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RESUMO

FILOGEOGRAFIA DE Aegla longirostri (CRUSTACEA, DECAPODA, ANOMURA)
AUTOR: Marcelo Schuler Crivellaro
ORIENTADORA: Marlise Ladvocat Bartholomei-Santos

COORIENTADORA: Bianca Lais Zimmermann

Aegla é o género mais diversificado de caranguejos de agua doce do sul da América do Sul. A familia
Aeglidae, a qual pertence este género, possui origem marinha, com registro de dois géneros fosseis,
encontrados em sedimentos marinhos na Nova Zelandia e México. Atualmente, sdo conhecidas 83
espécies de Aegla que ocorrem nas bacias hidrograficas do Brasil, Argentina, Bolivia, Chile, Paraguai e
Uruguai, sendo encontradas desde 320 metros de profundidade até 3.500 metros de altitude.
Aproximadamente 70% das espécies de Aegla encontram-se como ameagadas de extincao,
principalmente pela rapida degradacdo do ambiente aquatico combinada com a distribuicao restrita da
maioria das espécies. Apesar do grande nimero de espécies descritas, seus caracteres morfologicos
diagnosticos exibem pouca variagdo resultando em dificuldades na identificacdo correta das espécies.
Além disso, a ocorréncia de espécies cripticas em eglideos ja foi sugerida. Identificar espécies cripticas
é essencial para estimativas mais precisas da biodiversidade, para entender 0s processos que levam a
diversificacdo da vida e, também, para direcionamento correto de esfor¢os de conservacdo, caso alguma
delas estiver ameacada. Evidéncias moleculares e de morfometria geométrica sugerem que a espécie
nominal Aegla longirostri seja formada por um complexo de espécies, merecendo atencdo especial em
relacdo a sua real distribuicdo, endemicidade e status de conservacdo. Uma ferramenta que provou ser
bem sucedida em revelar a biodiversidade criptica é a filogeografia. Utilizando diversas técnicas
moleculares e métodos analiticos, a filogeografia testa hipo6teses sobre a relacdo causal entre fenbmenos
geograficos, distribuicdes de espécies e os mecanismos que conduzem a especiacdo. A presente
dissertagdo tem como principal objetivo estimar as relagdes filogenéticas e os padrdes filogeogréaficos
das populacdes de Aegla longirostri, e assim, testar a hipotese de que formam um complexo de espécies
cripticas. Se for um complexo de espécies, identificar quantas e quais popula¢des compdem as potenciais
espécies cripticas. Além disso, objetiva-se analisar a estrutura genética das populacgdes utilizando dois
marcadores moleculares mitocondriais (COI e 16S) e um marcador molecular nuclear (intron do gene
ANT), afim de entender quais processos histéricos podem ter influenciado na distribuicdo das linhagens
genéticas. Foram analisadas 17 populagdes de A. longirostri e os resultados confirmaram a hipotese
proposta, sendo que, métodos de delimitacdo de espécies indicaram que o complexo é formado por pelo
menos 14 possiveis espécies. Além disso, 0s resultados observados sugerem uma possivel contribui¢éo
da topografia da paisagem na diversificagdo desse complexo. Estudos futuros que busquem encontrar
novos caracteres diagnosticos ou novas técnicas para a delimitagdo das espécies de Aegla sdo
necessarios. A real diversidade do género ainda é subestimada e é indispensavel quantificar com
precisdo a sua diversidade oculta, e assim, aplicar medidas mais efetivas de gestdo e conservacao da
biodiversidade.

Palavras-chave: Espécies Cripticas. Filogeografia. Sisteméatica Molecular.



