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Co-orientador: Marco Silva Gosttschalk
Local e data da Defesa: Santa Maria, 27 de maio de 2015.

Drosophila melanogaster € um conhecido organismo modelo que tem incitado estudos em
diversos campos do conhecimento e auxiliado no avanco cientifico em varias areas. Contudo,
Drosophilidae, a familia na qual essa espécie estd inserida, € extremamente especiosa, sendo
composta por mais de 4.200 espécies, a maioria das quais com conhecimento deficitario ou
inexistente, além de muitas outras espécies desconhecidas. Mesmo hipbteses acerca da
evolucéo do grupo formuladas em 1975 ndo foram ainda devidamente testadas. Dessa forma, a
presente tese pretende preencher parte dessas lacunas testando a hipotese das radiacdes
proposta por THROCKMORTON (1975) em diferentes grupos taxondmicos de drosofilideos, a
fim de definir se os mesmos evoluiram através de radiacdes adaptativas ou sdo meramente
grupos taxonémicos de dificil resolucéo filogenética. Para isso, no capitulo 1, foram utilizadas
espécies pertencentes as linhagens virilis-repleta e tripunctata do subgénero Drosophila, e os
resultados mostram que a evolugdo do grupo parece ser mais complexa do que previamente
proposto, com a primeira linhagem apresentando sinais de conservadorismo de nicho e a
segunda sendo compativel com a ocorréncia de uma radiacéo adaptativa. No capitulo 2 também
foram encontrados sinais de conservacao de nicho abiético entre diferentes espécies micofilicas
pertencentes ao grupo genérico Zygothrica, que utilizam corpos de frutificacdo de fungos
macroscépicos como recurso para alimentacdo, oviposicdo e/ou cépula. Em outra frente,
também no capitulo 2, visando contribuir para o conhecimento da diversidade da familia,
expandimos o numero de registros e modelamos a distribuicdo potencial de varias espécies de
Hirtodrosophila, Paraliodrosophila, Mycodrosophila e Zygothrica registradas no Brasil, e
mostramos através da modelagem de nicho que algumas espécies desses géneros parecem ser
suscetiveis as mudancas climaticas globais devido aos fatores abioticos limitantes de sua
distribuicdo e as curvas de resposta apresentadas por cada espécie. Ja no capitulo 3,
exploramos a diversidade de espécies do grupo genérico Zygothrica e a efetividade da
metodologia do DNA barcode na exploracao taxonémica do mesmo. Neste caso, demonstramos
a presenca de uma grande diversidade criptica de representantes do grupo genérico Zygothrica
nos Neotrépicos, com registro de pelo menos 24 potenciais espécies novas. Além disso, também
demonstramos o enorme potencial da tecnologia de DNA barcode na identificacdo e descoberta
destas espécies. No capitulo 4 exploramos o género Mycodrosophila, sobretudo o complexo de
M. projectans, que se mostrou um interessante grupo para o estudo de especiacdo, devido a
presenca frequente de casos de diversidade criptica em simpatria e sintopia. Esses trabalhos
ressaltam o quanto alguns aspectos e grupos interessantes da familia tém sido negligenciados, e
chamam a atenc¢édo para o fato de que estes aspectos sao fundamentais para a compreenséao da
taxonomia, da ecologia e da evolucdo ndo apenas dos grupos em foco, mas da propria espécie
modelo premier da biologia evolutiva, D. melanogaster.

Palavras-chave: Conservadorismo de nicho. DNA barcode. Diversidade criptica. Drosofilideos
micofilicos.  Especia¢do. Hirtodrosophila.  Modelagem de nicho. Mycodrosophila.
Paraliodrosophila. Radiacdo. tripunctata. virilis-repleta. Zygothrica.
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Drosophila melanogaster is a known model organism that has prompted studies in diverse fields of
knowledge and helped in the scientific advance of several fields. However, Drosophilidae, the family in
which this species is inserted, is extremely speciose, being composed by more than 4,200 species,
most of which with deficient or absent knowledge, besides many unknown species. Even hypothesis
concerning the evolution of the group which were formulated in 1975 were not yet properly tested.
Therefore, the present thesis aims to fill some of these gaps by testing the hypothesis of radiation
proposed by THROCKMORTON (1975) in different taxonomic groups of drosophilids, in order to
determine if they evolved through adaptative radiations or are merely taxonomic groups with difficult
phylogenetic resolution. So, in chapter 1, species encompassing the virilis-repleta and tripunctata
lineages of the Drosophila subgenus were used, and the results have shown that the evolution of this
group is more complex than previously proposed, with the first lineage presenting signs of niche
conservatism and the second being compatible with the occurrence of an adaptive radiation. In
chapter 2, we also found signs of abiotic niche conservatism between mycophylic species belonging to
Zygothrica genus group that use fungal fruitification bodies as resource for feeding, oviposition and/or
breeding. Also in this chapter, we contributed to the knowledge of the family diversity by expanding the
records and modeling the potential distribution of several species of Hirtodrosophila,
Paraliodrosophila, Mycodrosophila and Zygothrica recorded in Brazil. Besides, through the niche
modeling approach, we showed that some species of these genera seem to be susceptible to the
world climatic changes due to the abiotic factors which limit their distribution and the response curves
presented by each species. In chapter 3, we explored the diversity of species of the Zygothrica genus
group and the effectiveness of the DNA barcode methodology in their taxonomic exploitation. In this
case, we demonstrated the presence of a great cryptic diversity of representatives of the Zygothrica
genus group in the Neotropics, with the record of at least 24 putative new species. Besides, we also
showed the huge potential of this methodology in the identification and species discovery in this group.
In chapter 4, we explored the Mycodrosophila genus, principally the M. projectans complex, which
showed to be an interesting group to the study of speciation due to the frequent presence of the
cryptic diversity in sympatry and syntopy. These works highlighted how much some interesting
aspects and groups of Drosophilidae have been neglected, and call attention to the fact that these are
fundamental aspects to the understanding of taxonomy, ecology and evolution not just of the focused
groups, but also of the premier model species of evolutionary biology, D. melanogaster.

Keywords: DNA barcode. Cryptic diversity. Mycophylic drosophilids. Hirtodrosophila. Mycodrosophila.
Niche conservatism. Niche modeling. Paraliodrosophila. Radiation. Speciation. tripunctata. virilis-
repleta. Zygothrica.
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A regido Neotropical abriga uma grande diversidade de espécies (GIAM et al.,
2012; LEWINSOHN E PRADO, 2005), sendo que cinco paises neotropicais (Brasil,
Colébmbia, Equador, México, Peru e Venezuela) sdo reconhecidos mundialmente
como megadiversos (MITTERMEIER et al., 1997; MITTERMEIER, 1988). Ao mesmo
tempo, essa é a regido biogeografica menos estudada do planeta (LEWINSOHN E
PRADO, 2005). Dentre os paises megadiversos, o Brasil certamente merece
destaque, uma vez que possui de 10% a 13% da diversidade biolégica mundial
(LEWINSOHN E PRADO, 2005). Contudo, a maior parte dela permanece
desconhecida, sendo estimado que para cada espécie descrita dez permanecem
esperando a descricdo formal ou sdo completamente desconhecidas (LANDIM E
HINGST-ZAHER, 2010). Além disso, dois dos biomas brasileiros, o Cerrado e a
Mata Atlantica, sdo caracterizados como hotspots para a conservagcdo da
biodiversidade uma vez que abrigam uma grande riqueza de espécies endémicas e
apresentam uma significativa perda de habitat (MYERS et al., 2000). Esse cenario
assume um carater mais critico em face da crise da biodiversidade (BUTCHART et
al., 2010) e das mudancas climéticas globais (INTERGOVERNMENTAL PANEL ON
CLIMATE CHANGE, 2007).

A crise da biodiversidade, relacionada a elevadas taxas de extincdo de
espécies, sobretudo devido a pressbes antropicas (BUTCHART et al.,, 2010),
ressaltou o problema do impedimento taxonémico, uma vez que o0 numero de
taxonomistas é reduzido quando comparado com o elevado niumero de espécies a
serem descritas. No ritmo de extincdo atual, muitas espécies serdo perdidas antes
mesmo que sejam conhecidas e que medidas para protegé-las sejam adotadas. No
Brasil, por exemplo, apesar de iniciativas governamentais que incentivam a
formacdo de novos taxonomistas, a taxa de adicdo de espécies novas € de
aproximadamente 0,6% por ano. Com essa taxa, serdo necessarios mais de 10
séculos para que toda a biodiversidade brasileira seja conhecida (LANDIM E
HINGST-ZAHER, 2010).

A delimitacdo e descricdo das espécies é um ponto crucial para compreensao
da biodiversidade, contudo é um processo demorado e minucioso. ldealmente,
busca-se que as descricdes sejam realizadas em uma abordagem integrativa,
incorporando multiplos aspectos como filogeografia, morfologia comparativa,
ecologia e comportamento (DAYRAT, 2005; WILL et al., 2005). Na pratica,

entretanto, a maioria dos taxonomistas utiliza principalmente aspectos morfolégicos
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nesse processo. Na verdade, para a maioria das espécies de invertebrados
formalmente descritas, observamos na literatura apenas suas descrigdes originais,
sem qualquer caracterizacdo complementar.

Dessa forma, para permitir que avancgos significativos no conhecimento
desses grupos ocorram, € importante o emprego de metodologias versateis,
capazes de responder questbes com diferentes enfoques, mesmo quando os dados
disponiveis sdo limitados. Nesse contexto, metodologias como a modelagem de
nicho ecologico (também chamada de modelagem de distribuicdo potencial das
espécies) e o DNA barcode permitem explorar diferentes aspectos, desde a
distribuicdo e o reconhecimento das espécies, até aspectos ecoldgicos e evolutivos,
como o entendimento de seus nichos ecolégicos e dos processos associados a sua
especiacao.

A modelagem de nicho ecoldgico utiliza informa¢des sobre a ocorréncia das
espécies (presenca e auséncia, quando disponivel) e dados ambientais para gerar
modelos de adequabilidade ambiental para as mesmas (ELITH E LEATHWICK,
2009). Os registros de ocorréncia utilizados para gerar os modelos de distribuicao
séo facilmente obtidos de bancos de dados, revisdes na literatura e em museus.
Esses modelos gerados podem ser utilizados para: (i) guiar esforcos de coleta das
espécies-alvo, a fim de expandir o conhecimento sobre a sua ocorréncia, e permitir
gue os investimentos de tempo e financeiros sejam melhor aplicados pelo
direcionamento das amostragens para areas com maior probabilidade de ocorréncia
(GUISAN et al., 2006); (ii) auxiliar na resolucéo de questbes de ambito filogeografico,
buscando compreender os padrdes de distribuicdo ou dinadmica populacional das
espécies modeladas no passado, uma vez que dados ambientais do Quaternario
estdo disponiveis (DE RE et al., 2014; KIMURA et al., 2014; PLANAS et al., 2014;
SVENNING et al., 2011); (iii) identificar areas onde espécies invasoras possam
ocorrer e assim subsidiar a criacdo de politicas publicas que possam auxiliar no
controle ou mesmo evitar as invasées (BARBOSA et al.,, 2012; DA MATA et al.,
2010; SHATZ et al., 2013); (iv) analisar aspectos ecoldgico-evolutivos, como o
processo de especiacdo, uma vez que os modelos gerados podem ser utilizados
para avaliar a sobreposicdo do nicho abidtico entre as espécies modeladas e, de
posse de avaliagbes filogenéticas, inferir as provaveis formas de especiacao,
principalmente entre espécies-irmas (GLENNON et al., 2012; GRAHAM et al., 2004;
KOZAK E WIENS, 2006; PETERSON, 1999; PYRON E BURBRINK, 2009). Esses
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sdo apenas alguns exemplos das potenciais aplicagbes da modelagem de nicho
ecolégico, uma vez que os modelos gerados tém sido aplicados em uma ampla
gama de areas.

Outra metodologia que vem sendo amplamente utilizada tanto em grupos com
grande conhecimento taxonémico e biolégico como naqueles com conhecimento
deficitario € o DNA barcode. Essa técnica foi formalmente estabelecida por HEBERT
et al. (2003a) com o objetivo de reconhecer espécies e identificar espécimes, além
de auxiliar na descoberta de espécies novas. Segundo os autores, as sequéncias de
DNA funcionariam da mesma forma que um cédigo de barras, uma vez que
sequéncias com apenas 15 pares de bases criariam um bilhdo de codigos, cerca de
100 vezes mais do que o necessario para catalogar toda a diversidade de espécies
do planeta. Obviamente, devido a restricdes funcionais dos genes, o numero real de
pares de bases necessarios para este fim é bem maior, e, tipicamente, fragmentos
com mais de 500 pares de bases séo utilizados. HEBERT et al. (2003a, b) sugeriram
gue, em animais, o fragmento de DNA que possuia maior potencial para funcionar
como “codigo de barras” era o gene mitocondrial Citocromo Oxidase | (COIl), mais
especificamente, cerca de 658 pares de bases da porgdo 5. Esse fragmento foi
escolhido por: (i) apresentar primers universais descritos, facilitando assim a
amplificacdo de espécies nunca estudadas com essa metodologia, assim como de
espécimes e vestigios biolégicos desconhecidos; (ii) possuir uma amplitude maior de
sinal filogenético que outros genes mitocondriais (HEBERT et al., 2003a), permitindo
distinguir até mesmo espécies proximamente relacionadas e cripticas (HEBERT et
al., 2004). Contudo, cabe ressaltar que esse gene tem se mostrado adequado para
resolucao de questbes em niveis taxondmicos menos inclusivos, sendo inadequado
para resolver questdes filogenéticas em niveis taxondmicos maiores (HAJIBABAEI et
al., 2006).

Apbs sua proposicdo, o DNA barcode foi testado em uma ampla gama de
organismos e, hoje, sequéncias de mais de 230.000 espécies (cerca de 154.900 de
animais, 58.700 de plantas e 16.760 de fungos e outros organismos) estao
depositadas apenas no sistema The Barcode of Life Data system (BOLD)
(RATNASINGHAM E HEBERT, 2007). Contudo, o COI n&o funciona bem em plantas
e fungos, de forma que, para o primeiro grupo, duas regides do DNA do cloroplasto
[ribulose—bifosfato carboxilase (rbcL) e maturase K (matK)] tém sido utilizadas,
(CBOL PLANT WORKING GROUP, 2009; CONSORTIUM FOR THE BARCODE OF
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LIFE, 2009; JINBO et al., 2011) e, no caso de fungos, a regido predominantemente
empregada é a do internal transcribed spacer (ITS) (JINBO et al., 2011; SEIFERT et
al., 2007; SEIFERT, 2009). Mesmo para animais, alguns autores testaram outras
regides mitocondriais para comparar seus desempenhos (VENCES et al., 2005; XIA
et al., 2012). Contudo, para a maioria das espécies, o COIl tem se mostrado de fato o
marcador mais adequado para a proposta do DNA barcode (LUO et al., 2011; XIA et
al., 2012).

Assim como a modelagem de nicho, as aplicacdbes do DNA barcode sé&o
inUmeras. ApGs as espécies serem cuidadosamente identificadas por taxonomistas
especializados no grupo em questdo, terem seu “codigo de barras” gerado e
depositado em banco de dados criado para esse fim, essas sequéncias podem ser
utilizadas com varios propésitos. Dentre essas aplicacdes estdo: (i) aquelas voltadas
a conservacao, como monitoramento de caca ou pesca ilegal (HOLMES et al., 2009;
JUN et al., 2011; SANCHES et al., 2012); (ii) estudos ecoldgicos, como analises de
dietas, facilitando o reconhecimento dos itens alimentares de uma determinada
espécie (DEAGLE E TOLLIT, 2007; GONZALEZ-VARO et al., 2014; JOO E PARK,
2012; ZEALE et al.,, 2011); e (ii) a elucidacdo do ciclo de vida das espécies,
auxiliando na identificacdo de estagios imaturos de desenvolvimento e no
reconhecimento de dimorfismo sexual (MILLER et al., 2005; PRAMUAL E
WONGPAKAM, 2014; RASO et al.,, 2014). Com fins de conservacédo, uma das
maiores contribuicbes do DNA barcode vem sendo evidenciar a existéncia de
espécies cripticas (CLARE et al., 2011; CRAWFORD et al., 2012; HEBERT et al.,
2004; MUTANEN et al., 2013). Um exemplo desse potencial foi relatado por
MUTANEN et al. (2013) estudando as mariposas do grupo Elachista bifasciella da
regido paleartica. Esse grupo é de dificil identificacdo por apresentar muitas
similaridades morfologicas, possivelmente devido a especiagcao recente, embora o
mesmo tenha sido alvo de exaustivas investigacfes taxonémicas. Nesse contexto,
0s autores esperavam que o DNA barcode apresentasse uma baixa resolucao
devido a presenca de polimorfismos ancestrais compartilhados (incomplete lineage
sorting, em inglés) e a possibilidade de introgressao. Contudo, ao analisar 40 das 49
espécies dessa regiao, os autores encontraram 25 casos de possiveis espécies
novas e, apés detalhado exame morfologico, 16 foram confirmadas, aumentando
assim a diversidade deste grupo na regidao em 34%. Se essa alta taxa de espécies

novas é encontrada em grupos onde a taxonomia é considerada adequada pelos
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especialistas, o esperado para grupos e regides pouco explorados, como para a
maioria dos drosofilideos neotropicais, € que a riqueza de espécies desconhecidas

seja ainda maior.

1.1 Drosophilidae

Drosophilidae é uma familia de moscas pequenas, cujos representantes
dificilmente excedem 6-7 mm de comprimento (BRYAN, 1938; GRIMALDI, 2010).
Com mais de 4.200 espécies distribuidas em 77 géneros e duas subfamilias
(Steganinae e Drosophilinae) (BACHLI, 2015), esta familia se destaca pela alta
variabilidade. Dentre seus representantes, existem espécies endémicas de
pequenas regides até espécies cosmopolitas, com taxons habitando os mais
diversos ambientes, desde o nivel do mar até as altas montanhas, dos tropicos até
as tundras, sendo os bosques e as florestas os locais de maior diversidade e
abundancia (THROCKMORTON, 1975). Esse grupo apresenta um papel crucial nos
ecossistemas, pois 0s estagios imaturos sdo saprofitos, de forma que a eficiéncia na
exploracdo deste nicho alimentar pode estar relacionada a sua ampla distribuicéo
(THROCKMORTON, 1975). O grupo também possui papel fundamental na biologia,
uma vez que uma de suas espécies, Drosophila melanogaster, é utilizada como
organismo modelo para estudos em diversos campos do conhecimento (JENNINGS,
2011). Na genética e na biologia evolutiva, D. melanogaster tem fornecido
importantes informacdes sobre hereditariedade, mutagénese, controle génico no
desenvolvimento embrionario, além de ser um importante modelo na medicina,
farmacologia e fisiologia, apenas para citar alguns exemplos (JENNINGS, 2011,
PANDEY E NICHOLS, 2011; ROBERTS, 2006). Apesar do vasto conhecimento
sobre esse organismo modelo, 0 mesmo ndo se aplica aos demais representantes
da familia, que embora também apresentem grande potencial, ndo tém sido muito
explorados.

Em um dos primeiros trabalhos visando explorar a evolucéo da familia a partir
da analise de dados fosseis e caracteres morfoldgicos internos, THROCKMORTON
(1975) sugeriu que Drosophilidae surgiu, provavelmente, durante o periodo Eoceno,

ha aproximadamente 50 milhdes de anos. Segundo este autor, a familia evoluiu a
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partir de ancestrais com habitos alimentares oportunistas e versateis, voltados
principalmente a saprofagia de folhnas em decomposicéo, e se diversificou a partir da
especializacdo na utilizacdo de organismos fermentadores como fungos e bactérias
gue exploram diferentes recursos. Para o autor, a grande diversidade de espécie
que compdem a familia é explicada pela evolugéo através de radiag6es, sendo elas
as radiacbes Steganinae, Drosophilinae, Scaptodrosophila, Sophophora e
Drosophila (esta ultima subdivida nas radiagbes virilis-repleta e immigrans-
Hirtodrosophila). Entretanto, apesar das radiagcdes propostas por THROCKMORTON
(1975) serem consideradas “radiacbes taxon6micas” e n&o necessariamente
radiacdes adaptativas (MORALES-HOJAS E VIEIRA, 2012), por representarem
apenas ranqueamentos de espécies proximamente relacionadas, o proprio autor
ressalta que para alguns grupos este seria o0 caso.

Embora THROCKMORTON (1975) tenha fornecido o primeiro cenario
evolutivo para Drosophilidae, o mesmo é criticado pela auséncia de métodos
filogenéticos explicitos ou de medidas de suporte para as relacdes inferidas
(REMSEN E O’GRADY, 2002). Entretanto, este trabalho forneceu importantes
hipoteses para serem testadas, e muitas destas vem sendo suportadas por trabalhos
posteriores (ROBE et al., 2005; ROBE et al., 2010a, RUSSO et al., 2013; VAN DER
LINDE E HOULE, 2008; VAN DER LINDE et al., 2010; YASSIN, 2013). Este é o
caso, por exemplo, da ubiquidade de taxons parafiléticos dentro de Drosophilidae e,
especialmente, dentro do género Drosophila (O'GRADY E MARKOW, 2009; ROBE
et al.,, 2005; RUSSO et al.,, 2013; VAN DER LINDE E HOULE, 2008; VAN DER
LINDE et al., 2010; YASSIN, 2013).

Andlises filogenéticas mais recentes confirmaram a monofilia da familia
(GRIMALDI, 1990a; REMSEN E O’GRADY, 2002; RUSSO et al., 2013) e de suas
subfamilias (GRIMALDI, 1990a; REMSEN E O’'GRADY, 2002). Entretanto, as
relacdes filogenéticas dentro e entre alguns grupos taxondmicos ainda nao foram
esclarecidas (MARKOW E O’GRADY, 2007; ROBE et al., 2010b; VAN DER LINDE E
HOULE, 2008). Isso ocorre porque a maior parte dos estudos que buscam
esclarecer as relacdes filogenéticas dentro da familia se concentram em Drosophila,
sendo os demais géneros pouco representados (KWIATOWSKI E AYALA, 1999;
ROBE et al.,, 2005; ROBE et al.,, 2010b; VAN DER LINDE E HOULE, 2008; VAN
DER LINDE et al., 2010). Mesmo dentro desse género, poucas relacdes evolutivas

estdo realmente bem elucidadas, uma vez que Drosophila é o maior género da
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familia, compreendendo mais de um quarto de toda sua diversidade (BACHLI,
2015). Também existe um grande viés no que tange a area de distribuicdo das
espécies melhor caracterizadas, com a regidao Neotropical apresentando uma
caréncia de estudos (ROBE et al, 2005). Entretanto, para alguns grupos ha
filogenias robustas que auxiliam no esclarecimento da evolugéo das espécies, como
no caso das linhagens neotropicais immigrans-tripunctata e virilis-repleta, ambas
pertencentes ao subgénero Drosophila (DURANDO et al., 2000; HATADANI et al.,
2009; MORALES-HOJAS E VIEIRA, 2012; OLIVEIRA et al., 2012; ROBE et al.,
2005; ROBE et al., 2010a, b; TATARENKOV E AYALA, 2001; YOTOKO et al., 2003).

Nesse contexto, ROBE et al. (2010b), utilizaram os genes a-metildopa (Amd)
e Dopa descarboxilase (Ddc) para reconstruir as relacdes filogenéticas entre 72
espécies, a maior parte das quais pertencentes ao subgénero Drosophila, um dos
oito subgéneros de Drosophila (BACHLI, 2015). Os autores encontraram que 0
género Drosophila é parafilético em relacdo a Hirtodrosophila, Liodrosophila,
Scaptomyza e Zaprionus. Segundo eles, as radiacdes immigrans-tripunctata e virilis-
repleta parecem ter surgido no inicio do Oligoceno, sendo as linhagens tripunctata e
repleta, possivelmente, derivadas e monofiléticas. Em outro trabalho, ao analisar o
cenario evolutivo da linhagem tripunctata utilizando uma filogenia gerada com os
genes Amd, Ddc, hunchback (Hb) e Citocromo Oxidase Il (COIl) e as variaveis
climaticas registradas nos pontos de ocorréncia das espécies, ROBE et al. (2010a)
encontraram evidéncias de que essa linhagem surgiu na América do Norte ou
Central, invadindo e diversificando-se na Ameérica do Sul. Os autores também
testaram a hipotese de radiacdes sugerida por THROCKMORTON (1975) ao
analisar a presenca de sinal filogenético nas médias climaticas encontradas nos
pontos de distribuicdo de cada espécie, encontrando evidéncias que suportam
padrdes de divergéncia de nicho. De fato, a auséncia de sinal filogenético para estes
caracteres é compativel com o esperado em radiacbes adaptativas, mediante o
relaxamento da selecdo natural sobre caracteres ecoldgicos pela invasdo de novos
ambientes (MORALES-HOJAS E VIEIRA, 2012; YODER et al., 2010).

Por outro lado, ainda sob essa perspectiva de analise de variaveis ambientais,
KELLERMAN et al. (2012a, b) testaram a presenca de sinal filogenético para a
resisténcia fisiologica a dissecacédo, ao frio e ao calor em espécies de Drosophila, e
encontraram diferentes forcas de sinal flogenético, compativeis com a presenca de

uma inércia evolutiva (conservadorismo de nicho). Desta forma, contrariamente a



20

ROBE et al. (2010a), este trabalho contradiz a hipotese de radiacdes (adaptativas)
de THROCKMORTON (1975). Na mesma linha, mas com uma perspectiva diferente,
MORALES-HOJAS E VIEIRA (2012) utilizaram 218 espécies pertencentes ao
subgénero Drosophila para testar a hipotese de radiacdo adaptativa através de
testes que analisam modificacbes nas taxas de especiacdo ao longo da arvore
filogenética. Os autores ndo encontraram suporte para a hipétese de radiacbes
adaptativas, uma vez que o modo de evolucdo constante ndo pbde ser rejeitado, 0
gue reacendeu o debate acerca da ocorréncia ou ndo das radiacdes adaptativas.

No que diz respeito ao nicho biético de Drosophilidae, um dos trabalhos mais
completos feitos nos neotrépicos até o momento € o de GOTTSCHALK (2008), que
analisou a utilizacdo de frutos como sitios de oviposi¢cao por Drosophilidae na Mata
Atlantica, tanto em ambientes naturais como urbanizados. Realizando uma ampla
amostragem com mais de 38.700 individuos identificados, o autor encontrou 66
espécies emergindo de 80 espécies vegetais. Segundo ele, a linhagem virilis-repleta
parece ser composta tanto por espécies polifagas (ex. D. hydei, D. mercatorum, D.
repleta, D. onca e D. zottii), como monéfagas (D. annulimana, D. senei e D. zottii
affinis). J& na linhagem immigrans-tripunctata, a polifagia parece ser o padrdo mais
comum para uma ampla variedade de espécies analisadas.

Juntos os trabalhos de GOTTSCHALK (2008) e ROBE et al. (2010b)
fornecem subsidio para avaliar interessantes questdes de interface ecoldgico-
evolutivas em espécies Neotropicais do subgénero Drosophila. A utilizacdo destes
estudos juntamente com dados de distribuicdo das espécies disponibilizados em
bancos de dados especializados permite, por exemplo, avaliar questdes sobre as
forcas envolvidas na especiacdo do grupo e os padrbes de evolucdo de nicho

envolvidos na sua diversificagéo.

1.1.1 Diversidade de drosofilideos no Brasil

No Brasil, ha o registro de mais de 300 espécies de drosofilideos, das quais
aproximadamente 60% pertencem ao género Drosophila (DOGE et al., 2008;
GOTTSCHALK et al., 2008; POPPE et al., 2012, 2014). Entretanto, devido ao forte

viés, tanto em metodologias de coleta como em regides amostradas (GOTTSCHALK
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et al., 2008), certamente essa diversidade € muito maior. De fato, em diversos
estudos realizados na regido (DOGE et al., 2008; GARCIA et al., 2012;
GOTTSCHALK et al., 2007; GOTTSCHALK et al., 2008; GOTTSCHALK et al., 2009;
MEDEIROS E KLACZKO, 2004; VALADAO et al., 2010; POPPE et al., 2014), um
grande numero de espécimes coletados ndo puderam ser devidamente atribuidos a
nenhuma das espécies até entdo reconhecidas.

Segundo GOTTSCHALK et al. (2008), o método tradicional de coleta de
drosofilideos no Brasil (armadilhas com iscas de banana) é um dos principais
responsaveis pelo conhecimento deficitario da diversidade de espécies de
Drosophilidae, uma vez que essa metodologia atrai principalmente espécies
frugivoras ou generalistas, sendo as espécies com outras preferéncias alimentares
apenas esporadicamente coletadas. Além disso, este autor também evidencia a
presenca de um forte viés geografico, uma vez que historicamente o maior esforco
amostral tem se concentrado nas regides Sul e Sudeste, abrangendo especialmente
a Mata Atlantica. Entretanto, mesmo nessa regido, registros de espécies nao
determinadas de Drosophila sdo comuns (GARCIA et al., 2012; GOTTSCHALK et
al., 2007; GOTTSCHALK et al., 2008; GOTTSCHALK et al., 2009). De acordo com
GOTTSCHALK et al. (2008), para termos um conhecimento maior acerca das
espécies de drosofilideos, é necesséario explorar outras técnicas de amostragem,
ampliando as metodologias de coleta, o que pode incluir o uso de armadilhas com
outras iscas atrativas, a coleta em recursos nativos como flores, fungos, frutos e
cactos, e o0 proprio direcionamento do esforco de amostragem para outras
regides/biomas como Amazonia, Caatinga, Cerrado, Pantanal e Pampa.

1.1.2 Drosofilideos micofilicos

Dentre os grupos de drosofilideos com grande potencial para estudos

ecoldgicos, mas ainda pouco explorados, estdo aqueles com habitos micéfagos?! ou

!Apesar do termo “micéfago” ser amplamente utilizado na literatura, a associagdo entre algumas
espécies de drosofilideos com os corpos de frutificagdo de fungos macroscopicos parece ser mais
complexa do que sua Unica utilizagcdo como recurso alimentar. Dessa forma, apesar de termos
utilizado o termo “micéfagos” no capitulo 2, julgamos que o termo “micofilico” pode descrever melhor



22

micofilicos (COURTNEY et al.,1990). Dentre os drosofilideos micofilicos (Figura 1)
encontram-se espécies de Drosophilinae dos géneros Drosophila e Scaptomyza e
do grupo genérico Zygothrica (sendo este representado pelos géneros
Hirtodrosophila, = Mycodrosophila, = Paramycodrosophila, Paraliodrosophila e
Zygothrica) (GRIMALDI, 1990a), e de Steganinae do género Leucophenga
(COURTNEY et al., 1990). Apesar de se acreditar que a micofagia/micofilia surgiu
independentemente diversas vezes dentro de Drosophilidae, possivelmente a partir
de espécies detritivoras (THROCKMORTON, 1975), GRIMALDI (1990a) aponta esta

caracteristica como uma sinapomorfia do grupo genérico Zygothrica.

Leucophenga

fgru po pinicula
grupo busckii
grupo immigrans
grupo melanderi
grupo tripunctata
grupo testacea
grupo quinaria

| grupo obscura

Drosophila -

Zygothrica
Paraliodrosophila
Hirtodrosophila
Mycodrosophila
Paramycodrosophila

Scaptomyza

Figura 1. Principais grupos de drosofilideos micéfagos/micofilicos. Modificado de COURTNEY et al.
(1990).

AN

a associagcdo de algumas espécies alvo deste trabalho, e por isso ele sera adotado nos demais
capitulos e no restante do texto, quando for o caso.
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Apesar do fato de que todos esses grupos possuem associa¢gdes ecoldgicas
com fungos, o conhecimento a respeito dos mesmos é bem heterogéneo. Ha
diversos trabalhos realizados com espécies do grupo quinaria e tripunctata de
Drosophila (COURTNEY et al., 1990; GRIMALDI E JAENIKE, 1984; GRIMADI, 1985;
JAENIKE, 1978a, b, 1995; JAENIKE E JAMES, 1991; ROUQUETTE E DAVIS, 2003;
STUMP et al., 2011; TUNO et al., 2007), mas aqueles voltados, por exemplo, para a
caracterizacdo de espécies micofilicas do Havai ou aquelas pertencentes ao grupo
genérico Zygothrica sdo escassos (COURTNEY et al., 1990). Na verdade, a maioria
dos estudos com drosofilideos micofilicos tem sido realizada principalmente com
espécies de Drosophila na América do Norte, Europa e Japao (BURLA et al., 1991;
COURTNEY et al., 1990; KASUYA et al., 2013; TODA et al., 1999; TUNO et al.,
2007; YAMASHIDA E HIJII, 2007; YOROZUYA, 2006, 2009). Na regiao Neotropical,
h& poucos estudos realizados com espécies micofilicas, e até 2007 estavam restritos
principalmente a trabalhos taxonémicos de descri¢cdes ou redescricdes de espécies
(BURLA, 1956; FROTA-PESSOA, 1945; GRIMALDI, 1987, 1990a, b; VILELA E
BACHLI, 1990, 2004, 2005, 2007; WHEELER E TAKADA, 1963). Uma excecgdo é a
revisdo da sistematica do género Zygothrica realizada por GRIMALDI (1987) sob a
Otica da Sistematica Filogenética, onde sdo apresentadas também informacdes
sobre a ecologia e comportamento das espécies. Entretanto, somente com o0s
trabalhos de ROQUE E TIDON (2008) e GOTTSCHALK et al. (2009) que aspectos

ecologicos de algumas destas espécies comecaram a ser explorados.

