX, quando da redescoberta dos trabalhos de MENDEL (1866), e visava descrever
caracteristicas reprodutivas e a biologia geral de Drosophila melanogaster Meigen, 1830
(DUNN, 1965). Castle acabou por influenciar o posterior trabalho de MORGAN (1910), o qual
popularizou Drosophila Fallén, 1823 no meio cientifico ao ganhar o Prémio Nobel de Medicina
ou Fisiologia de 1933.

Além de sua aplicabilidade como organismo modelo, Drosophilidae constitui uma
familia de dipteros vastamente distribuidos nos mais diversos habitats e biomas, podendo ser
encontrada desde as tundras até os tropicos e desde o nivel do mar até grandes altitudes
(THROCKMORTON, 1975). No entanto, ndo ha um padrao geral para a sua ocorréncia, uma
vez que ha desde espécies endémicas a apenas uma ilha até espécies cosmopolitas (MARKOW;
O’GRADY, 2006). Essa diversidade possivelmente estd relacionada a capacidade de seus
membros explorarem, em diferentes niveis de especializacdo, os mais variados recursos. Ha
registros de espécies, por exemplo, utilizando frutos (ATKINSON; SHORROCKS, 1977),
flores (SCHMITZ; VALENTE, 2019), cactos (MANFRIN; SENE, 2006), fungos
(COURTNEY; KIBOTA; SINGLETON, 1990) e até¢ guano de morcego (TOSI et al., 1990)
como substrato para algum ou varios de seus estagios de vida. De fato, as multiplas variedades
de substratos explorados, associados com a sensibilidade a evolu¢do de nicho, parece fornecer
uma o6tima explicagdo para o sucesso evolutivo da familia (ROBE; LORETO; VALENTE,
2010) e sua ampla distribuicio (THROCKMORTON, 1975).

Drosophilidae compreende mais de 4 mil espécies, divididas em Steganinae e
Drosophilinae, com oito e 31 géneros, respectivamente (BACHLI, 2020; MARKOW;
O’GRADY, 2006). Dentre esses, Drosophila (Drosophilinae) é um dos mais diversos,
contando com 1.639 espécies formalmente descritas (BACHLI, 2020). Taxonomistas
usualmente dividem a familia em radiagdes (ou linhagens), representando eventos de

especiacao multipla e suas subsequentes diversificacoes (Fig. 2) (THROCKMORTON, 1975).
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Figura 2. Representacdo das relacdes filogenéticas em Drosophilidae reconstruida com base em caracteres morfolégicos por

THROCKMORTON (1975). Resumido e adaptado de THROCKMORTON (1975).

Com auxilio de anélises moleculares, no entanto, foi possivel reclassificar as diferentes
radiacoes de Drosophila ao nivel de subgénero (Quadro 1) (YASSIN, 2013). Essa foi a primeira
tentativa de ajuste em larga escala da taxonomia de Drosophila aos requerimentos de monofilia
reciproca impostos pela sistematica filogenética. Cada uma destas radiacdes ou subgéneros €
ainda subdividida em grupos e subgrupos de espécies, 0s quais agrupam espécies

morfologicamente relacionadas (GRIMALDI, 1987, 1990).

Quadro 1. Mudangas propostas por YASSIN (2013) quanto a taxonomia das radiagdes no género Drosophila. Retirado de
O’GRADY & DESALLE (2018).

Throckmorton (1975) Yassin (2013)
Hawaiian Drosophila Idiomya (género)
Radiac@o virilis-repleta Drosophila (Siphlodora)
Radiacdo immigrans-tripunctata Drosophila (Drosophila)
Drosophila (Sophophora) Drosophila (Sophophora)
Drosophila (Dorsilopha) Drosophila (Dorsilopha)

2.1. ESTUDOS FILOGEOGRAFICOS EM DROSOPHILIDAE

Uma revisdo com enfoque cienciométrico (Apéndice I) mostrou que, apesar da ampla
utilizacdo de espécies de drosofilideos como organismo modelo na Ciéncia, ha poucos estudos

filogeograficos que utilizam Drosophilidae como espécies-alvo. Ha, ainda, uma lacuna nos
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tdxons-alvo e nas regides biogeograficas avaliadas — ou seja, alguns grupos de espécies sao
predominantemente estudados (como € o caso dos grupos melanogaster, virilis e repleta de
Drosophila) enquanto outros praticamente ndo o sdo, € ha um viés para estudos nas regides
Neartica e Paleartica, no qual a regido Etidpica aparece como a menos explorada. Essa
diversidade ainda ndo investigada possivelmente abriga a resolucido de padrdes ou questdes
filogeograficas que ainda sdo pouco compreendidas, tanto em relacdo as espécies quanto as
regides biogeograficas como um todo.

Para o Neotrdpico, os resultados obtidos até o momento indicam, por exemplo, que
diversas espécies de drosofilideos foram severamente afetadas pelas oscilacdes climdticas
durante o Pleistoceno (RULL, 2008). Dentre as espécies estudadas, as que apresentam
dependéncia em climas amenos e habitats umidos apresentam sinais de eventos de gargalo
genético ou contragdes populacionais durante os periodos glaciais, os quais sdo seguidos por
expansodes populacionais em periodos interglaciais [como € o caso de D. americana Spencer,
1983; D. birchii Dobzhansky & Mather, 1961; D. maculifrons Duda, 1927; D. ornatifrons
Duda, 1927; and D. serrata Malloch, 1927 (DE RE et al., 2014a; GUSTANI et al., 2015;
KELEMEN; MORITZ, 1999; SILLERO et al., 2014)]. Por outro lado, as espécies que
usualmente habitam ambientes desérticos apresentam sinais contrastantes, com expansoes
datadas para periodos glaciais [como € o caso do complexo de espécies buzzatii — D. buzzatii
Patterson & Wheeler, 1942 e D. gouveai Tidon-Sklorz & Sene, 2001 (BRITO; MANFRIN;
SENE, 2002; MORAES et al., 2009)]. Em face a anterior incompreensao dos reais impactos
das flutuagdes climdticas do Pleistoceno na biodiversidade Neotropical (RULL, 2011), esses
resultados demonstram que as espécies de Drosophilidae podem ser utilizadas como modelo
para o estudo de questdes mais amplas, como o efeito de eventos paleogeogrificos ou

paleoclimaticos na fauna de diferentes regides.

2.2. 0 GRUPO FLAVOPILOSA DE DROSOPHILA

Entre os diversos grupos de espécies incluidos dentro de Drosophila, o grupo
flavopilosa se destaca pela notavel especializacdo ecoldgica, uma vez que suas espécies
apresentam uma associagdo intima e restrita as flores do género Cestrum L. (Solanaceae)
(BRNCIC, 1966). O grupo pertence a radiacdo virilis-repleta do subgénero Drosophila
(BACHLLI, 2020; ROBE et al., 2005), subgénero Siphlodora sensu YASSIN (2013), embora o
seu posicionamento dentro deste clado seja ainda controverso (DE REetal.,2017). Atualmente,

o grupo € composto por um complexo de 17 espécies cripticas e endémicas dos Neotrépicos,
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divididas nos subgrupos flavopilosa e nesiota (Quadro 2), distinguidas apenas apds andlise da
genitdlia interna dos machos (BACHLI, 2020; ROBE et al., 2013; WHEELER; TAKADA;
BRNCIC, 1962).

Quadro 2. Taxonomia do grupo flavopilosa e divisio de espécies nos subgrupos (BACHLI, 2020; GUILLIN; RAFAEL, 2018).

Espécies nio alocadas em subgrupos Subgrupo flavopilosa Subgrupo nesiota
D. (Drosophila) cestri D. (Drosophila) acroria D. (Drosophila) gentica
D. (Drosophila) cordeiroi D. (Drosophila) crossoptera D. (Drosophila) incompta
D. (Drosophila) korefae D. (Drosophila) flavopilosa D. (Drosophila) mariaehelenae
D. (Drosophila) melina D. (Drosophila) hollisae D. (Drosophila) nesiota
D. (Drosophila) pseudokorefae D. (Drosophila) lauta
D. (Drosophila) sisa
D. (Drosophila) suni
D. (Drosophila) taxohuaycu

As espécies pertencentes a esse grupo desenvolveram uma série de adaptacdes que
possibilitam explorar de uma forma ampla e eficiente as flores de Cestrum. Entre as adaptagdes
morfoldgicas, por exemplo, os membros do grupo apresentam a coloragdo do corpo em tons de
verde/amarelo (criptica com as flores de Cestrum) e um pequeno a médio porte, com a presenca
de espinhos no 6rgdo ovipositor das fémeas para escarificar as flores e realizar a postura de
ovos (WHEELER; TAKADA; BRNCIC, 1962).

Quanto as adaptagdes fisioldgicas, os ovos sdo postos em um estdgio avangado de
desenvolvimento embriondrio, o qual é muito importante em virtude da efemeridade das flores
(AGUILAR; GALETTO, 2004; BRNCIC, 1983; WHEELER; TAKADA; BRNCIC, 1962).
Além disso, a presenga de toxinas em espécimes do género Cestrum € amplamente conhecida
(PEARCE et al., 1992), o que deve acarretar em outras adaptacdes bioquimicas e moleculares
que ainda ndo sdo totalmente compreendidas.

Se, por um lado, as relagdes ecoldgicas dessas espécies com seu género hospedeiro sao
razoavelmente conhecidas, as suas relagdes filogenéticas sdo predominantemente baseadas em
caracteres morfologicos e nao incluem todas as espécies do grupo (ROBE et al., 2013). Até o
momento, de fato, ha sequéncias de DNA disponiveis apenas para quatro das 17 espécies
(CLARK et al., 2016), todas com ocorréncia no Brasil. De acordo com GOTTSCHALK;
HOFMANN; VALENTE (2008), no Brasil ha registros de seis espécies de Drosophila do grupo
flavopilosa (Figura 3): D. cestri Brncic (1978), D. cordeiroi Brncic (1978), D. flavopilosa Frey
(1919), D. hollisae Vilela (1992), D. incompta Wheeler (1962) e D. mariaehelenae Vilela

(1984), algumas das quais sdo frequentemente encontradas em simpatria e sintopia (BRNCIC,
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1978; HOFMANN; NAPP, 1984).

Legend:
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Figura 3. Mapa da distribuicdo conhecida das espécies do grupo flavopilosa de Drosophila no Neotrdpico. Retirado de ROBE
et al. (2013). Espécies que ocorrem no Brasil estdo indicadas por retdngulos vermelhos.

Apesar da grande especializagdo ecoldgica, € possivel notar diferencas quanto ao
conjunto de espécies de Cestrum colonizadas pelas espécies do grupo flavopilosa no Brasil
(Quadro 3) (SANTOS; VILELA, 2005). Neste caso, D. flavopilosa e D. hollisae apresentam
maior grau de especificidade, ao serem encontradas em apenas duas espécies de Cestrum,
enquanto D. incompta e D. cordeiroi colonizam uma ampla variedade de espécies do gé€nero,
além de Sessea brasiliensis Toledo (atualmente, considerada uma espécie de Cestrum)
(CARVALHO; SCHNOOR, 1993; SANTOS; VILELA, 2005; SOARES; VIGNOLI-SILVA,;
MENTZ, 2007). As espécies também diferem em termos de amplitude de distribuicdo:
enquanto D. flavopilosa e D. incompta apresentam uma distribuicdo ampla, mas aparentemente

disjunta, nos Neotrdpicos, D. cestri e D. cordeiroi parecem apresentar uma distribuicao restrita



ao sul do Brasil e norte do Uruguai (BACHLI, 2020).
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Quadro 3. Lista de espécies do grupo flavopilosa de Drosophila encontradas no Brasil e seus respectivos hospedeiros de

Sessea e Cestrum, de acordo com SANTOS & VILELA (2005).

C. intermedium
C. parqui
C. schlechtendalii

S. brasiliensis

C. intermedium
C. nocturnum
C. parqui
C. schlechtendalii
C. sendtnerianum

S. brasiliensis

D. cestri D. cordeiroi D. flavopilosa D. hollisae D. incompta D. mariahelenae
C. calycinum C. calycinum C. parqui C. schlechtendalii C. amictum C. amictum
C. corymbosum C. corymbosum C.euanthes | C.sendtnerianum C. calycinum C. intermedium

C. corymbosum
C. intermedium
C. nocturnum
C. parqui
C. schlechtendalii

C. sendtnerianum

C. nocturnum

C. schlechtendalii

C. sendtnerianum

S. brasiliensis

Nos casos de sintopia, comportamentos ecoldgicos e reprodutivos distintos entre as
espécies parecem ter garantido o sucesso na exploracao dos recursos. Por exemplo, ao encontrar
D. cestri e D. incompta associadas as mesmas flores (em C. parqui e C. calycinum), BRNCIC
(1983) observou que enquanto D. cestri realiza a oviposi¢do de apenas um ovo dentro de flores
fechadas, D. incompta opta pelas flores abertas, escarificando a parte interna das pétalas e
depositando até 12 ovos por flor. Além disso, segundo SEPEL et al. (2000), hd uma flutuagao
sazonal nas populacdes, onde € possivel verificar a predominancia de eclosdo de individuos
adultos de D. incompta em periodos quentes e secos, enquanto D. cestri possui maior frequéncia
em épocas frias e imidas.

Os diferentes niveis de variacdo entre hospedeiros e entre padrdes de distribui¢cdo
geogrifica permitem inferir que, possivelmente, existam variagbes no grau de
compartilhamento de histdrias evolutivas dentro do grupo. No entanto, dado o padrdo de
ocorréncia tipicamente efémero e descontinuo de Cestrum ao longo do ano, é provével que
todas espécies do grupo flavopilosa tenham enfrentado uma pressdo seletiva em prol de
estratégias que possibilitem a sobrevivéncia em momentos de escassez de recursos, que sao
comuns para muitas das espécies hospedeiras. De fato, SANTOS; VILELA (2005), ao comparar
quatro espécies de Cestrum, descrevem a auséncia de um padrdo comum de floracdo e
persisténcia das flores, com picos curtos de florescimento e periodos longos de auséncia ou

presenca dispersa (Figura 4).
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Figura 4. Fenologia comparada do florescimento de quatro espécies de Cestrum, monitoradas entre julho de 1993 e junho de

1995 em Sao Paulo, SP (SANTOS; VILELA, 2005).