ABSTRACT

PHYLOGEOGRAPHY OF Aegla longirostri (CRUSTACEA, DECAPODA,
ANOMURA)

AUTHOR: Marcelo Schuler Crivellaro
ADVISOR: Marlise Ladvocat Bartholomei-Santos

CO-ADVISOR: Bianca Lais Zimmermann

Aegla is the most diverse genus of freshwater crabs in southern South America. The Aeglidae family,
which belongs to this genus, has a marine origin, with two fossil genera, found in marine sediments in
New Zealand and Mexico. Currently, 83 species of Aegla are known to occur in the watersheds of Brazil,
Argentina, Bolivia, Chile, Paraguay and Uruguay, being found from 320 meters of depth to 3.500 meters
of altitude. Approximately 70% of Aegla species are as endangered, mainly due to the rapid degradation
of the aquatic environment combined with the restricted distribution of most species. Despite the high
number of species described, their diagnostic morphological characters exhibit little variation resulting
in difficulties in correctly identifying the species. In addition, the occurrence of cryptic species in eglids
has already been suggested. Identifying cryptic species is essential for more accurate estimates of
biodiversity, to understand the processes that lead to life diversification, and also for the correct direction
of conservation efforts, if any are threatened. Molecular and geometric morphometric evidence suggest
that the nominal species Aegla longirostri is formed by a complex of species, deserving attention in
relation to its real distribution, endemicity and conservation status. One tool that has proven to be
successful in revealing cryptic biodiversity is phylogeography. Using various molecular techniques and
analytical methods, phylogeography tests hypotheses about the causal relationship between geographic
phenomena, species distributions, and the mechanisms that lead to speciation. The present dissertation
aims to estimate phylogenetic relationships and phylogeographic patterns of Aegla longirostri
populations, and thus test a hypothesis that they form a complex of cryptic species. If it is a species
complex, identify how many and which populations make up the potential cryptic species. In addition,
we aimed to analyze the genetic structure of the populations using two mitochondrial molecular markers
(COl and 16S) and a nuclear molecular marker (intron of the ANT gene), in order to understand which
historical processes may have influenced the distribution of the genetic lineages. 17 populations of A.
longirostri were analyzed and the results confirmed the hypothesis proposed, wherein, species
delimitation methods indicated that the complex is formed by at least 14 possible species. In addition,
the observed results suggest a possible contribution of the landscape topography in the diversification
of this complex. Future studies that seek to find new diagnostic characters or new techniques for the
delimitation of Aegla species are necessary. The real diversity of the genus is still underestimated and it
is essential to accurately quantify its hidden diversity and, therefore, to apply more effective measures
for the management and conservation of biodiversity.

Key-words: Cryptic Species. Phylogeography. Molecular Systematics.
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APRESENTACAO

A presente dissertacdo, estruturada de acordo com as normas do Manual de Dissertacdes
e Teses da UFSM (MDT), integra os requisitos necessarios para a obtencao do titulo de Mestre
em Ciéncias Bioldgicas — Area Biodiversidade Animal, pelo Programa de Pds-Graduagio em
Biodiversidade Animal da Universidade Federal de Santa Maria. Ela é composta por um texto

integrador, um artigo e conclusoes.

O texto integrador inclui inicialmente uma contextualizacdo sobre o potencial dos
estudos filogeograficos para desvendar espécies cripticas e a sua importancia para a
conservacdo da biodiversidade. Logo apds, o organismo de estudo é apresentado, bem como os
objetivos desta dissertacao.

O artigo tem como foco as relagbes filogenéticas e os padrdes filogeograficos das
populacdes do complexo de espécies Aegla longirostri. O manuscrito é apresentado de acordo
com as normas de formatacdo exigidas pelo periddico cientifico Zoological Journal of the

Linnean Society, o qual o mesmo foi publicado.

Nas conclusdes sdo apresentados os resultados obtidos ao longo deste estudo em relacéo

aos objetivos apresentados ao final do texto integrado
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1 - INTRODUCAO

1.1 - O género Aegla

Os crustéaceos decapodos da superfamilia Aegloidea Dana, 1852 constituem apenas um
género atual, Aegla Leach 1820, com aproximadamente 83 espécies descritas (SANTOS et al.,
2015; MORAES et al., 2016). O género atual é o Unico da infraordem Anomura que habita
apenas aguas continentais (BRACKEN-GRISSON et al., 2013). Eles ocorrem nas bacias
hidrograficas do Brasil, Argentina, Bolivia, Chile, Paraguai e Uruguai, sendo encontrados desde
320 metros de profundidade em lagos chilenos, até 3.500 metros de altitude na pré-cordilheira
Argentina. (BOND-BUCKUP et al., 2008). Os eglideos sdo caranguejos pequenos (< 60mm),
sendo normalmente encontrados debaixo de pedras, troncos submersos ou folhas depositadas
sob o substrato de cursos d’agua em rios, riachos, lagos e cavernas (BOND-BUCKUP et al.,
2008).