1.1.2.1 Grupo genérico Zygothrica

Este grupo foi estabelecido por GRIMALDI (1990a), englobando cinco
géneros com diferentes graus de associagdo com fungos macroscopicos. Devido a
essa associacdo e ao desconhecimento de muitos aspectos de sua biologia, as
espécies desse grupo sao dificeis de serem mantidas em culturas de laboratorio
(THROCKMORTON, 1975), principalmente as espécies de Zygothrica que
ovipositam em flores (GRIMALDI, 1987). A maior diversidade de espécies deste
grupo genérico se concentra na regiao circuntropical, contudo néo esta restrita a ela.

Hirtodrosophila e Mycodrosophila sdo géneros cosmopolitas, ja Paraliodrosophila e
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Zygothrica sdo essencialmente Neotropicais e Paramycodrosophila esta presente no
Oriente, com poucas espécies chegando a América do Norte e Central (GRIMALDI,
2010; VILELA E BACHLI, 2004; WHEELER E TAKADA, 1963).

As relacdes filogenéticas dos géneros de drosofilideos micofilicos precisam
ser melhor elucidadas, uma vez que os trabalhos que existem incorporaram poucos
representantes dos mesmos, principalmente do grupo genérico Zygothrica (DA
LAGE et al., 2007; ROBE et al., 2005; RUSSO et al., 2013; VAN DER LINDE et al.,
2010). THROCKMORTON (1975) sugeriu que 0 grupo surgiu a partir da radiacéao
immigrans-Hirtodrosophila do género Drosophila, que se diversificou inicialmente na
regido tropical do Velho Mundo e se separou nas linhagens tripunctata e
Hirtodrosophila que posteriormente colonizaram o Novo Mundo. Entretanto, ao
realizar andlises filogenéticas com base em caracteres morfoldégicos, GRIMALDI
(1990a) sugeriu que o grupo genérico Zygothrica € monofilético e basal em relacao
ao género Drosophila (Fig. 2).

H. nigrohalterata
H. ducani

H.sp B

P. sp

P. bipartita

Z. samoaensis

rupo genérico Zygothica Z. atriangula
srupos Yg M. dimidiata

D. (Ducaica) senilis

B D. monochaelata

género Idiomyia
sensu lato

Figura 2. Cladograma das relagBes filogenéticas do grupo genérico Zygothrica. Modificado de
Grimaldi (1990a).

Mais recentemente, uma série de trabalhos vem apresentando suporte para o
posicionamento de diferentes representantes do grupo genérico Zygothrica dentro

do género Drosophila, de modo a torna-lo parafilético (ROBE et al., 2005; RUSSO et
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al., 2013; VAN DER LINDE et al.,, 2010; YASSIN, 2013). Além disso, VAN DER
LINDE et al. (2010) encontraram evidéncias do ndo monofiletismo de
Hirtodrosophila, uma vez que uma de suas espécies, H. duncani, foi agrupada com o
subgénero Sophophora, distante do clado formado por H. pictiventris, H. thoracis e
H. sp. e trés espécies de Mycodrosophila. Na mesma linha, RUSSO et al. (2013)
utilizaram seis genes nucleares para reconstruir a filogenia da familia, e ao incluir
sete espécies de Hirtodrosophila e trés de Mycodrosophila (sendo apenas H.
pictiventris originaria do Novo Mundo e as demais da Eurasia), ndo encontraram
suporte para a monofilia de Hirtodrosophila, cujas espécies foram divididas em dois
clados, um agrupado com Dichaetophora e outro com Mycodrosophila. Entretanto,
devido ao baixo suporte dos clados (bootstrap inferior a 50), politomias
caracterizariam melhor as relacdes dos grupos, e os clados sugeridos pelos autores
nao se sustentam. Além disso, exceto por H. pictiventris onde os seis genes foram
analisados, apenas um gene foi utilizado na reconstrucéo das relagbes das demais
espécies, em geral Adh. Para corroborar o monofiletismo ou ndo do grupo é
necessario realizar a inclusdo de mais espécies, representando tanto as linhagens

do Velho como do Novo Mundo, além da inser¢do de mais genes na analise.

1.1.2.1.1 Hirtodrosophila

Este género cosmopolita (GRIMALDI, 2010; VILELA E BACHLI, 2004) é
composto por 160 espécies (BACHLI, 2015), 28 das quais sdo encontradas na
regido Neotropical (VILELA E BACHLI, 2004) e 16 registradas no Brasil
(GOTTSCHALK et al., 2008). Contudo, de acordo com GRIMALDI (2010) muitas
espécies ainda esperam para serem descobertas/descritas. O género é estritamente
micofilico, com raras excec¢des, como por exemplo, H. batracida, que ocorre na
Ameérica Central e preda ovos de rds (COURTNEY et al., 1990; GRIMALDI, 1994).
Ao contrario de Mycodrosophila e Zygothrica, o género Hirtodrosophila ndo parece
ser territorialista (GRIMALDI, 1987). Analises de emergéncia de adultos a partir de
substrato tém encontrado espécies de Hirtodrosophila emergindo de fungos das
familias Tricholomataceae (GRIMALDI, 1987), Pleurotaceae (ROQUE E TIDON,
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2008), Agaricaceae, Auriculariaceae, Marasmiaceae e  Polyporaceae
(GOTTSCHALK et al., 2009).

1.1.2.1.2 Mycodrosophila

Mycodrosophila é composto por cerca de 130 espécies (BACHLI, 2015)
distribuidas mundialmente, principalmente nos tropicos (MCEVEY E POLAK, 2005;
THROCKMORTON, 1975; WHEELER E TAKADA, 1963). Contudo, menos de 4%
delas sdo encontradas na regido Neotropical (MCEVEY E POLAK, 2005). De
maneira geral, como o0 proprio nhome sugere, as espécies desse género sao
micofagas obrigatorias (COURTNEY et al., 1990), associadas principalmente com
fungos Polyporaceae (GOTTSCHALK et al., 2009; WHEELER E TAKADA, 1963),
Tricholomataceae (GRIMALDI, 1987), Agaricaceae (GOTTSCHALK et al., 2009) e
Pleurotaceae (ROQUE E TIDON, 2008). No Brasil, WHEELER E TAKADA (1963)
descreveram trés espécies: M. projectans, M. elegans e M. brunnescens. Entretanto,
como a maioria dos trabalhos tem sido realizada com os géneros Hirtodrosophila e
Zygothrica, a diversidade de Mycodrosophila pode ser maior.

ROQUE E TIDON (2008) e GOTTSCHALK et al. (2009) avaliaram espécies
gue emergiram de cogumelos, e ambos trabalhos registraram a emergéncia apenas
de M. projectans. No caso de ROQUE E TIDON (2008), esta espécie foi encontrada
nas emergéncias de Pleurotus sp. (Pleurotaceae), oriundo do Pargue Nacional
Chapada dos Guimardes/MT. Ja GOTTSCHALK et al. (2009) registraram
emergéncia a partir de Coprinus comatus e Macrolepiota sp. (Agaricaceae), além de
Polyporaceae, oriundos de Porto Alegre/RS e Ribeirdo Preto/SP. De fato, M.
projectans parece ser a espécie Neotropical desse género com a distribuicdo mais
ampla, sendo registrada na América do Norte, América Central, llhas Caribenhas e
na América do Sul, onde ocorre no Brasil, na Bolivia, Coldmbia e Equador (BACHLI,
2015; WHEELER E TAKADA, 1963).
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1.1.2.1.3 Paramycodrosophila

Esse género € composto por 16 espécies, a maioria das quais se encontra
distribuida na regido da Asia, Oceania e Australia, com algumas poucas espécies
ocorrendo na América do Norte e Central, de forma que o mesmo ainda nao foi
registrado na regido Neotropical (BACHLI, 2015).

1.1.2.1.4 Paraliodrosophila

Esse género é composto por apenas cinco espécies (BACHLI, 2015). A
maioria delas ocorre na América Central, exceto por P. antennata (= H. thoracis
senso BURLA, 1956), que apresenta ampla distribuicdo no continente Americano, e
P. burlai, que é registrada apenas no Brasil (BACHLI, 2015). Por serem muito
parecidas com Mycodrosophila, as vezes podem ser confundidas com estas, mas se
diferenciam pela auséncia de lappet desenvolvido (VILELA E BACHLI, 2007).
Confirmando a hipétese de VILELA E BACHLI (2007), a respeito da associacio
desse género com fungos macroscopicos, GOTTSCHALK et al. (2009) coletaram P.

antennata emergindo de fungos Marasmiaceae e Polyporaceae.

1.1.2.1.5 Zygothrica

Este género é composto por 124 espécies (BACHLI, 2015) e apresenta uma
distribuicdo predominantemente Neotropical (GRIMALDI, 1987; GRIMALDI E
FENSTER, 1989; THROCKMORTON, 1975), com poucas espécies registradas na
Africa e no Indo-Pacifico (GRIMALDI, 1990b). Possivelmente é o género Neotropical
mais especioso de Drosophilidae (GRIMALDI, 1987), com 54 espécies registradas
apenas no Brasil (GOTTSCHALK et al., 2008). Os membros desse género sao
encontrados em alta densidade de individuos nos corpos de frutificacdo dos fungos

(Figura 3), que sao utilizados como sitios de alimentacdo, cortejo e arena para
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disputa de fémeas (COURTNEY et al., 1990; GRIMALDI, 1987). Contudo, parece
ocorrer uma segregacao no uso de recursos entre adultos e larvas, de maneira que
os fungos ndo parecem ser 0s sitios de oviposicdo para a maioria das espécies
(GRIMALDI, 1987). De fato, enquanto nos outros géneros do grupo geneérico
Zygothrica a micofagia das larvas parece ser frequente, em Zygothrica apenas cerca
de 10% das espécies parecem utilizar esse recurso como fonte alimentar
(COURTNEY et al.,, 1990). Dessa forma, flores parecem ser o principal sitio de
oviposicao e alimentacdo das larvas para a maioria das espécies (GRIMALDI, 1987,
1990b; MALOGOLOWKIN, 1952; PIPKIN et al., 1966). Segundo GRIMALDI (1987),
a micofagia em Zygothrica parece refletir a retencdo de um estado ancestral
compartilhado com os grupos irmaos Mycodrosophila e Hirtodrosophila. Além disso,
Zygothrica também parece ser pouco especializada na escolha dos fungos,
apresentando registros em Agaricaceae, Marasmiaceae, Polyporaceae,
Tricholomataceae e Auriculariaceae (GRIMALDI, 1987; GOTTSCHALK et al., 2009).

Figura 3. Fungo colonizado predominantemente por individuos do género Zygothrica. Foto: Stela

Machado, Pedro M. Fonseca.

Uma caracteristica marcante em algumas espécies de Zygothrica € o
dimorfismo sexual, caracterizado em alguns casos por uma extrema hipercefalia nos
machos. Este € o caso, por exemplo, do grupo dispar, onde este traco assume
proporcdes bizarras (GRIMALDI, 1987; GRIMALDI E FENSTER, 1989). Os machos
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destas espécies sdo extremamente territorialistas (GRIMALDI, 1987) e as disputas
se d&o através de “brigas com cabecgadas” (GRIMALDI E FENSTER, 1989).

1.1.3 Potenciais do grupo genérico Zygothrica

KELLERMANN et al. (2012a, b) tém demonstrado experimentalmente como
fatores abioticos como dissecacdo, calor e frio sdo fatores importantes na
distribuicAo de Drosophilidae e o quanto este grupo pode ser influeciado pelo
aquecimento global. A associacao das espécies do grupo genérico Zygothrica com
fungos, organismos altamente suscetiveis as alteracdes em termos de umidade,
precipitagdo e temperatura, as torna ainda mais interessantes para estudos
relacionados ao impacto das mudancas climaticas, tanto para mudancas atuais
como no passado. Contudo, o primeiro passo para grupos onde o conhecimento é
tdo escasso, € o emprego de metodologias como a modelagem de nicho ecoldgico e
o DNA barcode, que permitem explorar aspectos basicos sobre a diversidade e a
biologia das espécies. Por meio da modelagem, utilizando os dados de ocorréncia
disponiveis principalmente nos trabalhos de descricdo e eventuais registros
adicionais é possivel comecar a inferir a potencial distribuicdo das espécies, assim
como fatores abioticos que regem e limitam suas distribuicdes. J& o DNA barcode
pode auxiliar a revelar a diversidade do grupo, além de facilitar a realizacdo de
trabalhos posteriores, uma vez que um grupo muito pequeno de taxonomistas é
capaz de identificar estas espécies com eficiéncia. A partir disso, estudos voltados a
compreensao da histéria evolutiva do grupo e de espécies dentro dele se tornam

mais factuais.
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2.1. Objetivo Geral

O objetivo da presente tese € avaliar aspectos taxondémicos, ecoldgicos e
evolutivos em drosofilideos neotropicais, utilizando como modelos espécies do
subgénero Drosophila e do grupo genérico Zygothrica, e como ferramentas as

técnicas de DNA barcode e modelagem de nicho.

2.2. Objetivos Especificos

- Testar a hipétese de evolucdo de espécies Neotropicais do subgénero
Drosophila por meio de radiagdes, utilizando a abordagem de modelagem de

nicho ecoldgico para avaliar os padrées de sobreposicao de nicho (Capitulo 1);

- Caracterizar os padrdes de distribuicdo geografica e as potenciais limitagdes
climéaticas de drosofilideos micofilicos Neotropicais pertencentes ao grupo
genérico Zygothrica (Capitulo 2), testando a hip6tese de evolucado por meio de

radiacdo adaptativa,

- Avaliar a aplicabilidade e a eficiéncia da metodologia do DNA barcode como
ferramenta para conhecer a diversidade de espécies do grupo genérico

Zygothrica na regido Neotropical e impulsionar estudos com o grupo (Capitulo 3);

- Caracterizar a diversidade criptica do género Mycodrosophila nos Neotrépicos,
com base em marcadores moleculares e morfométricos (Capitulo 4), avaliando

alguns de seus padrdes evolutivos.
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Titulo:

Historical patterns of niche dynamics in Neotropical species of the Drosophila
subgenus (Drosophilidae, Diptera): insights about tripunctata and virilis-repleta
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Abstract

Niche conservatism (NC) presence is a controversial question in evolutionary
ecology. In Drosophila, little is known about which is the preponderant evolutionary
pattern, since the radiations hypothesis first proposed by Throckmorton assumed
niche divergence according to a niche occupancy scenario. Nevertheless, this
hypothesis was not yet straightforwardly tested. So, our aim here was to test the role
of NC patterns across evolution of American drosophilids belonging to the tripunctata
and virilis-repleta lineages of the Drosophila subgenus, through measures of
geographical, abiotic and biotic niche overlap and evaluations regarding the
presence of phylogenetic signal or niche identity. We were able to recover
phylogenetic signal attributable to phylogenetic niche conservatism when all species
were analyzed together, but not in more restricted groups. As concerns the
performed identity tests, for the tripunctata lineage niche equivalency was seldom
rejected, although contrasting results were obtained for the virilis-repleta lineage
species. So, despite the fact that our results for the Drosophila subgenus do not
support the hypothesis of radiation proposed for this group, analysis performed at
more restricted levels suggest phylogenetic associations have arisen early in the
phylogeny of these species, and that latter the two main lineages may have followed
contrasting niche dynamics patterns, with the virilis-repleta lineage species evolution

presenting signs of an actual radiation.
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Introduction

The implementation of new approaches in the study of evolution has been
adding to the knowledge regarding the role of the environment in this process (Wiens
and Graham 2005). The use of ecological niche modeling (ENM), which uses
occurrence information about species (presence and absence whenever available)
and environmental layers to generate models of environmental suitability for a given
species (Elith and Leathwick 2009) has been proved a useful tool in this field. ENM
approaches have gained special prominence in studies aiming to identify the role of
niche conservatism (NC) or phylogenetic niche conservatism (PNC) in the speciation
process (Peterson et al 1999; Graham et al 2004; Kozak and Wiens 2006; Mcnyset
2009; Pyron and Burbrink 2009; Glennon et al 2012). Such patterns may arise
through evolutionary constraints owing to the action of a stabilizing selection, due to
high rates of gene flow or even due to genetic constraints associated with pleiotropy
or with the lack of genetic variation (Wiens and Graham 2005). Some authors have
demonstrated that NC could be associated to allopatric speciation because
individuals would be unable to persist or disperse through unfavorable environmental
conditions, driving to fragmentation (Wiens 2004; Wiens and Graham 2005; Kozak
and Wiens 2006). Alternatively, niche divergence (ND) may lead to cladogenesis
while populations adapt to new environments (Coyne and Orr 2004).

Diverse evidences have pointed NC as a common process, which presents an
important role in the diversification of species and lineages (Peterson et al 1999;
Kozak and Wiens 2006; Kozak and Wiens 2010; see Peterson 2011 supplementary
material). However, despite the advances in this area, the role of NC for evolution
has been questioned and general conclusions about the theme are conflicting, mainly
due to the lack of a widely accepted test (Warren et al 2008; Godsoe 2010; Harmon
and Glor 2010; Wiens et al 2010; Peterson 2011; Hardy and Pavoine 2012). The
most basic test of PNC involves the searching for the presence of a phylogenetic
signal (Munkemidiller et al 2012), although alternative models for discovering the
origins of the patterns (see Cooper et al 2010 and Crisp and Cook 2012 for revision),
or even methodologies based on ENM perspectives (Warren et al 2008) have also

been developed.
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Drosophilidae is a highly diverse family, comprising more than 4,000 described
species (Bachli 2014), which vary in terms of distribution from highly endemic to
entirely cosmopolitan, being adapted to explore the more diverse array of resources
(Throckmorton 1975; Val et al 1981; Tosi et al 1990; Chaves and Tidon 2008;
Markow and O’Grady 2008; O’Grady and Markow 2009). Within this family,
Drosophila encompasses the best-studied biological system. Even so, most of these
studies are widely concentrated in a small number of species, and few attempts have
been made in order to understand the evolution of the whole group (Throckmorton
1975; Grimaldi 1990; van der Linde and Houle 2008; Yassin 2013; Russo et al 2013).
According to Throckmorton (1975), Drosophilidae diversification would have occurred
through five successive adaptive radiations, which could explain the enormous
diversity of species and habits within the family. One of this would have given rise to
the Drosophila subgenus, which attained successful diversification levels on the
Neotropics after independent expansions departing from the OIld World
(Throckmorton 1975; Robe et al 2010a).

Radiations occur when underutilized environments become available to an
ancestral species allowing a rapid diversification into this new reality through a
relaxation of natural selection on ecological traits (Yoder et al 2010; Morales-Hojas
and Vieira 2012), so that ND would drive adaptive radiation. Despite the early
suggestion of radiations involved in Drosophila evolution, the hypothesis of ND or
absence of PNC was not yet straightforwardly tested for the group. An impediment to
this is the fact that, to test PNC, phylogenetic relationships of the group under study
should be well elucidated. This seems to be the case for at least part of the
tripunctata and the virilis-repleta lineages (Durando et al 2000; Tatarenkov and Ayala
2001; Yotoko et al 2003; Robe et al 2005; Hatadani et al 2009; Robe et al 2010a, b;
Morales-Hojas and Vieira 2012; Oliveira et al 2012), all of which belong to the
Neotropical Drosophila subgenus. Robe et al (2010b) used their well-supported
phylogeny of the tripunctata lineage together with climatic data associated with the
occurrence points of each species to test PNC in an ENM devoid perspective. This
study did not detect the presence of a phylogenetic signal for the evaluated climatic
variables, suggesting that ND may be the predominant pattern in the diversification of
the tripunctata lineage, in agreement with the hypothesis proposed by Throckmorton
(1975). On the other hand, diversification analyses showed no support for adaptive

radiation as a result of geographic dispersal or ecological resource shift in the
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Drosophila subgenus, once an increased rate of speciation was not detected in a
broad study with more than 200 species (Morales-Hojas and Vieira 2012).

Considering the evidences presented above, the aim of this study was to test
the role of NC in the speciation process of American drosophilids, more specifically,
for a subset of Neotropical species included in the tripunctata and virilis-repleta
lineages of the Drosophila subgenus. For it, we used niche identity and phylogenetic
signal measures to evaluate PNC patterns presented by (i) the abiotic niche
properties, evaluated either through ENMs overlap patterns or through the mean
value presented by the set of records compiled for each species’ in regard to each
climatic variable; (ii) the biotic niche overlap, presented by breeding sites resources.
These analyses were also controlled in regard to their patterns of spatial
autocorrelation in order to test if the detected phylogenetic signal could be an artifact
of spatial proximity (phylogenetic structured adaptation) instead of a reflection of
phylogenetic inertia (Freckleton and Jetz 2009). This integrative perspective differs
from others already used for this group, where tests for presence of phylogenetic
signal were performed using environmental data extracted from occurrence points
(Robe et al 2010b) or through physiological constraints presented by each species
(Kellerman 2012a, b). Thus, we hope to provide here subsidies to the discussion
about the role adaptative radiations performed in the evolution of Neotropical species
belonging to the Drosophila subgenus.

Material and methods

Selection of taxa and data compilation

As concerns the use of a straightforward PNC test encompassing the search
for the presence of a phylogenetic signal, one point is imperative: the availability of a
phylogenetic tree (Crisp and Cook 2012) to provide patristic distances. In this case,
independent phylogenetic studies cannot be simultaneously considered since
patristic distances needed to evaluate phylogenetic signal vary according the
employed molecular marker. In this case, we consulted the resolved phylogenetic
tree published by Robe et al (2010a) for the Drosophila subgenus to elect the

species used in this study, starting with 87 species. Nevertheless, as some of these
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are cosmopolitan (e.g. D. immigrans and D. funebris) or have only a few registers,
this set was additionally reduced in order to add confidence to the obtained results.

So, we selected 25 entirely Neotropical species of the Drosophila subgenus
(Table 1) that had at least 20 occurrence points recorded [the sole exception to this
cut-off was D. cuaso, which was maintained despite its somewhat reduced number of
registers (n = 13) because of its recent divergence in regard to its sister species, D.
paraguayensis]. Despite the drawbacks related to the somewhat low sample size,
this conservative criterion was necessary once ENM was demonstrated to be
affected by the number of occurrence points (Stockwell and Peterson 2002;
Hernandez et al 2006; Wisz et al 2008). In fact, Hernandez et al (2006) have shown
that although useful ecological niche models may be produced with as few as 5-10
points, increased samples within this range are usually associated with smaller
performance variances.

The Drosophila occurrence points were first compiled from Taxodros database
(Bachli 2012). However considering that Neotropical registers may be biased in virtue
of limitations related to the number of records and to imprecise geographical
locations (Kamino et al 2012), all points were carefully revised. In this step, special
attention was taken in cases of taxonomic conflicts [as with D. cuaso and D.
paraguayensis, which were separated as independent cryptic species by Bachli et al
(2000), so that registers previous to this date were disregarded].

Available literature for each of these species was also reviewed in order to
compile information regarding the substrates used as breeding sites. For this, a main
set of data was previously generated by Gottschalk (2008), who performed
samplings looking for fruits in Atlantic Forest and urbanized areas around
Florian6polis (Brazil) and monitoring for fly emergence. This work presents a large
sampling effort, with records of breeding sites for 66 species of this group.
Additionally, our data were complemented with information available in Frota-Pessoa
(1952), Heed (1956), Pipkin et al (1966), Saavedra et al (1995a, b), De Toni et al
(2001), Medina-Muioz and Godoy-Herrera (2004), Santos and Vilela (2005), Blauth
and Gottschalk (2007), Martins and Santos (2007), Roque and Tidon (2008),
Gottschalk et al (2009), Valaddo et al (2010), some of which also presented
information regarding fungi and flowers substrates.

(Place to table 1)
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Ecological Niche Modeling
For groups of invertebrates, as drosophilids, models that use presence-only
data for generating ENM are commonly chosen over those using presence and
absence records given the paucity and flaws of absence inferences regarding these
taxa (Lobo and Tognelli 2011). In fact, absence inferences can introduce bias not
only when the habitat is suitable but unoccupied or when the species is not at
equilibrium, but also when the species remained undetected or was not correctly
identified (Kamino et al 2011; Rocchini et al 2011). Since comparative studies
between different ENM methods have demonstrated that Maxent (Phillips et al 2006)
produces better results, especially when a limited number of records are available
(Hernandez et al 2006; Wisz et al 2008), this algorithm was chosen to model the
potential distribution of the species target of this study. Maxent is a machine learning
method that estimates the probability distribution from incomplete information, using
the principle of maximum entropy (Phillips et al 2006). Maxent estimates the most
uniform distribution (maximum entropy) across a study area, given the constraint that
the expected value of each environmental predictor variable under this estimated
distribution corresponds to its empirical average (average values for the set of
occurrence data) (Phillips et al 2004, 2006; Hernandez et al 2006). To fit the
maximum entropy models, we used the software Maxent (version 3.3.3k, available in
http://www.cs.princeton.edu/~schapire/maxent/). For all model runs, we used 25% of
the data as test and 75% as training or calibration information, in each of 50
bootstrap replicates. For these, in addition to the presence records, 10,000
backgrounds points were randomly chosen for each species within the study area
(America continent). The maximum number of iterations was set to 50,000 and a
default regularization parameter was used (Phillips and Dudik 2008). The accuracy of
the predictive distribution models was accessed through the AUC value (Area Under
the Receiving Operating Curve), which represents the probability that a random
chosen presence site is ranked above a random background site (Phillips et al 2006).
The environmental layers were obtained from WorldClim with resolution
of 5 arc minutes (available in http://www.wordclim.org/; accessed in 12/21/2012)
(Hijmans et al 2005). To avoid collinearity among variables, which can lead to the
misidentification of the most relevant predictors (Kamino et al 2012), Pearson
correlation coefficient between layers was measured in ENMTools 1.3 software
(Warren et al 2010). This led to the choice of five variables showing small
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correlations among each other (r < |0.75]), which were further used in the Maxent
model projections: Bio6: Minimum temperature of coldest month, Bio 14: Precipitation
of driest month, Bio 15: Precipitation seasonality (coefficient of variation), Biol8:
Precipitation of warmest quarter, Biol9: Precipitation of coldest quarter. Other
variables, as vegetation or soil properties, were not included, since it was empirically
demonstrated by Kellerman et al (2009) that temperature and humidity are the
limiting factors for the distribution of tropical drosophilids.

Abiotic Niche overlap

Abiotic pairwise niche overlap measures were obtained in ENMTools 1.3, with
Schoener’s D (D) and a measure derived from Hellinger's niche overlap (l), using the
individual environmental suitability distribution models projected by Maxent. These
measures of similarity range from 0 (niche models have no overlap) to 1 (niche
models are identical) and are obtained by comparing the estimates of habitat
suitability calculated for each grid cell in the study area. As suggested by Warren et
al (2008), no threshold was adopted for these analyses because it could obscure
biological details, leading to incorrect interpretation about patterns of niche overlap.

To test if the ENM generated for two species are more different than expected
if they were drawn from the same underlying distribution, we used identity tests
(Warren et al 2008, 2010) for the seven pairs of sister species included in our study
(D. bandeirantorum and D. pallidipennis, D. cuaso and D. paraguayensis, D. gasici
and D. mesophragmatica, D. gaucha and D. pavani, D. griseolineata and D.
maculifrons, D. mediopunctata and D. unipunctata, D. neocardini and D.
polymorpha). To test if niche identity also applies at higher divergence times,
pairwise comparisons between species of clades 12, 22, 32 and 61 of Robe et al
(2010a) were also accomplished, holding a total of 66 comparisons. In these tests,
ENMs were created for each of 200 pseudoreplicates, in which empirical occurrences
for the two species were pooled together and then randomized in order to produce
two new samples with the same number of observations as the empirical data, and
these were compared using D and | similarity measures. After, the original values for
each pairwise comparison were compared with the null hypotheses data, and the
hypothesis of niche similarity was rejected if empirical values were lower than the
values obtained from the 5% left-handed distribution of the pseudoreplicated data
sets (Warren et al 2008, 2010).
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Range overlap measures

ENMTools was also used to evaluate pairwise range overlap (R), with the
Maxent binary models achieved with the mean of the Minimum Training Presence
threshold (MTP) presented by all species. Besides, distance in kilometers partitioning
distribution between species was measured through the use of the respective
midpoint distributions (mean geographical coordinate) (Gi1) or through the mean of
pairwise distances connecting the set of geographical coordinates between species
(G2).

Breeding sites overlap

Niche overlap regarding the type of substrate used by each species as
breeding sites was evaluated in Ecosim 7.71 (Gotelli and Entsmiger 2001), using
Czekanowski index (C), which ranges from 0 (without resource sharing) to 1
(identical resource use) (Gotelli and Entsmiger 2001). Significance of this measure
was evaluated using the randomization combination RA3 (niche breadth retained/
zero states reshuffled), with 10,000 iterations. Despite the fact that resources are not
usually equally available in environment, we used resource states as equiprobable,

because we were unable to measure this difference.

Genetic distance measures

Phylogenetic patristic distance (P) was obtained in Passage 2 (Rosenberg and
Anderson 2011) using the amd+ddc Bayesian tree presented by Robe et al (2010a).
Patristic distance is calculated by summing the lengths of the branches that connect
two nodes [typically terminal nodes] in a phylogenetic tree (Philippe et al 2011). In
addition, divergence times (A) estimated by Robe et al (2010a) based on Tamura et
al (2004) TMRA prior were also compiled in order to perform the phylogenetic signal

evaluation (see below).

Phylogenetic signal

We employed different strategies for this measure:
(1) First, a Partial Mantel test, as performed in Passage 2 with 10,000 permutations,
in order to measure the correlation between phylogenetic distances (P) or divergence
time (A), and abiotic niche overlap (I and D) or biotic niche overlap (C),controlling for
geographical distance (G1 and Gz2). The results of these tests were considered after a
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Bonferroni correction for multiple tests, adapting the 5% level of significance to P
<0.0042 and 0.00625 for the comparisons involving abiotic and biotic properties,
respectively. Different strategies were employed in order to evaluate the presence of
phylogenetic signal at different levels of phylogenetic affinity, based on the clades
presented in Figure 4 of Robe et al (2010a): all species together (subgenus
Drosophila); the tripunctata lineage and the virilis-repleta lineage.

(2) Second, a measure of Bloomberg’s K (Blomberg et al 2003) and Pagel’s A (Pagel
1999) for all species or each lineage separately, as performed in R (R Development
Core Team 2008) using Phytools package (Revell 2012) with a Bonferroni correction.
Different from the Partial Mantel tests, these analyses were performed in an ENM
devoid perspective, using the mean values presented by the set of registers compiled
for each species in regard to each of the selected environmental WorldClim layers
(Bio6, Bio14, Bio15, Bio18 and Bio19). Bloomberg’s K statistics analyses if a given
character presents the amount of phylogenetic signal expected if it evolved under a
Brownian motion model along a branch in a topology (Blomberg et al 2003). A K
value not significantly different from O reveals the absence of phylogenetic signal,
whereas a value of 1 pinpoints its presence. Likewise, a Pagel's A value of 0
suggests that the trait is evolving independently in the phylogeny, a value of 1
assumes that the trait is evolving according a Brownian motion, and intermediate
values report the amount of the effect of Brownian motion (Freckleton et al 2002).
The Brownian motion null model tested by both, Bloomberg's K and Pagel’s A,
accepts that direction and degree of change vary randomly over time, so that among-
species variance increases with the square root of elapsed time (Pearman et al
2008). Thus, this model encompasses a phylogenetic signal model of evolution under
drift (Cooper et al 2010).

Evolutionary characters mapping

Ancestral state character reconstruction (ASCR) is a widely employed method
to map morphological and ecological traits onto a molecular phylogeny. We used a
reduced version of the Bayesian phylogeny generated with amd+ddc by Robe et al
(2010a) to perform ASCR for breeding sites data under a parsimony model, as
implemented in Mesquite 2.75 (Maddison and Maddison 2011). Furthermore,
consistency and retention index presented by each resource in this tree were also
evaluated.
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Results

Ecological Niche Modeling and range overlap

Average AUC values for the 25 generated species distribution models was
0.979 (minimum of 0.942 for D. canalinea and maximum of 0.993 for D. nappae),
showing that the models were reliable concerning the current registers. As the
objective of this work is not the modeling per se, the maps with the environmental
suitability distribution were generally omitted, unless its depiction was considered
important to our aims (see below).

Range overlap measures generated from binary maps for all the set of studied
species after applying the mean MTP threshold as cut-off, varied from almost
complete allopatry (R = 0.002- 0.009) [as found for D. pavani in regard to some
species of the tripunctata (D. mediopunctata and D. nappae), guarani (D.
ornatifrons), cardini (D. neocardi and D. polymorpha) or annulimana (D. annulimana)
group species], to complete sympatry (R = 1), [as found in the comparison involving
D. cuaso/D. annulimana and D. cuaso/D. canalinea]. Moreover, 84.33% of the
pairwise comparisons presented range overlap values higher than 0.64, showing that

partial sympatry appears to be very common for the evaluated species (Fig. S1).

Sister species pattern

The patterns of potential range overlap between sister species can be
evaluated in Figure 1, which presents the intersection between the maps of
environmental suitability for each sister pair. As can be seen, several of these
species presented wide potential distribution across the Neotropics, with areas of
suitability extending from the south of USA to the south of South America. It is
interesting to note that all analyzed sister species exhibited areas of environmental
suitability in the region of Florida (USA), in some cases in a spot disjunct to the
remaining of the potential distribution. Since this area is putatively unoccupied by the
species in question, it could represent the distribution of other species with similar
environmental requirements (Raxworthy et al 2007), although it most likely reflects an
absence of equilibrium in the distribution patterns, or an absence of occupation due
to biotic interactions or insurmountable barriers.