Ao encontrar individuos com aparéncia mais senil em determinados periodos do ano,
HOFMANN (1985) hipotetizou que alguns poucos adultos t€ém a capacidade de sobreviver ao
longo do inverno, de modo a fundar novas popula¢des quando o periodo de escassez terminar.
No entanto, DE RE et al. (2014) consideram que os altos niveis de polimorfismo encontrados
no DNA mitocondrial de D. incompta sao provéveis consequéncias de migracdes associadas a
retracOes e expansoes populacionais ciclicas em busca de recurso. De fato, com base em dois
genes mitocondriais e um gene nuclear, DE RE (2016) encontrou indicios de fluxo génico
recorrente € baixa estruturacdo populacional em populacdes brasileiras de D. incompta. Dessa
maneira, a hipétese de trabalho da presente dissertacdo considera que as espécies do grupo
utilizam a estratégia de migracdo como resposta aos periodos de limitacdo de recurso. Assim,
nesta dissertacdo pretendeu-se caracterizar similaridades ou incongruéncias entre as historias
evolutivas de D. incompta e D. cestri, revelando padrdes temporais e espaciais, bem como o
impacto de eventos histéricos ou processos evolutivos recorrentes, na diversificacdo e
distribuicao do grupo flavopilosa de Drosophila nos Neotrépicos.

Dada a ecologia restrita do grupo flavopilosa de Drosophila, junto a caracteristica
efémera do recurso explorado e a proximidade filogenética junto a sobreposi¢do geografica
parcial em face as diferencas em amplitude de distribui¢do, pode-se dizer que estas duas
espécies constituem um excelente modelo para estudo de adaptagdes ecoldgicas ou
demograficas para a especializagdo ecoldgica. Assim, torna-se possivel ndo apenas testar
padrdes filogeograficos em geral, mas também elucidar eventos histdricos ou recorrentes que

atuam na evolucdo de espécies cripticas e com alta especificidade ecoldgica.
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3. OBJETIVOS

3.1. OBJETIVO GERAL

Auxiliar na compreensao da histdria evolutiva e da influéncia da especializagao ecoldgica
na dinamica populacional das espécies pertencentes ao grupo flavopilosa do género Drosophila,

através de um enfoque filogenético, filogeografico e taxondmico.

3.2. OBJETIVOS ESPECIFICOS

- Inferir a posicao filogenética de Drosophila mariaehelenae dentro do grupo flavopilosa,
avaliando a monofilia do grupo e sua subdivisdo taxondmica, bem como o cendrio espago-
temporal associado a sua diversificacio (Capitulo II);

- Determinar os padrdes temporais e espaciais de distribui¢do da diversidade genética de duas
espécies do grupo flavopilosa, caracterizando as causas das similaridades e/ou incongruéncias
entre suas histdrias evolutivas e avaliando a influéncia da especializagdo ecoldgica na dindmica

populacional de espécies de ecologia restrita (Capitulo III).
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ABSTRACT

Among other anthophilous species groups of Drosophila, the flavopilosa group stands out not
only because of its restricted ecology to Cestrum flowers, but also due to the cryptic
morphology of its 17 species. Previous studies confirmed the monophyly of the group and the
success of DNA barcoding on identifying a subset of its species, but several species remain yet
to be evaluated in regard to these properties. Moreover, the taxonomy of the group remains
widely incomplete, and only four of the six Brazilian species are currently assigned to
subgroups. Here, we aim to test the phylogenetic subdivision and divergence times among five
species of the flavopilosa group, helping to infer the phylogenetic position of Drosophila
mariaehelenae, update the taxonomy of the complex and reevaluate the status of DNA
barcoding as a valid tool for specimen identification in the lineage. Male individuals of D.
mariaehelenae hatched from flowers of Cestrum sampled in Campo Grande (MS, Brazil) had
their DNA individually extracted, as well as additional specimens of D. flavopilosa from
Pelotas (RS, Brazil). The mitochondrial Cytochrome Oxidase subunit I (COI) gene and the
nuclear alpha-methyldopa (4md) and dopa decarboxylase (Ddc) genes were amplified for those
specimens, and available sequences for these genes were downloaded from GenBank for other
species of the group. Genetic intra- and interspecific distances were calculated for the CO/
gene and phylogenies were reconstructed for each gene individually and simultaneously by
Bayesian Inference. A chronophylogeny was also estimated to access divergence times.
Overall, the flavopilosa group was not recovered as a monophyletic unit only for COI
phylogeny, which may reflect saturation or long branch attraction. Even so, the close
relationships of D. flavopilosa with D. cestri and D. cordeiroi was strongly supported by all
nuclear markers, suggesting the last two species should be formally allocated in the flavopilosa
subgroup. Furthermore, D. mariaehelenae positioned as sister to D. incompta, supporting its
presence in the nesiota subgroup. The divergence time estimation suggests the diversification
of the flavopilosa group took place before the closure of the Central American Seaway, about

10 Mya.

Keywords: DNA barcode; ecological specialization; molecular phylogeny
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INTRODUCTION

Drosophilidae comprises species with the most diverse ecological habits. Despite of
being world widely known as the “fruit flies” due to the model organism Drosophila
melanogaster Meigen, 1830, this taxon includes anthophilous (Pipkin et al., 1966),
cactophilous (Manfrin and Sene, 2006) and mycophagous species (Courtney et al., 1990).
Among anthophilous species, the Drosophila flavopilosa Frey, 1919 group stands out for its
ecology, which is restricted to flowers of Cestrum L. (Solanaceae) (Brncic, 1966). This group
is placed within the virilis-repleta radiation (Robe et al., 2010b), currently Siphlodora
subgenus (Yassin, 2013) and encompasses morphologically cryptic species. The recognition
of its species is only possible through the examination of internal reproductive traits, mainly
the aedeagus morphology (Wheeler et al., 1962). Genetic approaches — such as DNA barcoding
— have given satisfactory results on its species identification (Robe et al., 2013), and seem to
be an alternative for the identification of individuals, especially females. Nevertheless, tests
provided so far only included a subset of the species of the group, and for one of the species
tests, only one specimen was included (Robe et al., 2013).

According to Béchli (2020), the 17 species of the flavopilosa group are further divided
into the nesiota (D. gentica Wheeler & Takada, 1962; D. incompta Wheeler & Takada, 1962;
D. mariaehelenae Vilela, 1984; and D. nesiota Wheeler & Takada, 1962) and flavopilosa (D.
acroria Wheeler & Takada, 1962; D. crossoptera Wheeler & Takada, 1962; D. flavopilosa
Frey, 1919; D. hollisae Vilela & Pereira, 1992; and D. lauta Wheeler & Takada, 1962)
subgroups. The other eight species — D. cestri Brncic, 1978; D. cordeiroi Brncic, 1978; D.
korefae Vela & Rafael, 2004; D. melina Wheeler, 1962; D. pseudokorefae Guillin & Rafael,
2018; D. sisa Vela & Rafael, 2005; D. suni Vela & Rafael, 2005; D. taxohuaycu Vela & Rafael,
2005 — are not yet taxonomically positioned. Among these, D. cestri, D. cordeiroi, D.
flavopilosa, D. holisae, D. incompta, and D. mariaehelenae occur in Brazilian territories
(Gottschalk et al., 2008), especially in the south and southeastern regions of the country (Robe
et al., 2013). Although Robe et al. (2013) suggested the inclusion of D. cestri and D. cordeiroi
into the flavopilosa subgroup, given the close relationships of both with D. flavopilosa (Robe
et al., 2010b), this modification was not yet formally recognized. Moreover, the phylogenetic
position of D. hollisae and D. mariaehelenae were not tested with molecular approaches.

Thus, the aim of this work is to provide an update on the phylogenetic subdivision and
taxonomy of the flavopilosa group of Drosophila, (1) re-evaluating the status of DNA

barcoding as a valid tool for specimen identification in the group; (2) describing the
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phylogenetic position of D. mariaehelenae; (3) testing the monophyly of the group and its

subgroups; and (4) estimating the divergence times within this species complex.

MATERIAL AND METHODS

Area of study and specimens sampling
Flowers of Cestrum were collected in Campo Grande (State of Mato Grosso do Sul,
Brazil) (20°30'11.6"S, 54°36'54.1"W) and Pelotas (State of Rio Grande do Sul, Brazil)
(31°45'55.44"S, 52°20'15.32"W). The flowers were taken to the laboratory, placed in 500mL
vials containing vermiculite and kept in a chamber with constant temperature (21£1°C). After
hatching, adult flies were captured with an entomological aspirator (Machado et al., 2014).
Males were identified to species level based on genitalia patterns, according to pictures

provided by Wheeler et al. (1962).

DNA isolation and sequencing

Total genomic DNA was extracted individually for each male specimen following a
phenol-chloroform protocol (Jowett, 1986). Fragments of the mitochondrial gene cytochrome
c oxidase subunit I (COIl) and the nuclear genes alpha methyldopa (4md) and dopa
decarboxylase (Ddc) were amplified using the primer pairs LCO1490 and HCO2198 (Folmer
et al., 1994), AmdEx4F and Amd-bw (Robe et al., 2010b; Tatarenkov et al., 2001) and BPF
and BPR (Tatarenkov et al., 1999), respectively. PCR reactions were carried out using GoTaq®
Hot Start Green Master Mix (Promega, Madison WI, USA), according to the manufacturer
protocol, with 0.2 uM of each primer and 100-200 ng of DNA.

Amplification of the COI gene was performed by means of an initial step of
denaturation at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 45 s,
annealing at 57°C for 45 s and extension at 72°C for 1 min, and by a final extension cycle at
72°C for 5 min. Cycling conditions for Amd were based on two steps: 5 cycles of denaturation
at 95°C for 1 min, annealing at 58°C (-1°C per cycle) for 45 s and extension at 72°C for 1 min,
followed by 30 cycles of denaturation at 95°C for 1 min, annealing at 53°C for 45 s and
extension at 72°C for 1 min 15 s. Amplification of the Ddc gene was performed with the same
PCR cycles used for Amd gene, adjusting the first and second annealing temperatures to 60°C
and 55°C, respectively.

To check whether the amplification was successful, Sul of the 20ul PCR product was
applied to 0.8% agarose gel, stained with GelRed® (Biotium). The obtained amplicons were
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purified with Exonuclease I (10U/ul) and FastAP Thermosensitive Alkaline Phosphatase
(1U/ul) (Thermo Scientific Inc) and directly sequenced. Sequencing was performed by
Macrogen Inc. (Seoul, South Korea) using BigDye technology and the same PCR primers.

Sequences curation

The electropherograms were assembled and inspected in the Gap4 Software of the
Staden Package (Staden, 1996). The consensus sequences obtained were then checked for
identity in the BLASTn tool (NCBI website) and aligned using the MEGA 7.0 software (Kumar
et al., 2016). Each polymorphic site detected in the alignments was checked and corrected, if
necessary. Additionally, all sequences deposited on GenBank of COI, Amd and Ddc genes
belonging to species of the flavopilosa group were downloaded, along with sequences of
Drosophila gymnobasis Hardy & Kaneshiro, 1971, Drosophila hydei Sturtevant, 1921,
Drosophila melanogaster Meigen, 1830, Drosophila virilis Sturtevant, 1916 and Scaptomyza
adusta (Loew, 1862), which were used as outgroup. Sequences generated in this work will be

further submitted to the GenBank.

DNA barcoding and phylogenetic analyses

The intra- and interspecific genetic distances were calculated for the COI gene in the
PAUP* 4 software (Cummings, 2014), under the Kimura 2-parameter (K2P) nucleotide
substitution model. The phylogenetic relationships were accessed through the reconstruction
of Bayesian Inference (BI) phylogenetic trees in MrBayes 3.2 (Ronquist and Huelsenbeck,
2003). These analyses were performed individually for each marker, and simultaneously
through a multi-locus approach. For the multi-locus dataset, species with more than one
sequence of each gene had their respective consensus sequence calculated with Unipro UGENE
software (Okonechnikov et al., 2012). The best nucleotide substitution model was chosen
separately for each gene based on the Akaike information criterion (AIC), estimated with
MrModeltest2 (Nylander, 2004) implemented on PAUP* 4 (Cummings, 2014). The MCMC
chains were run for a minimum of 20,000,000, 55,000,000 and 100,000,000 generations for
the COI gene, the nuclear genes and the multilocus dataset, respectively, with sampling every
10,000 generations and a 25% burn-in. Besides, for COI, a median-joining haplotype network
was reconstructed with the Network 5 software (Bandelt et al., 1999) to better assess the

relationships among the haplotypes of D. incompta and D. mariaehelenae.
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Divergence times were estimated with BEAST 1.10 (Suchard et al., 2018). The MCMC
chains were run for 600,000,000 generations, sampling every 10,000 generations. The analysis
was performed using the multi-locus dataset under a lognormal relaxed-clock model, using a
random start tree that was refined under a Yule speciation model. The convergence was
analyzed in Tracer (Rambaut et al., 2018) and the maximum credibility tree was obtained in
TreeAnotator (Suchard et al., 2018) with 25% burn-in. The calibration points were (1) the split
between the Scaptomyza and the Hawaiian Drosophila lineages (17.5 Ma) (Grimaldi, 1987;
Iturralde-Vinent and MacPhee, 1996); and (2) the split between the Drosophila and
Sophophora subgenera (40 Ma) (Russo et al., 1995).

RESULTS

A total of four male individuals of Drosophila mariaehelenae emerged from Cestrum
flowers collected in Campo Grande (MS). In addition, a total of 25, eight and four sequences
of COI, Amd and Ddc, respectively, were downloaded from Genbank (see accession numbers
on Table 1). The final datasets of COI, Amd and Ddc, and the multi-locus dataset, had a total
of 673, 839, 1,105 and 2,310-bp length after curation, respectively. These matrices encompass
sequences from 29, 10, 5 and 5 individuals of the ingroup, respectively. The best nucleotide
substitution models were GTR+I for COI and GTR+G for both Amd and Ddc (see the complete
results on Tables S1, S2 and S3).