(Place to Figure 1)
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Among the seven pairs of sister species, range overlap measures (R) varied,
but were higher than 0.86 for five of the seven pairwise comparisons (Fig. S1),
endorsing the wide overlap for most of the evaluated sister pairs (Fig. 1). In this case,
higher R values were found in the comparisons involving D. griseolineata/D.
maculifrons (pair A in Figure S1) and D. cuaso/paraguayensis (pair D in Figure S1),
whereas the lower values were found for the pair D. gaucha/D. pavani (pair G in
figure S1) (Table 2).

(Place to Table 2)

Abiotic niche overlap

Environmental niche overlap measures ranged from 0.42 (D. pavani/D.
unipunctata) to 0.99 (D. mediostriata/D. pallidipennis) for Hellinger’s | and from 0.20
(D. pavani/D. unipunctata) to 0.90 (D. mediostriata/D. pallidipennis) for Schoener’s D.
In general, the frequency distribution of the pairwise comparisons of | were biased
towards higher values, with 85% of the comparisons ranging between 0.72 and 0.98
(Fig. S1). At contrast, D’s values were generally lower, and the frequency distribution
of this niche overlap metric was centered on intermediate values, with 86.33% of the
comparisons ranging between 0.42 and 0.86 (Fig. S1). This behavior is probably
linked to the difference between these two metrics: whereas | considers the two
ENMs as probability distributions, D implicitly assumes that suitability scores
produced by Maxent are proportional to species abundance (Warren et al 2010).

Despite the tendency in regard to higher or intermediate abiotic overlap
values, identity tests performed at the higher divergence levels showed a low number
of pairwise comparisons rejecting the null hypothesis of niche equivalency. So, within
clades 12, 22 and 32 of Robe et al (2010a) phylogeny [encompassing the
mediostriata, the cardini and the tripunctata lineages of the main tripunctata lineage
(Robe et al 2010b)], 26.67%, 33.33% and 38.60% of the pairwise comparisons,
respectively, rejected the null hypothesis. A different pattern was, nevertheless,
encountered for the evaluated virilis-repleta lineage species [encompassing clade 61
in Robe et al (2010a)], for which 86.67% of the pairwise comparisons rejected niche

equivalency.
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Sister species pattern

Comparisons between sister species showed two groups in regard to | and D
metrics: one with lower values for both indices (encompassing the pairwise
comparisons involving D. gaucha/D. pavani and D. mediopunctata/D. unipunctata)
and the other with values higher than 0.93 and 0.68, respectively (encompassing the
other five comparisons) (Fig. S1). In fact, after adopting a Bonferroni correction and a
conservative criterion in which rejection of niche equivalency requires simultaneous
significance for both, D and | comparisons, among the seven identity tests performed
between sister pairs, only the two presenting lower D and | values rejected the null
hypothesis (Fig. S2). Thus, niche similarity signs were found in the comparisons
involving D. griseolineata/D. maculifrons, D gasici/D. mesophragmatica, D. cuaso/D.
paraguayensis, D. neocardini/D.polymorpha and D. bandeirantorum/D. pallidipennis.
At contrast, the hypothesis of niche similarity was rejected for both environmental
niche overlap measures in the comparisons involving D. gaucha/D. pavani and D.

mediopunctata/D. unipunctata.

Biotic Niche overlap

Biotic niche overlap values (C) ranged from O (for several pairwise
comparisons) to 0.69 (between D. griseolineata/D.mediopunctata), with 61.6% of the
comparisons distributed between 0 and 0.2 (Fig. S1). The simulated RA3 model
showed a mean observed C value of 0.18, but as the simulated C value was even
lower, (0.10, p = 0.0) the results indicate that resource sharing is higher than
expected by chance, suggesting that across evolutionary history, competition has not

led to a partition of resources (Gotelli and Graves 1996).

Sister species pattern

The analysis concerning the use of breeding sites among sister species
showed that the evaluated pairs present highly dispersed similarity values, as
measured by the Czekanowski index (C) (Fig. S1), although all the comparisons
presented biotic niche overlap values significantly higher than expected by chance (p
= 0). In this case, among the four sister pairs for which this measure could be
obtained (see above), D. cuaso/D.paraguayensis and D. griseolineata/D. maculifrons

presented the lower values, D. bandeirantorum/D. pallidipennis presented
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intermediate values, whereas D. neocardini/D. polymorpha were the sister pairs
sharing the higher similarity as concerns resource use (Table 2).
Phylogenetic signal

The results of the different sets of Partial Mantel correlation tests are shown in
Table 3, where it can be seen that phylogenetic signal was detected for all evaluated
abiotic and biotic niche overlap measures when the entire set of species was
considered. Contrasting with the pattern found for the Drosophila subgenus taken as
a whole, none significant correlation was found for the subsets of species
encompassing the tripunctata and virilis-repleta lineages. The advantage of Partial
Mantel tests in regard to its simpler and more commonly used version is that it
permits to control for spatial autocorrelation (Gi1 and G2), so that potential PNC
patterns are not obscured (Smouse et al 1986).

Nevertheless, using mean climatic values in the ENM devoid perspective, the
phylogenetic signal dispersed. Bloomberg’s K statistic varied from 0.096 to 0.326,
and none performed test showed significant values. Pagel’s A varied from 0.00007 to
0.671, and only 2 environmental variables (Bio6 and Biol8) presented significant
values (A =0.671, p = 0.0032; and A = 0.613, p = 0.0019, respectively; critical p value
after Bonferroni correction p = 0.01) (Table S1). Individual analyzes performed with
the tripunctata and viris-repleta lineages did not present any significant value in both,
Bloomberg’'s K and Pagel’s A tests (Table S1).

(Place to Table 3)

Breeding sites

Ancestral state character reconstruction suggested several autapomorphies
and homoplasies regarding breeding sites usage. Putative autapomorphies were
found, for example, in flowers of Annonaceae, Apocynaceae, Araceae,
Asclepiadaceae, Bignoniaceae, Fabaceae, Heliconeaceae and Marantaceae by D.
cardinoides; fruits of Cecropiaceae, and fungus of Polyporaceae and
Tricholomataceae by D. paraguayensis; fungus of Auriculariaceae by D. cuaso; and
fruits of Malvaceae and Phytolaccaceae by D. griseolineata. Furthermore, putative
homoplasies were also recovered, for example, between D. cardini and D.
cardinoides (for Malvaceae flowers), D. cardinoides, D. cardini, D. paramediostriata
and D. canalinea (for Passifloraceae fruits) and D. cardinoides, D. mediostriata, D.

mediopicta, D. pallidipennis and D. paraguayensis (for Oxalidaceae fruits).
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The consistence (CI) and retention (RI) indexes exhibited by the evaluated
resources (Fig. 2, autapomorphies were ommited) also revealed moderate to high
levels of homoplasy for all analyzed characters. Fruits of Rutaceae, Moraceae and
Myrtaceae had the lowest values of Cl (Cl = 0.14 and 0.17 respectively) whereas the
higher CI values were of the order of 0.5, for fruits of Apocynaceae, Magnoliacee,
Musaceae and Thymelaeaceae, flowers of Solanaceae and fungus of
Marasmiaceae. As concerns RI, that corrects for autapomorphies, lower values (RI =
0.00) were found in fruits, flowers and fungus in 28 (out of 43) families (Fig. 2), and
higher values were found for fruits of Musaceae (RI =0.67).

Even so, some interesting patterns could be evaluated through the ancestral
state character reconstruction depicted in Figure 2: (1) the putative symplesiomorphy
between all species of tripunctata lineage for the use of Arecaceae fruits, which
seems to have been nevertheless lost in D. guaru and D. pallidipennis; (2) the
several synapomorphies between D. griseolineata and D. maculifrons for the use of
Fabaceae, Magnoliaceae and Moraceae fruits; and (3) the diverse homoplasies
shared between members of the cardini group and D. cuaso, D. paraguayensis
and/or D. mediopunctata. Besides, analysis of Figure 2 also reveals that D.
cardinoides, D. griseolineata, D. mediopunctata and D. paraguayensis are the
species showing the more generalist patterns in resources use.

(Place to Figure 2)

Discussion

Our phylogenetic comparative data showed some contrasting results
according to the method and/or phylogenetic scale. This is a common outcome, since
phylogenetic covariances may be greatly altered according to the examined trait, to
the definition and measurement of niche adopted, to the method and even to the
phylogenetic level assessed (Wiens and Graham 2005; Losos 2008; Pearman et al
2008; Cooper et al 2010; Wiens et al 2010; Peterson 2011). In this sense, Partial
Mantel tests performed with the entire Drosophila subgenus evidenced phylogenetic
signal for both abiotic and biotic niche overlap measures, although such a pattern
could not be detected when less inclusive strategies were conducted or, in general,
when ENM devoid tests were employed. Thus, no significant association was found

when individual environmental variables were analyzed with Bloomberg’'s K statistic,
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and when three of the five employed variables were analyzed with Pagel’s A even in
the most inclusive strategy.

Revell et al (2008) recommended against the use of phylogenetic signal
patterns in the inference of evolutionary processes, since they demonstrated through
different sets of simulations that it may have the same behavior in distinct
evolutionary processes. However, other authors argue that this approach could still
be used, provided that it is backed up by complementary strategies showing that
closely related species are more similar than based on their phylogenetic
relationships (Losos 2008; Cooper et al 2010; Crisp and Cook 2012). Losos (2008),
for example, states that the presence of phylogenetic signal is fundamental but
insufficient to demonstrate PNC; otherwise, their absence would be enough to
discard it. In this sense, in addition to the phylogenetic signal tests performed in
ENM-based and ENM-devoid perspectives, for which the sole drift model provides a
reasonable null hypothesis to test the hypothesis of adaptive radiation, we also
performed niche identity tests, which are better covered by the niche retention model
(see Cooper et al 2010 and Wiens et al 2010). Regarding the phylogenetic signal
tests, absence or weak phylogenetic dependencies could either mean that the trait
varies randomly across the phylogeny (absence of NC), or that it shows evolutionary
stasis (strong NC) (Wiens et al 2010). Conversely, rejection of niche equivalency
patterns in the niche identity tests means that ENMs generated for two species
exhibit statistically significant ecological differences (absence of NC).

Generally speaking, our data seem to support the presence of phylogenetic
signal at least in the most inclusive levels (as detected by the Partial Mantel tests)
and niche equivalency in several levels (as detected by the identity tests). In this
case, although the presence of phylogenetic signals in face of a general pattern of
niche equivalency could be interpreted in two ways [related species may display
similar patterns either due to common evolutionary constraints (PNC) or because
they share similar environments, being subject to common selection pressures in
face of dispersal limitations (phylogenetic structured adaptation) (Freckleton and Jetz
2009; Cooper et al 2010; Kellermann et al 2012a, b)], the significant results obtained
in the partial Mantel tests after controlling for geographic overlap attests that the
detected phylogenetic signal can be in fact attributed to PNC instead of spatial
autocorrelation patterns. Thus, the phylogenetic signal detected for the Drosophila

subgenus through the Partial Mantel test for all abiotic (ENM-based) and biotic niche
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overlap measures and through Pagel's A (ENM-devoid) for two of the included
variables (Bio 6 and Bio 18), added to several cases of significant niche identity
pairwise tests, suggest that PNC rather than ND was the general pattern for the
evaluated species.

Nevertheless, despite the detection of phylogenetic dependencies when the
entire Drosophila subgenus is considered, this result was not maintained once limited
clades within it are taken into account. For example, when the tripunctata or the
virilis-repleta lineages were individually considered, no phylogenetic signal was
detected. This phylogenetic scale problem may be an outcome of the power of
Mantel tests in relation to tree size (Harmon and Glor 2010; Hardy and Pavoine
2012) or may reflect the fact that phylogenetic associations have arisen early in the
phylogeny, so that both lineages that have been evolved separately for more than 30
Ma (Robe et al 2010a), could have coursed different evolutionary trajectories, with
between-clade convergence being a rare phenomenon (see Losos et al 2008).

These results, together with the conclusions of Morales-Hojas and Vieira
(2012) highlight that Throckmorton’s hypothesis for the evolution of the Drosophila
subgenus should be seen with caution, since this lineage does neither present
general signs of increased speciation rates (as found by Morales-Hojas and Vieira
2012), nor shows an absence of phylogenetic signal (as found here) expected for
adaptive radiations (Blomberg et al 2003). However, it is important to keep in mind
that a radiation might yet have occurred through diversification in one or more traits
not here considered. Furthermore, taking a closer look to the depicted scenario, we
can see that there appear to be cases applying also to a scenario of ND.

The tripunctata lineage or radiation

Although sample size has been pointed as a potential problem in Mantel tests
(Harmon and Glor 2010; Hardy and Pavoine 2012), the number of evaluated species
for the tripunctata lineage was not straightforwardly reduced in regard to that of the
Drosophila subgenus (n = 19 and 25, respectively). Thus, statistical power seems not
to be the best explanation for the absence of any significant phylogenetic signal at
this scale. As the identity tests showed that this lineage also followed the general
pattern of its subgenus, with a low number of closely related species rejecting the null
hypothesis of niche equivalency, niche retentionmight be the best explanation for the
absence of phylogenetic signal (Wiens et al 2010). Niche retention might also explain
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the rejection of niche conservatism in Robe et al (2010b), which tested PNC in the
tripunctata lineage through an evaluation of the correlation between pairwise
phylogenetic and climatic Euclidean distances in a sole ENM devoid perspective.
These authors also did not find any significant phylogenetic signal for this lineage,
although they alluded to ND to explain this general pattern.

The ASCR analysis regarding the use of different resources (Fig. 2) showed
that several species of this group are generalist, adapted to the use of flower, fruits
and fungus as breeding sites (e.g. D. cardinoides, D. cuaso and D. paraguayensis).
We also found a concentration in the distribution of autapomorphies for particular
species (e. g. D. cardinoides, D. mediopunctata and D. griseolineata), but this is
probably an artifact of deficient sampling [despite the use of the largest dataset as
yet registered for breeding sites in this group by Gottschalk (2008)]. An interesting
pattern was, nevertheless, obtained in the ASCR for Arecaceae fruits exploitation,
which appears to be an ancestral property for the tripunctata lineage species, yet
maintained in most of the group.

Following the general pattern of the lineage, among the five evaluated sister
pairs, only one rejected the null hypothesis of niche equivalency. Most of the species
pairs that did not reject niche similarity have wide range overlap measures (R > 0.75)
and different divergence ages [D. cuaso/D. paraguayensis at about 1.78 MYA, D.
maculifrons/D. griseolineata at about 4.6 MYA, D. neocardini/D. polymorpha at about
7.66 MYA and D. bandeirantorum/D. pallidipennis at about 17.2 MYA (Robe et al
2010a)], suggesting a decrease in the evolutionary rates of the evaluated traits in
more recent past, compatible with a niche filling model (Cooper et al 2010). In this
case, the speciation mode may be (1) geographic, with allopatric divergence in face
of NC and further expansion leading to a secondary contact (Fig. 3), or (2) ecological,
with sympatric divergence in non-environmental niche properties. Since the recorded
resource overlap patterns suggested that across evolutionary history competition has
not led to a partition between the studied species, the identity of these putative non-
environmental properties still remains to be addressed. The pattern detected for the
fifth sister-pair (D. mediopunctata/D. unipunctata) is nevertheless completely different
since niche conservatism is rejected despite a significant range overlap (R = 0.69).
So, it is possible to hypothesize that this speciation was ecological, occurring through
abiotic niche divergence either in sympatry, as a form of reducing competition, or in
allopatry with secondary contact. Despite the uncertainties related to this scenario, it
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is possible to see that Drosophila species could greatly contribute to the controversy
regarding the impact geographical versus ecological forces have in the evolution of
different species (Wiens 2004; Rundle and Nosil 2005; Wang et al 2013).

(Place to Figure 3)

The virilis-repleta lineage

The virilis-repleta lineage seems to follow a pattern that is different from that
found for the subgenus Drosophila and tripunctata lineage. This lineage did not
present a significant phylogenetic signal in Partial Mantel tests, a result that could be
related to the small number of terminal nodes (Harmon and Glor 2010), although ND
was corroborated by the identity tests. However, the low number of species included
here makes the general conclusion about this group questionable, once other
authors have found a NC pattern for some of its groups (Robe et al 2013; Kellerman
et al 2012a; Oliveira et al 2012). In the sister species perspective, only two
comparisons regarding the virilis-repleta lineage could be accordingly included, and
these present contrasting patterns: (1) Drosophila gasici and D. mesophragmatica
diverged around 3 MYA (Robe et al 2010a) and seem to be sympatric in most of their
distribution (R= 0.86; Fig. S1). Abiotic identity tests performed with this pair of
species were not able to reject the null hypothesis of niche equivalency (Fig. S2),
suggesting geographical speciation, with NC in allopatry and secondary contact; or
ecological speciation, with ND in non-environmental niche properties in sympatry. (2)
D. gaucha and D. pavani diverged only about 1.25 MYA (Robe et al 2010a) and are
able to hybridize under laboratory conditions (Godoy-Herrera et al 2005). Since
range overlap between these species is small (R=0.43; Fig. S1-G) and they also
rejected niche equivalency, it is possible to suggest allopatric speciation with niche
divergence as the putative divergence pattern (Fig. 3). The allopatric speciation
hypothesis suggested in both cases agrees with the reasoning provided by Mota et al
(2008) that distinct Andean refuge areas formed during the Pleistocene (Salgado-

Laboriau 1994), affecting the speciation of the D. mesophragmatica group.

Conclusion

So, despite the contrasting results presented by the different set of analyzes,
only the integrative approach using different phylogenetic signal tests, in ENM and
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ENM-devoid perspectives, added to the wide set of identity tests lead to a refined
picture of niche dynamics patterns within the Drosophila subgenus. Contrasting
patterns were evidenced for each of the included lineages, reflecting that the way
effects of dispersal abilities and magnitude of fithess differences between habitats
interact to determine whether niche properties expands or contracts (Kirkpatrick and
Barton 1997, reviewed in Pearman et al 2007) also appear to be phylogenetically
autocorrelated. Finally, we present subsides to suggest PNC at the environmental
and trophical resource scales in the Neotropical Drosophila subgenus and its
tripunctata lineage. Alghough PNC was not supported for the virilis-repleta lineage,
increase in sampling size is needed in order to clarify the evolutionary scenary for

this group.
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Tables e figures

Table 1: Taxonomic distribution of the species selected for the analysis, with their number of unique
occurrence points (N).

Lineage Group Species N
tripunctata guarani D. guaru Dobzhansky and Pavan 1943 22
D. ornatifrons Duda 1927 40
guarumuru D. griseolineata Duda 1927 67*
D. maculifrons Duda 1927 56*
tripunctata D. bandeirantorum Dobzhansky and 60
Pavan 1943
D. cuaso Bachli, Vilela and Ratcov 13
2000
D. mediopicta Frota-Pessoa 1954 32
D. mediopunctata Dobzhansky and 60
Pavan 1943
D. mediostriata Duda 1925 62
D. nappae Vilela, Valente and Basso- 22
da-Silva 2004
D. paraguayensis Duda 1927 34
D. paramediostriata Townsend and 20
Wheeler 1955
D. roehrae Pipkin and Heed 1964 22
D. unipunctata Patterson and Mainland 24
1943
cardini D. cardini Sturtevant 1916 204
D. cardinoides Dobzhansky and Pavan 115
1943
D. neocardini Streisinger 1946 39
D. polymorpha Dobzhansky and Pavan 115
1943
pallidipennis D. pallidipennis Dobzhansky and 69
Pavan 1943
virilis- mesophragmatica D. gasici Brncic 1957 21
repleta
D. gaucha Jaeger and Salzano 1953 22
D. mesophragmatica Duda 1927 22
D. pavani Brncic 1957 45
annulimana D. annulimana Duda 1927 26
canalinea D. canalinea Patterson and Mainland 28
1944

* data extracted from De Ré (2011)
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Table 2: Niche and range overlap indices for the evaluated pairs of sister species. |

Hellinger’s I, D = Schoener’s D, R = range overlap, C= Czekanowski’s index. The significance of

each measure is given between brackets, where bold values are significant after a Bonferroni
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correction.

Sister species pair I D R C
D. griseolineata/D. maculifrons 0.95(0.06) 0.77(0.05) 0.97 0.25
D. neocardini/D.polymorpha 0.97 (0.89) 0.82(0.65) 0.91 0.54
D. mediopunctata/D. unipunctata 0.75(0.00) 0.48 (0.00) 0.69 -
D. cuaso/D. paraguayensis 0.93(0.50) 0.71(0.37) 0.92 0.15
D. bandeirantorum/D. pallidipennis  0.94 (0.03) 0.73 (0.01) 0.90 0.4
D gasici/D. mesophragmatica 0.93(0.02) 0.70(0.01) 0.86 -
D. gaucha/D. pavani 0.74 (0.00) 0.43(0.00) 0.43 -
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Table 3: Partial Mantel test performed in order to infer the presence of a
phylogenetic signal for the environmental (evaluated through D and I) or the biotic
niche overlap measures (evaluated through C), controlling for geographical distance
(evaluated through Gi or G2) in three phylogenetic scales: the entire Drosophila
subgenus, the tripunctata radiation and the virilis-repleta radiation.

Matrices N Correlation p value
PxIxG1 24 0.33 <0.001
PxIxXG2 24 0.33 <0.001
PxDxG1 24 0.44 <0.001
PxDxGz2 24 0.30 <0.01
Drosophila PxCxG1 12 0.37 <0.01
subgenus PXCxG2 20 0.44 <0.001
AXIXG1 24 0.31 <0.001
AXIXG2 24 0.32 <0.001
AXDxG1 24 0.42 <0.001
AXDXG2 24 0.42 <0.001
AXCxG1 20 0.38 <0.01
AXCxG2 20 0.39 <0.01
PxIxG1 18 -0.01 0.55
PxIXG2 18 -0.05 0.71
PxDxG1 18 0.04 0.30
PxDxG2 18 -0.01 0.51
tripunctata PxCxG1 17 0.05 0.31
lineage PxCxG2 17 0.05 0.30
AXIXG1 18 0.01 0.47
AXIXG2 18 0.01 0.47
AXDxG1 18 0.03 0.35
AXDXG2 18 0.03 0.35
AXCxG1 17 0.07 0.23
AXCxG2 17 0.06 0.24
PxIxG1 6 0.33 0.15
PxIxXG2 6 0.28 0.22
PxDxG1 6 0.41 0.11
PxDxG2 6 0.36 0.15
virilis- PXCxGa1 3 - -
repleta PXCxG2 3 - -
lineage* AXIXG1 6 0.31 0.19
AXIXG2 6 0.25 0.25
AXDxG1 6 0.39 0.12
AXDXG2 6 0.33 0.17
AXCxG1 3 - -
AXCxG2 3 - -
P = Phylogenetic patristic distance, A = divergence time, | = Hellinger's I, D =
Schoener's D, Gi1 = mean geographical coordinate, G2 = mean of pairwise

distance, N = number of species. Significant correlations after a Bonferroni
correction are depicted in bold.
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Table S1: Phylogenetic signal measured through Bloomberg’s K and Pagel’s A statistics using the mean values presented by the set of registers
compiled for each species in regard to the selected environmental variables.

Bloomberg’s K Pagel’s A
K P A logL logLO p

Bio6 0.326 0.068 0.67121 -112.183 -116.531 0.003

Biol4 0.175 0.482 0.36548 -101.747 -103.118 0.098

Drosophila subgenus Biol5 0.096 0.924 0.11122 -92.079 -92.1849 0.645
Biol8 0.211 0.340 0.61281 -143.722 -148.518 0.002

Biol9 0.160 0.594 0.00007 -130.383 -130.383 1.000

Bio6 0.283 0.874 0.00007 -76.883 -76.883 1.000

tripunctata lineage Biol4 0.467 0.427 0.00007 -72.854 -72.854 1.000
Biol5 0.581 0.152 0.00007 -58.599 -58.599 1.000

Biol8 0.509 0.325 0.20328 -92.789 -92.993 1.000

Biol9 0.365 0.683 0.00007 -98.491 -98.490 1.000

Bio6 0.710 0.035 0.86343 -30.379 -30.928 0.295

Biol4 0.083 0.868 0.00007 -25.680 -25.680 1.000

virilis-repleta lineage Biol5 0.063 0.957 0.00007 -25.547 -25.547 1.000
Biol8 0.179 0.546 0.00006 -39.547 -39.547 1.000

Biol9 0.356 0.266 0.79809 -31.457 -31.359 1.000

Environmental variables: Bio6: Minimum temperature of coldest month, Bio 14: Precipitation of driest month, Bio 15: Precipitation seasonality
(coefficient of variation), Biol8: Precipitation of warmest quarter, Bio19: Precipitation of coldest quarter. Significant correlations after a Bonferroni
correction are depicted in bold.
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Figure 1. Overlapped environmental suitability models of the seven pairs of sister species. (A) D.
maculifrons/D. griseolineata, (B) D. neocardini/D. polymorpha, (C) D. mediopunctata/D. unipunctata,
(D) D. cuaso/D. paraguayensis, (E) D. bandeirantorum/D. pallidipennis, (F) D. gasici/D.
mesophragmatica, (G) D. gaucha/D. pavani. In each case, the modeled potential distribution of the
first mentioned species is represented by diagonal lines, whereas the predicted presence areas of the
second species are presented in gray. In this sense, gray areas with diagonal lines are regions of
potential range overlap.
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Figure 2: Breeding sites recorded to the Drosophila subgenus species. Black squares represent recorded emergence from the resource.
Consistence (CI) and Retention (RI) indexes for each resource are shown below the presence/absence matrix. The tree shown in left was modified
from Robe et al (2010a), with emphasis in the tripunctata radiation. Autapomorphies were omitted.
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Geographical space

Figure 3: Niche equivalency and environmental overlap between sister species
(adapted from Graham et al 2004). When range overlap value between sister species
was higher than 0.96, they were considered entirely sympatric. * and # refer to biotic

overlap measures: “*” depicts significant resource overlap and # refers to absence of
information.
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Figure S1: Relative frequencies distribution of pairwise comparisons regarding abiotic (measured
through Schoener’s D and Hellinger’s | statistics), biotic (measured through Czekanowski’s index) and
range overlap values. Vertical bars represent the relative frequency of each overlap value among the
set of pairwise comparisons. Arrows depict the values obtained for each of the evaluated sister
species pairs, (A) D. maculifrons/D. griseolineata, (B) D. neocardini/D. polymorpha, (C) D.
mediopunctata/D. unipunctata, (D) D. cuaso/D. paraguayensis, (E) D. bandeirantorum/D. pallidipennis,
(F) D. gasici/D. mesophragmatica, (G) D. gaucha/D. pavani.
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Figure S2: Niche equivalency hypothesis test for each pair of sister species. Vertical bars represent
the null hypothesis distribution of Schoener's D (blue) and Hellinger's | (green) statistics, obtained
after pooling together the registers of two species and then randomizing them 200 times in order to
produce two new samples with the same number of observations as the empirical data which had their
ENMs evaluated for D and | overlap patterns. Arrows show empirical D (blue) and | (green) value
calculated for each sister species pair. Hypothesis of niche equivalency was rejected if empirical
values were significantly lower than expected by chance. Significance values are detached.
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This study provides new records on the distribution of 22 species of mycophagous Drosophilidae and reports the
southernmost and/or northernmost register points for most of them. Climatic modeling analysis revealed that the
sampled species are heterogeneous as concerns the patterns of potential geographical ranges. A regular pattern
emerging from the evaluated models is that the minimum temperature of the coldest month is one of the most
determinant variables of habitat suitability for most species, although the particular response patterns may be
further subdivided. In particular, some putative geographically restricted species appear to be highly susceptible to
minor increases in the minimal temperature ranges, indicating that they are potential targets for the temperature
rises expected to affect the Neotropics over the next decades and centuries. Moreover, as our analyses detected
niche conservatism signals among the studied species, potential range shifts in face of future climatic oscillations
may also be questioned.

Keywords: Hirtodrosophila; Mycodrosophila; Paraliodrosophila; Zygothrica; species distribution models (SDMs)

Introduction

Drosophilidae encompasses 76 described genera,
with more than 4200 described species (Bichli
2013). Flies from this family are widely spread
throughout the world, being found from sea level
to high mountains, and from the tropics to tundras
(Throckmorton 1975). Powell (1997) argued that
originally drosophilid larvae probably fed on
fermenting leaf litter and rotting vegetation, with a
shift to dependence on microorganisms associated
with fermentation and decay of different resources
allowing further diversification. So there is a diverse
array of Drosophilidae species reported in fruits,
fungus, sap, flowers, pollen and rotten leaves
(Carson 1971; Markow & O’Grady 2008), with
these resources being used as feeding and/or as
courtship/breeding sites. Despite this general asso-
ciation of drosophilids with yeast microorganisms,
some species detach for their close affiliation to
macroscopic fungi fructification bodies, and these
will be referred as mycophagous species throughout
this paper.

Mycophagous habits appear to have evolved inde-
pendently several times within Drosophilidae

(Throckmorton 1975; Powell 1997), which agrees with
the notion that niche divergence may have dominated
the evolution of Drosophilidae species (Robe et al. 2010).
Nevertheless, mycophagy may represent a derived syna-
pomorphy for the Zygothrica genus group (Grimaldi
1990), that encompasses Hirtodrosophila Duda, 1923,
Mycodrosophila Oldenberg, 1914, Paraliodrosophila
Duda, 1925 and Zygothrica Wiedemann, 1830, including
160, 127 and 124 species, respectively (Béchli 2013).
However, even within these genera, mycophagous habits
may be quite heterogeneous, with Hirtodrosophila and
Mycodrosophila usually found in association with fungi
in different stages, whereas Zygothrica mycophagy
seems to be more labile, with fewer than 10% of species
feeding fungi as larvae (Courtney et al. 1990).
Mycophagy was also suggested for the species that
encompass the poorly known genus Paraliodrosophila,
which shares several characteristics with the
Mycodrosophila and Hirtodrosophila genera (Vilela &
Bichli 2007). Despite the high diversity presented by
these four genera, few species have been registered for
Brazil (Gottschalk et al. 2008), and these are generally
represented by only a few records (Biichli 2013). This is
probably an artifact of biased sampling effort, with

*Corresponding author. Email: gotts007@yvahoo.com

© 2014 Taylor & Francis
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collections mainly performed with banana-baited traps,
which only rarely attract species of feed habits other than
frugivory.

Concerning the particular preferences in host
usages, there are claims that most mycophagous dro-
sophilid species are polyphagous or generalist in vir-
tue of the ephemeral and unpredictable nature of the
colonized food resources and the chemical and nutri-
tional homogeneity of the explored fungal fructifica-
tion bodies (Jaenike et al. 1978; Courtney et al. 1990).
Compatible with this idea, Lacy (1984) showed that
host chemistry seems to have little effect on host
preferences, and mycophagous drosophilids do not
avoid fungi considered toxic or undigestible for
other species. Nevertheless, according to Wertheim
et al. (2000), despite the fact that co-existence between
mycophagous species is mainly mediated by spatial
aggregation and not by resource partitioning, several
of the studied species have narrow diets. Regardless of
the predominant niche breadth pattern, it is generally
accepted that the distribution of mycophagous
drosophilids may be severely limited by abiotic
factors related to the physiological restrictions of the
explored resources or of the flies themselves. In this
regard, several authors stressed the great importance
abiotic factors have for both the explored fungi
(Shorrocks & Charlesworth 1980; Ohenoja &
Metsanheimo 1982; Courtney et al. 1990) and the
Drosophilidae species distributions (Spieth 1987;
Kellermann, Loeschcke et al. 2012; Kellermann,
Overgaard et al. 2012).

In recent years, the development of species distri-
bution models (SDMs) or ecological niche models
(ENMs) have allowed new insights into ecology, bio-
geography, evolution, conservation biology and cli-
mate change (Guisan & Thuiller 2005). SDMs are
models that relate species distribution data (occu-
rrence or abundance) with digital layers of environ-
mental and/or spatial characteristics with the
objective of improving knowledge and/or predicting
the species’ distribution across a landscape in a
model-based interpolation to unsampled sites (Elith
& Leathwick 2009). Despite the potential of this
approach, the limited number of geographical records
available for several species may represent a caveat to
the applicability of this tool, due to its dependency on
the degree to which the environmental dimensions
examined actually define the species’ distributional
limits (Pearson et al. 2007). Even so, the capacity of
SDM:s to predict at least part of the possible distribu-
tion of a species could be a first step in planning
sample strategies, providing support for studies that
aim to understand patterns of distribution and species
diversity. Moreover, for species for which more
robust models are attained, SDMs can provide an

important way of enhancing the knowledge involving
the evolutionary and ecological patterns and
processes subjacent to their biology.

This study adds to the current knowledge of the
Hirtodrosophila, Mycodrosophila, Paraliodrosophila
and Zygothrica Neotropical diversity, by providing
new records on the distribution of 22 species.
Additionally, we also applied SDMs to predict the
potential geographic distribution of the studied
species by combining the new occurrence records
with those as yet available. The results so obtained
were used to gain some ecological insights concern-
ing, for example, the factors that contributed mostly
to the modeled distributions and the response curves
presented by each species for the most important
variables. Finally, niche overlap measures were
obtained for each pairwise SDM comparison, in
order to evaluate the patterns of niche conservation
presented by the studied species.

Materials and methods
Sample collections

Sample collections were carried out at 15 points dis-
tributed across southern and southeastern Braazil,
within the Atlantic Forest and Pampa biomes; in addi-
tion, one collection was performed in the Brazilian
Cerrado biome and four collections were performed
in the Brazilian Amazonian biome (Table 1). Adult
flies flying over or resting on fructification bodies of
fungi were captured in the field with an entomological
aspirator or an entomological net. Sometimes, fructifi-
cation bodies were collected and stored at the labora-
tory, where emerged flies were swept daily. These field
collections were performed along active search trans-
ects, with each point being inspected for approximately
24 h in each of the sampling days (Table 1).

The collected specimens were preserved in 70% or
100% ethanol and later identified based on general
morphology and male genitalia slides, prepared
according to Bichli et al. (2005). Identifications were
performed through comparisons with the descriptions,
keys and/or illustrations presented by Frota-Pessoa
(1945), Burla (1956), Wheeler & Takada (1971),
Grimaldi (1987, 1990) and Vilela & Béachli (2004,
2007).

Species distribution modeling

Geographic distributions for each of the sampled spe-
cies were obtained from the Taxodros Database
(Bichli 2013), which represents the sampling efforts
of hundreds of drosophilid researchers across almost a
century, and these were reviewed and added to the
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Table 1. List of sampling sites with their respective geographical coordinates and collection dates.

Studies on Neotropical Fauna and Environment 3

Sample sites

Collection date

Geographical coordinates

20 November 2009
20 February 2010

27 February 2010, 4 April 2010

23-24 March 2009

23-24 March 2009

27 April 2009

13 February 2009

1 February 2010

1 February 2010

19 February 2010

27 April 2011

30 April 2011

4 May 2011

22 February 2011, 25 March
2011, 29 April 2011, 27
May 2011

23 August 2011

10 November 2011

12 January 2012

27°35727" §, 48°28'33" W
29°35'00" S, 51°07'06" W
28°2312" §, 53°39'55" W
29°43'19" §, 53°4247" W

20°43'02" 8, 53°4334" W
20°40r73" 8, 53°43'55" W
20°38'35" §, 53°36'01" W
29°11'09" S, 54°53'50" W
29°12'51" 8§, 54°5127" W
30°05'17" 8, 51°06'07" W
23°53'10" 8, 52°49'01" W
22°36'28" §, 52°5226" W
22°3729" §, 52°1031" W
31°48'58" §, 52°25'55" W

32°32725" §, 52°3234" W
01°47°32" §, 51°26'02" W
13°06'21" S, 60°34'38" W

No. City Location

1 Florianopolis (SC) Morro da Lagoa da Conceigiio®

2 Ivoti (RS) Cascata Sio Miguel®

3 Pejugara (RS) Balneirio do Picolé®

4 Santa Maria (RS) Bosque da Universidade Federal de
Santa Maria (UFSM)®

5 Jardim Botanico (UFSM)®

6 Morro do Elefante®

7 Cascata do Mezzomo®

8 Santiago (RS) Ténis Clube”

9 Parque Zamperete”

10 Viamio (RS) Parque Saint’Hilaire®

11 Tuneiras do Oeste (PR) Reserva Biologica das Perobas®

12 Diamante do Norte (PR) Estagio Ecologica do Caiua®

13 Teodoro Sampaio (SP) Parque Fstadual do Morro do Diabo®

14 Pelotas (RS) Horto Botinico Irmio Teodoro Luis”

15 Rio Grande (RS) Estagio Ecoldgica do Taim®

16 Melgaco (PA) Floresta Nacional de Caxiuani®

17 Colorado do Oeste (RO) Sitio do 1ldo®

18 Sitio do Mauricio®

19 Sitio do Jodo*

20 Tangara da Serra (MT) Mata do Kart Cross®

5 January 2012
23 December 2011
25 January 2011

13°00°38" §; 60°3525" W
13°06'40" S, 60°35'45" W
14°37'08" S, 57°29'09" W

Notes: *Sites in the Atlantic Forest; "Sites in the Pampa biome; “Sites at the interface between the Atlantic Forest and the Pampa biome; IGites

in the Amazonia biome; “Sites in the Cerrado biome.

occurrence records provided by Gottschalk et al.
(2009) and by our collections (Table 2). The number
of presence sites per species ranges from three (for f1.
subgilva and Z. zygopoeyi) to 61 (for Z. prodispar),
with an average of 14 (Table 3).

These presence-only datasets were then used to
construct the potential distribution maps for each of
the encountered species, using the ecological niche
model  reconstruction  algorithm  DOMAIN
(Carpenter et al. 1993) that generates maps of multi-
variate ecological similarity or distance to the sites at
which the taxon is known to occur, as implemented in
MODECO (http://gis.ucmerced.edu/ModEco), and
the maximum entropy machine learning method per-
formed by MAXENT (Phillips et al. 2006), that
chooses the most unconstrained model among those
presenting probability distributions that satisfy the
constraint that the average estimated value of each
environmental variable corresponds to its empirical
average (Phillips et al. 2004, 2006). In both cases,
model projections were established based on nine of
the 19 continuous climatic variables plus altitude as
available at WorldClim 1.3 database (Hijmans et al.
2005) at a 2.5-min resolution (5 kmzj. Variable selec-
tion was performed through evaluation of the pair-
wise Pearson correlation coefficients among layers, as
implemented in ENMTools (Warren et al. 2008,

2010), with the retained variables always showing
small correlations among each other (r < |0.75|). The
nine selected variables were: altitude (Alt), mean diur-
nal range (Bio-2), maximum temperature of the
warmest month (Bio-5), minimum temperature of
the coldest month (Bio-6), precipitation seasonality
(Bio-15), precipitation of the wettest quarter (Bio-
16), precipitation of the driest quarter (Bio-17), pre-
cipitation of the warmest quarter (Bio-18) and preci-
pitation of the coldest quarter (Bio-19).

DOMAIN and MAXENT models were employed
here because both algorithms use presence-only data-
sets. Absence inferences can be especially misleading
with Drosophilidae species since they can introduce
bias not only when the habitat is suitable but unoccu-
pied or when the species is not at equilibrium, but also
when the species is in fact present but remained unde-
tected or was not correctly identified. In fact,
Anderson et al. (2003) recommended the use of
observed absences only when a site has been surveyed
extensively, or when a species can be confidently
detected by a single survey, which is not the case of
our species. Moreover, considering the small number
of registers presented for some species, DOMAIN and
MAXENT were chosen because both are relatively
independent of sample sizes, being able to build
reliable models even with small species occurrence
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Table 2. List of collected Hirtodrosophila, Mycodrosophila, Paraliodrosophila and Zygothrica species, with their respective
taxonomic position (according to Bachli 2013) and sampling site(s) as registered by this study (referred according to the

numbers given in Table 1).

Genera Species group Species Sampling site(s)
Hirtodrosophila glabrifrons group H. levigata (Burla 1956) 1,2,4,6,7,10, 11, 14
hirticornis group H. gilva (Burla 1956) 12
H. mendeli (Mourio, Gallo & Bicudo 1965) 7.8, 11,12, 14
H. morgani (Mourio, Gallo & Bicudo 1965) 12, 14, 19, 20
H. subgilva (Burla 1956) 1.7
Not assigned to group H. subflavohalterata (Burla 1956) 16, 17
Mycodrosophila M. elegans (Wheeler & Takada 1963) 12, 13, 16, 19

M. projectans (Sturtevant 1916)
P. antennata (Wheeler 1957)

Faraliodrosophila

3,4,6,10, 12, 13, 14, 15, 16
3,5 8,12, 13,16, 17, 18, 19

Zygothrica atriangula group Z. atrigngula Duda 1927 16
Z. parapoeyi (Burla 1956) 2
Z. poeyi (Sturtevant 1921) 1, 2. 6,10, 11, 14, 17
Z. virgatinigra (Burla 1956) 16
bilineata group Z. bilineata (Williston 1896) 14

dispar group Z. dispar (Wiedmann 1830) 2,10, 11, 12, 14
Z. prodispar Duda 1925 2,11, 12, 14, 20
hypandriata group Z. hypandriata (Burla 1956) 1,6, 7,10
arbitalis group Z. orbitalis (Sturtevant 1916) 1,2,7,12
vittimaculosa group Z. vittinubila (Burla 1956) 11
Z. zygopoeyi (Burla 1956) 11
Not assigned to group Z. parvipoeyi (Burla 1956) 7
Z. ptilialis (Burla 1956) 6,7, 10, 11, 14

datasets (Hernandez et al. 2006; Wisz et al. 2008). In
this sense, Pearson et al. (2007) stated that sample
sizes may be successfully reduced below 10 points if
MAXENT is used. So, in general, both these two
algorithms appear to fulfill our different requirements.

For DOMALIN, a sensitivity measure was used as
validation strategy based on a Jackknife k-fold
cross-validation procedure, with k equal to the num-
ber of occurrence localities and one sampling point
withheld from the calibration set and encompassing
the test set at each partition, as recommended by
Pearson et al. (2007) for low sample sizes. In this
case, reclassification of the SDMs to binary maps of
predicted presence and absence was accomplished
using a similarity threshold as stringent as (.95.
The models generated by MAXENT, on the other
hand, were tested through the reconstruction of 25
replicates of bootstrap, in each of which 25% of the
randomly chosen registers were withheld as tests.
Area under the receiving operating curve (AUC)
[which evaluates both omission (false negatives)
and commission errors (false positives) by plotting
the sensitivity values (true positive fractions) against
1-specificity (false positive fraction) for all available
thresholds (Fielding & Bell 1997)], was used as a
diagnostic test performed in face of the testing data-
sets. An AUC of 0.5 indicates that the model per-
formance is no better than a random prediction and

an AUC of 1.00 yields theoretically perfect discrimi-
nation ability to the model.

Each of the nine WordClim climatic variables
used on modeling was also evaluated for its contribu-
tion to the derived DOMAIN and MAXENT SDMs.
For DOMAIN, measures of the most limiting factors
(MLF) were obtained through mapping the variable
for which the percentile score of each cell was lowest
or highest. For MAXENT, the relative contribution
was measured through the increase in the SDM reg-
ularized gain added by the corresponding variable, or
through the decrease subtracted from it if the change
was negative. Response curves showing how each
environmental variable affects the MAXENT predic-
tions were also evaluated.

Finally, pairwise measures of predicted niche
overlap were obtained for the MAXENT models
through the use of two identity tests implemented in
ENMTools: Schoener’s D and Hellinger’s I statistics.
Both these indices range from 0 (niche models have
no overlap) to 1 (niche models identical), and do not
require thresholds for distinguishing presence and
absence (Warren et al. 2008). Statistical significance
of the niche overlap measures was evaluated in
ENMTools using the identity test (Warren et al.
2008, 2010), which tests if SDMs generated for two
species are more different than expected if they were
drawn from the same underlying distribution.
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Table 3. Prediction success of SDMs related to sensitivity for
DOMAIN models and to AUC value for MAXENT models.

DOMAIN MAXENT

Number model model AUC

of points* Sensitivity value
H. gilva 4 0.50 0.95
H. levigata 11 0.82 0.95
H. mendeli 8 1.00 0.91
H. morgani 8 0.75 0.78
H. subflavohalterata 4 0.50 0.87
H. subgilva 3 0.00 -
M. elegans 10 0.78 0.78
M. projectans 30 0.83 0.92
P. antennata** 14 0.93 0.89
Z. atriangula 7 0.57 0.83
Z. bilineata 28 0.90 0.93
Z. dispar 37 0.92 0.93
Z. hypandriata 11 1.00 0.94
Z. orbitalis 19 0.89 0.99
Z. parapoeyi 4 0.75 0.96
Z. parvipoeyi 4 0.75 0.96
Z. poeyi 22 091 0.95
Z. prodispar 61 0.84 0.87
Z. ptilialis 9 1.00 0.93
Z. virgarinigra 4 0.50 0.86
Z. vittinubila 6 0.67 0.93
Z. zygopoeyi B 0.00 -

Notes: *As obtained after adding our registers and those presented
by Gottschalk et al. (2009) to Bichli (2013) dataset. ** Cited as
Hirtodrosophila thoracis (Williston 1896) by Gottschalk et al.
(2009). The species shaded in gray had their SDMs withdrawn
due to their poor prediction performance.

Pairwise range overlap measures (R) were also
obtained in ENMTools based on binary MAXENT
models, with presence/absence patterns contrasted
through the use of the mean minimum training pre-
sence threshold. Correlations between D, I and R
were estimated through a Mantel test, with 5000 per-
mutations, as performed in Past 2.16 (Hammer et al.
2001).

Results

A total of 22 species belonging to the genera
Hirtodrosophila, Mycodrosophila, Paraliodrosophila
and Zygothrica were identified among the collected
individuals (Table 2). The currently known distribu-
tion of each of these species was expanded by this
study, and our collection points encompass the south-
ernmost and northernmost records available for one
species (H. morgani), the southernmost record for
other 16 species (H. levigata, H. mendeli, H. subgilva,
M. elegans, M. projectans, P. antennata, Z. bilineata,
Z. dispar, Z. hypandriata, Z. parapoeyi, Z. parvipoeyi,
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Z. poeyi, Z. prodispar, Z. ptilialis, Z. vittinubila and
Z. zygopoeyi), and the northernmost record for other
two species (H. subflavohalterata and Z. atriangula).

Concerning the SDMs, only 13 of the 22 species
models passed through our validation criteria of pre-
senting more than six register points associated with a
DOMAIN and a MAXENT SDM prediction perfor-
mance greater than 0.75 (as measured through sensi-
tivity and AUC wvalue, respectively) (Table 3).
Sensitivity values greater than 0.75 reflect omission
rates (false negatives) lower than 0.25, whereas AUC
values greater than 0.75 should be interpreted as at
least a 75% probability that the model can correctly
distinguish between a presence and a background
record if the point is selected randomly from the set
of presences and absences (Phillips et al. 2006;
Pearson 2007), so that both criteria assigned a good
performance to the sustained models. The species that
presented such a moderate/high predictive perfor-
mance were H. levigata, H. mendeli, H. morgani, M.
elegans, M. projectans, P. antennata, Z. bilineata, Z.
dispar, Z. hypandriata, Z. orbitalis, Z. poeyi, Z. pro-
dispar and Z. ptilialis, and their distribution models
are evaluated in Figure 1. Interestingly, most species
which presented poorer performances (H. gilva, H.
subflavohalterata, H. subgilva, Z. atriangula, Z. virga-
tinigra, Z. vittinubila and Z. zygopoeyi) also had no
more than six records (Table 3). It is also important to
emphasize that for the 13 maintained average models,
all the observed records fell within areas of high
habitat suitability, predicted as presence for at least
one model (similarity threshold of 0.95 for DOMAIN
and minimum training presence for MAXENT),
although MAXENT generally presented higher
omission rates as compared to DOMAIN. In fact,
most of MAXENT’s presence prediction was gene-
rally contained within DOMAIN’s suitability areas,
although the former extended further southwards and
westwards in several cases (exceptions provided by M.
elegans and Z. orbitalis). Nevertheless, we need to be
aware that this difference could be an artifact of
unscaled threshold choice.

In spite of this, the SDMs recovered by both
algorithms for the three species with larger sample
sizes (M. projectans, Z. dispar and Z. prodispar)
were in general agreement with each other, suggesting
that DOMAIN and MAXENT may be capturing
different niche properties in the case of species with
lower sample sizes. Using a conservative approach, it
is possible to trace the potential distribution of each
species in face of its actual occurrences by intersecting
the habitat suitability models generated by both algo-
rithms. This strategy shows that the studied species
are widely heterogeneous regarding the patterns of
geographical ranges (Figure 1), with Z. prodispar, Z.
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Figure 1. Environmental suitability distribution models for the species (a) Hirtodrosophila levigata; (b) H. mendeli;
(c) H. morgani; (d) Mycodrosophila elegans; (e¢) M. projectans; (f) Paraliodrosophila antennata; (g) Zygothrica bilineata:
(h) Z. dispar; (i) Z. hypandriata; (j) Z. orbitalis; (k) Z. poeyi; (1) Z. prodispar; and (m) Z. ptilialis as projected only by the
point-to-point similarity based method derived by DOMAIN (light gray), only by the machine-learning maximum entropy
method performed in MAXENT (intermediate gray), or by both algorithms (dark gray). Occurrence points obtained by this
study are shown as black stars, whereas those obtained from the searchable web portal of Bachli (2013) are shown by black
circles. Presence (scales of gray) and absence (white) patterns were extracted from the continuous probability distributions (%),
using the MTP (minimum training presence) and a similarity threshold of 0.95 for MAXENT and DOMAIN, respectively.
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Figure 1. (Continued).

dispar and M. projectans outstanding as widely dis-
tributed, presenting high environmental suitability
values across almost the entire Neotropical region.
Conversely, H. levigata, H. mendeli, Z. hypandriata,
Z. orbitalis and Z. ptilialis appear to be endemic to
smaller and frequently disjunct regions (especially for
MAXENT). Nevertheless, several of these disjunct
patches appear to be unoccupied by the modeled
species.

According to MAXENT analyses, the environ-
mental variables that contribute mostly to the models
of the mycophagous species (Figure 2) are precipita-
tion seasonality (Bio-15, mean = 18%), precipitation
of the warmest quarter (Bio-18, mean = 16%) and
minimum temperature of the coldest month (Bio-6,
mean = 12%). Interestingly, DOMAIN’s analysis of
the most limiting factors for each species positioned
the minimal temperature of the coldest month as the
most important variable (mean = 30%), followed by
the maximum temperature of the warmest month
(Bio-5, mean = 16%). In fact, Bio-6 is DOMAIN’s

most limiting factor for six out of the 13 species (H.
levigata, H. mendeli, H. morgani, M. elegans, Z.
hypandriata and Z. ptilialis) whereas three of the
remaining species present Bio-5 as the most limiting
factor (M. projectans, P. antennata and Z. prodispar)
(Figure 2), showing that the distribution of these
mycophagous species may be widely affected by tem-
perature extremes.

Concerning the response curves generated by
MAXENT based on the modeled patterns of
environmental suitability related to each climatic
variable, some general trends can be established.
For Bio-15, for example, most modeled species
appear to present a negative response to an increase
in precipitation seasonality values (Figure 3),
although the opposite pattern can be found for Z.
prodispar. Complementary to this, the response
curves for Bio-18 reveals that patterns of environ-
mental suitability are positively correlated with the
precipitation of the warmest quarter for most
species, with the exception of Z. prodispar and
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Figure 2. (Color online) Contribution of each of the nine studied environmental variables to (a) MAXENT SDMs and (b)
DOMAIN most limiting factor for each mycophagous species.

maybe P. antennata, Z. dispar and Z. poeyi, for
which the standard deviations prevent visualization
of more consistent patterns (Figure 4). A very inter-
esting scenario emerges from the analysis of
response curves related to Bio-6 (Figure 5): (1) a
group of species composed by H. levigata, H. men-
deli, H. morgani, Z. hypandriata and Z. ptilialis
present higher predicted environmental suitability
values in areas with lower minimum temperatures
(of the order of —20°C to 5°C); (2) a unique species,
M. elegans, shows higher predicted environmental
suitability values in areas with higher minimum
temperatures (of the order of 20-25°C); (3) a set
of species encompassing M. projectans, P. anten-
nata, Z. bilineata, Z. dispar, Z. orbitalis, Z. poeyi
and Z. prodispar show higher predicted environ-
mental suitability values in areas with intermediate
minimum temperatures (of the order of 5-15°C).

Patterns of niche and range overlap between spe-
cies as inferred from comparisons between SDMs
confirmed some of the above depicted environmental
suitability similarities among species. All species pre-
sented some level of predicted sympatry or range
overlap (Table 4), and niche overlap values also var-
ied (Table 5): higher similarities were found in the
comparisons involving H. levigata, H. mendeli, Z.
hypandriata and Z. ptilialis (D = 0.85 to 0.96 and I
= 0.98 to 1.00); lower similarities were found in the
comparisons between Z. orbitalis and any of H. mor-
ganilM. eleganslZ. prodispar (D = 0.34-0.36 and 0.64
and I = 0.63-0.65). However, the identity tests per-
formed to determine whether SDMs generated from
two species are more different than expected if they
were drawn from the same underlying distribution
revealed that only 9-10% of the pairwise comparisons
rejected the null hypothesis of niche identity after a
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Figure 3. (Color online) Response curves of (a) Hirtodrosophila levigata; (b) H. mendeli: (c) H. morgani; (d) Mycodrosophila
elegans; (e) M. projectans; (f) Paraliodrosophila antennata; (g) Zygothrica bilineata; (h) Z. dispar; (i) Z. hypandriata;
() Z. orbitalis; (k) Z. poeyi: (1) Z. prodispar; and (m) Z. ptilialis, showing how precipitation seasonality (Bio-15) affects
MAXENT prediction in each case. The curves show how the logistic prediction changes as Bio-15 is varied, keeping all other
environmental variables at their average sample value. The curves show the mean response of the 25 replicate Maxent runs (red

line) and the mean * one standard deviation (blue shading).

Bonferroni correction. Most of these significantly
different comparisons referred to both Z. prodispar
and Z. orbitalis in relation to the other mycophagous
species (Table 5). Mantel tests revealed that D and I
niche overlap indices are significantly correlated (Rixp
=097, p=2X 1074, although the evaluations per-
formed in order to measure the relationship between
niche overlap patterns and space revealed that both
indices are not spatially autocorrelated (Rg x p = 0.2,
p>0.1:Rp 1= 0.16, p > 0.1).

Discussion
Ecological properties of the mycophagous species

The correlative approach of niche modeling here
implemented for 13 of the sampled mycophagous
species revealed a high heterogeneity concerning the
modeled potential distribution ranges, so biome puta-
tive diversity seems to vary across the Neotropical
region. At one extreme, M. projectans, Z. dispar and
Z. prodispar appear to be geographically dispersed
across most of the Neotropics, despite the fact that
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Figure 4. (Color online) Response curves of (a) Hirtodrosophila levigata; (b) H. mendeli; (c) H. morgani; (d) Mycodrosophila
elegans; (e) M. projectans; (f) Paraliodrosophila antennata; (g) Zygothrica bilineata; (h) Z. dispar; (i) Z. hypandriata;
(j) Z. orbitalis; (k) Z. poeyi; (1) Z. prodispar; and (m) Z. ptilialis, showing how precipitation of the warmest quarter (Bio-18)
affects MAXENT prediction in each case. The curves show how the logistic prediction changes as Bio-18 is varied, keeping all
other environmental variables at their average sample value. The curves show the mean response of the 25 replicate Maxent
runs (red line) and the mean * one standard deviation (blue shading).

M. projectans had been as yet only sporadically regis-
tered for Brazil (Gottschalk et al. 2008; Béchli 2013).
At the other extreme, H. levigata, H. mendeli, Z.
hypandriata, Z. orbitalis and Z. ptilialis are deemed
as geographically more endemic species, being pre-
dicted to occur only in southern and southeastern
Brazil, although MAXENT predicts a significant
probability of distribution also for northwestern
region of the Amazonian Forest. These disjunct
areas seemingly unoccupied by the modeled species
may be resultant of subsampling, biological interac-
tions (as competition), dispersal limitations, or may

even represent the distribution of a potentially
unknown species (Raxworthy et al. 2003, 2007), puta-
tively closely related to the modeled one, but yet
undifferentiated at the ecological level.

In addition to the importance of distribution pro-
jection per se, modeling results can also be used to
find the relative importance of each variable to the
predicted distribution of the species, providing
insights into the environmental critical conditions
affecting each taxon. Furthermore, an analysis of
predicted distribution in face of variation in these
variables can lead to suitability ranges which
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Figure 5. (Color online) Response curves of (a) Hirtodrosophila levigata; (b) H. mendeli; (c) H. morgani; (d) Mycodrosophila
elegans; (e) M. projectans; (f) Paraliodrosophila antennata; (g) Zygothrica bilineata; (h) Z. dispar; (i) Z. hypandriata:
(§) Z. orbitalis; (k) Z. poeyi; (1) Z. prodispar; and (m) Z. ptilialis, showing how the minimal temperature of the coldest
month (Bio-6) affects MAXENT prediction in each case. The curves show how the logistic prediction changes as Bio-6 is
varied, keeping all other environmental variables at their average sample value. The curves show the mean response of the 25
replicate Maxent runs (light gray line) and the mean * one standard deviation.

putatively define habitat preferences along climatic
gradients. In this respect, although for MAXENT
variables related to precipitation (Bio-15 and Bio-18)
are the most important factors in defining the SDMs,
the minimal temperature of the coldest month (Bio-6)
appeared as the most limiting factor affecting
DOMAIN’s modeled distribution of the mycopha-
gous Drosophilidae species. These results are in agree-
ment with the previously reported association
between desiccation and cold resistance with climate
range characteristics, as annual precipitation and
minimum temperature of the coldest month,

respectively (Kellerman, Loeschcke et al. 2012), so
that these climatic niche traits appear to be closely
linked to the geographic distribution of different
Drosophilidae  species.  Moreover, Kellerman,
Overgaard et al. (2012) showed that although it is
generally assumed that heat resistance is related to
the maximum temperature of the warmest months,
the values of that trait are strongly negatively asso-
ciated with precipitation, suggesting that factors
related to water imbalance are more important in
driving not only desiccation patterns but also the
upper thermal limits. It was also previously suggested
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Figure 6. Neighbor-joining phylograms depicting similarity patterns between the 13 mycophagous modeled species as concerns
the niche overlap indices D (a) and I (b), and the range overlap statistic R (c).

that mycophagous species may be less desiccation-
resistant than the other Drosophila species (Spieth
1987), and that their resource abundance appears to
be extremely sensitive to climatic conditions, espe-
cially rainfall (Shorrocks & Charlesworth 1980).

In accordance with this pattern, the tolerance
ranges related to the precipitation variables appear
to be strikingly conserved among the studied
species. With the exception of Z. prodispar, myco-
phagous species tend to present higher environ-
mental suitability values in areas with lower
precipitation seasonality and higher precipitation
of the warmest quarter. In contrast, the pattern
emerging from the Bio-6 response curves is by far
more variable, and three sets of response curves can
be envisioned: H. levigata, H. mendeli, H. morgani,
Z. hypandriata and Z. ptilialis appear to be better
adapted to lower minimum temperatures; M.
elegans presents higher suitability values in areas
with higher minimum temperatures; M. projectans,
P. antennata, Z. bilineata, Z. dispar, Z. orbitalis, Z.
poeyi and Z. prodispar appear to be better adapted
to intermediate minimum temperatures. Consistent
with this, Kellermann, Loeschcke et al. (2012)
showed that phylogenetic associations related to
the evolution of desiccation resistance (intimately
related to precipitation variables) in Drosophila
acted at higher taxonomic levels than those related
to the evolution of cold resistance (strongly corre-
lated to the average minimum temperature).
Interestingly, H. levigata, H. mendeli, Z. hypan-
driata and Z. ptilialis not only present coincident
response curves regarding the minimum tempera-
ture resistance, but are also among the potentially
more restricted species, presenting the most similar

environmental niche properties in general, as mea-
sured by D and I indices. Although this result could
be easily attributed to spatial autocorrelation, niche
overlap and range overlap measures were not sig-
nificantly correlated, at least in regard to the 13
modeled species considered as a whole.

Concerning the niche overlap patterns, although no
taxonomic structure could be recovered [once the four
studied genera (Hirtodrosophila, Mycodrosophila,
Paraliodrosophila and Zygothrica) and the two species
groups with at least two species sampled (the hirticornis
group of Hirtodrosophila, and the dispar group of
Zygothrica) are highly intermingled in the recon-
structed ecological phylograms (Figure 6)], some levels
of niche conservatism are suggested by our data.
Besides the similarity presented by some species
regarding response curves and pairwise niche overlaps,
most comparisons between the SDMs did not reject the
null hypothesis of niche identity, suggesting niche con-
servatism among most of the evaluated mycophagous
species. In fact, only Z orbitalis and Z. prodispar
presented a reiterated signal of niche divergence in
relation to other mycophagous species, probably
reflecting the fact that these species present the narrow-
est and widest potential distribution ranges, respec-
tively. The envisioned niche identity patterns in spite
of other potential distribution range differences is
probably related to the fact that most species present
higher and/or lower environmental suitability values
coincident to the same regions, so that the ultimate
signal is provided by shared and/or unsuited geogra-
phical areas, once the similarity D and I measures are
obtained by comparing the estimates of habitat suit-
ability for each grid cell after normalization so that
they sum to 1 within the studied area (Warren et al.
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2010). Even so, taken as a whole, these results suggest
that despite previous evidence of niche divergence
(Throckmorton 1975; Robe et al. 2010) niche conser-
vatism may also have played an important role in the
evolutionary history of some Drosophilidae species.
Nevertheless, it remains to be seen if this pattern is
sustained after unbiased continued sampling, and after
accomplishment of additional niche conservatism tests,
especially phylogenetic signal tests in the face of a
required phylogenetic hypothesis for this group of
species. Even the monophyly of each genus and/or
group is still largely questionable, as suggested by the
Hirtodrosophila polyphyly presented by DaLage et al.
(2007) and van der Linde et al. (2010).

There are some caveats regarding the potential
distribution projections that need to be further con-
sidered: if the modeled distribution is to be used to
target field surveys, it needs to be made clear that
some regions outlined in the maps as sites of potential
distribution may not be inhabited at all by the
referred species, due to biotic interactions, dispersal
constraints or historical contingencies (Pearson 2007).
On the other hand, if the observed occurrence records
do not reflect accurately the environmental space
occupied by the species, so that some relevant envir-
onmental gradients are not adequately sampled, a
niche model does not necessarily predict the full
extent of the actual/potential distribution of a species
(Pearson 2007). Nevertheless, the fact that this study
attained the southernmost and/or northernmost regis-
ter for each of the sampled species, with the excep-
tions of H. gilva, Z. orbitalis and Z. virgatinigra,
supports the idea that it helped to approach the
most limiting factors associated with their climatic
niche patterns.

SDMs and related issues

As mentioned above, the modeling results should be
used critically, especially in face of the putative errors
and biases reflected by the occurrence records. Elith
et al. (2006) showed that predictive performance does
not vary with the number of occurrence points avail-
able for modeling. Several posterior studies have also
shown that different methods are able to successfully
predict species distribution despite low sample sizes
(Hernandez et al. 2006; Pearson et al. 2007; Wisz
et al. 2008). Even so, we found that a threshold of
at least eight records is necessary to obtain consistent
results, so that nine species had their SDMs sup-
pressed due to their poor predictive performance
probably related to small sample sizes. Although the
poor performance of these nine SDMs was mainly
restricted to DOMAIN  predictive  success,
MAXENT results for these species were also omitted

because AUC values can be overestimated if the eva-
luation data contains absence points from a very large
area (Wisz et al. 2008). Thus, in general, our results
suggest that naturally data-depauperate drosophilid
species (those with less than eight occurrence records)
provide error-prone, variable and inconsistent distri-
bution models that are widely affected by sampling
design, especially when it is biased at its source and is
not a random representation of the actual species
distribution. Nevertheless, there is also the possibility
that the threshold artificial selection decreased
DOMALIN's prediction success for the smaller sample
size categories, because as this methodology measures
the distance between each point and its most similar
occurrences, as the sample size decreases, each dis-
tance tends to increase, decreasing the probability of
suitability (Hernandez et al. 2006).

Among the remaining 13 SDMs, we preferred to
adopt a MAXENT versus DOMAIN comparative
strategy, although MAXENT results could have
been favored due to its general superior performance
(Elith et al. 2006), which is also evident with reduced
sample sizes (Hernandez et al. 2006; Pearson et al.
2007; Wisz et al. 2008). MAXENT’s use of a regu-
larization parameter is also taken as a predictor that
this algorithm reduces the chances of overfitting
(Phillips & Dudik 2008), which could explain its
higher omission rates when the entire set of presences
is considered. In fact, overfitting may be an issue for
DOMAIN models, for which all the observed
records fell within areas of high occurrence probabil-
ity, although in general this algorithm also presented
higher predicted distribution ranges. As the main
aim of the provided SDMs is to guide future field
searches enhancing the knowledge of drosophilid
diversity in poorly known regions, areas predicted
to be inhabited by a given species or species set by
both modeling algorithms certainly provide a better
search strategy.

Conclusion

This study adds to the knowledge about the distribu-
tion ranges of mycophagous species of Drosophilidae,
by expanding the recognized distribution, northwards
and/or southwards, of 22 species of Hirtodrosophila,
Mycodrosophila, Paraliodrosophila and Zygothrica. Tt
also contributes to the understanding of ecological
and evolutionary processes that can affect the distri-
bution of 13 species of these genera, by modeling their
environmental suitability patterns. It was detected
that among the environmental variables with most
influence on the potential distribution of species, sus-
ceptibility to increasing precipitation seasonalities and
decreasing precipitation conditions (especially in
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warmer months, due to the drying power of the air)
appear to be widely conserved among the studied
mycophagous species. Suitability ranges for the mini-
mal temperature of the coldest month are more vari-
able and associated with different responses, with
some species putatively sensitive to the temperature
rises expected across the Neotropics over the next
decades and centuries (Intergovernmental Panel on
Climate Change 2007). The suggestion of niche con-
servatism may also hinder the perspective of potential
range shifts, highlighting the risk that some mycopha-
gous Drosophilidae species may become threatened in
the next years.
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Abstract

Within Drosophilidae, the Zygothrica genus group corresponds to a single
speciose mycophylic clade, which remains insufficiently investigated because: most
species cannot be reared in laboratory; most species are collected in small number
or as occasional samplings; the taxonomic impediment and related difficulties
involving the correct identification of these specimens. Thus, this group
encompasses an excellent opportunity to testing and implementing the barcode
molecular method for analyzing species. Extensive prospections in various parts of
Brazil provided 222 individuals which could be distributed into three categories: 22
taxa corresponding to previously described species; 24 corresponding very likely to
undescribed species and 10 to dubious cases corresponding mainly to single or few
females. Intraspecific distances ranged from 0% to 5.3%, whereas interspecific
congeneric and intergeneric distances ranged from 2.4% to 21.7% and from 7.4% to
20%, respectively. Despite the absence of a barcoding gap within two genera, all
species were revealed as reciprocally monophyletic, and 62.5% of them presented
diagnostic-characters. Coalescent-based methodologies were also congruent with
these results, never lumping species initially considered different. Several putative
new species were cryptic in regard to other, highlighting the potential of COI
barcodes as a tool complementary to traditional taxonomy in unraveling cryptic
diversity.