Genetic distances for COI resulted in lower intra- than interspecific values for all
species, and maximum intraspecific values never exceeded the minimum interspecific ones
(Table 2). Regarding the phylogenetic reconstructions, although COI supported (PP = 1.00) the
reciprocal monophyly of all the species tested, it did not recover) neither the flavopilosa group
nor the nesiota subgroup as monophyletic lineages (Fig. 1A). The median-joining haplotype
network reconstructed with COI sequences of D. incompta and D. mariaehelenae showed
highly divergent haplotypes between the two species (Fig. 2).

Conversely, Amd (Fig. 1B) and Ddc (Fig. 1C) not only recovered the monophyly of the
flavopilosa group (PP = 1.00, in both cases), but also supported its subdivision in two strongly
supported sister clades: a clade containing D. cestri, D. cordeiroi and D. flavopilosa (PP = 0.96
and 0.94, respectively); and a clade with D. incompta and D. mariaehelenae (PP = 1.00, in both
cases). For Amd, nevertheless, D. incompta appeared as a paraphyletic in regard to D.

mariaehelenae (PP = 0.64) and placed D. hydei (repleta group) as outgroup (PP = 1.00) for the
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clade containing Scaptomyza, Hawaiian Drosophila, D. virilis and the flavopilosa group,
though poorly supported (PP = 0.65).

Although only a single individual of each species of the flavopilosa group was
sequenced for Ddc (Fig. 1C), hindering inspection of reciprocal monophyly of the species, the
topology recovered by this marker differed from that supported by Amd in presenting D.
cordeiroi as closer to D. flavopilosa instead of D. cestri (PP = 0.54). The Ddc dataset also
recovered the Siphlodora subgenus (virilis-repleta radiation) (PP = 0.97) and placed D. hydei
as sister species of D. virilis and the flavopilosa group.

The multilocus (Fig. 1D) dataset basically repeated the general topology presented by
Ddc, and added support for most of its relationships. The chronophylogeny showed that the
diversification of the flavopilosa began around 10 Mya, whereas each of the two lineages

diversified at means between 6 and 2 Mya (Fig. 3).

DISCUSSION

Until now, molecular studies within the flavopilosa group of Drosophila only included
four of the 17 species of the group (D. cestri, D. cordeiroi, D. flavopilosa and D. incompta),
and only two of these are formally included in each of the two subgroups usually attributed to
the group (Béchli, 2020). This gap is probably an outcome of collection bias, once samplings
of the flavopilosa group are widely concentrated in the South and Southeast regions of Brazil
(Béchli, 2020). In addition, as each member of the flavopilosa group uses a different array of
Cestrum species as host (Santos and Vilela, 2005), the collection efforts may be (not
intentionally) biased on Cestrum species used only by that array of Drosophila species. Thus,
this study is the first to analyze sequences obtained from specimens of D. mariaehelenae in a
phylogenetic context. These specimens were collected at the state of Mato Grosso do Sul,
which still had no registers of species from the flavopilosa group (Béchli, 2020).

As previously reported by Robe et al. (2013), the COI barcoding provides satisfactory
results for specimen identification in the flavopilosa group, even though their analysis counted
with a single sequence of D. flavopilosa for the estimations of genetic distances. Our study,
besides the new sequences of D. mariaehelenae, included two additional sequences of D.
flavopilosa into the dataset to assess whether this conclusion is robust to additional intra and
interspecific sampling. Our results corroborate the findings of Robe et al. (2013) and reinforce
COI as a valid marker for specimen identification within this cryptic species complex,

especially for female individuals — which lack specific identification keys. In fact, all the tested
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species satisfied the DNA barcoding premises of reciprocal monophyly (Hickerson et al., 2006)
and positive barcoding gap values (Meyer and Paulay, 2005; Stoeckle, 2003).

Besides harboring the traditional marker for animal DNA barcoding approaches
(Hebert et al., 2003), the mitochondrial DNA (mtDNA) has been widely used for inferring
phylogenetic relationships between animal species with recent diversification, especially due
to the faster evolutionary rates compared with the nuclear DNA (nDNA) (Avise et al., 1986).
Nonetheless, this marker did not prove here to be a good choice for assessing the phylogenetic
relationships of the flavopilosa group, which seem to have diversified about 10 Mya. In fact,
this marker was not able to recover the monophyly of the target group, which was strongly
supported by the other two nuclear markers. Beyond discussions about incongruences between
mtDNA and nDNA evolutionary histories (Shaw, 2002), which seem to be quite common in
Drosophila (De Ré et al., 2014, 2010; Robe et al., 2010; Zanini et al., 2018), this outcome is
probably an artifact related to saturation and long branch attraction, which are often attributed
to mitochondrial markers (Reyes et al., 1999; Robe et al., 2005; Rubinoff and Holland, 2005;
Wilcox et al., 2004).

Although Amd and Ddc showed minor differences in the phylogenetic relationships
within the flavopilosa group, nDNA seems to be essential to clarify the phylogeny of this
group. In fact, these two markers taken individually or in combination were able to support not
only the monophyly of the flavopilosa group, but also its subdivision in two lineages: one
presenting D. incompta and D. mariaehelenae as sister species; the other clustering D.
Sflavopilosa with D. cestri and D. cordeiroi. The first grouping supports the monophyly of the
nesiota subgroup, as initially proposed by Vilela (1983) through the use of morphological data.
Conversely, the later lineage confirms the positioning of D. cestri and D. cordeiroi within the
flavopilosa subgroup, as initially proposed by Robe et al. (2010b) with the use of molecular
data. Thus, the phylogeny recovered here supports the division of the group into the flavopilosa
and nesiota subgroups, as proposed by Wheeler et al. (1962) based on morphological characters
and assigns two unplaced species to their corresponding subgroup. More controversial points
of the phylogeny, which should be further assessed through the inclusion of additional
specimens and markers are the paraphyly of D. incompta in regard to D. mariaehelenae, as
suggested by Amd, and the floating relationships between D. cestri, D. cordeiroi and D.
flavopilosa, which are incongruent between both nuclear markers.

The estimation of divergence times indicates that the diversification of the flavopilosa
group began around 10 Mya, within the Neogene (Tertiary) — about 15 my after the origin of
its host plant, the Cestrum genus (Clarkson et al., 2017). All the diversifications within the
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group happened before the closure of the Central American Seaway (the formation of the
Isthmus of Panama, around 3 Mya) (O’Dea et al., 2016), except the split between D. incompta
and D. mariaehelenae (around 2.5 Mya). This palacogeological event thus may not be related
with the speciation processes within the flavopilosa subgroup, even though further

paleoecological investigations are still needed to better support this scenario.

CONCLUSION

Overall, our results agree with previous studies and confirm DNA barcoding as a valid
technique to recognize species within the flavopilosa group of Drosophila (Robe et al., 2013)
— especially for females, which lack identification keys. The subdivision of the group into the
flavopilosa and nesiota subgroups (Wheeler et al., 1962), as well as the positioning of D. cestri
and D. cordeiroi within the flavopilosa subgroup (Robe et al., 2013) are highly supported. In
addition, the molecular data of D. mariaehelenae corroborates its taxonomic position within
the nesiota subgroup (based on morphological characters) as sister species of D. incompta
(Vilela, 1983). Although the diversification of the group seems to have occurred around 10
Mya, most splits occurred in the last 5 Mya, but still before the connection of North and South

America through the Isthmus of Panama.
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Figure 1. Majority-rule consensus trees recovered for the flavopilosa group of Drosophila through BI performed in MrBayes
based on (A) the mitochondrial gene cytochrome ¢ oxidase subunit I (COI); the nuclear genes (B) alpha-metyldopa (Amd) and
(C) dopa decarboxylase (Ddc); and (D) a multi-locus (COI + Amd + Ddc) dataset. Numbers above internal nodes represent the
posterior probability of each clade. Branch lengths are proportional to the scale, given in substitutions per site.
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Figure 2. Median-joining network for the COI haplotypes of D. incompta (pink circles) and D. mariaehelenae (blue circles)
performed in the software Network 5. The number of mutational steps between two haplotypes are represented above each
perpendicular lines. Red circles correspond to median vectors. The haplotype size corresponds to its frequency.
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represent the mean age of each split, whose 95% confidence limits are reflected by the respective node bars.
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TABLES
Table 1. Sequences downloaded from GenBank and their respective sources, geographical coordinates and accession
numbers.
Species Source Latitude Longitude co1 Amd Ddc
D. cestri Cangugu (RS) 31°23'47.32"S  52°40'43.63"W JX993112.1 - -
Pelotas (RS) 31°45'55.44"S  52°20'15.32"w  JX99311L1 - -
Saldanha Marinho (RS) ~ 28°23'40.45"S ~ 53°5'51.09"W JX993108.1 - -
JX993109.1 ~ -
Santa Maria (RS) 20041'143"S 5304855 72"W  JX993088.1  EU444560.1  EU446065.1
Sdo Sepé (RS) 30°9'50.36"S  53°34'18.56"W  JX993110.1 - -
- - ~ ~ AY699246.1 -
D. cordeiroi Cangugu (RS) 31°23'47.32"S  52°40'43.63"W  IX993094.1 - -
JX993095.1 ~ -
Curitiba (PR) 25°25'44.23"S  49°16'1.69"W JX993092.1 - -
Pelotas (RS) 31°45'55.44"S  52°20'15.32"W  JX993093.1 - -
Santa Maria (RS) 29°41'14.3"S 53°48'55.72"W JX993089.1 EU444561.1 EU446066.1
7X993090.1 ~ -
JX993091.1 - -
Viamio (RS) 30°4'19.98"S  51°5'49.05"W JX993096.1 - -
- - - - EU068743.1 -
D. flavopilosa Santa Maria (RS) 29°41'14.3"S  53°48'55.72"W . EU444564.1  EU446069.1
Pelotas (RS) 31°45'55.44"S  52°20'15.32"W  JX993097.1 - -
* - —_—
* - —_—
- - - ~ EU068742.1 -
D. incompta Cangugu (RS) 31°23'47.32"S  5204043.63"W  JX993107.1 - -
Cruz Alta (RS) 28°38'43.76"S  53°36'19.28"W  JX993103.1 - -
Curitiba (PR) 25°25'44.23"S  49°16'1.69"W JX993104.1 - -
Pelotas (RS) 31°45'55.44"S  52°20'15.32"W JX993106.1 - -
Saldanha Marinho (RS) ~ 28°23'40.45"S  53°5'51.09"W JX993101.1 - -
JX993102.1 ~ -
Santa Maria (RS) 29°41'14.3"S 53°48'55.72"W JX993099.1 EU444569.1 EU446075.1
7X993100.1 ~ -
Sdo Jodo do Polesine (RS)  29°37'17.02"S  53°26'57.82"w  JX993098.1 - -
Sdo Sepé (RS) 30°9'50.36"S  53°34'18.56"W  JX993105.1 - -
- - - ~ AY699247.1 -
D. mariaehelenae  Campo Grande (MS) 20°28'10.96"S  54°37'12.44"W * * *

*

*

Amd, alpha metyldopa; COI, cytochrome oxidase ¢ subunit I; Ddc, DOPA decarboxylase. Asterisks indicate new sequences
added by the present study.



Table 2. Genetic K2P distances presented by the species belonging to the D. flavopilosa group for COI sequences.

Genetic distances range (min - max)

Species Intraspecific Interspecific Barcoding gap
D. cestri 0.002 - 0.005 0.05-0.11 4.5%
D. cordeiroi 0.00-0.011 0.05-0.119 3.9%
D. flavopilosa 0.00-0.011 0.053-0.118 4.2%
D. incompta 0.002-0.011 0.074 - 0.11 6.3%
D. mariaehelenae 0.00 —0.03 0.076 - 0.119 4.6%

40



SUPPLEMENTARY MATERIAL

41

Table S 1. Results of the best nucleotide substitution model based on AIC for the COI dataset, estimated with MrModeltest2

and PAUP* 4.

Model -InLL K AIC delta Weight CumWeight
GTRHI 23.438.904 9 47.057.808 0.0000 0.3785 0.3785
GTR+G 23.440.708 9 47.061.416 0.3608 0.3160 0.6945
GTRA+I+G 23.431.045 10 47.062.090 0.4282 0.3055 10.000
HKY+G 23.748.574 5 47.597.148 539.341 7.35e-13 10.000
HKY++G 23.740.571 6 47.601.143 543.335 6.02e-13 10.000
HKY+I 23.757.759 5 47.615.518 557.710 2.93e-13 10.000
SYM+G 24.000.952 6 48.121.904 1.064.097 2.96e-24 10.000
SYM+I+G 23.996.145 7 48.132.290 1.074.482 1.76e-24 10.000
SYM+I 24.014.045 6 48.148.091 1.090.283 8.00e-25 10.000
F81+G 24.064.050 4 48.208.101 1.150.293 3.98e-26 10.000
GTR 24.026.846 8 48.213.691 1.155.884 3.01e-26 10.000
F81+1+G 24.057.734 5 48.215.469 1.157.661 2.75e-26 10.000
F81+1 24.072.947 4 48.225.894 1.168.086 1.63e-26 10.000
SYM 24.496.782 5 49.093.564 2.035.757 2.80e-45 10.000
HKY 24.510.518 4 49.101.035 2.043.228 1.40e-45 10.000
K80+G 24.695.710 2 49.431.421 2.373.613 0.00e+00 10.000
K80+I+G 24.689.512 3 49.439.023 2.381.216 0.00e+00 10.000
K80+ 24.706.135 2 49.452.271 2.394.463 0.00e+00 10.000
F81 24.738.850 3 49.537.700 2.479.893 0.00e+00 10.000
IC+G 24.862.356 1 49.744.712 2.686.904 0.00e+00 10.000
JCHI+G 24.856.360 2 49.752.720 2.694.912 0.00e+00 10.000
JCHI 24.871.760 1 49.763.521 2.705.713 0.00e+00 10.000
K80 25.287.415 1 50.594.829 3.537.021 0.00e+00 10.000
IC 25.446.023 0 50.892.046 3.834.238 0.00e+00 10.000

-InL: negative log likelihood

K: number of estimated (free) parameters

AIC: Akaike Information Criterion

delta: Akaike difference

weight: Akaike weight

cumWeight: cumulative Akaike weight
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Table S 2. Results of the best nucleotide substitution model based on AIC for the Amd dataset, estimated with MrModeltest2
and PAUP* 4.