Keywords: Cryptic species - Drosophilinae - Hirtodrosophila - Integrative approach -
mycophagous drosophilid - Mycodrosophila - monophyly - numt's detection -

Paraliodrosophila - Zygothrica.
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Introduction

Neotropical region harbors a great diversity of species (Lewinsohn & Prado,
2005; Giam et al., 2012), encompassing several major biodiversity hotspots of the
world (Myers et al., 2000). This region covers some of the recognized Megadiverse
countries (Mittermeier et al., 1997; Mittermeier, 1988), among which we can highlight
Brazil, which hosts approximately 10-13% of the world’s biodiversity (Lewinsohn &
Prado, 2005). However, as occurs in other Megadiverse countries, most of Brazilian
diversity remains unknown, with estimates that for each described species, ten
remain undescribed (Lewinsohn & Prado, 2005; Landim & Hingst-Zaher, 2010). One
of the major issues for cataloging this diversity is the taxonomic impediment, related
to the reduced number of specialized taxonomists as compared to the high number
of species to be described (Lewinsohn & Prado, 2005; Kvist, 2013). This is especially
troublesome since most studies in biology, from inventories to molecular analysis,
require reliable species identification, which is a hard and longstanding task for some
groups of species, principally in small and diverse groups like insects. DNA
barcoding methodology has emerged as a way to help non-specialists to overcome
these difficulties (Hebert & Gregory, 2005).

DNA barcoding proposes the use of a standardized DNA region to (1) identify
and assign unknown individuals to described species, and (2) enhance the discovery
of new species (Hebert et al., 2003a). For animals, the gene region proposed as the
standard barcode is a fragment encompassing 658 bp of the 5 section of the
mitochondrial cytochrome c oxidase subunit | (COI) (Hebert et al., 2003a; Hebert,
Ratnasingham & deWaard, 2003b). DNA barcoding intends to work within the
Linnaean system, preserving the principles by which species are named and
classified, but establishing a taxonomic framework based on DNA sequence data
(Hebert & Gregory, 2005; Goldstein & DeSalle, 2010), and has been tested in diverse
animal groups (Clare et al.,, 2011; Tavares et al.,, 2011; Robe, Machado &
Bartholomei-Santos, 2012; Pramual & Adler, 2014; Zahiri et al., 2014).

Since its original proposal, DNA barcoding has largely enhanced cryptic
species discovery and potential new species assignment (for some examples see
Hebert et al., 2004; Clare et al., 2011; Crawford et al., 2012; Mutanen et al., 2013;
Gill et al., 2014). Despite these scientific advances and the fact that an integrative

approach is needed to confirm each putative new species (Hebert & Gregory, 2005),
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some traditional taxonomists are refractory to DNA barcoding, since they see it as a
threat to traditional taxonomy and conventional species description (Ebach &
Holdrege, 2005; Will, Mishler & Wheeler, 2005). Other shortcomings of this
methodology have also been pointed (Moritz & Cicero, 2004; DeSalle, Egan &
Siddall, 2005; Hurst & Jiggins, 2005; Rubinoff, 2006; Galtier et al., 2009; Jinbo, Kato
& Ito, 2011, Leite, 2012; Srivathsan & Meier, 2012), and these are associated to: (1)
potential biological and molecular idiosyncrasies of mitochondrial DNA evolution, that
may occur due to mitochondrial introgression, endosymbiont infection in Arthropoda
with mitochondrial hitchhiking, or nuclear copies of mitochondrial DNA fragments
(numts), for example; (2) the consequences of non-uniformity between speciation
processes, leading to incomplete lineate sorting coupled with recent speciation, or
overlap between intra and interspecific distances due to variation in the evolutionary
rates; and (3) methodological issues related to the effects of distance, character and
tree-based analysis in species boundary recognition. Thus, it is important that the
effectiveness of the DNA barcoding approach is individually tested in each taxonomic
group before its thorough usage in order to identify occurrence and effects of each of
these issues.

There are several biases related to the historical implementation of DNA
barcode, with differential usage among taxonomic groups (Kvist, 2013) and
geographical regions (Porter et al., 2014). Arthropoda, for example, is a speciose
group, which received a great deal of attention, but still has only 12% of the formally
described species represented in Barcoding reference databases (Kvist, 2013).
Concerning geographic sampling, Porter et al., (2014) found that some orders of
insect are represented in iIBOL mainly by sequences derived from a single country,
with 80% of Diptera sequences coming from Canada. The effectiveness of DNA
barcoding in species identification is highly dependent on database coverage (Kvist,
2013; Porter et al., 2014), and in groups with high rates of intraspecific diversity like
insects, this issue becomes even more critical (Meier et al., 2006; Yassin et al., 2010;
Zabhiri et al., 2014).

Drosophilidae is a diverse group with more than 4,200 described species
distributed in 77 genera (Bachli, 2014). With the exception of Polar Regions, this
diversity is distributed all around the planet, although greater diversity levels are
found in woods and forests, principally in the tropical region (Throckmorton, 1975).

Throughout this area, the family is also highly diversified in terms of resource use,
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with species adapted to the use of fruits, fungus, sap, flowers, pollen, among others
(Throckmorton, 1975; Val, Marques & Vilela, 1981; Tosi et al., 1990; Markow &
O’Grady, 2008; O’Grady & Markow, 2009). However, this diversity is certainly even
greater, and studies performed in the Neotropical region often find unrecognized
species (Medeiros & Klaczko, 2004; Gottschalk et al., 2007; Gottschalk, Hofmann &
Valente, 2008; Gottschalk et al., 2009; Valadao, Hay & Tidon, 2010; Garcia et al.,
2012; Poppe et al., 2014). Another important issue for Neotropical drosophilids is the
traditional use of traps with fermented fruits in collections, since these attract mainly
frugivorous species of the genus Drosophila (Gottschalk et al.,, 2008; Robe et al.,
2014). Thus, the diversity of Drosophilidae species associated with other resources is
barely assessed, being mainly recorded in pinpoint description works (Gottschalk et
al., 2008).

The Zygothrica genus group encompasses mycophylic species of
Hirtodrosophila, Mycodrosophila, Paraliodrosophila and Zygothrica (Grimaldi, 1990a),
and is a good example of this subsampling scenario (Gottschalk et al., 2009; Robe et
al., 2014). Although Grimaldi (1990a) suggested that its association with macroscopic
fungi for oviposition, feeding and/or courtship may be a synapomorphy, some
evidences suggest the Zygothrica genus group may not be monophyletic at all, given
the putative para/polyphyly of Hirtodrosophila (DaLage et al., 2007; van der Linde et
al., 2010; Yassin, 2013). Despite Courtney, Kibota & Singleton (1990) assigned to
these mycophylyc species a great potential to ecologic studies, since then, few
studies were performed (Rouquette & Davis, 2003; Yorozuya, 2006; Tuno et al.,
2007; Yorozuya, 2009; Stump et al., 2011; Kasuya et al., 2013; Robe et al., 2014). In
fact, little is known about the patterns and processes related to their evolution and
ecology, especially as Neotropical species are concerned.

The aim of the present study is to explore COI sequence divergence within
and between species of Neotropical mycophylic drosophilids that are included in the
Zygothrica genus group and contrast the obtained patterns with those obtained for
other drosophilid species. We ask whether COIl sequences of a set of collected
species present the DNA barcoding desired properties necessary for effectiveness of
distance-based, phylogenetic-based, character and coalescence-based methods, in
a perspective that once this potential is confirmed, prompt identification could
promote a change in the incomprehension scenario in which these species are
merged. Moreover, while confirming potential utility of COI barcodes, this study per
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se represents a step forward in the work toward the major goal of understanding
Neotropical mycophylic drosophilid’s biodiversity, since it uncovers high levels of

cryptic and unknown diversity while questioning their generic boundaries.

Material and methods

Sampling

Collections were performed in 20 sites distributed in Brazilian Amazonian,
Atlantic Forest and Pampa biomes (Fig. 1, Fig. S1, Tables S1 and S2). Each site was
coursed looking for macroscopic fungal fruiting bodies, and when adult drosophilids
were encountered resting or flying over them, they were aspirated with a modified
entomological aspirator (Machado et al., 2014). In some cases, the fungi were
carried and maintained in laboratory until adults emerged, under 25+ 1°C, with
constant light and humidity. The captured flies were stored in absolute ethanol and
identified through their external morphology and male genitalia patterns through the
use of identification keys and aedeagus comparisons with illustrations available in the
literature (Frota-Pessoa, 1945; Burla, 1956; Wheeler & Takada, 1963; Grimaldi,
1987, 1990a, 1990Db; Vilela & Bachli, 1990, 2004, 2005, 2007). Genitalia slides were
prepared following Wheeler & Kambysellis (1966), with the modifications described
by Kaneshiro (1969). Females were provisionally allocated to the name of the most
similar male collected in the same point and later defined based on sequence
identity/positioning in relation to male’s barcodes, since diagnostic characters are
absent for this gender in most species of the group. Anyway, the terminalia and
spermathecae of several females were removed and treated with the same technic
as the genitalia of males, and permanent slides were prepared. All male and female
genitalias slides were deposited in the Drosophilidae Collection of the Museu de
Ciéncias Naturais Carlos Ritter of Universidade Federal de Pelotas (MCNCR-UFPel)
as vouchers material.

(Place to Figure 1)

DNA manipulation
Total DNA was extracted from each individual specimen using the NucleoSpin
Tissue XS kit (MACHEREY-NAGEL). An amplicon spanning the 5’ region of the

mitochondrial cytochrome c oxidase subunit | (COI) was amplified with the use of the



96

following combinations of primers: TYJ1460 (Simon et al., 1994) and C1N2329M (5'-
ACT GTA AAT ATA TGA TGA GCT CAT ACA -3’), modified from Simon et al.,
(1994), HCO1490 and LCO2198 (Folmer et al., 1994), TYJ1460 and LC0O2198, and
HCO1419 and C1N2329M. The PCR reactions contained around 10-100 ng of total
DNA, 100-250 uM of each dNTP, 1.5-2.5 mM of MgClz, 0.15-0.3 puM of each primer,
1x buffer and 0.5 units of Platinum Tag DNA Polymerase (Invitrogen). The
amplifications started with an initial denaturation at 94 °C (3 min), followed by 11
cycles at 94 °C (45 s), 55 °C-0.5 °C/cycle (45 s), 72 °C (50 s) and 24 cycles at 94 °C
(35 s), 50°C (35 s), 72 °C (50 s) and finished with a final extension at 72 °C (10 min).
In some cases, individual optimization of PCR cycling pattern was necessary. The
PCR products were directly sequenced using the same primers from the PCR
reaction. Sequencing reactions were carried on a MegaBACE 500 automatic
sequencer with the use of the DYEnamic ET® Sequencing Kit (Amersham) or by
Macrogen (http://www.macrogen.com/eng/).

Data analysis

Sequence manipulation

The generated electropherograms were assembled with the use of the Staden
Package Gap 4 program (Staden, 1996) and each obtained contig was individually
checked for adequate sequence quality and accuracy in each polymorphic site
visualized in the intraspecific alignment. Homologous sequences were aligned with
the Clustal W algorithm, as implemented in Mega 6 (Tamura et al.,, 2013) and
checked for the presence of stop-codons and frameshifts in order to avoid the
presence of nuclear mitochondrial pseudogenes (Numts) in our data matrices.
Additionally, the ratio between the number of nonsynonymous substitutions per
nonsynonymous sites (dN) and the number of synonymous substitutions per
synonymous sites (dS) was assessed in Mega 6 using Nei-Gojobori method (Nei &
Gojobori, 1986). A codon-based Z test was also conducted in order to check
pairwise probabilities of rejecting the null hypothesis of strict-neutrality (dN = dS) in
favor of the alternative hypothesis of purifying selection (dN < dS). Sequences that
did not reject neutrality in this test were further evaluated in regard to their
divergence and dN/dS ratios in order to further control for the presence of recent

Numts, that did not yet attain frameshifts or nonsense mutations (for more detalils,
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see Robe et al., 2012). The sequences that passed this Numt detection protocol
were deposited in Bold system (Table S3), and those that presented warning signals
were deposited in GenBank (Accession numbers KP317996 and KP317997).

These newly obtained mycophylic drosophilid sequences were further added
to the unique two determined COI sequences available in GenBank for the focused
genera (from H. trilineata - EU126511 and M. dimidiata - EU493682) and to one
sequence from Stegana adentata (Steganinae), used as an outgroup - HQ842774.
This alignment encompassed the first database used in the analyses (hereafter
referred as database 1 or mycophylic database). A second dataset (hereafter
referred as database 2 or Drosophilinae database) was constructed with these
sequences added to all COI sequences available for Drosophilinae in GenBank, in
order to test the stability of mycophylic DNA barcode results in a broader scale.
Available Drosophilinae COI sequences were tracked through the use of the
keywords “Drosophilidae AND COI” in the GenBank Nucleotide search tool.
Nevertheless, from the 2,372 recovered results, only 1,975 nucleotide sequences
presented at least 500bp of overlap with database 1, and these were included in
database 2 (Table S4).

Tree-based analysis

Neighbor-joining trees (NJ) were generated for database 1 and 2 using K2P
distance model (Kimura, 1980), as implemented in Mega 6. Based on these
preliminary trees, species status of males was revised through additional evaluation
of male genitalia slides and in some cases of photographs taken from the entire
specimens. Females that had only provisional names previously attributed (see
above) were further renamed based on their nesting patterns relative to male

clusters.

Distance-based analysis

Pairwise distances were calculated for mycophylic drosophilids using K2P
distance model as implemented in Mega 6. This software was also used to obtain
minimum, maximum and mean distance values within each taxonomic category
(intraspecific, interspecific congeneric and interspecific intergeneric), with standard
error estimated through 1,000 bootstrap replicates. Based on these measures,
taxonomic resolution ratio (Costa et al., 2007) and barcoding gap were calculated. To
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visually infer the presence/absence of barcoding gap, a boxplot graphic was
generated in Spider package (Brown et al., 2012) based on the distribution of intra
and interspecific distances.

In order to establish which threshold is more adequate to our mycophylic
dataset, different strategies were used: (i) the function “localMinima” was used to
obtain the best threshold as a function of the transition between intra and inter-
specific distances based on the density of genetic distances, without prior knowledge
of species identity, as performed in Spider package; (i) the assumption-free
approach developed by Lefébure et al. (2006) was implemented in order to
determine the threshold which simultaneously minimizes the percentage of intra and
interspecific misdiagnosis; (iii) the Automatic Barcode Gap Discovery tool (ABGD)
(Puillandre et al., 2012) was used to detect the barcoding gap beyond the confidence
limits of pairwise intraspecific distances which partitions the dataset into the
maximum number of groups (hypothetical candidate species) such that the distance
between sequences from different groups is larger than the threshold. ABGD was
also used to test the efficiency of each of the above thresholds, and of the fixed 1%
and 3% threshold criteria of BOLD and Hebert et al. (2003a), respectively.

Character-based analysis

As distance and tree-based analyses have been frequently criticized as
arbitrary criterions for distinguishing species (DeSalle et al., 2005), we also
performed a character-based analysis, which has been suggested as a robust
alternative methodology (DeSalle et al., 2005). In fact, it was argued that this method
provides better results with missing and small datasets, and does not incur in false-
positive identifications (Kelly et al., 2007). For this task, we used the “nucDiag”
function implemented in Spider package to generate a list of diagnostic nucleotides
for both species and genera, in datasets 1 and 2.

Coalescence and Bayesian-based analysis

One additional limitation of most tree and distance-based analyses is that
species are previously assigned based on morphological and/or populational criteria
and then barcoding gap, thresholds and/or reciprocal monophyly are used to define
the species boundaries (Fujisawa & Barraclough, 2013). To overcome this hurdle,

Bayesian methods have been proposed, like the Generalized Mixed Yule Coalescent
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(GMYC) method (Pons et al., 2006; Fontaneto et al., 2007; Fujisawa & Barraclough,
2013). This method is based on the detection of transitions between inter and intra-
specific evolutionary processes, where distinct genetic clusters that diversified into
independent lineages will be assigned to different species, rejecting the null
hypothesis that all individuals belong to the same species (for details see Fujisawa &
Barraclough, 2013). GMYC requires an ultrametric tree in order to perform the
analysis, so we used Beast 1.7.4 (Drummond et al., 2012) to generate a
cronophylogenetic tree under a model of uncorrelated lognormal substitution rates
and an “ucld.mean” prior set to 1.0. The run was performed using Yule pure birth
model tree prior and GTR+I+G nucleotide substitution model, as chosen by
jModelTest 2 (Darriba et al., 2012), with 50,000,000 iterations sampling each 1,000,
and discarding 50% of the sample as burn-in. The runs were visually inspected using
TRACER 1.6 and summarized in TreeAnnotator 1.7.1. The single threshold analysis
of GMYC was performed using Splits package
(https://github.com/tfujisawa/splits_tmp) in R.

Results

COlIl sequences generated for mycophylic drosophilids range from 537 to
717pb. Altogether, our dataset includes 222 specimens encompassing 56 species,
21 belonging to Hirtodrosophila (six of which were previously described, and six of
which remained undetermined due to the exclusive presence of females), nine to
Mycodrosophila (three already described), two to Paraliodrosophila (both described)
and 24 to Zygothrica (11 described) (Table 1, Table S2). As expected for
mitochondrial genes, nucleotide composition was highly biased, showing a high
general AT content (66.5%). This bias was similar for all specimens, and between
first (52%) and second codon positions (58.4%), although third codon positions
presented an even higher AT-content (88.7%). Moreover, no strong evidence of
Numts was found throughout the mycophylic database, since neither frameshifts nor
indels were detected within the sequences. Besides, all pairwise comparisons that
did not reject neutrality in favor of the alternative hypothesis of purifying selection
occurred in intraspecific comparisons with reduced levels of divergence (0% to 1.2%,
with mean of 0.18%). Among these, dN/dS values were higher than 0.33 only in one

comparison involving two sequences of H. subflavohalterata affinis 5 (dN/dS = 1.86,
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distance of 1.2%), so that one or both of these two sequences warn to the putative
presence of recent Numt sequences.
(Place to Table 1)

Tree-based analysis

The first Neighbor-joining tree generated showed some minor conflicts
between molecular and morphological identification. Nevertheless, in most cases,
these occurred with females, a result that was already expected since in several
cases female’s identity could only be provisionally inferred based on external
morphology, with the aid of the morphologically “similar” males collected at the same
point. Additionally, in some minor cases, morphological identification of isolated
males was discordant with recovered species clades. These cases always occurred
among members of a cryptic species pair/group, as H. mendeli affinis and H.
subflavohalterata affinis HO02, H. subflavohalterata affinis 5 and Pa. antennata, and
species of the Z. dispar group. In all these cases, genitalia slides and external
morphology photographs were further checked in order to assess the real identity,
which always confirmed the main molecular phylogenetic pattern.

High levels of cryptic diversity were revealed both, at the morphological and
molecular levels. At the morphological level, 23 unknown and potentially new species
were detected, most of which were cryptic concerning external morphology but
presented some differences in male genitalia patterns (Table 1). At contrast, some
levels of putatively new cryptic diversity were only revealed at the molecular level,
and this applied for H. levigata (H. levigata affinis), H. subflavohalterata 4 (H.
subflavohalterata 5), M. neoprojectans affinis (M. neoprojectans affins 1 and 2), M.
MOO01 (M. affinis M001), M. projectans (M. projectans affinis 1 and 2), Zy. laevifrons
(Zy. laevifrons 1 and 2) and Zy. prodispar (Zy. prodispar affinis 1). Nevertheless, in
three of the last cases (H. levigata affinis, H. subflavohalterata affinis 4 and M.
projectans affinis 1) cryptic diversity was revealed only at the molecular level possibly
due to the absence of associated males, which precluded further aedeagus
inspection. Joining these results, as 10 of these 34 potentially new sampled
morphotypes/MOTU’s (Molecular Operational Taxonomic Units) (Floyd et al., 2002)
were only represented by females, we estimated in 24 the minimum number of

putative new species recorded in this study.



101

After, this initial identity review, the NJ tree was reconstructed, when all
mycophylic species were revealed as reciprocally monophyletic with bootstrap values
higher than 98%. This result was recovered for both, the mycophylic (Fig. 2) and the
Drosophilinae dataset (data no shown). This last result also shows that all the
putatively new or even undetermined species are not strictly related to any other
Drosophilinae taxon yet sampled for the 5’ region of the COI mitochondrial gene. As
concerns the interspecific topology, some intrageneric well-supported clades have
been recovered [like H. subflavohalterata affinis 1, 3, 4, and H. HO10 (bootstrap of
89%), and H. subflavohalterata affinis HO02, 2, 5 and H. mendeli affinis (bootstrap of
100%)], although all the studied genera appeared intermingled at a basal polytomy
(Fig. 2). This polytomy is probably an effect of the high saturation of COl sequences
in divergence values higher than 5% (Fig. S2), a property that allowed adequate
species delimitation but disallowed further phylogenetic inferences.

(Place to Figure 2)

Distance-based analysis

Intraspecific distances ranged from 0% in all genera, to 5.1%, 3.3%, 1.5%, and
5.3% in the Hirtodrosophila, Mycodrosophila, Paraliodrosophila and Zygothrica
genera, respectively (Table S5). As the minimum interspecific distances found for
Hirtodrosophila, Mycodrosophila, Paraliodrosophila and Zygothrica were generally
low (2.4%, 4.6%, 13.6% and 3.7%, respectively — Table S5), we could not find a
barcoding gap for Hirtodrosophila and Zygothrica. This overlap between intra and
interspecific distances in the Zygothrica genus group can be better observed in
Figure 3, although most of this effect is due to individual cases of high intraspecific
distances, as those found in H. subgilva (5.1%) and Zy. ptilialis (5.3%), or low
interspecific values, as those found between H. subflavohalterata affinis 2/H.
subflavohalterata affinis HO02 (minimum of 2.4%), H. mendeli affinis with H.
subflavohalterata affinis 2 or with H. subflavohalterata affinis HO02 (minimum of 2.7%
or 2.6%, respectively) and Zy. vittimaculosa/Zy. vittimaculosa affinis (minimum of
3.7%). In the two cases of high intraspecific distances, we preferred to adopt a
conservative strategy and consider putatively independent lineages as members of a
single species, since they were cryptic even at the male genitalia level and formed a
single clade. At the four cases of low interespecific divergences, we maintained the

species status for each lineage since they present at least some subtle differentiation
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at the genitalia level (case of H. subflavohaterata affinis 2 x H. subflavohaterata
affinis HO02 and Zy. vittimaculosa x Zy. vittimaculosa affinis) or are not cryptic at all
(case of H. subflavohaterata affinis 2 or HO02 and H. mendeli affinis). Except for
these mentioned isolated cases, the other pairs of cryptic species showed high
interspecific distances (minimum of 4.6%) which could be mostly attributed to
synonymous substitutions, since dN/dS between cryptic species were always lower
than 0.072 (Table 1).The thresholds optimized according to our individual datasets
varied according to the approach used in the estimation: whereas low threshold
values were suggested by ABGD (1.15-1.5%) and Spider “localMinima” function
(1.92%), higher values were suggested through the implementation of the
assumption-free approach developed by Lefébure et al. (2006) (5.25%). When these
and other standard thresholds were tested for their performance, higher success
rates were obtained with ABGD (96.85%) (Table S6).
(Place to Figure 3)

Character-based analysis

Diagnostic characters could not be found for any of the four genera of
mycophylic drosophilids, although one to five diagnostic characters were detected for
62.5% of the studied species, and these were distributed in 61 of the 717 evaluated
sites (Fig. 4). In the case of cryptic species pairs and putatively new species,
diagnostic characters were found in 41.1% and 42.9% of the cases, respectively.
Interestingly, most of the diagnostic characters are represented by desoxyguanilate
nucleotides.

(Place to Figure 4)

Coalescence and Bayesian-based analysis

Using this approach, the null hypothesis was rejected (likelihood null model
1582.475, maximum likelihood of GMYC model = 1627.831, likelihood ratio test
90.71, LR test = 0, with a threshold time of -0.01577 specifying the location of nodes

defining species). The supported GMYC model suggests the presence of 48 clusters
(confidence interval of 42 - 49), when species represented by only one terminal node
are excluded, and 77 (confidence interval of 62 - 84) when all terminal nodes are
considered (Table S7). In general, GMYC clusters were similar to those presented by
the NJ tree, to the exception that it additionally subdivided some species, like H.
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mendeli, H. morgani, Zy. orbitalis (4 clusters) and Zy. ptilialis (5 clusters) (Fig. 2,
Table S7). Nevertheless, GMYC did never cluster species considered different in the
phylogeny-based, tree-based and character-based methodologies. Comparing the
clusters suggested by GMYC and ABGD, it was possible to see that ABGD
thresholds ranging from 0.14% - 0.3% better resemble GMYC partitioning.

Discussion

Neotropical mycophylic drosophilids’ diversity

Although the Zygothrica genus group’s diversity is centered on circumtropical
regions (Wheeler & Takada, 1963; Vilela & Bachli, 2004; Grimaldi, 2010), it is not
limited to this area. Hirtodrosophila (160 species — Bachli, 2014) and Mycodrosophila
(127 species — Bachli, 2014) are considered cosmopolitan genera (Wheeler &
Takada, 1963; Vilela & Bachli, 2004; Grimaldi, 2010), whereas Zygothrica (124
species — Bachli, 2014) is found in Neotropical and Indopacific regions (Grimaldi,
1987) and the small genus Paraliodrosophila (five species — Bachli, 2014) has their
distribution restricted to Neotropics (Vilela & Bachli, 2007). This genus group
encompasses more than 400 described species (Béachli, 2014), but it is certainly
even more diverse, since there are yet several species waiting description (Grimaldi,
2010).

In fact, in this work, we demonstrate that Neotropical mycophylic drosophilids
are much more diverse than previously recorded. Therefore, besides 22 already
described species, we sampled at least 24 putative new species, which should be
further described and added to the list of 75 Brazilian species included in the
Zygothrica genus group (Vilela & Bachli, 2007; Gottschalk et al., 2008; Robe et al.,
2014). Nevertheless, cryptic or unregistered diversity levels are probably yet
underestimated, since other ten independent MOTUs could not be adequately
evaluated at the morphological level since they were represented only by females,
although general external characteristics already suggested them as putative new
species.

Among the 24 putative new species detected here, 16 were first recognized
as undescribed by the co-author specialized taxonomists (JPJS and MSG) (Table 2).
Despite the fact that in several cases these highlighted species were externally

cryptic to some other determined sampled species, DNA barcoding corroborated
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their independent status. For the remaining eight putative new species, even the
aedeagus structure was cryptic to other sampled species, and evolutionary
independency was first suggested by the phylogenetic approach, and afterwards
corroborated by different DNA barcoding methodological strategies (Table 2). So,
although it is frequently recognized that the phylogenetic species concept tends to
overestimate the number of species (Thorp et al.,, 2010), the general congruency
among different methodologies adds support to the high putative new species levels
(see below). In fact, seven of the eight entirely cryptic putative new species
presented diagnostic characters and the minimum interspecific distance presented in
each of these eight cases were of the order of 5-14%.

(Place to Table 2)

High levels of cryptic/unknown diversity were already expected since this
group has been widely neglected in previous ecological and evolutionary studies
related to Neotropical drosophilids. In fact, Brazilian species of the genera
Hirtodrosophila, Mycodrosophila, Paraliodrosophila and Zygothrica have been the
target group only for descriptions (Frota-Pessoa, 1945; Burla, 1956; Wheeler &
Takada, 1963; Grimaldi, 1987, 1990b; Vilela & Bachli, 2004) and some other
punctual works (Grimaldi, 1987; Gottschalk et al., 2008; Roque & Tidon, 2008; Robe
et al., 2014). Together with Robe et al. (2014), the present work comprises one of the
most extensive sampling for mycophylic drosophilids in the Neotropical region, with
four collection sites located in the Amazonian biome (north of Brazil), nine and seven
sites in the Atlantic Forest and Pampa biome, respectively (south of Brazil) (Fig. 1,
Fig. S1, Table S1). As concerns the diversity distribution among genera, Grimaldi
(1987) suggested Zygothrica as the most speciose lineage among Neotropical
Drosophilidae, but Hirtodrosophila also detached for its high levels of previously
unrecognized/cryptic diversity (9-15 putative new species).

A frequent concern in DNA barcoding studies refers to the co-amplification of
Numts (Song et al., 2008; Leite, 2012), which could lead to an overestimation of
diversity levels (Song et al., 2008). Nevertheless, in this study, indirect search for
such artifacts revealed only a single warning case, which was not even related to
new species assignment. Since Numts tend to lose function after incorporation to
nuclear genome, they generally evolve under neutrality and progressively
degenerate, presenting high frequencies of nonsynonymous substitutions, indels

causing frameshifts and substitutions leading to stop codons (Funk & Omland, 2003).
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This makes them often easily identified (Song et al., 2008). In our case, 99.5% of our
sequences did not fit this profile, and as the single warning case still presents a
limited divergence to the main sequences of the host species, this likely represents a
case of recent nuclear incorporation, that does not affect the confidence and

consistence of our results.

Congruence between traditional and DNA barcoding approaches

For drosophilids, species recognition is initially performed based on external
morphology patterns, although in most cases this must be complemented by the
analysis of male genitalia slides, principally aedeagus structure (Vilela & Béachli,
1990; Vilela, 1992; Medeiros & Klaczko, 2004). This happens because external
properties like thorax or abdomen color patterns are cryptic between many species,
making identification a hard task for males and even an impossible task for several
female specimens. For this reason, revision of species status in the first constructed
NJ tree based on accessory photographic material and male genitalia slides was
essential to confirm species bordering.

Indeed, after isolated cases of status review, all species were confirmed as
reciprocally monophyletic in regard to each other. This is a desired property for DNA
barcoding approaches based on the use of phylogenetic trees to assign unknown
specimens to known or new species, supporting species status under most species
concepts (Funk & Omland, 2003). Notwithstanding, monophyly is not a universal
feature in animal species, and around 19% - 23% of the metazoan species seem to
be para or polyphyletic (Funk & Omland, 2003; Ross, 2014). Five reasons can
explain such instances of non-monophyly (Funk & Omland, 2003): (1) imperfect
taxonomy, with oversplitting or overlumping; (2) incomplete lineage sorting; (3)
interspecific hybridization; (4) unrecognized paraphyly; (5) inadequate phylogenetic
information. Although second and third reasons are dependent on species history,
the fact that an integrative approach is being used here to settle taxonomic gaps
certainly is helping to control the first reason. In fact, it was previously suggested that
integrative approaches joining morphological, ecological, behavior and/or molecular
aspects generally produce better results in hypothetical new species
assignment/corroboration (DeSalle et al., 2005; Will et al., 2005; Yassin et al., 2010).

Distance analysis showed that mycophylic drosophilds present moderated
levels of intraspecific diversity, with only two species (H. subgilva and Zy. ptilialis)
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presenting maximum intraspecific distance values higher than 3.5% (Table 1). These
two cases of high intraspecific distances and some isolated comparisons with low
interspecific distances (referring mainly to H. mendeli affinis x H. suflavohalterata
affinis 2 x H. suflavohalterata affinis HO02, and Zy. vittimaculosa x Zy. vittimaculosa
affinis) explain the absence of a barcoding gap both in the Hirtodrosophila and
Zygothrica genera. Despite the absence of the desired property of a barcoding gap
(Meyer & Paulay, 2005), the threshold of 1.15-1.5% showed low error rates within the
entire Zygothrica genus group (3.15%, Table S6). The success rates attained with
BOLD 1% (Ratnasingham & Hebert, 2007) (96.4%) was quite similar to this best
threshold, although higher values showed considerable worst performances (Table
S6). This highlights the importance of optimizing threshold choice for each taxonomic
group (Robe et al., 2012), which is biologically meaningful since genetic variation
depends on a variety of factors, as group-specific rates of molecular evolution,
individual population history, population sizes, inbreeding, spatial organization and
social organization (to a review see Amos & Harwood, 1998; Bromham, 2009).

As traditional taxonomy is based on diagnostic characters, DeSalle et al.
(2005) suggested integrating molecular data through the use of diagnostic nucleotide
analysis together with other evidences to determine species boundaries. Kelly et al.
(2007) showed that this method is accurate, independent of the extent of the
barcoding gap, and Yassin et al. (2010) stated that it performs better than other
methods when species are paraphyletic. Using this methodology, we found
diagnostic characters for 62.5% of the evaluated mycophylic drosophild species,
although this success rate was highly reduced when the entire subfamily was
considered. In agreement with this, Kerr et al. (2009) found that this approach is
severely constrained by the number of species included for rule generation, despite
its success with smaller datasets. These results are probably an outcome of the high
nucleotide divergence in synonymous sites, which are probably very homoplastic,
especially considering the highly biased A-T content of the employed gene marker.
Saturation also helps to explain the absence of diagnostic characters for any of the
four studied mycophylic genera, although this is probably not the complete
explanation.