Model -InLL K AIC delta Weight CumWeight
GTR+G 21.539.868 9 43.259.736 0.0000 0.4239 0.4239
GTRHI 21.544.712 9 43.269.424 0.9688 0.2611 0.6850
GTRA+I+G 21.538.064 10 43.276.128 16.392 0.1868 0.8717
HKY+G 21.598.640 5 43.297.280 37.544 0.0649 0.9366
HKY+I 21.605.691 5 43.311.382 51.646 0.0320 0.9687
HKY++G 21.595.940 6 43.311.880 52.144 0.0313 0.9999
K80+G 21.703.806 2 43.447.612 187.876 3.53e-05 0.9999
K80+I+G 21.700.603 3 43.461.206 201.470 1.79¢e-05 10.000
K80+ 21.712.234 2 43.464.468 204.731 1.52e-05 10.000
SYM+G 21.674.331 6 43.468.662 208.926 1.23e-05 10.000
SYM+I 21.681.301 6 43.482.603 222.866 6.13e-06 10.000
SYM+I+G 21.671.726 7 43.483.452 223.716 5.88e-06 10.000
GTR 21.757.996 8 43.675.991 416.255 3.88e-10 10.000
HKY 21.806.580 4 43.693.159 433.423 1.64e-10 10.000
K80 21.909.812 1 43.839.624 579.888 1.08e-13 10.000
SYM 21.881.638 5 43.863.276 603.540 3.32¢-14 10.000
F81+G 21.897.441 4 43.874.883 615.146 1.86e-14 10.000
F81+1 21.902.476 4 43.884.951 625.215 1.12¢-14 10.000
F81+1+G 21.896.011 5 43.892.021 632.285 7.89%¢-15 10.000
IC+G 21.988.879 1 43.997.759 738.022 3.99¢-17 10.000
JCHI 21.995.017 1 44.010.034 750.298 2.16e-17 10.000
JCHI+G 21.987.039 2 44.014.077 754.341 1.77e-17 10.000
F81 22.081.665 3 44.223.330 963.594 5.05e-22 10.000
IC 22.174.385 0 44.348.770 1.089.033 9.53e-25 10.000

-InL: negative log likelihood

K: number of estimated (free) parameters
AIC: Akaike Information Criterion

delta: Akaike difference

weight: Akaike weight

cumWeight: cumulative Akaike weight
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Table S 3. Results of the best nucleotide substitution model based on AIC for the Ddc dataset, estimated with MrModeltest2

and PAUP* 4.
Model -InLL K AIC delta Weight CumWeight
GTR+G 25.742.202 9 51.664.404 0.0000 0.2316 0.2316
HKY+G 25.782.749 5 51.665.498 0.1094 0.2193 0.4508
HKY+I 25.784.956 5 51.669.912 0.5508 0.1758 0.6267
GTRHI 25.747.405 9 51.674.810 10.405 0.1376 0.7643
GTRA+I+G 25.737.815 10 51.675.630 11.226 0.1321 0.8964
HKY++G 25.780.293 6 51.680.586 16.182 0.1031 0.9996

SYM+G 25.845.806 6 51.811.611 147.207 0.0001 0.9997
SYM+I+G 25.841.116 7 51.822.231 157.827 8.66e-05 0.9998

SYM+I 25.851.152 6 51.822.305 157.900 8.63e-05 0.9999
K80+G 25.896.243 2 51.832.485 168.081 5.19e-05 0.9999

K80+ 25.898.921 2 51.837.842 173.438 3.97e-05 10.000
K80+I+G 25.893.193 3 51.846.387 181.982 2.59¢-05 10.000

GTR 25.961.331 8 52.082.661 418.257 1.92e-10 10.000
HKY 26.012.627 4 52.105.254 440.850 6.19e-11 10.000
SYM 26.065.574 5 52.231.147 566.743 1.14e-13 10.000
K80 26.125.786 1 52.271.572 607.168 1.51e-14 10.000

F81+G 26.310.825 4 52.701.650 1.037.246 6.94e-24 10.000

F81+1 26.311.729 4 52.703.457 1.039.053 6.34e-24 10.000
F81+1+G 26.310.479 5 52.720.957 1.056.553 2.64e-24 10.000

IC+G 26.413.242 1 52.846.484 1.182.080 4.97e-27 10.000

JCHI 26.414.617 1 52.849.233 1.184.829 4.33e-27 10.000
JCHI+G 26.412.507 2 52.865.015 1.200.610 1.97e-27 10.000
F81 26.509.148 3 53.078.296 1.413.892 4.60e-32 10.000
IC 26.610.027 0 53.220.054 1.555.649 3.84e-35 10.000

-InL: negative log likelihood

K: number of estimated (free) parameters

AIC: Akaike Information Criterion

delta: Akaike difference

weight: Akaike weight

cumWeight: cumulative Akaike weight
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Abstract

The Drosophila flavopilosa group encompasses a cryptic complex of 17 Neotropical
anthophilous species ecologically restricted to flowers of Cestrum L. (Solanaceae) as feeding
and reproduction sites. Here, we aim to access the patterns of distribution of genetic diversity
encountered in populations of D. cestri and D. incompta, in order to understand the influence
of ecological specialization in the population dynamics of these species, while assessing the
putative strategies that enable them to survive during periods of resource scarcity. The genes
Cytochrome Oxidase subunit I (COI) and Ebony (E) were characterized for individuals of both
species collected in the area where their distribution overlap, that is, the Southern and South-
Eastern region of Brazil and analyzed through a set of phylogeographic approaches. The results
for both species and genes are congruent and revealed high haplotype or allele diversity, with
low nucleotide diversity and negative results for the neutrality tests, suggesting recent
population expansions. The haplotype networks and the phylogenetic trees for the concatenated
genes, together with the Fsr, Mantel and BAPS tests, further suggest a shallow population
structure. Nevertheless, although the demographic history inferred by skyline plots confirmed
that both species experienced recent population expansions, the datings of these events were
quite different: whereas for D. incompta expansion probably started about 1.5 Mya, for D.
cestri this event started about 300 kya. Such differences suggest that the similarities
encountered for both species in the patterns of distribution of genetic diversity could be
consequences of their shared ecological habits, being putatively related to their survival
strategies in face of the ephemerity of the resources. We further suggest that these species are
probably organized into metapopulations, which are constituted by subpopulations with high

levels of migration.

Keywords: Drosophila cestri — Drosophila incompta — phylogeography — population structure

— specialist species
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Introduction

In ecology, species that exploit a restricted range or few resources are commonly
referred as specialists, in contrast to generalist species, which exploit a broad range of resources
Mills et al., 2019). It is commonly assumed that these species have different population
dynamics (Kolasa & Li, 2003), as detected from differences in their patterns of genetic
diversity and population structure (Carvalho, 2019). In this sense, specialist species are
estimated to be more affected by past and current climate changes (Colles et al., 2009), which
is also related to their higher extinction rates (Clavel et al., 2010). This poses serious flaws to
the survival of specialist species in larger time ranges, and reveals the importance of assessing
their survival strategies over evolutionary time.

The high ecological diversity found within Drosophilidae is not only linked with the
array of feeding or reproduction substrates, but also with the different levels of specialization
presented by its species. In fact, anthophilous species of Drosophila are a good example of
how an ecological trait can differ even among closely related species (Schmitz & Valente,
2019). Even so, there are cases where an entire group of species share a restricted set of
resources. This is the case for the Drosophila flavopilosa Frey, 1919 group, which encompasses
a cryptic complex of 17 anthophilous species ecologically restricted to flowers of Cestrum L.
(Solanaceae) as feeding and reproduction sites (Wheeler et al., 1962; Bichli, 2020). In this
sense, the geographical distribution of the group is totally dependent on the distribution of
Cestrum species, which are highly abundant in the Neotropics (Robe ef al., 2013).

Even so, the geographic distribution and the array of host species usually differ between
species of the D. flavopilosa group. In fact, it seems that each species is specialized to a unique
but somewhat overlapped array of Cestrum species (Santos & Vilela, 2005). Moreover,
whereas some species of the group are widely endemic, others are widespread along the
Neotropical region (Robe et al., 2013). The geographical and host range overlaps allow
different species to be encountered in sympatry or even syntopy (Sepel et al., 2000). This is
the case, for example, of Drosophila cestri Brncic, 1978 and Drosophila incompta Wheeler &
Takada, 1962, which co-occur in a small area of the Southern Neotropics (Robe et al., 2013).
Nevertheless, although the former species is possibly restricted to the Southeast region of
Brazil and Uruguay, the latter has a disjunct geographical distribution expanding from the
South of Mexico to the North of Argentina (Bichli, 2020).

The close ecological relationship with Cestrum flowers entailed several morphological

and physiological adaptations to species of the D. flavopilosa group. Among these, the ability
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to explore toxic compounds of the host species (Pearce et al., 1992) and the short and quick
embryological development due to the ephemerity of the host flowers (Brncic, 1983; Aguilar
& Galetto, 2004) can be highlighted. In addition, the hosts do not seem to have a specific
pattern of phenology (Santos & Vilela, 2005), which imposes the need of demographic or
physiologic adaptations that are not understood. Here, we aim to access the patterns of
distribution of genetic diversity encountered in Brazilian populations of D. cestri and D.
incompta in order to clarify the historical and demographic processes that could explain them.
While addressing the similarities and incongruences between species, we aim to understand
how the flavopilosa group survive during the periods of resource scarcity and identify the
phylogeographical patterns and processes related with ecologically specialized species in the

Neotropics.

Material and methods

Area of study and specimen sampling

Flowers of Cestrum were collected in the Brazilian states of Minas Gerais (MG), Parana
(PR), Rio Grande do Sul (RS) and Santa Catarina (SC) (Fig. 1). The flowers were taken to the
laboratory, placed in 500 mL vials containing vermiculite and kept in a chamber with constant
temperature (21+1°C). After hatching, the adult flies were captured with an entomological
aspirator (Machado et al., 2014) and immediately fixed in absolute ethanol. Males of D. cestri
and D. incompta were identified to species level based on internal morphology and genitalia
patterns, according to pictures provided by Wheeler ez al. (1962). Females were not included

in our analyses due to the lack of specific morphological identification keys.

DNA isolation and sequencing

Total genomic DNA was extracted individually for each specimen following a phenol-
chloroform protocol (Jowett, 1986). Fragments of the mitochondrial gene Cytochrome c
oxidase subunit I (COI) and the nuclear gene Ebony (E) were amplified using the primer pairs
LCO1490 and HCO2198  (Folmer et al., 1994) and  525F  (§’-
CCCATSACCTCKGTGGAGCCGTA-3’) and 526R 5-
CTGCATCGCATCTTYGAGGAGCA-3’), respectively. PCR reactions were carried out using
GoTaq® Hot Start Green Master Mix (Promega, Madison WI, USA), according to the
manufacturer protocol, with 0.2 uM of each primer, and 100-200 ng of DNA.
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Amplification for the COI gene was performed by means of an initial step of
denaturation at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 45 s,
annealing at 57°C for 45 s and extension at 72°C for 1 min, and by a final extension step at
72°C for 5 min. Amplification for the £ gene was performed by means of an initial step of
denaturation at 94°C for 5 min, followed by 40 cycles of denaturation at 94°C for 45 s,
annealing at 58°C for 45 s and extension at 72°C for 1 min, and by a final extension step at
72°C for 7 min.

To check whether the amplification was successful, 5 1 of the 20 x1 PCR product were
applied to 0.8% agarose gel, stained with GelRed® (Biotium). The obtained amplicons were
purified with Exonuclease I (10U/ul) and FastAP Thermosensitive Alkaline Phosphatase
(1U/ul) (Thermo Scientific Inc) and directly sequenced. Sequencing was performed by

Macrogen Inc. (Seoul, South Korea) using BigDye technology and the same PCR primers.

Data analysis

The electropherograms were assembled and inspected in the Gap4 Software of the
Staden Package (Staden, 1996). The consensus sequences obtained were then checked for
identity in the BLASTn tool (NCBI website) and aligned with the ClustalW algorithm on
MEGA 7 (Kumar et al., 2016). Heterozygous sites found in E sequences and polymorphic sites
detected in the alignments were individually checked and corrected, if necessary. The alleles

for the E gene were reconstructed with PHASE, implemented in DnaSP 6 (Rozas et al., 2017).

Phylogeographical analysis

General levels of genetic diversity, including the number of haplotypes (h) [or alleles
(a), for E], haplotype diversity (Hd) [or expected heterozygosity (He), for E], nucleotide
diversity (7t) and number of polymorphic sites (s), were obtained in DnaSP 6 (Rozas et al.,
2017). This software was also used to perform the Tajima’s D (Tajima, 1989) and Fu’s and
Li’s D and F (Fu, 1997) neutrality tests. The differentiation levels presented by different
sampling locations were estimated by pairwise Fgsr in Arlequin 3.5 (Excoffier & Lischer, 2010).
A Mantel Test was performed for each species in the software Alleles In Space (Miller, 2005),
with significance measured though 1,000 permutations. Additionally, the general structure and
the most likely number of clusters was evaluated through a Bayesian analysis performed in

BAPS 6.0 (Corander et al., 2003). Finally, evolutionary relationships between the resulting
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COI haplotypes were evaluated by the reconstruction of median-joining haplotype networks
on Network 5 (Bandelt ef al., 1999).

Phylogenetic relationships were further accessed through Bayesian Inferences (BI) for
the multi-locus datasets (concatenated COI and E sequences), employing sequences of D.
virilis and D. melanogaster as outgroups. In each case, the best DNA substitution model was
chosen for each gene individually based on the Akaike information criterion (AIC) estimated
by MrModeltest2 (Nylander, 2004), implemented with the software PAUP* 4 (Cummings,
2014). The first BI was performed in MrBayes 3.2 (Ronquist & Huelsenbeck, 2003), using a
partitioned scheme in which each gene has its own substitution model and parameters. This
analysis was performed with two MCMC runs, each of which consisted of 200,000,000
generations, saving every 10,000 and burning the initial 25%. An additional BI was then
performed in BEAST 1.8.4 (Drummond et al., 2012) (employing sequences of D. albomicans,
D. americana, D. grimshawi, D. hydei, D. virilis and Scaptomyza flava as outgroups), in order
to measure divergence and diversification times, and obtain valid estimates of evolutionary
rates. This analysis was performed using unlinked substitution and molecular clock models,
with a normal prior distributions of 17.5 Mya (x1.25) to the divergence between Scaptomyza
and D. grimshawi (Grimaldi, 1987; Iturralde-Vinent & MacPhee, 1996). The MCMC run
consisted of 100,000,000 generations, saving every 10,000. Convergence of the run and
effective sample size were evaluated in Tracer 1.7 (Rambaut et al., 2018), and the maximum
clade credibility tree was reconstructed in TreeAnnotator (Drummond et al., 2012), using the
first 10% samplings as burn-in.

The inference of past population dynamics of each species was assessed by the
reconstruction of Extended Bayesian Skyline Plots (EBSP) implemented on BEAST 2.5
(Bouckaert et al., 2019). These analyses were performed using unlinked substitution and
molecular clock models, employing the evolutionary rates estimated through the
chronophylogenetic analysis described above as normal priors. The analysis was run for

500,000,000 generations, with samplings every 10,000.

Results

Sampling and sequence analysis
A total of 119 and 183 individuals of D. cestri and D. incompta were collected,
respectively, along 24 sample points across the Brazilian states of Minas Gerais (n = 1), Parana

(n = 2), Rio Grande do Sul (n = 19) and Santa Catarina (n = 2) (Fig. 1, Table 1). Regarding the
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molecular markers, 626 and 623 bp of the COI gene were sequenced for 94 and 183 individuals,
while 881 and 700 bp of the E gene were sequenced for 88 and 128 individuals of D. cestri and

D. incompta, respectively (Table 1).

Genetic diversity and Neutrality tests

The general diversity indexes presented by each species for both genes and the
multilocus datasets are presented on Table 2. Overall, both COI and E genes showed similar
and high values for the haplotype diversity and expected heterozygosity, respectively, but low
nucleotide diversity across both D. cestri and D. incompta. Both genes also presented negative
and statistically significant (P < 0.05) results for the Tajima’s D and Fu & Li’s D and F

neutrality tests.

Population structure

The Fsr values estimated for D. cestri indicated medium to high genetic differentiation
(Hartl & Clark, 1997), even though the COI sequences comparisons (Table 3, Fig. 2A) scored
higher values than the E gene (Table 3, Fig. 2B), especially between the populations of Santa
Rosa, RS and Bagé, RS (0.7); Cachoeira do Sul, RS (0.44); Curitiba, PR (0.66); Pelotas, RS
(0.6); Santa Maria, RS (0.58). Otherwise, the values for D. incompta showed low to medium
genetic differentiation between the sampled populations, with more congruent Fsr scores
between COI (Table 4, Fig. 2C) and E (Table 4, Fig. 2D). Higher values for the COI gene were
scored between the populations of Florian6polis, SC and Santiago (0.5); Bagé, RS (0.34); Cruz
Alta, RS (0.25); Belo Horizonte, MG (0.31).

The shallow population structure was reinforced by the COI haplotype networks (Fig.
3). Both D. cestri and D. incompta presented a star-like network pattern, in which a few central
and highly frequent haplotypes are connected by few mutational steps to peripheral and
exclusive or little shared haplotypes. Additionally, the majority rule consensus trees
reconstructed through BI for the multilocus dataset of both species (Fig. 4) had essentially
polytomic relationships between the sampled specimens and, therefore, did not present any
clade that would correspond to specific regions or sampling points. In addition, the Mantel Test
performed for both species and genes (D. cestri: r = -0,1703 and r = 0,0396; D. incompta: r =
-0,0482 and r = 0,0747, for COI and E genes, respectively) scored no significant correlation
between genetic and geographical distances (Fig. S1) and the BAPS placed all populations

within one group (Fig. S2), thus supporting the previous results.
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Demographic history

The results of the EBSP (Fig. 5) indicate population expansion for both species and
corroborate the previous results of the networks and neutrality tests. Despite the general
similarity in the patterns obtained, D. cestri presents signals of a small population expansion
that occurred in the last 300 kya, while D. incompta displays a more substantial population

expansion that began around 1.5 Mya.

Discussion

The sequences here characterized from both genomes recovered very similar patterns
within and between D. cestri and D. incompta, even though mtDNA and nDNA markers
usually describe different aspects on the evolutionary history of a species due to the distinct
inheritance patterns and effective population sizes (Sunnucks, 2000). Despite the high values
of haplotype diversity or expected heterozigosity, the low nucleotide diversity and the
neutrality tests for both species indicate only small differences between haplotypes or alleles
and suggest a recent population expansion. The median-joining networks also display and
emphasize those results, showing a star-like-pattern that is characteristic of recent population
expansions. Moreover, for both species, the Mantel tests discarded the isolation-by-distance
hypothesis and the BAPS analysis placed all populations in one group. Such patterns of weak
population structure seem to be common in somehow ecologically restricted insects, as seen in
Mycetophylax simplex (Cardoso et al.,2015), an ant endemic to the coast of Brazil and highly
specialized to the sand dunes habitat; and for Euglossini bees, a tribe that exclusively pollinates
orchid species and that reach up to 2.500 km of gene flow (Dick et al., 2004).

Nevertheless, although both D. cestri and D. incompta present signals of population
expansion, with absence of a deeper population structure, the timing of the expansion events
are quite different. In fact, although both species expanded in face of the Quaternary climate
changes (Rull, 2008), D. cestri showed only a slight population expansion, that occurred in the
last 300 kya, whereas D. incompta has been experiencing a deep population expansion in the
last 1.5 Mya. As the beginning of both expansions can be located in interglacial periods
(Gibbard et al., 2010; Dahl-Jensen et al., 2013), the two species of the D. flavopilosa group
can be added to the list of Drosophila species presenting evidences of demographic effects to
the climatic oscillations of the Quaternary (Brehm et al., 2004; Franco & Manfrin, 2013; De

Ré et al., 2014a; Gustani et al., 2015; Barrios-Leal et al., 2018). Interestingly, although many
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Cestrum plants are usually encountered in transitional areas (de Rojas & D’Arcy, 1998), the
patterns found for the D. flavopilosa group resembles those encountered for species inhabiting
more humid habitats [as D. maculifrons (De Ré€ et al., 2014a) and D. ornatifrons (Gustani et
al., 2015)] than for species inhabiting xeromorphic environments [as D. seriema (Franco &
Manfrin, 2013) and D. buzzatii (Brito et al., 2002)].

Beyond this scenario, despite the differences in the expansion dating, the fact that both
species presented similar patterns of population structure allows us some further speculations.
In fact, although it could be argued that the absence of population structure could be a
consequence of the recent population expansions, with insufficient time to attain significant
population structure (Ceballos et al.,2012), the fact that the species presenting older expansion
(D. incompta) presents lower mean Fgr values (0.087 versus 0.112, as encountered for COI;
0.031 versus 0.088, as encountered for E; all values with P < 0.05) encourages us to present
similarities as an outcome of the shared ecological patterns. In this case, similar patterns of
distribution of genetic diversity could arrive as a consequence of specialization or even as
survival strategies of the species in face of the ephemerality of the resources.

Two hypotheses have been raised so far to explain the survival of specimens belonging
to the flavopilosa group of Drosophila during the periods of scarce or none flourishing of
Cestrum species. The first, stated by Hofmann (1985), considers the presence of apparently
senile adults of D. incompta as a signal that a few individuals survive those critical periods and
found new populations as the resource becomes available again; in this scenario, we would
expect to detect signals of one or more population bottlenecks. The second hypothesis, more
recently stated by De Ré€ et al. (2014b), view the high levels of polymorphism found in the
mitochondrial DNA of D. incompta as a consequence from cyclic migration and population
expansions/retractions during the search for available resources; in this scenario, we would
expect a shallow population structure. Our results, therefore, are congruent with the latter
hypothesis, although do not completely discard the former.

In this case, for both D. cestri and D. incompta, Fsr values indicated punctual cases of
high genetic differentiation, especially concerning the COI gene. In both cases, higher values
of Fsr were presented by peripheral populations, not necessarily the more distant ones. Such a
pattern may reflect the fact that we are dealing with a major metapopulation, with outliers
putatively reflecting adjacent metapopulations or contact zones. This model was firstly
described by Levins, (1969) and characterizes the process of populations displacement,

extinction and establishment of new populations across time (Hanski & Gilpin, 1991); or, in
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Levins’ own words, “a population of populations”. The idea of founding new populations by
a few individuals after a former extinction is compatible with all the results provided here, and
may be further supported by data showing different phenological seasons for different Cestrum

species (Santos & Vilela, 2005).
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Figure 1. Map of the sample points for (A) Drosophila cestri and (B) Drosophila incompta across the Brazilian states of Minas Gerais (MG), Parand (PR), Rio Grande do Sul (RS) and Santa

Catarina (SC).
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Figure 2. Graphics of Fsr values for COI (A and C) and E (B and D) genes of Drosophila cestri (A and B) and Drosophila incompta (C and D). Colors correspond to the Fsr values range.
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to the number of mutational steps between two haplotypes, represented by circles. Red circles correspond to median vectors.
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Figure 4. Majority rule consensus tree inferred through BI in MrBayes using the multilocus dataset of Drosophila cestri (A) and D. incompta (B). Numbers in front of each internal node reflect
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Tables

Table 1. List of sampling points and their respective geographical coordinates and number of sequenced individuals for D. cestri and D. incompta. “Multi-locus” indicates the number of

specimens with both COI and E genes characterized.

Drosophila cestri

Number of sequenced individuals
Drosophila incompta

Geographical coordinates

Locality E Multi-locus COI1 Multi-locus South (S) West (S)
Belo Horizonte 0 0 0 11 9 6 19°49'1" 43°57'21"
Antonina 0 0 0 1 0 0 25°25'44" 48°42'43"
Curitiba 10 7 5 14 10 8 25°25'47" 49°16'19"
Bagé 10 8 8 10 7 7 31°19'48.51" 54°6'1.66"
Cangucu 1 0 0 7 5 2 31°23'42" 52°40'33"
Cachoeira do Sul 5 5 4 7 5 0 30°2'20" 52°53'38"
Cruz Alta 0 0 0 11 7 7 28°34'06.95" 53°37'20.72"
Frederico Westphalen 0 0 0 5 5 4 27°21°32.84” 53°23°46.81”
Horizontina 7 11 7 4 3 3 27°37'33" 54°1828"
Itaara 0 0 0 10 9 7 29°35°27.36” 53°45°31.00”
Morro Redondo 4 7 2 0 0 0 31°35'20.58" 52°38'34.98"
Osorio 6 7 6 0 0 0 29°53'32.04" 50°15'43.32"
Pelotas 4 6 3 15 16 13 31°46'19" 52°20'34"
Porto Alegre 12 9 8 6 0 0 30°2'4.73" 51°13'3.57"
Rio Grande 7 8 5 14 4 4 32°2'6" 52°5'56"
Santa Maria 7 2 2 29 16 13 29°4172" 53°48"25"
Santa Rosa 4 7 3 0 0 0 27°52'14 46" 54°28'48.56"
Santiago 0 0 0 4 3 2 29°11°29.26” 54°51.°59.51”
Sao Jodo do Polésine 0 0 0 7 4 3 29°38'59.73" 53°31'00.33"
Sdo Sepé 12 8 7 0 0 0 30° 9' 50.36" 53°34'18.56"
Trés Passos 5 3 3 10 10 10 27°27'21.36" 53°55'48.57"
Torres 0 0 0 2 0 0 29°20'18.23"S 49°43'41.61"W
Floriandpolis SC 0 0 0 7 8 5 27°35'49" 48°32'56"
Trés Barras 0 0 0 9 7 5 26°6'21" 50°19'19"
Total 94 88 63 183

COI = cytochrome oxidase subunit I; E = Ebony; MG = Minas Gerais; PR = Parand; RS = Rio Grande do Sul; SC = Santa Catarina.



Table 2. Estimations of genetic diversity and neutrality tests performed for D. cestri and D. incompta.
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Drosophila cestri

Drosophila incompta

COI Ebony Multi-locus COI Ebony Multi-locus
N 94 176 126 182 256 194
S 21 100 192 31 254 257
hora 31 112 116 30 252 191
Hd or He (sd) 0.889 (0.023) 0.985 (0,004) 0.998 (0.002) 0.801 (0.020) 1.000 (0.000) 1.000 (0.001)
7 (sd) 0.00305 (0.00023) 0.00523 (0,00036) 0.00964 (0.0022) 0.00343 (0.00024) 0.02551 (0.00058) 0.01690 (0.0004)
Tajima's D -1.89508%* -2.42245%%* -2.53419%** -2.08262% -2.14384%*%* -2.0882*
Fu & Li'sD -2.41065% -6.16539%*%* -3.82486** -5.83215%%* -3.83953%*%* -3.13511%*
Fu & Li'sF -2.64835% -5.31249%%* -3.87368** -5.13704%*%* -3.52494%*%* -3.1226%**
COI = Cytochrome oxidase subunit I; h or a = number of haplotypes or alleles, for COI and E, respectively; Hd or He = haplotype diversity or expected heterozygosity, for COI and E,

respectively; N = number of sequences; S = number of polymorphic sites; 5t = nucleotide diversity; * P < 0.05; ** P <0.02; *** P < 0.001.