DNA barcode uses a typological species concept, where species are
considered as discrete units (Casiraghi et al., 2010), and all the analyses presented

above embrace at a greater or lesser extent this concept. The recently proposed



107

Generalized Mixed Yule Coalescent (GMYC) method (Pons et al., 2006; Fontaneto et
al., 2007; Fujisawa & Barraclough, 2013) uses the premise of independent evolution
under a coalescent approach, in which organisms that evolve independently due to
some barrier preventing gene flow are considered as individual species (Fujisawa &
Barraclough, 2013). Although conceptually different from the other applied
methodologies, which also require a priori information about species delimitations, in
general, GMYC a posteriori designations were concordant with those recovered with
the traditional approaches (Fig. 2, Table S7), only splitting, but never lumping species
previously separated. The tendency of GMYC to overestimate species number was
previously reported by other authors (Esselstyn et al., 2012; Paz & Crawford, 2012;
Miralles & Vences, 2013; Talavera, Dinca & Vila, 2013; Kekkonen & Hebert, 2014),
although it is commonly treated as an artifact of geographic distance (Kekkonen &
Hebert, 2014). Thus, future studies focused on the phylogeographic patterns of the
subdivided species will provide better evidences to evaluate if this method is in fact
overestimating species delimitations or if it is simply more sensitive than others,
detecting species structure even when few individuals are available.

The set of results presented here suggest that DNA barcode may be much
more promising for the mycophylic Zygothrica genus group than it is for the
Drosophila genus, for which 26% of the species did not present a barcoding gap, and
23% were not monophyletic (Yassin et al., 2010). These results could be a by-
product of the particular evolutionary history of distinct Drosophilidae lineages, with
different speciation times and non-homogeneous occurrence of hybridization and/or
Wolbachia infection with mitochondrial hitchhiking (Yassin et al., 2010), or may be
associated to sampling shortages (Moritz & Cicero, 2004; Linares et al., 2009) in our
study. This last contention, nevertheless, seems not to apply here, since the number
of sampled species is similar across studies [56 x 68 here and in Yassin et al. (2010),
respectively], and the number of individuals sampled per species were above our
sampling range (1-18) for only five of the 17 Drosophila species for which the criteria
of monophyly and presence of a barcoding gap were not accomplished (Yassin et al.,
2010). Alternatively, as Yassin et al. (2010) only used COI sequences downloaded
from GenBank, these have not gone through a careful process of morphological
revision as the one used here to generate mycophylic sequences, and some of them
may have been subject to identification errors. The integrative approach used here

and the congruence between different methodologies is certainly helping to reinforce
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the effectiveness and the importance of DNA barcoding in elucidating the yet poorly
accessed Neotropical mycophylic drosophilids’ diversity.

Nevertheless, if on the one hand the approach used here suggests the
effectiveness of DNA barcode in the designation of drosophilid mycophylic species,
genus assignment seems to be seriously hampered. Congeneric and intergeneric
intespecific distances are highly overlapped (Table S5) and none genus of the
Zygothrica genus group is reciprocally monophyletic. Although non-monophyly was
previously suggested for some of the evaluated genera (DalLage et al., 2007; van der
Linde et al., 2010; Yassin, 2013), saturation in COI nucleotide substitutions above
intraspecific divergence levels compromises the use of our NJ tree to make further
phylogenetic inferences (Nagy et al., 2012; Wilson, 2011). Notwithstanding, if the
presented pattern is confirmed, the whole taxonomy of the group should be revised,
possibly through the splitting of at least some of the evaluated genera. This should
probably clear the distribution patterns and reduce the diversity levels of each genus,
with the putative assignment of entirely Neotropical taxons. Regardless of this
response, which should be sought through the design of specific phylogenetic studies
using a set of distinct markers, the patterns of species distribution along the obtained
phylogram suggest that mycophagous drosophilids are targets of great levels of
morphological conservation, with several instances of symplesiomorphies, and/or
are subject of frequent phenotypic convergences, since large phylogenetic/phenetic
distances at the molecular level are often associated with great levels of similarity at

the morphological level.

Conclusion

Despite previous evidences pointing to limitations in the use of DNA barcode
within (Yassin et al., 2010) or outside Drosophila (Meier et al., 2006; Wiemers &
Fiedler, 2007; Trewick, 2008; Nicholls et al., 2012), the results for mycophylic
drosophilds seem to be quite different. The test of DNA barcoding in Neotropical
species included in the Zygothrica genus group provided results that are largely
congruent among different molecular approaches and also with morphological
boundaries, emphasizing the importance of the DNA barcoding endeavor to enhance
species assignments, especially in cases of fragmentary remains and female-

specimens. Moreover, DNA barcoding also demonstrated here a high potential of
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accelerating species discovery, allowing the assortment of divergent taxa that may
represent new species. In some cases, the detection of genetically discrete units
facilitated the discovery of morphological differences that were previously
unrecognized, whereas in other cases, the encountered deep divergences indicated
a lack of genetic cohesion among taxa for which robust morphological differences
have not yet arisen.

Anyway, as emphasized by Hebert & Gregory (2005), DNA barcoding aids in
delimiting species, and is never sufficient to describe new taxa, so that traditional
taxonomy will certainly be fundamental in the corroboration and definitive acceptance
of the putative new species. The task of unraveling diversity of mycophylic
drosophilids, and promoting greater ease and speed in the identification process is
certainly a first step toward the major goal of advancing a better comprehension of
this poorly known component of Neotropical fauna and its associated evolutionary
and ecological patterns. These actions are particularly urgent in face of the yet
instituted climatic changes (Intergovernmental Panel on Climate Change, 2007) and
biodiversity crisis (Butchart et al., 2010), since several Drosophilidae species and
groups have been pointed as extremely sensitive to climatic conditions (Kellerman et
al., 2012a, b; Robe et al., 2014).
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Table 1. Summary information and essential statistics for each of the sampled species. Described species are presented in bold, whereas additional
morphotypes/MOTUs are subdivided in: *those presenting morphological distinction at least at the genitalia level; ** those that do not present any
morphological distinction in regard to at least one of its cryptic species. N= number of specimens, MI% Minimum intraspecific distance (in %), MX%
Maximum intraspecific distance (in %), MD% (£) Mean intraspecific distance (in %) and standard error (in %), ID% Mean interspecific distance to cryptic
species (in %), dN/dS Mean dN/dS values presented in regard to cryptic species. Species for which no difference was found in aedeagus structure between
cryptic species have their respective ID% presented in bold.

MD%
Species Cryptic species N MI% MX% (1) ID% dN/dS
1.1
1 H.gilva with 3,8,16,17 6 O 35 (0.2 11.1,14.85, 15.8,9.1 0.02, 0.03, 0.01, 0.009
0.6
2 H. levigata with 7 18 0 14 (0.2 12.86 0.02
0.5
3 H. mendeli with 1,8,16,17 9 O 09 (0.2 11.1,12.4, 13.8, 10.2 0.02, 0.02, 0.03, 0.03
1.9
4 H. morgani with5,9,16,17 7 O 3.4 (0.4 13.9,12.7, 14, 12.7 0.02, 0.01, 0.02, 0.01
3.4
5 H. subgilva with 4,9,16,17 3 0.7 51 (0.6) 13.9,12.9,13.7,11.9 0.02, 0.02, 0.02, 0.02
6 H. trilineata” - - - - - - -
7 H. levigata affinis** with 2 1 - - - 12.86 0.02
8 H. mendeli affinis* with 1, 3, 16,17 2 - - 0(0) 14.85,12.4,13.8,10.2 0.03, 0.02, 0.03, 0.03
9 H. morgani affinis sul* with4,5,16,17 6 O 0 0 (0) 12.7,12.9,7.7,12.9 0.01, 0.02, 0, 0.008
with 11, 12, 13,
10 H. subflavohalterata affinis 1* 14, 15 3 0 0 0(0) 12.6,9.5,9.2,12.9,12.3 0.01, 0.008, 0.01, 0.02, 0.01
with 10, 12, 13, 0.6
11 H. subflavohalterata affinis 2* 14, 15 4 0.3 1 (0.2) 12.6,125,14.6,55,2.8 0.01, 0.02, 0.01, 0.009, 0.01
with 10, 11, 13,
12 H. subflavohalterata affinis 3* 14, 15 2 - - 0(0) 95,125,11.4,14.2,15 0.008, 0.02, 0.03, 0.03, 0.02
13 H. subflavohalterata affinis 4**  with 10, 11, 12, 1 - - - 9.2,14.6,11.4,14.7, 0.01, 0.01, 0.03, 0.02, 0.02
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Table 2. Methodological congruence in regard to the suggestion of the 24 putative new species
represented by males.

Putative new species

Morphological
Difference

Minimum
interspecific
divergence higher
than the best
threshold

Diagnostic
character

GYMC
recovery*

. mendeli affinis

. morgani affinis sul
. subflavohalterata
. subflavohalterata
. subflavohalterata
. subflavohalterata
. subflavohalterata
. Subgilva affinis 1
. subgilva affinis 2
. MOO1

. affinis M001

. heoprojectans

. heoprojectans

. projectans affinis 2

. apopoeyi affinis

. festiva affinis

. gracilipoeyi affinis

. laevifrons 1

. laevifrons 2

. parapoeyi affinis

. prodispar affinis 1

. prodispar affinis 2

. vittimaculosa affinis
. HO09

2 2 2 X 2 X X 2 2 2 X X X X 2 2 2 2 X 2 2 2 =2 2]

\/

2 222 2222222 22222222222 2

2 2 2 X 2 =2 2 2 X X X 2 2 2 X X 2 X =2 2 X X 2 2

W
\/

= 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

Vv indicates that additional subdivision was suggested by GMYC.
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Figure 1. Map of sampling sites of the Zygothrica genus group mycophylic species across Brazil.
All Brazilian biomes are delimited, and those in which collections were performed are highlighted.
Stars represent sampling sites.
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Figure 2. K2P Neighbor-joining tree
generated for the Zygothrica genus group
mycophylic  species COIl  dataset.
Branches were collapsed to represent
each of the 56 independent taxonomic
entities and colored according to the
corresponding genus in order to favor
visualization. Numbers before each
collapsed clade correspond to bootstrap
values and branch lengths are
proportional to the scale, given in
substitutions per nucleotide. The 22
described species are represented in
bold whereas the other 34 collapsed
clades represent undescribed or dubious
cases. Asterisks represent the number of
independent clusters suggested for each
clade by GMYC (when the cluster
suggested by GMYC totally agrees with
the secondary NJ tree, the asterisk was
omitted; for details see appendix — Table
S7).
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Figure 3. Comparison between intra and interspecific K2P pairwise distances obtained for the
sampled Zygothrica genus group specimens.
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Figure 4. Diagnostic characters presented by each Zygothrica genus group species for which character-based analysis was successful. Sites and
species that did not present diagnostic nucleotides were omitted.
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Supporting information

Figure S1. Interactive map of sampling sites per species [to be opened in Quantum

GIS (http://lwww.qgis.org/en/site/)]
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Figure S2. Saturation test of mycophylic drosophilids COI sequences using K80 (K2P)
correction model.
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Abstract

The Zygothrica genus group has been shown to be a diversified group, with high
number of cryptic species. Here we analyze the diversity, ecology and evolution of
one of the genus of this group, Mycodrosophila, in Brazilian biomes with special
attention to the triad of cryptic species belonging to the M. projectans complex. We
found a high diversity in both COI and COIl molecular markers for most of the studied
Mycodrosophila species, especially when this is compared with other Drosophilidae
species. Ecologically, sympatry and syntopy seems to be a recurrent pattern for the
putative sister cryptic species of the genus, and in the M. projectans complex, it was
observed in fungi of different genera. Although the species of the complex showed
different amplitudes of potential distribution, as assigned by ecological niche
modeling, niche overlap measures and identity tests corroborate the niche
conservatism in evolution of these species. This pattern is in agreement with the lack
of complete morphological differentiation between them, despite the fact that their

speciation was dated to the Miocene.

Keywords: phylogeography, Quaternary, Pleistocene, mycophagous, ecological
niche modeling
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Introduction

Drosophilidae is a speciose family encompassing more than 4.200 species
and 77 genera (Bachli, 2015), which is almost world widely distributed
(Throckmorton, 1975). Flies of this family are associated with diverse resources, like
fruits, fungus, sap, pollen and rotten leaves (Carson, 1971; Markow & O’Grady,
2008). This diversity in resource exploration occurs due to the saprophagous nature
of drosophilds, which feed mainly on bacteria and yeast involved in the fermentation
of each of these resources, or on their components thereby made available
(Throckmorton, 1975; Powell, 1997; Markow & O’Grady, 2008).

Nevertheless, many taxa of the family associate with macroscopic fungi found
in the form of fruiting bodies, using them as resource for feeding, [eating spores and
hyphae (Grimaldi, 1987)], oviposition and/or breeding sites. These taxa are
commonly known as mycophagous (Courtney et al., 1990) or mycophylic species
(Machado et al., 2014). Although this property seems to be homoplastic within
Drosophilidae (Throckmorton, 1975), it may represent a synapomorphy for the
Zygothrica genus group (Grimaldi, 1990), which encompasses five genera with
different degrees of association with fungus: Hirtodrosophila, Mycodrosophila,
Paraliodrosophila, Paramycodrosophila and Zygothrica.

Mycodrosophila is composed by about 130 obligatory mycophagous species
(Courtney et al., 1990), distributed all over the world (Bachli, 2015). Most part of this
diversity is found in the Old World, with only 4% of the species being recorded in the
Neotropical region (McEvey & Polak, 2005). Nevertheless, there are evidences that
the Neotropical diversity of this genus is seriously underestimated, and a study on
the effectiveness of DNA barcode on the group increased from three (Wheeler &
Takada, 1963) to nine (Machado et al., in preparation) the number of species
encountered in Brazil. In fact, few studies have incorporated Neotropical
Mycodrosophila (Wheeler & Takada, 1963; Grimaldi, 1987; Roque & Tidon, 2008;
Gottschalk et al., 2009; Robe et al., 2014), and except by the revision of the
American species performed by Wheeler & Takada (1963), no extensive works have
been made with the genus in this region.

Mycodrosophila projectans has been considered a widely distributed
mycophylic species, occurring from Mexico to Brazil (Robe et al., 2014; Bachli, 2015).

Nevertheless, there are evidences of significant genetic structure within this range
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(Machado et al., in preparation), so that this may be composed by a group of cryptic
species. Moreover, cryptic diversity was also found in Brazil by the same authors
within other new Brazilian Mycodrosophila “morphotypes”. As Machado et al. (in
preparation) incorporated only a low number of individuals for each of the six
Mycodrosophila putative new species sampled (n=2-5) the aim of the present study is
to characterize genetically, morphologically and ecologically the Brazilian M.
projectans species complex. In this sense, we increased the sampling for the
mitochondrial COI (cytochrome oxidase ¢ subunit 1) gene, and also incorporated
sequences of the mitochondrial COIl (cytochrome oxidase ¢ subunit 1) and the
nuclear hunchback genes in order to date the diversification of the lineages within
this complex. Once male genitalia showed to be poorly effective to distinguish these
cryptic species, wing morphometry was also tested as a marker useful to this
purpose. Notwithstanding the diversification of the group was dated to the Miocene
(approximately 16 Mya ago), none morphological marker proven to be effective in

species differentiation.

Material and methods

Sampling

Collections were performed in 45 sites distributed along Amazonian, Atlantic
and Pampa Brazilian Biomes (Table S1, Fig. 1a). In these places, active searches for
fruiting bodies of macroscopic fungi were performed in forest fragments during the
active period of the flies. Adult specimens resting or flying over the fungi were
collected with the use of an entomological aspirator (Machado et al., 2014) and, in
some cases, the resource was carried to the laboratory and maintained until adults
emergence. Flies were stored in absolute ethanol and determination to the species
level was performed based on external morphology and male genitalia. The genitalia
slides were prepared following Bachli et al. (2004) and identified according the
descriptions of Wheeler & Takada (1963).

DNA and sequences manipulation

Total DNA of each specimen was extracted using the NucleoSpin Tissue XS
kit (Marchery-Nagel). The different markers were amplified from a set of 103
Mycodrosophila specimens (Table S2) with the use of different combinations of the
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following set of primers: TYJ1460 and C1N2329M (5’ ACT GTA AAT ATATGA TGA
GCT CAT ACA 3’) modified from Simon et al. (1994), HCO1490 and LCO2198
(Folmer et al., 1994), COIMYCOF (5 AYT TTA TTT TYG GRG CHT GR 3’) and
COIMYCOS R (5 WCC TAA TGA DCC AAA DGT TTC Y 3) for the mitochondrial
cytochrome ¢ oxidase subunit | (COI) gene; TL2J3037 and TKN3785 (Simon et al.,
1994), and COII3494M (5 GGN ARV AYD RYD CGR TTR TCD AC 3’) and COll
3400M (5’ ATY GGN CAY CAR TGR TAY TGA 3’) modified from Simon et al. (1994)
for the mitochondrial cytochrome ¢ oxidase subunit 1l (COIl) gene; HB106F and
HB903R (Mota et al., 2008), and HBFMYCOS (5° CAT ATA CGC AAG CAC AAG
AAC C 3’) and HBRMYCOS (5’ GCT CRG CAC TGG CMG CAC 3’) for the nuclear
hunchback (Hb) gene. Additionally, in order to estimate the evolutionary rate of COI,
COIl and hunchback (see below), the nuclear gene alpha methyldopa (AMD) was
amplified for a set of mycophylic species (Table S3) with the primers AMDEX4F
(Robe et al., 2010a) and AMDBW from Tatarenkov et al. (1999). Sequencing
reactions were carried out on a MegaBACE 500 automatic sequencer with the use of
the DYEnamic ET® Sequencing Kit (Amersham) or were performed by Macrogen
(http://www.macrogen.com/eng/).

The electropherograms so obtained were assembled with the use of the
Staden Package Gap 4 program (Staden, 1996), where each contig was individually
checked in regard to sequence quality and editions were performed whenever
necessary. Orthologous sequences were aligned with the Clustal W algorithm, as
implemented in Mega 5 (Tamura et al., 2011) and checked for the presence of stop-
codons and frameshifts, in order to avoid the presence of Numts (nuclear copies of
mitochondrial DNA fragments) in the mitochondrial datasets. Additionally, the ratio
between the number of nonsynonymous substitutions per nonsynonymous sites (dN)
and the number of synonymous substitutions per synonymous sites (dS) was
assessed in Mega 5 using the Kimura 2-Parameters nucleotide substitution model
(K2P) (Kimura, 1980). The same method was also used to perform a codon-based-Z
test of purifying selection (for details see Robe et al., 2012 and Machado et al., in

preparation).
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Data analysis

Diversity analysis

As observed in the DNA barcode analyses of mycophylic drosophilids
(Machado et al., in preparation), M. projectans has at least two cryptic species that
are undistinguishable even at the aedeagus level. So, we first added our new COI
sequences to the mycophylic dataset previously generated by Machado et al. (in
preparation) and constructed a Neighbor Joining tree (NJ) using the K2P model in
Mega 5, in order to assess specimens identity. After that, diversity analysis
[nucleotide (11) and haplotype (H and Hd) diversities, besides the number of
polymorphic sites (s)] and neutrality tests [Tajima’s D (Tajima, 1989), Fu’'s and Li’'s D
and Fu’'s and Li’'s F (Fu, 1997)] were performed in DNAsp 5 (Librado & Rozas, 2009).
The genealogical relationship between mtDNA haplotypes was estimated by median-
joining (Bandelt et al., 1999), as implemented in Network 4.6.1.3.

Dating and estimating rates

In order to estimate the nucleotide substitution rate of COI within the
Zygothrica genus group, divergence time between some of their species were first
estimated with the use of a lognormal relaxed clock (Drummond et al., 2006),
employing the newly obtained AMD sequences (Table S3) added to those generated
by Robe et al. (2010a). In this case, an orthologous sequence of Culex
quinquefasciatus (Genbank: XM001863772) was used as outgroup. The analysis
was performed in Beast 1.8.0 (Drummond et al., 2012), using the split between
Hawaiian Scaptomyza and Drosophila species [23 Mya (Grimaldi, 1987)], and
Drosophila and Sophophora subgenera [63 Mya (Tamura et al., 2004)] as priors. The
GTR+I+G nucleotide substitution model was applied to 50 million iterations, sampling
every 5,000 and discarding the first 10% as burning. After, the results were evaluated
in Tracer 1.6 and summarized in TreeAnnotator 1.8.0. The divergence times so
obtained for the split between mycophylic species of the Zygothrica genus group
were further used as priors in order to estimate the mean nucleotide substitution rate
of COI, using a specific dataset obtained as stated above (Table S3). In this case,
COl rate estimation was performed in Beast 1.8.0 using GTR+G, with 70 million of

iterations sampling every 3,000 and burning the first 10%.
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The divergence time estimated by Amd for the split between Zygothrica and H.
levigata (see above) was also used as prior in another lognormal relaxed molecular
clock run performed in Beast 1.8.0 with Hb sequences (Table S3) in order to estimate
the divergence time between the three species of the M. projectans complex. In this
case, the newly obtained Hb sequences were added to those generated by Robe et
al. (2010b), and an orthologous sequence of Musca domestica (GenBank: Y13050)
was used as outgroup. The run was performed using GTR+I+G with 50 million
iterations sampling every 5,000 and burning the first 10% iterations.

The rate obtained for the COl mycophylic sequences (5.828x10° per year)
was finally used to estimate the fluctuation in population size over time using
Bayesian skyline (BPS) (Drummond et al., 2005) and GMRF Bayesian skyride
(GMRF) (Minin et al., 2008), as implemented in Beast 1.8.0. For M. projectans and
M. projectans affinis 1, GMRF was generated using HKY+I+G, with 40 million
iterations, sampling every 5,000 and 1,000 respectively, with a burning of 10%. For
M. projectans affinis 2 the BPS was generated using GTR+G+l, with 30 million

iterations, sampling every 3,000 and burning the first 20%.

Morphometric analysis

For the morphometric analysis, the right wings of male specimens of the M.
projectans complex (23 individuals of M. projectans, 13 of M. projectans affinis 1 and
19 of M. projectans affinis 2) was photographed in SteREO DiscoveryV20, with the
program AxioVs40 V 4.8.1.0 (Carl Zeiss Imaging Solutions GmbH), with an increase
of 37.5X. In order to obtain the coordinates, TPSdig2 (Rohlf, 2006) was used to mark
ten landmarks chosen with basis on wings venation, representing bifurcations,
intersections and tip veins (Fig. S1, Table S4). Partial and relative warps, centroid
size and weight matrix were then calculated with TPSRelwn (Rohlf, 2007), and a
graphic representation from shape variation was obtained. An analysis of variance
(ANOVA) was performed to compare the centroid size of the wings of each species,
and a canonical variate analysis (CVA) was performed to compare the relative warps
of each species. ANOVA and CVA were performed in PAST 3 (Hammer et al., 2001).

Ecological niche modeling
The climatic variables [WorldClim 1.3 database (Hijmans et al.,, 2005)]

selected by Robe et al. (2014) [mean diurnal range (Bio-2), maximum temperature of
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the warmest month (Bio-5), minimum temperature of the coldest month (Bio-6),
precipitation seasonality (Bio-15), precipitation of the wettest quarter (Bio-16),
precipitation of the driest quarter (Bio-17), precipitation of the warmest quarter (Bio-
18) and precipitation of the coldest quarter (Bio-19)] with a resolution of 2.5-min (5
km?) were used model potential distribution of each species of the M. projectans
complex with basis on an environmental niche modeling (ENM) approach (Elith &
Leathwick, 2009). As the cryptic diversity contained within the M. projectans complex
was previously neglected, only the sampling points recorded by us (Table S2) were
used in this analysis. The models were generated using maximum entropy machine
learning method performed by MAXENT 3.3.3k (Phillips et al., 2006) using 25% of
the data as test and 75% as training or calibration information, in each of 50
bootstrap replicates. For these, in addition to the presence records, 10,000
backgrounds points were randomly chosen for each species. The maximum number
of iterations was set to 500 and a default regularization parameter was used (Phillips
& Dudik, 2008). The accuracy of the predictive distribution models was accessed
through the AUC value (Area Under the Receiving Operating Curve).

The environmental suitability models so obtained were further used to
measure Schoener’s D (D) and Hellinger’s (I) pairwise niche overlap in ENMTools 1.3
(Warren et al., 2010), where 0 means no overlap and 1 indicates that niches are
identical. The statistical significance of each pairwise niche overlap measure was
tested using the identity test performed in the same program, with 200
pseudoreplicates. In this case, a conservative criteria was adopted, since null
hypothesis was considered to be rejected only when both D and | comparisons were
significant. Pairwise range overlaps (R) were also estimated using the binary models
obtained by MAXENT, converted with the mean minimum training presence
threshold. To test the correlation between niche and geographic measures, a Mantel

test was performed in Past 3 with 5,000 permutations.

Results

Sampling and genetic diversity

We generated 103 new Mycodrosophila COI sequences, which ranged from
550pb to 855pb, and were added to the 32 Mycodrosophila sequences recorded by
Machado et al. (in preparation). The analyses performed in order to detect Numts
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allowed to reject their influence in species delimitation, since no frameshifts and stop
codons were detected, and all the sequences that did not reject the null hypothesis of
neutrality in codon-Z analysis and showed a dN/dS ratio near one, presented low
K2P distance (d < 1.3%), indicating stochastic deviation in intraspecific variation.

When these sequences were analyzed in regard to species subdivision in a NJ
phylogram (Fig. S2), we realized that they were compatible with the presence of at
least ten Neotropical Mycodrosophila species, three of which were determined to the
M. projectans morphotype and will be hereafter referred as the M. projectans
complex. Moreover, cryptic diversity was also encountered for the M. neoprojectans
and M001 morphotypes. The minimum K2P pairwise distance presented between
these putative species was of the order of 4.6%.

Even with such a subdivision, the intraspecific distances ranged from 0% in
several species to 5.8% in M. projectans (Table S2). The nucleotide diversity,
number of polymorphic site and haplotype diversity were generally high, reaching
values of 1.4%, 46 and 0.96 in M. projectans (Table S2). Signs of significant
deviation of neutrality were found for different combinations of the three M.
projectans complex species according to the Tajima’s D, Fu and Li’s D and/or Fu and
Li’'s F. Diversity indices found for COIl were even higher than those presented by COI
(Table S2), although neither this dataset nor the concatenated COI+COIl showed
significant deviations from neutrality.

The phylogenetic tree generated with AMD (data not shown) supported the
monophyly of Mycodrosophila (PP = 1.00), which was positioned inside the
Drosophila genus (PP = 0.95). Although the monophyly of the Zygothrica genus
group was not recovered, Drosophila was also paraphyletic in regard to Zygothrica
and Hirtodrosophila. In fact, representatives of these two genera constituted a well
supported clade (PP = 1.00), in which Hirtodrosophila is paraphyletic in regard to
Zygothrica (PP = 1.00).

The Mycodrosophila projectans complex

Actual and potential distribution and niche overlap patterns

The three species of the M. projectans complex showed to be sympatric to an
area encompassing the Southern region of Brazil (Fig. 1b, Table S2). ENM showed
M. projectans affinis 1 as a very restrict species, with M. projectans more widely
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distributed to the south and M. projectans affinis 2 further expanded to the north and
west of the South American continent (Figure S3). Species of the complex were
found exploring fungi of Ganoderma, Polyporus and Trametes (Table S5), and at
least twice the three species were found in syntopy. In these cases, the triad was
simultaneously collected using Ganoderma and another unidentified fungus. M.
projectans and M. projectans affinis 2 were collected together exploring Ganoderma
and Polyporus (Table S5).

Abiotic niche overlap measures generated based on ENM results were higher
in the comparisons involving M. projectans affinis 1 e 2 (D = 0.87, | = 0.99), than
when any of these is compared to M. projectans (D = 0.38, | = 0.69; D = 0.43, | =
0.73 respectively). Nevertheless, null hypothesis of niche equivalence was not
rejected in any of these comparisons after a Bonferroni correction was applied.
Range overlap measures were higher between M. projectans and M. projectans
affinis 2 (R = 1), than with the former and M. projectans affinis 1 (R = 0.87) of with
both affinis species (R = 0.94). No significant correlations were found between niche

and range overlap measures among the three species after a Bonferroni correction.

Evolutionary patterns

Like the neutrality tests, COI median-joining analysis of the M. projectans
complex (Fig. 2) suggested demographic expansion events since they showed some
kind of star like pattern for M. projectans, M. projectans affinis 1 and M. projectans
affinis 2, with central and more frequent haplotypes connected with peripheral and
exclusive haplotypes through few mutational steps. However, there are some
exceptions, like haplotypes 19 (Derrubadas/RS) and 28 (Pelotas/RS) in M.
projectans and haplotypes 3 (Teodoro Sampaio/SP) and 6 (Melgaco/PA) in M.
projectans affinis 2, that are separated by up to 6-13 mutational steps from their most
close haplotype. Although the differentiation between species attained a minimum of
34 mutational steps for COI, intraspecific genetic flow seems to be maintained
despite long distances, as suggested by the presence of few mutational steps
between haplotypes encountered in the extremes of distribution (data not shown).
Thus, in M. projectans affinis 2, for example, haplotypes that were collected about
3,000 Km apart, like haplotype 19 and haplotypes 4, 5 and 6, were differentiated by
only 4-8 mutational steps. Likewise, at the same species, haplotypes differing by as

much as 34 mutational steps were found in the same point. This pattern was
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somewhat diluted in the concatenated network, due to reduced sampling, although
differentiation between species was even more pronounced (Fig. S4).

As concerns the general patterns of genetic structure, there are some
differences between the three M. projectans complex species. In this case, M.
projectans seems to be the only exhibiting a geographic structure between the
sampled biomes (Atlantic Forest and Pampa). So, in the COI network (Fig. 2), two
haplogroups could be observed for this species: one, with the most common
haplotype sampled on west (H8 and H23) and radiating to east, seems to be
restricted to Atlantic forest (only one individual found in the border between Atlantic
forest and Pampa); and the other almost entirely restricted to the Pampa biome, with
several haplotypes being sampled in the border between Atlantic forest and Pampa
and radiating to the south. Conversely, the COI networks of Mycodrosophila
projectans affinis 1 and 2 (Fig. 2) present the most common haplotype originating
from the west of Atlantic forest, from which it radiates haplotypes to the east in M.
projectans affinis 1 and to east and north in Atlantic forest, northwest to Pampa and
north to Amazonian biomes in M. projectans affins 2.

The divergence time estimated with the use of a 216 - 398 pb of a conserved
portion of the Hb gene showed that M. projectans affinis 1 is the basal species in the
complex, diverging approximately 16.5 million of years ago (6,9 - 29, 3), whereas M.
projectans and M. projectans affinis 2 are sister species that diverged about 10.5
million of year ago (3,8 - 19). All these clades were supported by PP of 1. BSP and
GMRF (Fig. S5) showed agreed with the neutrality tests and the starlike network
pattern, suggesting all species experienced an expansion of population size in
different moments. Mycodrosophila projectans affinis 1 showed a stable population
size until 100 thousand year ago when an expansion have started. Yet M. projectans
and M. projectans 2 experienced earlier expansions, initiated about 1 million year

ago, and intensified at 650 thousand years ago for the second species.

Morphological differentiation

Although in Machado et al. (in preparation) it was not possible to assess the
male aedeagus structure of M. projectans affinis 1, due to the sampling of only two
females, that study found no differences between the male genitalia patterns found
for M. projectans and M. projectans affinis 2. The sampling extension performed here

revealed the presence of two male genitalia patterns within the M. projectans
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complex (Fig. S6), with unique and distinguishable aedeagus structures found for M.
projectans and M. projectans affinis 1, alghouth both patterns are encountered in M.
projectans affinis 2. As external morphology was entirely cryptic between the three
species and male genitalia provided inconclusive differentiation, wing morphometry
was also tested as a potential morphological marker in species identification.
Nevertheless, the ANOVA and CVA tests performed in order to detect differences
related to the centroid size of wings and the scores of the relative warps, respectively
(Table S6, Fig. 3) did not show any statistically significant difference between
species. In fact, as a wide overlap of wing shape was detected between species (Fig.
3), wings also proven to be inadequate to distinguish species within the M. projectans

complex.

Discussion

DNA barcode has demonstrated be a valuable tool to reveal cryptic diversity
(Hebert et al., 2004), presenting a huge impact in groups with low knowledge or with
hard taxonomy (Hebert et al.,, 2004; Clare et al., 2011; Crawford et al., 2012;
Mutanen et al., 2013; Gill et al., 2014). Machado et al. (in preparation) showed the
great potential of this methodology in the Zygothrica genus group, revealing a wide
variety of potential new species, some of which entirely cryptic in regard to each
other. In Mycodrosophila, these authors suggested the presence of at least six
putative new species, triplicating the number of species recorded in Brazil. Three of
these were first identified as M. projectans, and could not be distinguished even at
the aedeagus level. Here, we increased the sampling of these three putative new
species, and added individuals assigned to more two putative new species of the
genera. Together, Machado et al. (in preparation) and this paper increase more than
360% the species diversity of this genus in Neotropics, previously recorded as only
three (Wheeler & Takada, 1963).

Interestingly, COI and COIl genes showed levels of nucleotide and haplotype
diversity considerable higher for most of the sampled Mycodrosophila species than to
the previously studied Drosophilidae species (De Brito et al., 2002; Hurtado et al.,
2004; Reed et al., 2007; Mirol et al., 2008; Moraes et al., 2009; Franco & Manfrin,
2013, De Ré et al., 2014). In fact, nucleotide diversity for M. projectans stricto sensu

reached more than 10,000 times in the values found for Drosophila maculifrons (De
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Ré et al., 2014) with COI and 18,000 times for COII. Although, these high diversity
indices could indicate Numts co-amplification in our database, tests performed to
identify this artifact did not detect such an effect, so that this high diversity could be a
characteristic of Mycodrosophila and possibly of other mycophylic species. Despite
this high diversity, DNA barcode methodology was shown to be an efficient tool in
species identification in this group (Machado et al., in preparation).