Table 3. Pairwise FST values recovered in the comparisons between populations of Drosophila cestri based on COI (below diagonal) and E sequences (above diagonal).
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1 2 3 4 5 6 7 8 9 10 11 12 13 14
1.Bagé,RS - 0.22396*  0.05387* 0.15036*  0.16499*  0.06134*  0.13951*  0.22941*  0.15136* 0.00826  0.17601*  0.19413* 0.16881*
2. Cangucu, RS 051111 -- -- -- -- -- -- -- -- -- -- -- -- --
3. Cachoeira do Sul, RS 0.06433 0.04040 0.14970* 0.07255*%  0.17086*  0.09456* 0.07794*  0.11124* 0.08034* 0.18367* 0.10924*  0.15030*  0.20891*
4. Curitiba, PR -0.15974 0.37500 -0.00877 0.08090*  0.08956*  0.04780*  0.03911 0.08529*  0.06459* -0.03787  0.11980* 0.09783 0.06609
5. Horizontina, RS 0.20079* 0.05882 0.13775%  0.11537 0.00271  0.06647* 0.04385*  0.06587* -0.00575 0.04246  0.10799* 0.01528 0.01226
6. Morro Redondo, RS 0.36945% 0.12821 0.20376*  0.24699  0.08289 0.04219*%  0.05805*  0.08989*  0.01090 0.09777  0.12560*  0.05232*  0.08791
7. Osério, RS 0.23019* 0.23636 0.09091 0.15601  -0.03783  0.09379 0.06290*%  0.10272*  0.05696* -0.02450  0.10046*  0.08180*  0.04634
8. Pelotas, RS 0.32513*  -0.50000 0.14037  0.23077* 0.18297*  0.29252 0.17489 0.01477 001112  0.05390  0.04721* 0.01640 0.05742
9. Porto Alegre, RS 0.16703*  -0.13636  0.07950*  0.10124  0.02338 0.14740  -0.02128  0.07451 0.06540*% 0.16159*  0.09337*  0.07488*  0.10451*
10. Rio Grande, RS 0.18708*  -0.14286 0.01542 0.10256  0.00885 0.10660  -0.06580  0.06114 -0.04035 0.06397 0.11418 0.00108*  0.06326
11. Santa Maria, RS -0.03609 0.22222 003226  -0.08247 0.12211  0.27187*  0.11765  0.18129% 0.09471 0.09524 0.14020*  0.13635*  0.06326
12. Santa Rosa, RS 0.70516* 0.81818 0.44388*  0.66867* 0.16012 0.11111 0.28546  0.60976*  0.24734*  0.24093  0.58664* 0.14619*  0.17510*
13. Sdo Sepé, RS 0.02130 -0.15152 0.04983  -0.03489  0.00632 0.10078 0.02553 0.07494 0.01948 001645 -0.00792  0.31852* 0.02463
14. Trés Passos, RS 0.15254 0.11111 0.01855 007143  0.06935 0.21081 0.00248 0.02939 0.04054 0.00348  0.03743  0.50871* 0.04717

Asterisks indicate statistically significant values (P<0.05).



Table 4. Pairwise FST values recovered in the comparisons between populations of Drosophila incompta based on COI (below diagonal) and E sequences (above diagonal).
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1. Antonina, PR - - - - - - - - - - - - - - - - - -
2.Bagé, RS 0.28775 0.02450 0.00481 0.02654 0.01393 0.01083 0.05717*  0.02147 0.01768 0.02050 0.01286 -- 0.02693 0.00755 0.06385 0.02706  0.10366*  0.02908*
3. Cruz Alta, RS 049744  0.07723 0.02857 0.00979 0.01975 0.01975 0.04767*  0.02444 0.04043 0.02549 0.01448 -- 0.02517 0.02100  0.06325%  0.01763 0.06059*  0.02883*
4. Cangugu, RS 0.63810  0.19932*  0.02769 0.02844 -0.00351  -0.00351  0.04127*  0.02018 -0.00162 0.02875 -0.00654 -- 0.01947 001038  0.07398*  0.01431 0.11223*  0.02205
5. Cachoeira do Sul, RS 0‘0(;000 0.02549 -0.00614  -0.00202 0.01470 0.01470 0.02467 0.01265 0.04212 0.00964 -0.00642 -- 001175 -0.00863  0.06936* -0.01181  0.07698*  0.03822*
6. Curitiba, PR 0.38462  0.13496*  0.02015 -0.07445 0.01285 0.00502  0.04495*  0.03395*  0.02839  0.03511*  0.00200 -- 0.01656 0.00828  0.08517*  0.01971 0.10024*  0.02428*
7. Belo Horizonte, MG 0.05946  0.13005 0.15955*  0.20372*  0.01983  0.14358* 0.04504*  -0.00029 0.00800 001110 -0.00875 -- 0.01351 -0.00557  0.06379*  0.00665 0.06833*  0.00389
8. Floriandpolis, SC 0.76000  0.34074*  0.25807*  0.01403 0.15436*  0.03309  0.31739* 0.04765*  0.05380  0.04955*  0.03352* -- 0.03385 0.04090*  0.09712*  0.04134  0.15061*  0.06003*
9. Frederico Westphalen, RS 0.02632  0.13816  0.18670*  0.08864 -0.01717 0.05231 0.04188 0.11843 -000118  -0.01189 0.01701 -- 0.08480*  0.01791 0.06960*  0.00258 0.08479*  0.03542
10. Horizontina, RS 0‘03-030 0.13846 0.09781 -001818  -0.04755 0.04584 0.15052 0.08843 -0.04058 0.02092 0.00091 -- 0.03154 0.01140 0.06770 -0.02935  0.11853*  0.01749
11. Itaara, RS 0.59064  0.13333*  -0.03178  0.10949*  0.04100  0.08576*  0.20612  0.36086*  0.26718*  0.14068* 0.02160* - 0.07082*  0.01956*  0.06679*  0.01600  0.06137*  0.05065*
12. Pelotas, RS 0.00809  0.03189 0.03821 0.05640 -0.03077 0.03177 -0.00335  0.16412*  0.00319 0.06213 0.09143* -- 0.00452 -0.00016  0.07712*  -0.00418  0.08112*  0.00296
13. Porto Alegre, RS 037143 0.11184 -0.01024  -0.07586  -0.05524  -0.07291 0.04786 0.08237 -0.00781  -0.00599 0.05897 -0.02854 - - - - - -
14. Rio Grande, RS 0.19161 0.01036 0.00272 0.08391 -0.03761  0.07019*  0.08754  0.23811*  0.12451*  0.08373 0.04717*  0.00618  0.02826 001114 0.06381 0.01166  0.11783*  0.03727
15. Santa Maria, RS 0.36716  0.09339*  0.00323 -0.04131 0.03046 -0.01827  0.17489*  0.05236 0.08409 0.07749 0.06643  0.05594* 0-04990 0.06940* 0.08437*  -0.00288 0.08077 0.01622
16. Sdo Jodo do Polésine, RS 0.60494  0.09352 -0.03029 0.00438 0.00466 -001105  0.21594*  0.21171 0.16846*  0.03829 0.02853 0.06624 00 {093 0.03927 -0.03694 0.06585 0.14140%  0.10128*
17. Santiago, RS 042222 -0.09233 0.12338  0.33976*  0.01120  0.17882*  0.16753 0.50429*  0.18108 0.09179  0.18530*  0.02517 020530 -0.01796  0.13986*  0.17614 0.11560*  0.02067
18. Trés Barras, SC 0.31395  0.23814*  0.17429*%  0.12348 0.02025  0.13531* 021522  0.21717%  0.15359 0.11574  0.20649*  0.15302* 0.07953  0.09332  0.16289*  0.15356  0.26175% 0.13780*
19. Trés Passos, RS 0.11688  0.14667*  0.11846*  0.13092 -0.01004  0.09386*  0.05398 0.26705*  0.08933 0.12610  0.18341*  -0.00305  0.03739  0.02450  0.12332*  0.17776*  0.20305 0.09885

Asterisks indicate statistically significant values (P<0.05).
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Figure S 1. Graphics of the Mantel Test results, addressing the isolation-by-distance hypothesis, for D. cestri (A and B, for
COI and E genes, respectively) and D. incompta (C and D, for COI and E genes, respectively). Each circle corresponds to a
pairwise estimation value between genetic (Y axis) and geographical (X axis) distance.
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Figure S 2. BAPS results from the COI (A and C) or E (B and D) genes of Drosophila cestri (A and B) or D. incompta (C
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and D). The geographical distribution of each population is presented as a function of its geographical coordinates [latitude
(x-axis) and longitude (y-scores)], with clusters distinguished by color.
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CAPITULO IV — CONCLUSOES E CONSIDERACOES FINAIS

Esta Dissertacdo focou em estudar a historia evolutiva e a influéncia da especializagdo
ecoldgica na diversificacdo e processos de estruturagdo populacional do grupo flavopilosa de
Drosophila. Inicialmente, no Capitulo II, sdo avaliadas as relacdes filogenéticas dentro do
grupo, bem como a eficdcia da técnica de DNA barcode nessas espécies e a datacao de eventos
de divergéncia. Este capitulo também auxilia na resolucdo de questdes relacionadas ao
posicionamento taxondmico de algumas espécies do grupo. Os resultados obtidos suportam e
validam estudos anteriores, confirmando a técnica de DNA barcode como uma alternativa no
reconhecimento das espécies desse grupo, em especial para as fémeas — as quais ndo possuem
chaves de identificac@o.

A subdivis@o nos subgrupos flavopilosa e nesiota também foi recuperada e, como
hipotetizado por estudos anteriores (ROBE et al., 2013), os resultados indicam que D. cestri e
D. cordeiroi devem ser alocadas dentro do subgrupo flavopilosa. Além disso, os dados
moleculares corroboram o posicionamento de Drosophila mariaehelenae dentro do subgrupo
nesiota (VILELA, 1983). A andlise cronofilogenética, por sua vez, datou a origem do grupo
para aproximadamente 10 milhdes de anos atras e indicou que as diversificacdes subsequentes
provavelmente ocorreram nos ultimos 5 milhdes de anos — antes, contudo, da formagao do istmo
do Panama (cerca de 2,8 milhdes de anos atrds) (O’DEA et al., 2016). Nesse cendrio, a origem
geografica do grupo parece ser a América do Sul; no entanto, andlises biogeogréficas que
incluam OTU’s distribuidas na América Central e do Norte ainda devem ser realizadas para
confirmar essa hipétese.

As andlises populacionais executadas no Capitulo III indicam que D. cestri e D.
incompta compartilham padrdes semelhantes de distribuicao da diversidade genética. Ambas
espécies apresentaram valores baixos de diversidade nucleotidica e valores altos de diversidade
haplotipica ou de heterozigosidade esperada, os quais, junto aos valores negativos significativos
para os testes de neutralidade, sugerem expansao populacional recente. As redes de haplétipos,
valores de Fsr e as analises de BAPS corroboraram os resultados anteriormente descritos e
demonstraram baixa estruturacdo em suas populacdes; além disso, os testes de Mantel
descartaram a hipdtese de isolamento por distancia em ambas espécies, uma vez que a distancia
genética em suas populagdes ndo € explicada pela distancia geografica.

As estimativas das dinAmicas populacionais acessadas por meio de skyline plots indicam

que essas expansdes ocorreram em momentos distintos para cada espécie. Enquanto D. cestri
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apresentou uma pequena expansao populacional durante o Eemiano (o tltimo periodo
interglacial), as populacdes de D. incompta aparentemente comegaram a expansao na metade
do Pleistoceno. Nesse sentido, a hipétese levantada por DE RE et al. (2014) — a qual considera
os altos niveis de polimorfismo encontrados no genoma mitocondrial de D. incompta uma
consequéncia de expansoes/retracdes populacionais ciclicas e migracdes em busca de
individuos de Cestrum com flores — parece ser a que melhor explica os resultados obtidos e a

sobrevivéncia de espécimes do grupo flavopilosa durante os periodos sem recurso disponivel.
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Abstract

Since its establishment some 30 years ago, phylogeographical approaches have been used to
enlighten questions related to the historical distribution of current lineages. For over a century,
Drosophilidae species have been used as model organisms in several fields of study, from urban
environmental health to ecological genetics. Given this, the aim of this work was to (i) evaluate
the bias, gaps and progress related to scientific production of phylogeographical studies with
drosophilids; (i1) compile the results and conclusions reached by those papers; and (iii) identify
similarities or incongruities within the phylogeographical history recovered for different
species or regions. Papers about phylogeography with Drosophilidae published in peer-
reviewed journals from 1987 to 2018 were compiled. A total of 184 papers were analyzed,
from which 32 addressed phylogeographical questions with drosophilids. The results showed
no linear correlation between the number of papers published and year, and several bias
concerning both biogeographical regions and species or species groups were detected. The
obtained evidences show that several Drosophilidae species were affected by the Pleistocene
climatic oscillations, even in the Neotropics. This emphasizes the importance of using these
species as model organisms to shed some light into biogeographical patterns related to the

entire biodiversity of a region.

Keywords: Drosophila; model species; molecular clock; molecular markers; scientometric

research.
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Introduction

About 30 years ago, Avise et al. (1987) discussed the influence and the extension of
microevolutionary processes in the macroevolutionary differences between species. In this
sense, they pointed a lack of a field of study that would connect population genetics with
phylogenetic systematics. The term “phylogeography” was then established to designate
studies that integrate genealogies and biogeography in temporal and spatial dimensions, with
an emphasis on historical aspects that are able to explain the distributions of current lineages
(Avise, 2009).

In this sense, phylogeography has increasingly been used to solve questions related to
the origin of the current biodiversity patterns, showing an exponential growth since its
establishment (Beheregaray, 2008). Among those studies, phylogeography has been
remarkably employed in the context of speciation and conservation biology of several taxa,
e.g. animals (da Silva and Patton, 1998; Terranova et al., 2007) and plants (Hodel et al., 2016;
Tembrock et al., 2017). Moreover, phylogeographical studies may also help to understand
general patterns of species diversity and distribution (Hewitt, 2004). Concerning conservation
genetics, phylogeographical evaluations have provided important insights for the establishment
of effective conservation strategies aiming to recover endangered species (Dool et al., 2016;
Garcez et al., 2018; Rosauer et al., 2016).

Phylogeography also helps in current assessments of diversity and conservation by
enabling the discovery of new species or lineages (Alfaro et al., 2018). In the last field,
phylogeography may contribute to understand the ecological (Bonebrake et al., 2010) and
evolutionary relationships (Rosauer et al., 2016) between populations or species, which are
essential not only to address speciation or diversification patterns but to comprehend the real
dimensions affecting survival or extinction. Moreover, phylogeography may help in the
evaluation of general patterns of genetic variability [as intra- and interpopulation structure
(Eizirik et al., 2001) and demographic history (Zhang et al., 2017)] and assist in the discovery
of historical processes affecting biodiversity [such as vicariance or split into refugia (Song et
al., 2018), expansion and secondary contact (Gum et al., 2005), inference of introgression
(Jeratthitikul et al., 2013) and coevolution (Cuthill and Charleston, 2015)].

For over a century, drosophilids have been greatly used as model organisms in several
fields of study (Kohler, 1993; Markow and O’Grady, 2006). In the field of phylogeography,
these species have not only contributed to the understanding of common (Izumitani et al.,2016)

or peculiar evolutionary histories (De Ré et al.,2014; Fonseca et al.,2017), but to assess general
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patterns of diversification (Markow, 2019). Drosophilidae is a diverse and broadly distributed
dipteran family, that comprises more than 4,000 species occurring from tundra to tropics
(Béchli, 2020; Throckmorton, 1975), that may explore the most distinct substrates (Carson,
1971; Powell, 1997; Tosi et al., 1990). The taxonomists commonly divide the family into
radiations (or lineages), which represent multiple speciation events and their consecutive
diversifications (Throckmorton, 1975). Drosophila radiations were recently ranked to the
category of subgenera (Yassin, 2013) and are further divided into species groups, which cluster
morphologically related species (Grimaldi, 1990, 1987).

Given the relevance of Drosophilidae as an excellent and well known group of model
organisms, and the role of phylogeography in understanding general patterns and processes
that affect species evolution, the aim of this work was to verify and evaluate the progress, bias
and gaps related to scientific production of phylogeographical studies with drosophilids. We
also aimed to compile the results and conclusions reached by those papers, identifying
similarities or incongruities among the phylogeographical history recovered for different

species of Drosophilidae.

Methods

The literature surveys were conducted on January 2019, in the Web of Science
(Clarivate Analytics) and Scopus (Elsevier) databases, using the words “phylogeograph*” and
“drosophil*” to search in the titles, abstracts and key-words. The period analyzed (1987-2018)
starts in the second half of 1980, when the term phylogeography was first coined by Avise et
al. (1987). The resulting papers had their titles and abstracts (and full text, when necessary)
inspected to filter out only phylogeographical studies with Drosophilidae.

The selected papers were manually listed to a Microsoft Excel spreadsheet, and basic
information was extracted from each one, such as (i) year of publication, (ii) journal of
publication, (ii1) number of species and species group(s) included [according to Bichli (2019)],
(iv) country and institution of the first author, (v) total number and inheritance patterns of
genetic markers used in the study, (vi) whether morphological data were included in the
methodology or not, (vii) whether molecular clock was used to estimate
divergence/diversification times or not, and (viii) total number and name of the
biogeographical region(s) of the species included. We obtained the journal impact factors
reported in the 2017 Edition of the Journal Citation Reports (Clarivate Analytics) and

biogeographic regions of the sampled species followed the regionalization proposed by
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Morrone (2015). Geological periods followed the scale proposed by Walker et al. (2013). The
historical trend in the number of publications per year was evaluated using Pearson correlation

in R software (RStudio Team, 2015).

Results

The surveys resulted in 184 papers retrieved from the Web of Science database and 73
papers retrieved from the Scopus database. After the first inspection, the resulting papers were
manually reexamined to remove duplicates. From these, 152 papers were further excluded
because they were based in other works with Drosophilidae. Our analyses, therefore, counted
with 32 papers which are listed on Table S1.

A peak in the number of publications can be noticed in 2007 and 2008, followed by a
decrease and subsequent stabilization in relation to the number of publications per year (Figure
1). Congruent with this, the Pearson correlation coefficient scored r = 0.1196, hence indicating
no linear correlation between the number of papers published and year. Although the papers
were published in a few journals, most of them have high impact factors, with a weighted
average of 4.25 (Table 1). Most of the journals have published only one paper along the period
analyzed, which represents 3.13% of the total number of publications. Nonetheless, the two
preferred journals (“Molecular Ecology” and “Molecular Phylogenetics and Evolution™)
published more than 1/3 of the total number of papers.

In most of the papers (56.25%), a single mitochondrial locus was chosen as molecular
marker (Figure 2A, Table S1). About 28% of the articles combined mitochondrial (mtDNA)
and nuclear DNA (nDNA) in the phylogeographical analyses. Wilder and Hollocher (2003)
were the first to use this perspective, choosing the Cytochrome ¢ Oxidase subunit II (COII)
gene as mtDNA locus and the nuclear genes Cu/Zn-superoxide dismutase, engrailed and male
fertility factor kl-5 (sod, en and kl-5, respectively) as nDNA markers (Table S1). Studies
investigating phylogeographical patterns through solely nuclear DNA correspond to nearly
16% (Figure 2A, Table S1). Kopp et al. (2006) were the first to choose only nuclear loci (kI-2
and k/-3 genes) instead of a mtDNA marker or a nuclear versus mitochondrial gene approach
(Table S1). Nonetheless, three authors used microsatellite data, either combined with mtDNA
(Mirol et al., 2007; Schiffer et al., 2007) or as the only molecular marker (Fraimout et al.,
2017). In addition to the molecular data, seven articles combined morphological analyses into

the phylogeographical methodologies (Figure 2B).
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The sole inference of inter- or/and intrapopulation variability levels, population
structure and demographic history compose the most addressed question (ten papers) (Figure
3). Inference of historical processes affecting other biodiversity scales were performed solely
or in combination with other aims in other 11 papers (Figure 3). In total, molecular clocks were
employed to estimate divergence or diversification times between lineages in ten articles
(31.25%), from which seven and two studies dated the events to Pleistocene and Pliocene
Epochs, respectively. [zumitani et al. (2016) was excluded from this analysis due to the large
Drosophila taxonomic sampling and will be discussed in particular in the next sections.

The species studied belong to the Drosophila, Idiomyia, Lordiphosa, Scaptodrosophila,
Scaptomyza and Zaprionus genera. Regarding species groups, the melanogaster group of
Drosophila appears as the most studied (considered in 12 articles), followed by the repleta and
immigrans/virilis groups of Drosophila (nine and four articles, respectively) (Table 2). Most
of the articles studied only one species, followed by three or more species (20 and 10 articles,
respectively).

The Nearctic region was explored in 15 of the 32 studies, and comprised the most
studied biogeographical region among the papers (Figure 4, Table S1). The Palearctic and
Neotropical follow as the second most studied regions, each representing 13 of the papers. In
contrast, the Ethiopian region appears only in three articles, less than 10% of the total. When a
single biogeographical region was accessed, the Neotropical region stands as the most solo
region studied, in a total of eight papers (Figure 4), followed by the Nearctic region (five
papers). These findings may be related to the affiliations of the authors, as the United States,
Brazil and Japan encompassed the three countries with more publications, scoring nine, six and

four published articles, respectively (Figure 5, Table S2).

Discussion

Although phylogeography started as a new discipline with the publication of Avise et
al. (1987), phylogeographical studies with Drosophilidae began only 12 years later, with the
publication of Kelemen and Moritz (1999) in the Evolution journal. In this paper, a comparative
approach was performed in a sibling pair of Drosophila species (D. serrata and D. birchii)
belonging to the melanogaster group and distributed in the Australian region. A new article
was published only about three years later by Brito et al. (2002), in which a single Drosophila

species (D. buzzatii, repleta group) was studied, with a focus on Brazilian populations.
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Drosophilidae currently counts with 76 genera (Béchli, 2020), though only six of them
were studied on a phylogeographical context. Furthermore, although Drosophila appears in
most of the retrieved articles, only 19 of the 58 species groups of the genus (Béchli 2019) have
been used to study phylogeographical patterns. There are, therefore, at least 39 Drosophila
species groups yet to be phylogeographically studied, in addition to hundreds of species
belonging to other genera. In many cases, this bias is possibly an outcome of the difficulty of
achieving a sufficient number of samples. Nonetheless, we also highlight a bias that is
strengthened in the last two years towards studying the melanogaster group. In fact, this species
group accounts for 37.5% of the published studies, and two of the four papers published since
2017 focus on Drosophila suzukii, a pest and invasive species, native to Asia (Asplen et al.,
2015), that feeds and/or breeds in healthy fruits (Goodhue et al., 2011). In this case, Fraimout
et al. (2017) and Choi et al. (2018) used a phylogeographical approach to clarify how this
species spread around the globe until its recent arrival in South America (Depra et al., 2014).

According to estimations performed with molecular clocks, most of the populations of
Drosophilidae experienced diversifications within the Neogene and Quaternary periods
(Pliocene and Pleistocene Epochs, in particular). The Quaternary period, that ranges from +2.6
Mya until present (Walker et al., 2018), has been characterized by intermittent glaciations, in
a cycle of approximate 100,000 years (Hewitt, 1996), which seem to have impacted the
dynamics and population sizes of different Drosophila species (Barrios-Leal et al., 2018;
Brehm et al., 2004; Franco and Manfrin, 2013; Mirol et al., 2008, 2007; Robert Liu et al., 2015;
Smith et al.,2012). Nonetheless, [zumitani et al. (2016) performed a large Drosophila subgenus
sampling to test Throckmorton’s hypothesis on its ancestral distributions. Their findings
corroborate the hypothesis of migrations from the Old to the New World via Bering Land
Bridge, but suggest these events occurred in a wider period of time, ranging from the Oligocene
to the Pliocene.

Concerning the biogeographical regions, besides the general pattern of concentration
of studies on Nearctic, Neotropical and Palearctic regions, we bring a summary of the essential

findings in the following sections.

Palearctic and Nearctic regions
Gao et al. (2011) revised the phylogenetic relationships between the Lordiphosa genus
and the Sophophora subgenus, proposing their divergence as a vicariant event during the

Eocene Epoch. According to these authors, this event was possibly related to the breach of the
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North Atlantic Land Bridge between Europe and North America. Sillero et al. (2014) detected
an expansion of D. americana (virilis group) during the last interglacial period, in addition to
a bottleneck during the last glacial maximum (LGM) followed by a recent expansion. Within
the same species group, the mtDNA of Drosophila virilis also suggests a population expansion
associated with post-glacial colonization, but in this case microsatellites indicate a bottleneck
occurring after this event (Mirol et al., 2008). In addition, Mirol et al. (2007) detected the
presence of two populations of Drosophila montana (virilis group) separated during
Pleistocene. The contrasting patterns found by these authors for these lineages based on
historical demography suggest isolation into two refugia during the LGMs.

Concerning other species of Drosophila, Brehm et al. (2004) detected the absence of
separation between Moroccan and Iberian haplotypes of Drosophila subobscura (obscura
group), refuting the hypothesis that the strait of Gibraltar acted as a barrier to gene flow. More
recently, Novkovi¢ and Kimura (2015) performed a comparative phylogeographical study
between three species of Drosophila [D. albomicans (immigrans group), D. bipectinata and D.
takahashi (melanogaster group)] and one species of a Drosophila-parasitoid wasp (Leptopilina
ryukyuensis). Specific phylogeographical patterns were found for each species, thus suggesting

no correlation between host and parasite evolutionary histories.

Neotropical region

For species of the repleta group, Brito et al. (2002) found low nucleotide diversity and
little population structure for Drosophila buzzatii (buzzatii species complex), and supported
the hypothesis that this species has actively migrated to Brazil some time ago. Within the same
species complex, Moraes et al. (2009) revealed a subdivision of D. gouveai in different
lineages, with footprints of range expansion before the LGM triggered by the climatic changes
of the Pleistocene. The population structure seen on D. meridionalis (mulleri subgroup) by
Barrios-Leal et al. (2018) also evidenced the presence of different lineages, whose divergence
was dated to the end of a glacial period in Pleistocene — around 840 kya. Finally, Smith et al.
(2012) found that the split of populations of D. mojavensis (mojavensis species complex)
coincides with interglacial periods, suggesting their history is intimately linked to Pleistocene
climatic oscillations. The divergence estimations coincides with the global sea level rise of near
100m during the Holstein interglacial, which could have separated the Baja peninsula from

mainland Mexico (Siddall et al., 2007).
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In regard to other species groups, De Ré et al. (2014) reported for D. maculifrons
(guarani group) a population expansion near the transition of Pleistocene to Holocene (around
12,000ya). According to this study, the sampled region did not present the environmental
requirements suitable for the target species during the LGM, which would imply populations
of D. maculifrons expanded and settled only after this event. Within the same group, Gustani
et al. (2015) inferred that D. ornatifrons was most likely affected by the same historical events
as D. maculifrons, since the authors detected demographic expansions after the LGM,
intensified near the transition of Pleistocene to Holocene. Nonetheless, Brisson et al. (2005)
found a lack of evidence for historical events in D. polymorpha (cardini group). Within this
species, the restricted gene flow between populations appears to have occurred through patterns
of isolation by distance. Such a pattern was not detected for phenotypic differences related to

abdominal pigmentation, which seems to be related to habitat type and desiccation resistance.

Australian and Oriental regions

According to He et al. (2007), Drosophila lacertosa (robusta group) showed no
correlation between geographical and genetic distances, suggesting a recent population
expansion, putatively associated to post-glacial habitat changes. Otherwise, Kelemen and
Moritz (1999) showed that populations of D. serrata and D. birchii (melanogaster group,
serrata species complex) contracted during Pleistocene glacial periods. Drosophila birchii
presented a recent range expansion, as suggested by the low diversity and the lack of
geographical structure, a pattern later confirmed by Schiffer et al. (2007). Drosophila serrata,
however, presented a phylogeographical break into two distinct lineages, which may represent
a pair of cryptic species resulting from a split into two distinct refugia during the glacial period

(Kelemen and Moritz, 1999).

Ethiopian region

Kopp et al. (2006) estimated the origin of D. simulans (melanogaster group, simulans
species complex) in Madagascar or East Africa. Regarding a species located in another genus
of Drosophilidae, Zaprionus indianus, Yassin et al. (2008) indicated subdivision in two
lineages whose reproductive isolation supports independent species status, and whose

phylogenetic patterns reinforces the African origin of the complex.