Other remarkable characteristic of this genus is the recurrent sympatry and
syntopy found between cryptic species. This property was first documented by Lacy
(1982) for M. claytone through the analysis of 18 allozime loci. The author found two
cryptic species, M. claytone A and B, which do not share any alleles in six loci
occurring in syntopy. We found the same situation for M. neoprojectans affinis 1 and
2 and for M. projectans complex. The first species pair was collected only in
Amazonian Biome, being recorded in sympatry and syntopy in only sampling point.
However, it should be noted that the sampling realized in these areas were no
extensive, so that both sympatry and syntopy could be more ubiquitous between both
species. In the same way, the M. projectans complex species, which were more
widely sampled, were frequently found in sympatry and syntopy. This makes this
genus an interesting model to the study of speciation.

Mycodrosophila projectans complex

Despite none morphological differentiation could be found between at least
two of the three species of M. projectans complex in external morphology, male
genitalia and wing shape and dimensions, the divergence time between the species
was dated to the Miocene. Mycodrosopila projectans affinis 1 was the first lineage to
diverge, at approximately 16.5 million years ago. In fact, our morphological
identification distinguished correctly all male individuals of this species from the
others. However, M. projectans affinis 2 that has diverged from M. projectans stricto
sensu about 10.5 million years ago, has individuals a priori identified both as M.
projectans affinis 1 and M. projectans. Yet the specimens of the last species always
were identified as M. projectans.

Besides the morphological conservation, patterns of biotic and abiotic niche
conservatism were also found for the M. projectans complex, in agreement with Robe
et al. (2014), which demonstrated that niche conservatism seems a tendency in

Zygothrica genus. This general pattern seems to apply for the M. projectans
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complex, once despite the difference between amplitude of distribution, neither
pairwise comparison rejected the null hypothesis of niche equivalency. This result
was already expected once the three species are sympatric and syntopic, but
ecological studies could certainly help to clarify in which way the species are using
their resources, which could enable advances in speciation studies within this model
group.

Another interesting result was obtained by the BSP and GMRF analysis, which
showed signals of expansion on effective population size for the three studied
species. Although these events were dated to the Pleistocene, they seemed to occur
in different moments, with M. projectans stricto sensu and M. projectans affinis 2
starting their expansion between Calabrian and Middle Pleistocene (Cohen et al.,
2013) at approximately one million of years ago, and M. projectans affinis 1 starting
its expansion in the Upper Pleistocene (Cohen et al., 2013), at about 0.1 million of
years ago. These results are concordant with phylogeographic studies performed
with Brazilian cactophilic drosophilds, that also showed population expansion dated
to the Pleistocene (Franco & Manfrin, 2013). This general pattern suggests that some
drosophilids species have been subject of significant oscillations in population
dynamics with the glacial cycles of this Epoch (Morales et al.,, 2009; Franco &
Manfrin, 2013). However, in others cases, the glaciations seem to have influenced
population dynamics in the contrary way, a pattern recently supported for D.
maculifrons, that presents an expansion signal after the last maximum glacial (De Ré
et al., 2014). Our results are also consistent with phylogeographic studies with other
animal groups, where early Pleistocene seem to have more effect in population
dynamics than the more recent glaciations (see reanalyses of Martins, 2011).
However, although these last studies were also performed in Atlantic Forest, they
showed a lineage breaking in the least of this region, whereas M. projectans complex

seems to be more abundant and common to the west of this biome.
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Figures

4.000
1 km

Figure 1: Map of sampling sites of the Mycodrosophila mycophylic species across Brazil.
Brazilian biomes where collections were performed are highlighted. In A Sampling points are
represented by circle; in B sampling sites of M. projectans complex are highlighted, with
diamonds representing M. projectans, full stars M. projectans affinis 1 and line stars M.
projectans affinis 2. M. projectans affinis 2 was also sampled in Melgago/PA, placed within
the Amazonian Biome (dark green in A), but it was omitted from map B.
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Figure 2: Median-joining network for COI haplotypes found within the M. projectans complex. A Map
showing the sampling points where the species were found (circles), with limits between the biomes
highlighted. Each sampling point was painted with different colors to locate the geographic origin of
each haplotype. B M. projectans affinis 1, C M. projectans affinis 2 and D M. projectans networks. The
size os the circles is proportional to the frequency of each haplotype, and sampling localities are color
coded according to A. Black small circles represent median vectors. Dashes in the lines connecting
different haplotypes represent the number of mutations between them. Dark pink in B represent a
sampling point in north of Brazil (Melgaco/PA), that was omitted from the map A to facilitate
visualization of the south area.
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Figure 3: Cartesian plot from wings relative warps for M. projectans complex.

Supporting information

8
®
®
7

[ lep}

e

ve

%

Figure S1: M. projectans complex right wing showing the chosen landmarks.
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Figure S3: Environmental suitability distribution models predicted by MAXENT for M. projectans
complex. A M. projectans affinis 1, B M. projectans affinis 2 and C M. projectans. Grey represent
areas of potential presence after the applying the minimum training presence threshold. Stars
represent the sampling points according to Tables S1 and S2.
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Figure S4:. Median-joining network for COI+COIl concatenated haplotypes found within the M.
projectans complex. A Map showing sampling points where the species were found (circles), with
limits between the biomes highlighted. Each sampling point was painted with different colors to locate
the geographic origin of each haplotype. B M. projectans, C M. projectans affinis 1 and D M.
projectans affinis 2 networks. The size os the circles is proportional to the frequency of each
haplotype, and sampling localities are color coded according to A. Black small circles represent
median vectors. Dashes in the lines connecting different haplotypes represent the number of
mutations between them. Dark pink in C represents a sampling point in north of Brazil (Melgago/PA),
that was omitted from the map A to facilitate visualization of the south area.
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Figure S5: Plots showing the variation in effective population size (Ne) over
time in the three M. projectans complex species according to the COI dataset. A
and C GMRF Bayesian skyride obtained for M. projectans affinis 1 and M.
projectans, respectively, and B Bayesian skyline of M. projectans affinis 2. Solid
lines represent the estimated median Ne, and the solid area in blue indicates
the 95% highest posterior probability interval.
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Figure S6: Male genitalia patterns found within the M. projectans complex. A M.
projectans, B M. projectans affinis 1, C and D M. projectans affinis 2. The
differences in aedeagous structure are indicated by arrows.
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O grupo genérico Zygothrica proposto por GRIMALDI (1990a) é um grupo
especioso que compreende aproximadamente 10% da diversidade de Drosophilidae
(BACHLI, 2015), sendo composto tanto por espécies cosmopolitas, como por taxons
restritos a determinadas regies biogeograficas (GRIMALDI, 2010; VILELA E
BACHLI, 2004; WHEELER E TAKADA, 1963). Entretanto, esse grupo tem sido alvo
de poucos estudos, possivelmente devido (i) a dificuldade de manutencdo de
estoques em laboratério; (ii) & pouca efetividade dos métodos tradicionais de coleta
na captura das mesmas, tornando necessaria a realizacdo de buscas ativas; (iii) a
coleta ocasional e em baixo numero registrada para muitas espécies; (iv) a
dificuldade de identificacdo relacionada ao baixo numero de taxdnomos especialistas
no grupo, ao dificil acesso a literatura (parte em alemao) e ao fato de que a maioria
dos trabalhos descrevem apenas os machos. Estes problemas tornam-se ainda mais
sérios na regido Neotropical, onde existe um grande viés na distribuicdo taxondmica
dos estudos relacionados a Drosophilidae (GOTTSCHALK et al., 2008).

Um dos primeiros passos para superar esses entraves é a compreensao da
diversidade de espécies do grupo, e o incentivo a difusdo do conhecimento
necessario para a correta identificacdo de suas espécies. Nesse sentido nés
realizamos coletas em 45 sitios distribuidos nos biomas Amazoénia, Mata Atlantica e
Pampa no Brasil, dos quais 20 foram incorporados na analise de DNA barcode
(Capitulo 3). Nesse trabalho, que incorporou 222 individuos, o ponto mais importante
a ser ressaltado €, sem duvida, a grande diversidade de espécies encontradas [56
espécies, das quais apenas 24 (39,3%) foram previamente descritas]. Dentre os
fatores que contribuiram para essa alta frequéncia de espécies novas esta o esforco
de coleta, uma vez que esta tese € a primeira a ser realizada com uma ampla
amostragem visando analisar drosofilideos micofilicos.

A maior parte das espécies micofilicas potencialmente novas amostradas
revelaram-se cripticas com relacdo a espécies previamente descritas.
Tradicionalmente, o primeiro passo no reconhecimento e na identificacdo das
espécies de drosofilideos € baseado na morfologia externa, embora os padrdes de
coloragdo do torax e abdémen sejam sabidamente uniformes entre alguns taxons e
plasticos dentro de outros, dificultando sua utilizacdo como caracter diagnéstico
(GRIMADI, 2010). Dessa forma, a genitalia masculina, principalmente a estrutura do

edeago, tem sido considerada a estrutura diagndstica mais importante para a
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definicdo de espécies na familia, sendo utilizada tanto para seu reconhecimento,
quanto descri¢do e sinonimias (MEDEIROS E KLACZO, 2004; VILELA E BACHLI,
1990). Dessa forma, nos verificamos dois niveis de diferenciacdo entre as espécies
cripticas por nés amostradas: aquelas cripticas em nivel de morfologia externa, mas
distinguiveis pela genitdlia masculina e aquelas cripticas devido a auséncia de
distincdo inclusive em nivel de genitalia. Oito das 34 potencias espécies novas foram
consideradas cripticas no segundo caso, embora as mesmas apresentassem niveis
de diferenciacdo genética superiores a 5.5% para a sequéncia do marcador
mitocondrial COIl. Além disso, 16 das espécies potencialmente novas amostradas
revelaram-se cripticas com relacdo a espécies previamente descritas apenas no
primeiro nivel, e dez foram distinguiveis pelo padrdo de morfologia externa, nao
sendo consideradas cripticas.

Em nossa amostragem, todos os géneros Neotropicais do grupo genérico
Zygothrica foram coletados. O pequeno género Neotropical Paraliodrosophila
(VILELA E BACHLI, 2007), foi representado por duas das cinco espécies descritas
(P. antennata e P. burlai), sendo justamente essas duas com registros no Brasil
(BACHLLI, 2015). GOTTSCHALK et al. (2009) encontraram P. antennata emergindo
de fungos de Marasmiaceae e Polyporaceae e nds encontramos as duas espécies
do género sobrevoando ou repousando sobre os fungos, confirmando assim a
associacdo de Paraliodrosophila com os corpos de frutificacdo de fungos
macroscépicos como previamente sugerido VILELA E BACHLI (2007). A modelagem
de nicho ecoldgico demonstrou que a temperatura maxima do més mais quente é
um importante fator limitante da distribuicdo de P. antennata, com a espécie sendo
melhor adaptada a temperaturas minimas intermediarias. Também € possivel
observar através do modelo gerado que esta espécie apresenta uma distribuicdo
potencial ampla, ocupando praticamente toda a area da Mata Atlantica e parte da
Amazonia, com registros ja observados nestes dois biomas. Mesmo com esta ampla
distribuicdo, nossos dados indicam que o fluxo génico entre as populagbes é
mantido ao longo de sua area de ocorréncia, uma vez que as analises de Neighbor
Joining (NJ) e Generalized Mixed Yule Coalescent (GMYC) consideram todos os
espécimes analisados (originarios dos estados de RO, SP, PR, RS) como uma unica
unidade evolutiva. J& no caso de P. burlai, a modelagem de nicho néo foi realizada
devido aos poucos registros de ocorréncia da espécie (em apenas duas localidades

nos estados do RJ e SP) quando o Capitulo 2 foi elaborado. Em nosso trabalho
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expandimos a ocorréncia dessa espécie para a regido sul do Brasil, uma vez que ela
foi ainda coletada em Florianopolis/SC.

A principal referéncia para as espécies Neotropicais do género cosmopolita
Mycodrosophila (MCEVEY E POLAK, 2005; THROCKMORTON, 1975; WHEELER E
TAKADA, 1963) é a revisdo das espécies americanas de WHEELER E TAKADA
(1963), com o relato da ocorréncia de apenas seis espécies nessa regiao (M.
elegans, M. brunnescens, M. projectans, M. pseudoprojectans, M. neoprojectans e
M. nigropleura). Destas nds coletamos apenas M. elegans e M. projectans.
Entretanto, foram encontradas evidéncias da existéncia de mais oito potenciais
espécies novas (Mycodrosophila MO001, Mycodrosophila affinis M001, M.
neoprojectans affinis 1, M. neoprojectans affinis 2, M. projectans affinis 1 e M.
projectans affinis 2, Mycodrosophila SFP, Mycodrosophila sp. 1), muitas das quais
sdo bastante frequentes na regido amostrada. Trés destas potenciais espécies
novas foram representadas unicamente por fémeas (M. projectans affinis 1 no
Capitulo 3, M. SFP e Mycodrosophila sp. 1 no Capitulo 4), mas seu status como
espécie foi confirmado com marcadores moleculares, e corroborado no caso da
primeira espécie, apos a insercdo de individuos machos no Capitulo 4.

Mycodrosophila elegans foi uma espécie pouco abundante nas amostragens
realizadas. Ainda que apenas fémeas tenham sido incluidas nas analises do
Capitulo 3, machos também foram coletados, embora ndo tenha sido possivel
realizar a amplificacdo do marcador COIl destes espécimes. Na verdade, nés
percebemos que os drosofilideos micofilicos com os quais trabalhamos apresentam
problemas de amplificacdo até mesmo para genes mitocondriais, caso que parece
ser mais marcante nas espécies de Mycodrosophila. Nés acreditamos que esse
problema ocorra devido a co-extracdo de residuos dos fungos ingeridos pelos
espécimes, que possivelmente atuam inibindo as reacdes de polimerizacdo em
cadeia (PCR). NOs observamos esse resultado com extracbes realizadas com
diferentes métodos, e com kits fornecidos por diferentes empresas. Apesar de néo
termos realizado andlises especificas, quantificacdes realizadas no aparelho Biodrop
demonstram a impureza das extracdes, com presenca de contaminantes nas
amostras, conforme detectado pela razdo A260/A230.

De acordo com o modelo de distribuicdo potencial gerado para M. elegans,
esta espécie é amplamente influenciada pelos extremos de temperatura, jA que 0s

fatores mais limitantes para sua distribuicdo sdo a temperatura minima do més mais
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frio e a temperatura maxima do més mais quente. Segundo o modelo, a espécie
possui uma ampla distribuicdo no Neotropico, com registros na América Central e na
regido amazonica da Ameérica do Sul, e distribuicdo potencial para o Pantanal e para
parte da Mata Atlantica e do Pampa brasileiros. De fato, no Brasil ela parece estar
restrita principalmente a regido oeste, ndo adentrando muito na por¢do mais
meridional da Mata Atlantica, exceto pela regido de Foz do Iguacu/PR (dados nao
mostrados).

Ja para M. projectans, a outra espécie descrita de Mycodrosophila amostrada
em nossas coletas, os registros disponiveis indicavam uma ampla distribuicdo ao
longo da maior parte da regido Neotropical (BACHLI, 2015) (Capitulo 3). Contudo,
nossos dados indicam que o que vem sendo tratado como M. projectans representa,
na verdade, um complexo de espécies muito similares em nivel de morfologia
externa, que nao apresentam diferenciacdo no padrdao de coloracdo e de
morfometria de asas. Além disso, a genitalia masculina ndo € capaz de fornecer uma
distincdo confidvel entre as espécies, uma vez que apesar de M. projectans e M.
projectans affinis 1 possuirem o edeago distintos, M. projectans affinis 2 apresenta
individuos identificados com ambos os padrdes. De fato, M. projectans affinis 2
apresenta a distribuicdo mais ampla, sendo registrada desde o Pampa até a
Amazobnia e sendo capaz de manter o fluxo génico entre essas regides uma vez
apenas dez mutacBes separam o0s haplétipos mais distantes dos extremos de
distribuicdo. Ja M. projectans parece apresentar uma estruturacdo geografica
relacionada aos biomas Mata Atlantica e Pampa, conforme observado na rede de
haplétipos com os dados do marcador molecular COIl e M. projectans affinis 1
parece restrita a Mata Atlantica. Apesar dessas diferencas de distribuicdo, as trés
espécies apresentam um alto grau de simpatria, e até mesmo de sintopia. Esse
padrao de distribuicdo parece ser comum para Mycodrosophila, uma vez que LACY
(1982) observou a mesma situagédo com M. claytone. Este autor analisou 18 loci de
alozimas e foi capaz de distinguir duas espécies cripticas, que ndo compartilhavam
nenhum alelo em seis loci, mas coletadas sobre o mesmo fungo ao mesmo tempo.

Outra observagao interessante quanto ao complexo M. projectans, diz
respeito a abundancia de espécimes coletados. Nas coletas realizadas na regido
leste do pais, poucos individuos de cada espécie foram capturados, embora em
coletas realizadas na regido mais a oeste, a abundancia tenha sido maior, com

dezenas de espécimes coletados na regido de Santa Maria/RS e centenas no
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Parque Estadual do Turvo/RS e no Parque Nacional de Foz do Iguagu/PR (dados
ndo mostrados). NOs acreditamos que esse padrdo possa estar relacionado a dois
fatores ndo excludentes: (i) estocasticidade ambiental, explicada pela efemeridade
dos fungos (COURTNEY et al., 1990), que faz com que as populagbes se
desloquem continuamente em busca desses recursos. Esse aspecto é parcialmente
suportado pelos registros observados na regido de Santa Maria/RS, onde coletas
realizadas em diferentes momentos ndo encontraram niveis similares de abundancia
(dados ndo mostrados). Contudo, essa hipotese precisa ser testada através de
coletas sistematicas, num delineamento experimental voltado a esse fim; (ii)
adaptacao longitudinal as regifes do Pantanal, Amazé6nia e oeste da Mata Atlantica,
com poucas populagdes/individuos chegando a regido leste do Brasil, jA que nosso
esforco amostral foi concentrado na regido leste da Mata Atlantica, com poucas
coletas sendo realizadas na regido oeste. Como o0s modelos gerados nao
incorporam dados de abundancia das espécies coletadas, apenas sua presenca em
determinado local, podemos estar inferindo inadequadamente os fatores abidticos
restritivos a distribuicdo das espécies. Dessa forma, para testar essa hipotese,
novas coletas nessas regides precisam ser realizadas, assim como novos modelos
que diferenciem dados de abundancia precisam ser gerados.

Com relacdo as outras potenciais espécies novas de Mycodrosophila, uma
(Mycodrosophila M001) foi identificada através da morfologia externa e cinco atraves
das analises moleculares (Mycodrosophila affinis MO001, Mycodrosophila
neoprojectans affinis 1 e 2, Mycodrosophila SFP, Mycodrosophila sp. 1). Neste caso,
€ interessante destacar que os mesmos padrdes de simpatria e sintopia observados
para o complexo M. projectans e para M. claytone (LACY, 1982) também sao
encontrados entre as espécies cripticas M. neoprojectans affins 1 e 2, embora as
mesmas apresentem 5.5% de divergéncia para a regido analisada do gene COI.
Dentre as espécies novas de Mycodrosophila, cabe ressaltar ainda que M. MOO1 e
M. neoprojectans affinis 1 encontraram-se em processo final de descricdo por nosso
grupo de pesquisa.

No que diz respeito a diversidade do marcador molecular COI, todas as
espécies apresentaram valores de diversidade nucleotidica e haplotipica
consideravelmente maior que outras espécies de drosofilideos do género Drosophila
(DE RE et al., 2014). Dentre as espécies de Mycodrosophila, M. projectans foi a que

apresentou os indices maiores, exceto para diversidade haplotipica onde M.
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neoprojectans 1 e 2 apresentaram indice de 1. Ja& o macador molecular COIl
apresentou indices ainda maiores que o COI para o complexo M. projectans.

Diferentemente de Mycodrosophila, Zygothrica é essencialmente Neotropical
(GRIMALDI, 1987; GRIMALDI E FENSTER, 1989; THROCKMORTON, 1975), sendo
considerado um dos géneros mais especiosos de Drosophilidae (GRIMALDI, 1987),
e, dentre os taxons do grupo genérico Zygothrica, o mais estudado na sua regiao.
Em nossa amostragem, encontramos 20% das 54 espécies descritas para o Brasil
(GOTTSCHALK et al., 2008), além de 13 potenciais espécies novas. Destas,
entretanto, duas foram representadas apenas por fémeas (Z. atriangula affinis HO15
e Z. poeyi affinis), podendo pertencer a espécies com descricdo exclusiva para
machos. Dentre essas potenciais espécies novas, Z. vittimaculosa affinis ja foi
confirmada como uma espécie nova por outras metodologias e esta sendo descrita
por nosso grupo de pesquisa.

Zygothrica foi, junto de Hirtodrosophila, um dos géneros que nao apresentou
um intervalo entre as distancias intraespecificas e interespecificas (Barcode gap;
MEYER E PAULAY, 2005). Isto ocorreu devido a alta distancia intraespecifica
encontrada em Z. ptilialis (5,3%) e a baixa divergéncia interespecifica registrada
entre Z. vittimaculosa e Z. vittimaculosa affinis. No caso de Z. ptilialis, a alta
divergéncia pode estar relacionada a padrdes de estruturacdo geogréafica na espécie
ou a presenca de diversidade criptica, ndo identificada devido ao numero de
individuos incorporados na analise. Através de uma analise filogeografica sera
possivel distinguir entre esses dois cenarios. No caso de Z. vittimaculosa e Z.
vittimaculosa affinis, os baixos valores de distancia interespecifica devem estar
relacionados a especiacdo recente, estimada através de um relégio molecular
relaxado aplicado para sequéncias do gene AMD em 3,14 milhdes de anos (dados
nao mostrados). Embora os padrdes de diversidade destas espécies sejam também
compativeis com uma estruturacao intraespecifica, analises morfologicas em nivel
de edeago e morfometria das asas suportam a existéncia das duas espécies-irmas
(FONSECA et al., em preparacgao).

Das 11 espécies descritas de Zygothrica incorporadas na analise de DNA
barcode no Capitulo 3, seis tiveram seus modelos de distribuicdo potencial gerados
e analisados no Capitulo 2. Entretanto, como também observado em M. projectans,
alguns dos modelos se mostraram posteriormente inadequados, devido a
modificacbes no status das espécies realizadas apds a descoberta de niveis
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cripticos de diversidade. Esse € o0 caso dos espécimes identificados inicialmente
como Z. prodispar, que foram separados em dois clados independentes pelo DNA
barcode, revelando a presenca de uma espécie criptica a nivel de genitalia (Z.
prodispar affinis 2), além de uma espécie ja identificada a priori como distinta (Z.
prodispar affinis 1), que nao foi incorporada na modelagem. Zygothrica poeyi
também foi subdividida em duas espécies cripticas, Z. laevifrons 1 e 2. A mudanca
no uso do epiteto especifico nesse caso ocorreu devido a observacdo de que Z.
laevifrons é sinbnimo sénior de Z. poeyi senso BURLA (1956) (GRIMALDI, 1990a),
mas devido a inexisténcia da descricdo da genitalia masculina de Z. poeyi nao foi
possivel determinar a identidade das espécies. Mais uma vez, uma terceira espécie,
Z. poeyi affinis (representada por uma Unica fémea), ja havia sido identificada a priori
como morfologicamente distinta, de forma que nao foi incorporada na analise de
modelagem. Tanto no caso de Z. prodispar, quando para Z. laevifrons (=Z. poeyi)
analises morfolégicas adicionais serdo necessarias para a descricdo e redescricdo
das espécies. Assim como para Z. poeyi affinis, Z. atriangula affinis HO15 também foi
representada por uma uUnica fémea em nossas amostragens e ja havia sido
identificada a priori como uma espécie distinta de Z. atriangula. Os espécimes
identificados como Z. zygopoeyi nas andlises de modelagem tiveram sua identidade
revista, e no Capitulo 3 foram tratados como Z. parapoeyi affinis.

Apesar de apresentarem diferentes amplitudes de distribuicdo potencial, Z.
hypandriata, Z. orbitalis e Z. ptilialis parecem ocorrer exclusivamente na regiao sul
do continente americano, de forma que a temperatura minima do més mais frio e a
precipitacdo do trimestre mais frio constituem os fatores limitantes em sua
distribuicdo. J4 Z. bilineata e Z. dispar parecem ter uma distribuicdo potencial bem
ampla ao longo do continente, com a precipitacdo do trimestre mais umido sendo
determinante em ambos 0s casos.

Devido ao baixo numero de pontos de ocorréncia disponiveis na literatura e
em nossas coletas, durante a elaboragdo do Capitulo 2, Z. atriangula, Z. parapoeyi,
Z. parvipoeyi, Z. virgatinigra, Z. vittinubila e Z. zygopoeyi (=Z.parapoeyi affinis)
apresentaram baixa performance nos modelos gerados, de forma que 0os mesmos
ndo foram considerados. Por outro lado, Z. bilineata ndo foi incluida nas analises de
DNA barcode (Capitulo 3) porque n&o foi possivel amplificar o marcador COI para o

espécime coletado e a mesma nao foi reamostrada.
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Com relacédo ao género cosmopolita Hirtodrosophila, encontramos, em nossas
coletas, 31,25% (BACHLI, 2015; GOTTSCHALK et al., 2008) das 16 espécies
descritas para o Brasil (GRIMALDI, 2010; VILELA E BACHLI, 2004), além de 15
potenciais espécies novas. Dentre estas Ultimas, seis foram representadas apenas
por fémeas em nossas amostragens, sendo que quatro apresentaram caracteristicas
de morfologia externa distintas de espécies ja descritas em andlises realizadas a
priori. Esse grande numero de espécies potencialmente novas enfatiza um aspecto
interessante: apesar de que o0 numero de espécies descritas para a regiao
Neotropical e para o Brasil (BACHLI, 2015; GOTTSCHALK et al., 2008; VILELA E
BACHLI, 2004) seja consideravelmente maior em Zygothrica do que em
Hirtodrosophila, em nossas amostragens encontramos um namero similar de
espécies potencialmente novas para ambos 0s géneros. Isto sugere que
possivelmente o género Hirtodrosophila pode ser tdo especioso quanto o género
Zygothrica na regido Neotropical, sem duvida uma propriedade notavel para dois
géneros irmdos (GRIMALDI, 1990a) que constituem grande parte do grupo genérico
Zygothrica. A importancia desta hipétese pode ser compreendida principalmente se
considerarmos as evidéncias prévias de que Hirtodrosophila ndo seja monofilético
(DA LAGE et al., 2007; RUSSO et al., 2013; VAN DER LINDE et al., 2010; YASSIN,
2013), uma vez que os membros Neotropicais do género agrupam com outros
géneros representantes do grupo genérico Zygothrica como Mycodrosophila (DA
LAGE et al., 2007; RUSSO et al., 2013; VAN DER LINDE et al., 2010) e Zygothrica
(Capitulo 4), enquanto o0s seus representantes nao-Neotropicais agrupam
independentemente (DA LAGE et al., 2007; RUSSO et al., 2013; VAN DER LINDE et
al., 2010).

Assim como em Zygothrica, o Barcode gap também néo foi detectado em
Hirtodrosophila. Isto ocorreu, principalmente, devido a alta divergéncia
intraespecifica entre alguns espécimes de H. gilva (maximo de 5,1%) e a baixa
divergéncia interespecifica entre H. subflavohalterata affinis 2 e H. subflavohalterata
HO002 (minimo de 2,4%), entre H. mendeli affinis com H. subflavohalterata affinis 2
(minimo de 2,7%) e com H. subflavohalterata affinis HO02 (minimo de 2,6%). No
caso de H. gilva, novamente, esses padres podem estar relacionados a padrbes
filogeograficos ou a presenca de espécies cripticas néo identificadas. Nos demais

casos, o0s baixos niveis de divergéncia sdo compativeis com especiacdo recente, ja
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que diferencas morfolégicas tanto na morfologia externa como na genitalia
masculina foram detectadas a priori entre as diferentes espécies.

Hirtodrosophila levigata mostrou possuir uma espécie criptica, representada
por uma Uunica fémea distinguida (H. levigata affinis 1). Contudo, como essa
potencial espécie nova foi coletada no mesmo ponto em que outros individuos de H.
levigata, 0 modelo gerado para esta espécie no Capitulo 2 permanece valido. Esse
também é o caso de H. mendeli e H. mendeli affinis, exceto pelo fato de que a ultima
foi identificada como potencial espécie nova através da morfologia das genitalias
masculinas. Ja no caso de H. morgani, foi identificada uma espécie distinguivel pela
genitalia masculina (H. morgani affinis sul), que possivelmente apresenta pontos de
simpatria com H. morgani, ndo alterando o modelo previamente gerado. Para as trés
espécies modeladas, a temperatura minima do més mais frio foi o fator limitante da
distribuicdo. Hirtodrosophila levigata apresenta uma distribuicdo potencial mais
restrita a regido sul do continente americano, enquanto H. morgani apresenta uma
distribuicdo potencial sobreposta a primeira, mas mais ampla, chegando ao sul da
Amazobnia; ja H. mendeli apresenta uma amplitude de distribuicdo intermediéria entre
estes dois extremos.

Devido a baixa performance dos modelos, H. gilva, H. subflavohalterata e H.
subgilva tiveram seus modelos de distribuicdo potencial omitidos. Contudo, cabe
ressaltar, que H. subgilva foi posteriormente subdividida em duas espécies similares
na morfologia externa, mas que sado distinguiveis na morfologia de genitélia
masculina (H. subgilva affinis 1 e 2), além da espécie ja descrita, também amostrada
em nossas coletas. Hirtodrosophila subflavohalterata, por outro lado, se mostrou
subdividida em seis espécies cripticas, sendo quatro distinguiveis através de
genitalia masculina e/ou padréo de morfologia externa (H. subflavohalterata affinis 1,
2, 3, HO02) e duas indistinguiveis em qualquer destes niveis (H. subflavohalterata
affinis 4 e 5, sendo a primeira representada apenas por fémeas). Neste caso,
entretanto, a espécie descrita, H. subflavohalterata, ndo foi amostrada.

No que diz respeito a aspectos filogenéticos do grupo genérico Zygothrica,
GRIMALDI (1990a) realizou uma ampla revisdo taxondmica, com cerca de 120
espécies pertencentes a maioria dos géneros e subgéneros de Drosophilidae.
Baseado na analise de parcimbnia de 217 caracteres morfolégicos, o autor afirma
que, considerando os caracteres diagnésticos, “ndo ha duvida de que
Hirtodrosophila, Zygothrica, Mycodrosophila, Paramycodrosophila e
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Paraliodrosophila formam um grupo monofilético”. Analises moleculares realizadas
posteriormente (DA LAGE et al., 2007; ROBE et al., 2005; RUSSO et al., 2013; VAN
DER LINDE et al.,, 2010) tendem a incorporar poucos representes do grupo
genérico, mas mesmo assim, ja ha evidéncias refutando a analise morfolégica de
GRIMALDI (1990a), principalmente devido a polifilia de Hirtodrosophila (DA LAGE et
al., 2007; RUSSO et al., 2013; VAN DER LINDE et al., 2010; YASSIN, 2013).

Nossos dados, gerados com base em sequéncias do marcador nuclear AMD
isoladas para nove espécies ndo suportam a monofilia do grupo genérico Zygothrica,
apesar de ndo possuir suporte para refuta-la. Mycodrosophila elegans, M. projectans
e uma espécie nova de Mycodrosophila registrada no municipio de S&o Francisco de
Paula, formam um clado que confirma a monofilia do género. Por outro lado, embora
espécies de Hirtodrosophila e Zygothrica formem um clado monofilético, as mesmas
encontram-se misturadas no clado recuperado. Dessa forma, o clado formado por H.
levigata encontra-se em polifilia com as espécies de Zygothrica e esse clado é irmao
de outro mais basal formado por duas espécies de Hirtodrosophila (H. morgani e H.
pictiventris). Através da incorporacdo de mais espécies e mais marcadores
moleculares, trabalho que ja vem sendo realizado por nosso grupo de pesquisa, sera
possivel compreender melhor o cenério relacionado a evolucdo desse grupo de
espécies.

Outro aspecto interessante relacionado a ecologia dos drosofilideos
micofilicos estudados é o seu comportamento gregario. Em nossas coletas, da
mesma forma que em relatos anteriores (THROCKMORTON, 1975), observamos a
coexisténcia de varias espécies sobre os mesmos fungos, que sdo, muitas vezes,
colonizados por dezenas a centenas de individuos. Este padrdo néao foi, entretanto,
observado, para espécimes de Mycodrosophila colonizando fungos do género
Ganoderma, embora mais andlises sejam necessarias para confirmar essa
observacdo. O comportamento gregario, além da polifagia na utilizacdo dos fungos,
se deve, possivelmente, ao carater efémero e imprevisivel dos recursos
(COURTNEY et al., 1990; JAENIKE,1978b).

THROCKMORTON (1975) sugeriu que a micofagia surgiu diversas vezes em
Drosophilidae, de forma que, nesse cenario, o0 esperado seria que a divergéncia de
nicho fosse o principal fator a explicar a evolugdo desses grupos (POWELL, 1997,
ROBE et al, 2010). Este padrdo é, também, sugerido pela nocdo de
THROCKMORTON (1975) de que a evolucdo da familia teria se dado a partir de
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rapidas e sucessivas radiacdes. Dentro do grupo genérico Zygothrica, entretanto, a
avaliacdo dos padrbes observados de sobreposicdo de nicho abidtico e a
comparacdo das curvas de resposta individuais sugere a existéncia de fortes
padrées de conservadorismo de nicho (Capitulo 2). De fato, dentre as 13 espécies
avaliadas, apenas Z. orbitalis e Z. prodispar parecem apresentar sinais de
divergéncia de nicho. A possibilidade de ndo-monofilia do grupo, discutida acima,
traz, entretanto, novas interpretacfes a estes resultados.

Da mesma forma que no grupo geneérico Zygothrica, observamos no Capitulo
1 que o padrédo de conservadorismo de nicho parece explicar a evolugcdo da
linhagem virilis-repleta e do subgénero Drosophila como um todo. Contudo, a
linhagem virilis-repleta, de fato, parece possuir caracteristicas de uma radiacdo
adaptativa, uma vez que sinais de divergéncia de nicho foram recuperados para
esse grupo. Apesar do baixo numero de espécies incorporadas (sete), as anélises
que suportam esses resultados sdo mais robustas que as utilizadas no grupo
genérico Zygothrica, uma vez que a maioria das espécies do subgénero Drosophila
utilizadas no trabalho possuem amostragens mais amplas que possibilitam gerar
modelos de distribuicdo potencial mais acurados com relagéo as restricdes abibticas
das espécies, de forma a representar melhor seus nichos fundamentais. Além disso,
aspectos biodticos relacionados ao uso de diferentes recursos vegetais (frutos, flores
e fungos) forneceram um outro conjunto de dados, cujos padrées foram semelhantes
agueles recuperados para os dados climéaticos. De modo geral, o conjunto de dados
apresentados nos Capitulos 1 e 2, demostram que a evolucdo de Drosophilidae é
mais complexa do que inicialmente hipotetizado por THROCKMORTON (1975), de
forma que cada linhagem da familia precisara ser individualmente analisada, de
modo a fornecer insights quanto ao papel das radiagcdes na evolucado da familia e

definir se elas sdo de fato adaptativas ou meramente taxonémicas.
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Com base nos resultados obtidos no presente estudo, pode-se concluir que:

- A hipotese de radiacbes adaptativas proposto por THROCKMORTON (1975) para
explicar a evolucdo da familia Drosophilidae ndo pode ser aplicada a toda familia e
deve ser avaliada para cada grupo, uma vez que encontramos evidéncias de
divergéncia de nicho, que € compativel com o modo de evolu¢do de uma radiacédo
adaptativa, apenas na linhagem tripunctata.

- A modelagem de nicho de espécies do grupo genérico Zygothrica confirmou, tanto
pelos fatores abidticos como pela andlise de conservadorismo de nicho, o potencial

da utilizacdo desse grupo como bioindicador para avaliar mudancas climaticas.

- A metodologia do DNA barcode mostrou-se altamente eficiente na identificacdo de
espécimes do grupo genérico Zygothrica, tanto pela concordancia com a
identificacdo taxondmica a priori, como por ressaltar a diversidade criptica ndo

percebida pela taxonomia classica.

- O género Mycodrosophila demostrou possuir uma alta variabilidade genética, além
de possuir a capacidade de manter fluxo génico a longas distancias. Outro aspecto
interessante é a recorrente simpatria e sintopia entre espécies irmas cripticas, o que

parece ser uma caracteristica recorrente nesse género.

- Mycodrosophila projectans demonstrou ser um complexo de espécies de dificil
diferenciacdo morfologica, sendo necessaria a inclusdo de marcadores moleculares
para identificar a diversidade desse complexo. Esse cenario leva a questionamentos
quanto a amplitude da distribuicdo atribuida para outras espécies micofilicas do
grupo genérico Zygothrica, como Z. dispar e Z. prodispar, que também possuem, a

priori, uma ampla distribuicdo pelos Neotropicos.
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Em vista do conjunto de informacgOes apresentados, pode-se resumir da seguinte
forma as principais perspectivas relacionadas a presente tese:

- Descricao morfologica das potenciais espécies novas sugeridas pelo DNA barcode;

- Descricdo das genitdlias das fémeas, uma vez que através do DNA barcode foi

possivel identificar a qual espécie de machos elas estéo relacionadas;

- Relacionar as espécies de fungos onde os individuos foram coletados com as
espécies identificadas, a fim de analisar a presenca de generalismo ou

especializacdo no uso de recursos.

- Realizar amostragens na regido oeste dos biomas brasileiros (Pantanal e
Amazobnia), para testar a hipétese de que o complexo M. projectans apresenta

distribuicdo e maior abundancia nessa regiao.

- Testar a presenca de conservadorismo de nicho no grupo genérico Zygothrica
através de técnicas mais robustas, uma vez que suas relacdes filogenéticas, sua
distribuicdo real e os seus padrdes de utilizacdo de recursos tenham sido melhor

elucidados.

- Avaliar os padrdes e processos relacionados a especiacédo dentro do complexo de

espécies M. projectans.

- Estudar as oscila¢cdes demogréficas sofridas por diferentes espécies micofilicas ao
longo do tempo evolutivo, de forma a avaliar sua aplicagdo como bioindicador no

estudo das alteracdes climaticas do Pleistoceno.
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can be derived from a single injected embryo. Injection of a mixture of transgenic plasmids therefore provides
a fast and cheap method of generating multiple transformed fly lines with a relatively small number of
microinjections.

The co-injection method requires that transformed progeny be individually genotyped, but this does
not slow down the crosses, as red-eyed flies are genotyped after mating. More importantly, the transgenes of
all transformed lines should be sequenced, to rule out human error and acquired mutations, regardless of the
method of injection. For example, of the 18 flies genotyped here, one showed evidence of mutations in the
"A" transgene that was not present in the injected "A" DNA, or in any other fly bearing the same transgene.
This may be the result of a PCR amplification error, but alternatively it may reflect a DNA mutation occurring
before or after transgene insertion. Mutations aside, without genotyping it is impossible to rule out the
possibility that the DNA or the flies could have been mislabeled, either in the lab or by the injection company.

The results presented here almost certainly underestimate the frequency of independent transformation
events in different germline cells within a multiplex-injected embryo, for two reasons. First, only three
progeny were selected for genotyping; sequencing of additional red-eyed progeny could only have increased
the count of embryos giving rise to progeny bearing all three transgenes. Second, only three transgenic vectors
were co-injected; it is possible that, for example, the three "B" progeny of injected embryo #3 represent three
independent transformation events within that embryo. Taking this into account, it is possible that the number
of co-injected plasmids could be increased significantly, further reducing the number of embryos to be
injected.

References: Bischof, J., R.K. Maeda, M. Hediger, F. Karch, and K. Basler 2007, Proc. Natl. Acad.
Sci. U.S.A. 104: 3312-3317; Boy A.L., Z. Zhai, A. Habring-Miiller, Y. Kussler-Schneider, P. Kaspar, and 1.
Lohmann 2010, Genesis 48: 452-456; Gloor, G.B., C.R. Preston, D.M. Johnson-Schlitz, N.A. Nassif, R.W.
Phillis, W.K. Benz, H.M. Robertson, and W.R. Engels 1993, Genetics 135: 81-95; Ramos, A.L, and S. Barolo
2013, Philos. Trans. R. Soc. Lond. B 368: 2013-18; Rubin, G., and A. Spradling 1982, Science 218: 348-353;
Swanson, C.1., T. Hinrichs, L.A. Johnson, Y. Zhao, and S. Barolo 2008, Gene 408: 180-186.

An efficient and cheap entomological aspirator to collect mycophylic and
anthophilic adult Drosophilidae flies.

Machado, Stela', Jodio Pedro Junges dos Santos', Lizandra Jaqueline Robe'?, and Elgion
Lucio da Silva Loreto'. 'Universidade Federal de Santa Maria (UFSM), Programa de Pds
Graduacdo em Biodiversidade Animal (PPGBA), Avenida Roraima, 1000, CEP 97105-900 -
Santa Maria, RS - Brazil, Phone: +55 55 3220-8912: ‘Universidade Federal do Rio Grande (FURG),
Programa de Po6s-Graduagio em Biologia de Ambientes Aquaticos Continentais (PPGBAC), Instituto de
Ciéncias Biologicas — ICB, Av. Italia, km 08, Campus Carreiros, CEP 96203-900 - Rio Grande, RS — Brazil,
Phone: +55 53 3293-5128; Corresponding author: Lizandra Jaqueline Robe, lizbiogen(@gmail.com.

Introduction

Traditionally, the methodology used to collect drosophilids in Brazil relies on flies” attraction to traps
baited with resources, principally fermented fruits like banana (Tidon and Sene, 1988; Medeiros and Klaczko,
1999). However, this collection method attracts mainly frugivorous species of the genus Drosophila
(Gottschalk et al., 2008), providing a biased sample of subjacent biodiversity, once species with other feeding
preferences are rarely recorded. In fact, Drosophila encompasses almost 60% of the 304 reported Brazilian
drosophilid species, being followed by far by the mycophylic Zygothrica (with 54 species) and
Hirtodrosophila genera (with only 16 species) (Gottschalk et al., 2008).

Species of Hirtodrosophila, Mycodrosophila, Paraliodrosophila, and Zygothrica encompass the
putatively monophyletic Zygothrica genus group (Grimaldi, 1990), which presents different degrees of
association with macroscopic fungi. As only part of these species use fungi as resources for feeding or
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oviposition (Courtney et al, 1990), we generically named them “mycophylic” species instead of
“mycophagous”, which is more frequently used. In this case, there seems to be a negative correlation between
collection frequency and specialization level in the use of macroscopic fungi as feeding, breeding, or
oviposition sites. Zygothrica is just the more generalist genus (Courtney et al., 1990; Grimaldi, 1987) and the
best recorded mycophylic taxon (Gottschalk et al., 2008), although resource specialization may not be the only
factor responsible for this scenario. In fact, reduced or skewed sampling and high levels of unregistered
diversity seems to be the case for both, mycophilic (Bolzan, 2011) and anthophilic (Schmitz, 2010) species,
which seem to be much more diverse in the Neotropics than previously reported.

The traditional methods used to collect mycophylic drosophilid species are entomological nets, mouth
aspiration, or through the collection and storage of resources until adult eclosion (Markow and O’Grady, 2006;
Gottschalk ef al., 2009; Robe ef al., 2014). This last method also seems to be widely used in the collection of
antophylic drosophilid species (Vilela, 1984; dos Santos and Vilela 2005; Robe et al., 2013). However, these
sampling methodologies have important limitations: entomological nets are frequently hampered by fungi or
flower disposition (that sometimes block net passage), and tend to be inefficient when the number of available
specimens is low; mouth aspiration adds a health risk, once the collector could aspirate potentially harmful
fungus spores or flower pollen, and it is also very inefficient. Once only few flies could be collected before
breath breaking. Collection and storage of resources is also a biased sampling strategy, since some species can
use fungi/flowers for purposes other than oviposition and these will not be collected at all. So, we developed a
cheap entomological aspirator in order to make the collection of mycophagous and/or antophylous
drosophilids more safe and efficient.

A Figure 1. Entomological aspirator scheme

1 showing the required components (A), the
. assembly design (B), and the final
] equipment photography (C).
=] 8
NV a 7
6 Aspirator Design
5
I U @ The aspirator construction is based

on the use of a car vacuum cleaner
(preferentially with an extensor), which is
coupled to a 1.5 ml microtube (or other
small rigid tube), approximately 60-120 cm
of a latex or plastic tube with a diameter
around 0.5 cm (the first is preferred due to
its higher flexibility), a thin string and a fine
mesh, a 15 ml Falcon tube, a plastic Pasteur
pipette (or other rigid tube as a piece of

1- Car vacuum cleaner
2- Extensor (We recommend to buy a
vacuum which cames with one)

3- Falcon tube glass pipette or a Bic pen), epoxy adhesive
g: :ﬂaigtrgfgbigpene Araldite and Durepox, two alligator battery
6- Latex tube clips, and a motorcycle battery (Figure 1).

;- Iﬂfgsnhstring First of all, the Falcon lid needs to

be cut and connected with Araldite to a
rigid tube provided, for example, by a
Pasteur pipette. Both, the Falcon tube and
the Pasteur pipette should have their
extremities cut. In parallel, one end of the
latex or plastic tube needs to be covered by
a mesh with the use of a thin string. This
region of the latex or plastic tube should
then be passed through the cut end of the
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Falcon tube in a way that the mesh is placed within the tube. Araldite glue should be used to connect these
pieces firmly, without leaving any air passage. The 1.5 ml microtube needs also to be cut at both of its
extremities, and its major diameter end needs to be connected to the vacuum cleaner extensor or, in its
absence, directly to the car vacuum cleaner with the use of Durepox. The minor diameter extremity of the cut
microtube should be firmly connected to the latex tube. The vacuum cleaner plug to a car’s cigarette lighter
needs finally to be changed to alligator clips or electrical plugs in order to connect the entire equipment to the
motorcycle battery (Figure 1). In order to fasten and easily transport this manufactured entomological
aspirator, it is important to leave the extensor unconnected to the main piece, so that the equipment is mounted
in the field and readily connected to the battery.

Advantages and Disadvantages

The manufactured entomological aspirator presented here is easily constructed, transported, and
handled. Besides, it is safer than a mouth aspirator, allowing the sampling of adult flies in spaces difficult to
access with the use of entomological nets. According to flies’ availability, it allows effective capture of a great
number of species and specimens (tens to hundreds) in a short period of time. This equipment was used by
Robe et al. (2014) in the sampling of mycophilic drosophilid species across different Brazilian biomes, where
it was shown to be highly efficient, leading to the capture of more than 300 individuals encompassing 22
species (besides approximately 180 individuals belonging to undescribed species) in no more than 45 hours
(15 collection sites with only 2-4 hours of active search + aspiration activity). The only disadvantages of the
equipment refer to battery weights and the need for battery charging before going to the field, although the
time of duration of battery generally compensates.

Acknowledgments: We are grateful to the Brazilian Funding Agency Coordenagdo de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES) and to Conselho Nacional de Desenvolvimento
Cientifico e Tecnologico (CNPq) for financial support (Universal-CNPq 14/2013, process number
471174/2013-0).
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Table S1. List of sampling sites of the Zygothrica genus group mycophylic species, with their
respective geographic co-ordinates.

Sampling cities Specifications Coordinates Biome
Melgaco (PA) Florgasta~ Nacional de 51.457129, -1.737762 Amazonian
1 Caxiuana Forest
, Colorado do Oeste (RO)  Private property | -60.577239, -13.105933 ’ég;ggf”'a”
3 Colorado do Oeste (RO) Private property Il -60.59025, -13.010472 ﬁ\g::g?nlan
4 Colorado do Oeste (RO) Private property Ill -60.595756, -13.111058 ﬁ\g::g?nlan
Teodoro Sampaio (SP) ~ Fardue Estadual Morro do - g, 175194 55 gp4639 ANt
5 Diabo Forest
¢ Diamante do Norte (PR)  Estagéo Ecolégica do Caiua -52.873833, -22.607778 /F*g"r"enst{c
Tuneiras do Oeste (PR) ~ Reserva - Biologica  das g, 518611 93 ggeppp Allantic
7 Perobas Forest
Florianopolis (SC) Morro ~ da  Lagoa da ;g 75833 57590833 Atantic
8 Conceicéo Forest
9 Bossoroca (RS) Private property -54.982892, -28.525614 pampa
Ivoti (RS) Cascata S&o Miguel 51.117222, -29.583611 ~uantic
10 Forest
. - Yy Atlantic
Pejucara (RS) Balneério do Picolé -53.665278, -28.386667
11 Forest
12 Pelotas (RS) Horto botanico UFPEL -52.431944, -31.816111 pampa
13 Rio Grande (RS) Estacdo Ecologica do Taim  -52.535205, -32.538438 pPampa
14 Santa Maria (RS) Bosque UFSM -53.713056, -29.72194  pampa
15 Santa Maria (RS) Jardim Boténico (UFSM) -53.726111, -29.717222  pampa
Santa Maria (RS) Morro do Elefante -53.720484, -29.678583 Atlantic
16 Forest
Santa Maria (RS) Cascata do Mezzomo -53.725556, -29.587778 Atlantic
17 Forest
Santa Maria (RS) Sao Marcos -53.691554, -29.678847 Atlantic
18 ' ' ’ Forest
19 Santiago (RS) -54.8575, -29.214167  pPampa
20 Viaméo (RS) Parque Saint’Hilaire -51.101944, -30.088056 Pampa
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Table S2. Species collected in each point numbered according to Table S1.

Species M F MID % Sampling points
H. gilva (Burla 1956) 6 3 3 9.10 2,3,6
7,8, 10, 11, 16, 17,
H. levigata (Burla 1956) 18 13 5 12.86 20
H. mendeli (Mour&o, Gallo & Bicudo 1965) 9 4 5 10.20 6, 17,19
H. morgani (Mourao, Gallo & Bicudo 1967) 7 4 3 12.70 4,6,9,10
H. subgilva (Burla 1956) 3 2 1 11.90 8,17
H. trilineata (Chung 1960) * * * 12.60 *
H. levigata affinis 1 0 1 12.86 11
H. mendeli affinis 2 2 0 10.20 6
H. morgani affinis sul 6 3 3 7.70 12, 13,17, 19
H. subflavohalterata affinis 1 3 2 1 9.20 2,4
H. subflavohalterata affinis 2 4 2 2 2.80 2,4
H. subflavohalterata affinis 3 2 2 0 9.50 1
H. subflavohalterata affinis 4 1 0 1 9.20 1
H. subflavohalterata affinis 5 9 4 5 5.50 2,3,4,5
H. subflavohalterata affinis HO02 9 4 5 2.80 5,6, 10, 11, 14, 16
H. subgilva affinis 1 1 1 0 7.70 19
H. subgilva affinis 2 3 1 2 9.10 17
H. HO07 1 0 1 11.80 17
H. HO10 1 0 1 8.70 8
H. HO12 1 0 1 10.60 20
H. HO13 1 0 1 11.50 8
M. dimidiata (Loew 1862) * * * 9.30 *
M. elegans (Wheeler & Takada 1963) 3 0 3 11.10 1,5,6
M. projectans (Sturtevant 1916) 10 4 6 10.00 11, 14, 16, 20
M. M0OO1 5 2 3 14.00 13, 14, 15
M. affinis MOO1 1 1 0 14.00 1
M. neoprojectans affinis 1 3 2 1 5.50 1,3
M. neoprojectans affinis 2 4 3 1 5.50 1,2,3
M. projectans affinis 1 2 0 2 10.00 11
M. projectans affinis 2 4 3 1 10.90 1,5
Pa. antennata (Wheeler 1957) 10 5 5 11.50 3,4,5,6,11, 15, 19
Pa. burlai (Vilela & Béachli 2007) 2 2 0 9.80 8
Zy. atriangula (Duda 1927) 2 2 0 7.50 1
Zy. dispar (Wiedemann 1830) 6 2 2 9.40 6,7,8,10
Zy. hypandriata (Burla 1956) 7 6 1 9.70 16, 17, 20
Zy. orbitalis (Sturtevant 1916) 13 9 4 10.60 5,6, 8,10, 12, 17
Zy. parapoeyi (Burla 1956) 2 2 0 7.30 10, 15
Zy. parvipoeyi (Burla 1956) 3 2 1 10.70 17
Zy. prodispar (Duda 1925) 2 2 0 9.10 6,12
3,7,8, 10, 12, 16,
Zy. ptilialis (Burla 1956) 11 9 2 9.70 17, 20
Zy. virgatinigra (Burla 1956) 1 0 11.80 1
Zy. vittimaculosa (Burla 1956) 0 1 3.70 10
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Zy. vittinubila (Burla 1956) 1 1 0 11.00 7
Zy. apopoeyi affinis 8 7 1 12.50 7,8
Zy. atriangula affinis HO15 1 0 1 7.50 10
Zy. festiva affinis 1 1 0 9.80 10
Zy. fuscina affinis 2 1 1 12.80 15
Zy. gracilipoeyi affinis 1 1 0 7.20 3
Zy. laevifrons 1 5 3 2 7.80 8, 10, 16, 20
Zy. laevifrons 2 3 2 1 7.80 2,7
Zy. parapoeyi affinis 4 2 2 7.30 7
Zy. poeyi affinis 1 0 1 11.80 8
Zy. prodispar affinis 1 4 2 2 9.10 7,10
Zy. prodispar affinis 2 2 1 1 9.00 10
Zy. vittimaculosa affinis 3 # # 3.70 18, 20
Zy. HO09 4 1 2 10.80 8

Notes: * Sequence downloaded from GenBank; # Sexing was not performed. N = number of specimens, M
= number of males, F = number of females, MID% Minimum interspecific distance presented by each
sampled species (in %).

Table S3. Bold access numbers for the newly obtained COI sequences. (Table omitted).

Table S4. Genbank access numbers from the downloaded COI Drosophilinae sequences (Table
omitted).



Table S5. K2P summary distances for each evaluated taxonomic category.

Min distance

: Max distance Mean distance (+std. err.) 1 2
Taxonomic category (%) (%) (%) TRR* BG
. , Intraespecific 0 51 0.72 (0.26) 174 -2.7
Hirtodrosophila genus o
Interespecific 2.4 18.6 12.5(1.38)
Interespecific to cryptic species 2.4 17 12.31 (1.37)
_ Intraespecific 0 3.3 1.27 (0.38) 10.2 1.3
Mycodrosophila genus .
Interespecific 4.6 17 12.9 (1.44)
Interespecific to cryptic species 4.6 15.3 12.77 (1.43)
i , Intraespecific 0 15 0.37 (0.17) 383 12
Paraliodrosophila genus .
Interespecific 13.6 14.8 14.18 (1.62)
Zygothrica genus Intraespecific 0 5.3 0.77 (0.26) 175 -1.6
Interespecific 3.7 21.7 13.48 (1.48)
Interespecific to cryptic species 3.7 17.7 13.01 (1.43)
Intraespecific 0 5.3 0.77 (0.27)
Zygothrica generic group Interespecific congeneric 2.4 21.7 12.99 (1.43)
Interespecific intergeneric 7.4 20 14.15 (1.51)

1 Taxonomic resolution ratio (quotient between mean interspecific congeneric divergences and mean intraspecific divergence)

2 Barcoding gap (subtraction of minimum interspecific distance from maximum intraspecific divergence)
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Table S6. Threshold performance comparison.

Error rate

Threshold False negative* False positive* (%) Origin
1% 3 5 3.60 BOLD System Threshold (Ratnasingham & Hebert, 2007)
1.15-1.5% 3 4 3.15 optimization based on ABGD estimation (Puillandre et al., 2012)
1.92% 16 4 9.01 optimization based on the “localMinima” function of Spider (Brown et al., 2012)
3% 25 0 11.26 standard proposed by Hebert et al. (2003a)
5.25% 29 0 13.06 optimization based on Lefébure et al. (2006)

* Estimations performed in ABGD.

Table S7. Generalized Mixed Yule Coalescent (GMYC) analysis cluster subdivision. (Table omitted).
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ANEXO C - Material suplementar do Capitulo 4
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Table S1. List of sampling sites of the Zygothrica genus group mycophylic species, with their
respective geographic co-ordinates.

Sampling cities Specifications Longitude  Latitude Bioma

1 Bossoroca (RS) Particular property -54.982892 -28.525614 Pampa

Atlantic

2 Canela (RS) Floresta Nacional de Canela  -50.886389 -29.3 Forest

3 Cangucu (RS) Particular property -52.781582 -31.482258 Pampa

4 Chui (RS) Particular property -53.435216 -33.657111 Pampa

Parque Estadual do Turvo - Atlantic

5 Derrubadas (RS) Site | -53.964439 -27.245034  Forest

Parque Estadual do Turvo - Atlantic

6 Derrubadas (RS) Site Il -563.881841 -27.138175 Forest

Dom Pedro de Atlantic

7 Alcantara (RS) Particular property -49.853779 -29.368181 Forest

Atlantic

8 Horizontina (RS) Particular property -54.302035 -27.632631 Forest

Atlantic

9 Ivoti (RS) Particular property -51.117222 -29.583611 Forest

Particular property Reserva Atlantic

10 Jaguari (RS) Cerro Chapadéo -54.703365 -29.469931  Forest

-28.386667  Atlantic

11 Pejucara (RS) Particular property -53.665278 Forest

12 Pelotas (RS) Horto Botéanico UFPel -52.431944 -31.816111 Pampa

13 Pelotas (RS) Morro Redondo -52.630971 -31.55035 Pampa

14 Piratini (RS) RPPN Minas do Paredéo -52.952263 -30.932599 Pampa

15 Rio Grande (RS) Estacéo Ecoldgica do Taim -52.535205 -32.538438 Pampa

Atlantic

16 Santa Maria (RS) Particular property | -53.725556 -29.587778 Forest

17 Santa Maria (RS) Bosque UFSM -53.713056 -29.72194 Pampa

18 Santa Maria (RS) Jardim Botéanico UFSM -53.726111 -29.717222 Pampa

Atlantic

19 Santa Maria (RS) Morro do Elefante -53.720484 -29.678583  Forest

Atlantic

20 Santa Maria (RS) Particular property -53.726697 -29.678583  Forest

Atlantic

21 Santa Maria (RS) Particular property I -53.691554 -29.678847  Forest

22 Santiago (RS) Particular property -54.8575  -29.214167 Pampa
Particular property in Ernesto

23 Santiago (RS) Alves -54.713508 -29.252444  Pampa

S&o Francisco de Paula Floresta Nacional de Sao Atlantic

24 (RS) Francisco de Paula -50.386389 -29.422778  Forest

25 Torres (RS) Particular property -49.763905 -29.369366 Pampa

26 Viaméo (RS) Parque Saint'Hilaire -51.101944 -30.088056 Pampa

Parque Nacional da Serra do Atlantic

27 Blumenau (SC) Itajai -49.083333 -27.05 Forest

Atlantic

28 Florianépolis (SC) Morro da Lagoa da Concei¢cdo -48.475833 -27.590833  Forest

Parque Municipal da Lagoa Atlantic

29 Florianépolis (SC) do Peri -49.833333 -29.383333  Forest

Atlantic

30 Garopaba (SC) -48.638173 -28.105941  Forest

31 Trés Barras (SC) Floresta Nacional de Trés -50.303709 -26.219199  Atlantic



32 Diamante do Norte (PR)
33 Foz do lguacu (PR)
34  Guaraquecaba (PR)
35 Guarapuava (PR)

36 Tuneiras do Oeste (PR)
37 Salesépolis (SP)

38 Teodoro Sampaio (SP)
39 Itatiaia (RJ)

40 Nova Iguagu (RJ)

41 Colorado do Oeste (RO)
42 Colorado do Oeste (RO)
43 Colorado do Oeste (RO)
44 Melgaco (PA)

45 Maceio (AL)

Barras

Estacdo Ecolégica do Caiua
Parque Nacional do Iguacu
APA de Guaraquecaba
Reserva Bioldgica das
Perobas

Estacao Bioldgica de
Boracéia

Parque Estadual Morro do
Diabo

Parque Nacional de Itatiaia
Parque Nacional do Tinguéa
Particular property |
Particular property I
Particular property Il

Floresta Nacional de
Caxiuana

-52.873833

-54.478745

-48.3

-51.298331

-52.818611

-45.868313

-52.175194

-44.6

-43.433333

-60.577239

-60.59025

-60.595756

-51.457129

-35.703274

-22.607778

-25.620647

-25.2

-25.063492

-23.886222

-23.631432

-22.624639

-22.45

-22.566667

-13.105933

-13.010472

-13.111058

-1.737762

-9.607393
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Forest

Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Atlantic
Forest
Amazon
Rainforest
Amazon
Rainforest
Amazon
Rainforest
Amazon
Rainforest
Atlantic
Forest
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Table S2. Summary information and essencial statistics for each sampled species. Species collected in each point were numbered according to Table S1.

Fu and Fu and Sampling Sequences
Species N M F M% MX% MD% (¥) %(SD%) H Hd (SD) S Tajima'sD Li'sD Li's F points origineted by
GenBank:
COl M. dimidiata (Loew 1862) 1 - - - - - - - - - - - - EU493682.1
M. elegans (Wheeler & Machado et al. (in
Takada 1963) 3 - 3 0 15 1(0.3) 0.963(0.454) 2 0.667(0.314) 9 - - - 32, 38,44 preparation)
1,5,6,11, Machado et al. (in
M. projectans (Sturtevant 12,17,19, preparation) and in
1916) 55 3 20 O 5.8 1.5(0.3) 1418 (0.114) 31 0.957(0.014) 46 -1.18365 -3.14451 -2.88897 26, 27, 33 this manuscript
Machado et al. (in
6, 11, 33, preparation) and in
M. projectans affinis 1 24 18 6 0 11 0.1 (0) 0.109 (0.044) 6 0.380(0.125) 6 -1.8104 -2.4431  -2.62117 40 this manuscript
Machado et al. (in
1,5,6,33, preparation) and in
M. projectans affinis 2 32 26 6 0 2.3 0.8 (0.2) 0.749 (0.112) 21 0.923(0.036) 37 -1.94121 -3.30493 -3.37137 38, 40, 44 this manuscript
Machado et al. (in
preparation) and in
M. M001 1 6 5 0 1.3 0.3(0.1) 0.201(0.061) 5 0.709(0.137) 5  -1.4646  -1.4445 -1.63404 15,617,18 this manuscript
Machado et al. (in
M. M001 affinis 1 1 O - - - - - - - - - - 44 preparation)
Machado et al. (in
M. neopreojectans affinis1 3 2 1 0.1 0.8 0.6 (0.2) 0.558 (0.223) 3 1(0.272) 6 - - - 44 preparation)
Machado et al. (in
M. neopreojectans affinis2 4 3 1 0.2 0.8 0.4 (0.2) 0.37 (0.1) 4 1(0.117) 4 -0.78012 -0.78012 -0.78052 41, 42, 44 preparation)
M. SFP - 1 - - - - - - - - - - 24 This manuscript
M. spl 1 - 1 - - - - - - - - - - 31 This manuscript
6, 11,12,
M. projectans (Sturtevant 17, 19, 26,
COIl 1916) 27 12 15 O 9.2 1.4(0.3) 2.626 (0.625) 9 0.684 (0.094) 16 -0.72659  -0.6094 -0.75611 27 This manuscript
M. projectans affinis 1 5 2 3 13.9 5.6 (0.9) 5.152(2.461) 4 0.900 (0.161) 41 -1.21704 -1.17971 -1.128391 6, 33, 40 This manuscript
1,6, 33,
M. projectans affinis 2 10 8 2 05 153 45(0.6) 4.151(1.071) 5 0.822(0.097) 7 -0.46971 -0.12602 -0.23643 38, 40, 44 This manuscript
COl 6, 11, 12,
+ M. projectans (Sturtevant 17, 19, 26,
COIl 1916) 27 12 15 0 3.9 1.3(0.2) 1457 (0.228) 23 0.972(0.025) 49 -0.7719 -1.19637 -1.24783 27 This manuscript
M. projectans affinis 1 5 2 3 02 4.4 2.1 (0.3) 1.952 (0.827) 5 1(0.126) 45 -1.15378 -1.11965 -1.21921 6, 40 This manuscript
1,6, 33,
M. projectans affinis 2 10 8 2 04 6.4 2.1(0.2) 0.867 (0.111) 10 1 (0.045) 20 -0.90337 -0.82139 -0.949 38, 40, 44 This manuscript

N = number of specimens, M = number of males, F = number of females, MI% minimum intraspecific distance in porcentage, MX% maximum intraspecific
distance in porcentage, MD% mean intraspecific distance in porcentange with standard error, 1 nucleotide diversity, H number of haplotypes , Hd haplotype

diversity, S

variable

sites.

In

bold

significance

of p<0.05

and in bold and

italic p<0.02.



Table S3. Zygothrica genus group species with the respective
number of individuals amplified to each gene.

Species AMD COl Hb
H. levigata 2 19 3
H. morgani 1 - -

M. elegans 1 3 -

M. projectans 1 18 4
M. projectans affinis 1 - - 4
M. projectans affinis 2 - - 2
M. SFP 1 1 -

Z. orbitalis 1 13

Z. ptilialis 3 11 1
Z. vittimaculosa 3 6 -

Z. vittimaculosa affinis 2 2 -

Table S4. Descrition of wing landmarks used in morphometric
analysis.

Landmark Description

Intersection between R2+3 and C veins
Intersection between R4+5 and C veins
Intersection between M and C veins
Intersection between CuA and C veins
Intersection between Cu and dM-Cu veins
Intersection between M and dM-Cu veins
Intersection between M and R-M veins
Intersection between R4+5 and R-M veins
Second bifurcation of R vein

First bifurcation of R vein
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Table S5. Relationship of M. projectans complex species found in fungus. Sampling point number refer to Table S1.

Sampling Fungus
point subpoint Fungus identification Species captured
1 SLG6 Ganoderma sp. M. projectans, M. projectans affinis 2
5 T6 Polyporus sp. 2 M. projectans, M. projectans affinis 2
6 Y4 Ganoderma sp. 3 M. projectans, M. projectans affinis 1, M. projectans affinis 2
6 Y5 Not identified M. projectans
27 PNSI10 Ganoderma spl M. projectans
33 P6 Not identified M. projectans, M. projectans affinis 1, M. projectans affinis 2
33 P25 Polyporus sp. 1 M. projectans affinis 2
33 F7 Trametes sp. 1 M. projectans affinis 2
33 F7 Ganoderma sp. 4 M. projectans affinis 2
33 F5 Not identified M. projectans affinis 2
33 P25 Polyporus sp. 1 M. projectans affinis 2
33 P23 Not identified M. projectans
33 P22 Not identified M. projectans
33 F8' Not identified M. projectans
33 F2 Not identified M. projectans affinis 1
33 P13 Trametes sp. 2 M. projectans affinis 1
40 TIN8 Ganoderma sp. M. projectans affinis 1
40 TIN3 Not identified M. projectans affinis 2
44 PE Not identified M. projectans affinis 2




Table S6. ANOVA and CVA of wing variation between M. projectans complex.

Sum of Mean
sqgrs df square F P
Between groups 5.50E+31 2 2.75E+31 1 0.3723
Within groups 1.39E+33 51 2.73E+31
Total 1.45E+33 53

Levene's test for homogeneity, from means P: 0.7497
Levene's test, from medians P: 0.8141
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