Conclusions



80

Despite the wide use of Drosophilidae species as model organisms in science, we
unexpectedly recovered only a few phylogeographical studies with its species. The gap on the
chosen taxa reinforces the demand on the less studied species or species groups. Likewise,
there is an underrepresentation concerning some biogeographical regions, like the sub-Saharan
Africa (Ethiopian region), which appears in much less articles than the Palearctic or Nearctic
regions, for example. These gaps may hide answers to phylogeographical patterns or questions
that are yet poorly understood or even totally unsolved, regarding not only the focused species,
but the biodiversity of a region taken as a whole. In the first case, phylogeography can help,
for example, to elucidate questions related to species of economic interest, as it was recently
demonstrated for the pest and invasive species Drosophila suzukii (Choi et al., 2018; Fraimout
etal.,2017). In the last case, Drosophilidae species can be used as a model to infer geographical
barriers or historical events affecting the biodiversity of a region.

In fact, the obtained evidences support that several Drosophilidae species were highly
affected by the climatic oscillations within the Pleistocene. Among the studied species, those
presenting higher dependences on milder climate and humid habits [such as D. americana, D.
birchii, D. maculifrons, D. ornatifrons, D. serrata (De R¢€ et al., 2014; Gustani et al., 2015;
Kelemen and Moritz, 1999; Sillero et al., 2014)] present signals of bottlenecks or population
contractions during glacial periods, followed by population expansions during interglacial
periods. Nevertheless, species inhabiting xeric environments [such as the buzzatii species
complex — D. buzzatii and D. gouveai (Brito et al., 2002; Moraes et al., 2009)] usually present
contrasting signals, with range expansions dated to glacial periods. All these findings
emphasizes the importance of using Drosophilidae species as model organisms, not only on
the impact of past or future climate changes, but also on environmental perturbations, as

recently shown by Valente-Gaiesky (2019).
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Figure 1. Number of phylogeographic studies with drosophilids published during the period of 1999-2018.
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Figure 2. Proportion of phylogeographic studies with drosophilids published during 1999-2018 sorted by (A) Type of
molecular marker. (B) Inclusion or not of morphological data. mtDNA, mitochondrial DNA; nDNA, nuclear DNA.
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intrapopulation variability levels, population structure and demographic history; (B) inference of evolutionary factors
(selection, migration, mutation, genetic drift); (C) inference of introgression; (D) inference of cryptic diversity (species or
lineages); (E) inference of historical processes affecting other biodiversity scales (vicariance due to a river, strait, refugia, etc);
(F) co-evolution.
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Figure 4. Number of phylogeographic studies with drosophilids published during 1999-2018 sorted by biogeographical
regions. A = Australian; E = Ethiopian; Nea = Nearctic; Neo = Neotropical; O = Oceanian; P = Palearctic.
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Figure 5. Number phylogeographic studies with drosophilids published by each country during the period of 1999-2018.
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Tables

Table 1. List of Journals that published phylogeographic studies with Drosophilidae during the period of 1999-2018, with
their respective Impact Factor (IF) and absolute and relative number of publications.

Journal title Number of publications IF  Percentage
1 Molecular Ecology 7 6.131 21.88%
Molecular Phylogenetics and
2 Evolution 5 4412 15.63%
3 Evolution 3 3.818 9.38%
Biological Journal of the Linnean
3 2.532 9.38%
Society

5 Molecular Biology and Evolution 2 10,217 6.25%
6 Journal of Biogeography 2 4.154 6.25%
7 Zoological Science 2 0.906 6.25%
8 PLOS ONE 2 2.766 6.25%
9 Genetics and Molecular Biology 1 1.493 3.13%
10 BMC Evolutionary Biology 1 3.027 3.13%
11 Molecular Ecology Resources 1 7.059 3.13%
12 Journal of Evolutionary Biology 1 2.538 3.13%
13 Journal of Insect Science 1 1.324 3.13%

14 Mitochondrial DNA Part A 1 0.575 3.13%
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Table 2. List of genera and species groups of Drosophilidae included in the evaluated phylogeographic studies, with their
respective number of articles (for more details, see Table S1).

Number of

Genus Subgenus species group articles

N}

Drosophila Drosophila repleta
immigrans
virilis
cardini
guarani
funebris
bizonata
guttifera
histrio
nannoptera
polychaeta
quinaria
robusta
testacea
tripunctata
Sophophora melanogaster
obscura
saltans
willistoni
Idiomyia orphnopeza
Lordiphosa denticeps
fenestrarum
miki
nigricolor
Scaptodrosophila rufifrons
Scaptomyza
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Zaprionus Zaprionus vittiger




Table S1. List of the 32 papers retrieved in our search, with their respective assorting about the evaluation criteria.
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Publication # Authors | Year Journal \ 1010} § Country | Institution

1 Kelemen & Moritz 1999 Evolution 10.1111/j.1558-5646.1999.tb04545 .x Australia University of Queesland, Australia

2 Brito et al. 2002 Genetics and Molecular Biology 10.1590/S1415-47572002000200009 USA Washington University, USA

3 Wilder & Hollocher 2003 Evolution 10.1111/7.0014-3820.2003.tb01500.x USA Princeton University, USA

4 Ballard 2004 Molecular Biology and Evolution 10.1093/molbev/msh028 USA University of Iowa, USA

5 Brehm et al. 2004 Molecular Phylogenetics and Evolution 10.1016/j.ympev.2003.10.018 Portugal University of Madeira, Portugal

6 Hurtado et al. 2004 Molecular Ecology 10.1111/j.1365-294X.2004.02169 .x USA University of Arizona, USA

7 Brisson et al. 2005 Evolution 10.1111/.0014-3820.2005.tb01043.x USA Washington University, USA

8 Kopp et al. 2006 Molecular Phylogenetics and Evolution 10.1016/j.ympev.2005.06.006 USA University of California, USA

9 Mirol et al. 2007 Molecular Ecology 10.1111/j.1365-294X.2006.03215.x UK The University of Leeds, UK

10 Reed et al. 2007 Molecular Ecology 10.1111/j.1365-294X.2006.02941.x USA University of Arizona, USA

11 Schiffer et al. 2007 Molecular Ecology 10.1111/j.1365-294X.2006.03200.x Australia University of Melbourne, Australia

12 He 2007 Molecular Phylogenetics and Evolution 10.1016/j.ympev.2006.08.010 China Kunming Institute of Zoology, China

13 Mirol et al. 2008 BMC Evolutionary Biology 10.1186/1471-2148-8-59 UK The University of Leeds, UK

14 Sawamura et al. 2008 Molecular Phylogenetics and Evolution 10.1016/j.ympev.2008.06.007 Japan University of Tsukuba, Japan

15 Schug 2008 Molecular Ecology 10.1111/j.1365-294X.2008.03770.x USA University of North Carolina, USA

16 Yassin et al. 2008 Molecular Ecology Resources 10.1111/7.1471-8286.2007.02020.x France Centre National de la Recherche Scientifique, France
17 Moraes et al. 2009 Journal of Biogeography 10.1111/j.1365-2699.2009.02145 .x Brazil Universidade Federal de Sdo Carlos, Brazil

18 Sawamura et al. 2010 Zoological Science 10.2108/zsj.27.303 Japan University of Tsukuba, Japan

19 Gao et al. 2011 Molecular Phylogenetics and Evolution 10.1016/j.ympev.2011.04.012 China Yunnan University, China
20 Smith et al. 2012 Molecular Ecology 10.1111/j.1365-294X.2012.05604.x UK University of St. Andrews, UK
21 Franco & Manfrin 2013 Journal of Biogeography 10.1111/j.1365-2699.2012.02777 .x Brazil Universidade Federal de Sdo Carlos, Brazil
22 Eldon et al. 2013 Molecular Ecology 10.1111/mec.12326 USA University of Hawaii, USA
23 De Ré€ et al. 2014 Biological Journal of the Linnean Society 10.1111/bij.12244 Brazil Universidade Federal de Santa Maria, Brazil
24 Sillero et al. 2014 Journal of Evolutionary Biology 10.1111/jeb.12400 Portugal Centro de Investigacdo em Ciéncias Geo-Espaciais, Portugal
25 Liu et al. 2015 Journal of Insect Science 10.1093/jisesa/iev056 Taiwan National Central University, Taiwan
26 Novkovic & Kamura | 2015 PLOS ONE 10.1371/journal. pone.0129132 Japan Hokkaido University, Japan
27 Gustani 2015 Zoological Science 10.2108/zs140062 Brazil Universidadade Estadual do Centro-Oeste, Brazil
28 Izumitani et al. 2016 PLOS ONE 10.1371/journal .pone.0160051 Japan Hokkaido University, Japan
29 Rampasso et al. 2017 Biological Journal of the Linnean Society 10.1093/biolinnean/blx073 Brazil Universidade de Sdo Paulo, Brazil
30 Fraimout 2017 Molecular Biology and Evolution 10.1093/molbev/msx050 France Sorbonne Universités, France
31 Choi 2017 Mitochondrial DNA Part A 10.1080/24701394.2016.1278534 IS((())?;E Animal and Plant Quarantine Agency, South Korea
32 Barrios-Leal et al. 2018 Biological Journal of the Linnean Society 10.1093/biolinnean/blx 134 Brazil Universidade de Sdo Paulo, Brazil
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Table S1. Continued.
‘ Publication # ‘ N sp Sp groups N sp groups Biogeographical regions

1 2 melanogaster 1 Australian

2 1 repleta 1 Neotropical

3 9 cardini 1 Neotropical

4 1 melanogaster 1 Ethiopian; Neartic; Neotropical; Paleartic; Oriental; Australian
5 1 obscura 1 Paleartic

6 3 nannoptera; repleta 2 Neartic

7 1 cardini 1 Neotropical

8 1 melanogaster 1 Oriental; Paleartic; Neartic; Australian
9 1 virilis 1 Neartic; Paleartic

10 4 repleta 1 Neartic

11 1 melanogaster 1 Australian

12 1 robusta 1 Oriental; Paleartic

13 1 virilis 1 Paleartic; Neartic

14 6 melanogaster 1 Australian; Oriental

15 2 melanogaster 1 Paleartic; Oriental; Australian

16 1 vittiger 1 Neotropical; Paleartic; Ethiopian; Neartic
17 1 repleta 1 Neotropical

18 6 melanogaster 1 Australian; Oriental

o ||| e sl il i s ot g
20 1 repleta 1 Neartic
21 4 repleta 1 Neotropical
22 1 grimshawi 1 Neartic
23 1 guarani 1 Neotropical
24 1 virilis 1 Neartic
25 5 immigrans; melanogaster 2 Oriental; Paleartic
26 3 immigrans; melanogaster 2 Paleartic; Oriental
27 1 guarani 1 Neotropical
28 45 bizonata; cardini; funebris; guarani; gqttifera; histrio; immigrans; quinaria; testacea; 10 Neartic; Neotropical; Paleartic; Oriental; Australian

tripunctata

29 1 repleta 1 Neartic; Neotropical
30 1 melanogaster 1 Neartic; Neotropical; Paleartic
31 1 melanogaster 1 Neartic; Paleartic
32 1 repleta 1 Neotropical
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Table S1. Continued.
Publication # N markers Type of markers mtDNA marker nDNA marker Morphological data Molecular clock Period
1 1 mtDNA COI -- No No --
2 1 mtDNA COI -- No No --
3 4 mtDNA; nDNA coll sod; en; kl-5 No Yes Pliocene
4 mtDNA Mitogenome -- No No --
5 1 mtDNA COI - No Yes Pleistocene
6 1 mtDNA COI -- No No --
7 2 mtDNA; nDNA cytB pgd Yes No --
8 2 nDNA - kl-2; k1-3 No No --
9 18 mtDNA; nDNA COI; COoIl microsatellites Yes Yes Pleistocene
10 1 mtDNA COI - No Yes Pliocene
11 11 mtDNA; nDNA ND5 microsatellites No No -
12 1 mtDNA ND2 -- No No --
13 2 mtDNA COI; COoIl -- No Yes Pleistocene
14 1 mtDNA pseudo-COI -- No No --
15 2 mtDNA cytB; ssA -- Yes No -
16 2 mtDNA COI; coll -- Yes No --
17 1 mtDNA con -- No No --
18 4 nDNA - At Wi T8 No No -
19 4 mtDNA; nDNA ND2; COIl Adh; 28SrRNA No No --
20 15 nDNA - multiple loci No Yes Pleistocene
21 1 mtDNA COI - No Yes Pleistocene
22 1 mtDNA COI -- No No --
23 2 mtDNA COI; coll -- No No --
24 16 nDNA - multiple loci No No --
25 8 mtDNA; nDNA N];jol\ig;l;ﬁﬁg%glss 1;1})1\(13A_ esc No Yes Pleistocene
26 2 mtDNA; nDNA COI gpdh Yes No --
27 2 mtDNA COI; coll -- No No --
28 5 mtDNA; nDNA COI; COoIl gpdh; Adh; 28S No Yes -
29 1 mtDNA COI -- Yes No --
30 25 nDNA - microsatellites No No --
31 2 mtDNA COI; ND4 -- No No --
32 2 mtDNA; nDNA COI period Yes Yes Pleistocene




Table S2. List of the Institutions of origin of the first authors of the evaluated papers.

Institution

Number of papers

Hokkaido University, Japan
Washington University, USA
University of Arizona, USA
The University of Leeds, UK
University of Tsukuba, Japan
Universidade Federal de Sdo Carlos, Brazil
Universidade de Sao Paulo, Brazil
Princeton University, USA
University of lowa, USA
University of Madeira, Portugal
University of California, USA
University of Melbourne, Australia
Kunming Institute of Zoology, China
University of North Carolina, USA

Centre National de la Recherche Scientifique, France

Yunnan University, China
University of St. Andrews, UK
University of Hawaii, USA

Universidade Federal de Santa Maria, Brazil

Centro de Investigagdo em Ciéncias Geo-Espaciais, Portugal

National Central University, Taiwan
Universidade Estadual do Centro-Oeste, Brazil

Sorbonne Universités, France

Animal and Plant Quarantine Agency, South Korea

University of Queesland, Australia
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