A maioria das espécies de Aegla conhecidas apresenta distribuicdo restrita e sdo,
portanto, de significativa preocupacgédo quanto a conservagdo. Em um estudo recente que avaliou
0 status de conservacéo de 77 espécie de Aegla, 70% delas foram consideradas como ameacadas
de extin¢do (SANTOS et al., 2017), principalmente pelas suas distribuicdes restritas e a rapida
degradacdo do ambiente aquatico. Os eglideos desempenham importante papel na reciclagem
de nutrientes, participando do processo de fragmentacdo da biomassa de folhas que caem nos
corpos d’agua (COGO e SANTOS, 2013). Eles consomem detritos vegetais, algas, formas
aquaticas imaturas ou adultas de insetos ou mesmo de outros crustaceos de pequeno porte e
moluscos (MAGNI e PY-DANIEL, 1989; LARA e MORENO, 1995; BUENO e BOND-
BUCKUP, 2004; SANTOS et al., 2008) e fazem parte da dieta de mamiferos, anfibios, peixes,
aves e répteis (ARENAS, 1974; MELO, 1990; CASSINI et al., 2009).

O grupo possui origem marinha, com registro de dois géneros fésseis, Haumuriaegla e
Protaegla, encontrados em sedimentos na Nova Zelandia (FELDMANN, 1984) e do México
(FELDMANN et al., 1998), respectivamente. A rota utilizada pelos eglideos para a transicdo
do ambiente marinho para 0 ambiente de dgua doce ja foi tema de muito debate. Ortmann (1902)
propds que as espécies Chilenas foram as primeiras a divergir, enquanto Schmitt (1942) e
Ringuelet (1949) defendiam a hip6tese de que os eglideos do lado do Atlantico eram os mais
ancestrais e que as espécies Chilenas eram mais derivadas. Com a descoberta do fossil

Hamuriaegla, a origem marinha dos eglideos e sua irradiacdo pela América do Sul através da
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costa do Chile passou a ser a hipdtese mais aceita (FELDMANN et al., 1998). Ainda, Collins
et al. (2011) sugerem que os ancestrais dos eglideos poderiam ter se aproximado do México
pela conexd@o entre o oceano Atlantico e o Mar do Caribe durante o meio e fim do Mioceno.
Posteriormente, através das modificacbes provocadas na paisagem pelas transgressdes
marinhas, esses caranguejos podem ter dispersado ou, através de um evento vicariante,

restringidos as zonas onde ocorrem atualmente.

Em um amplo estudo, Pérez-Losada et al. (2004) procuraram esclarecer aspectos da
origem, posicao taxondmica, biogeografia e sistematica de 64 espécies do género Aegla através
de analises filogenéticas utilizando um gene nuclear (28S) e quatro genes mitocondriais (12S,
16S, COI e COII). Os dados encontrados indicaram que os eglideos chilenos sdo as mais
ancestrais e que a irradiacdo em aguas continentais teria se iniciado ha pelo menos 60 milhGes
de anos em decorréncia de eventos de transgressdes marinhas. A formacdo da Cordilheira dos
Andes (iniciada ha cerca de 90 milhdes de anos) fez com que bacias hidrograficas que antes
drenavam para o Pacifico passassem a drenar para o Atlantico (LUNDBERG et al., 1998),
contribuindo para a dispersdo dos caranguejos atraves do continente sul-americano.

Quanto a sistemética do grupo, os resultados de Pérez-Losada et al. (2004) reuniram
as espécies em cinco clados filogenéticos (A-E): os clados A e B incluem as espécies chilenas
e do sul da Argentina, enquanto que os clados C, D e E incluem as espécies do Norte da
Argentina, Uruguai e Brasil (Figura 1). Os autores também observaram que seis espécies
formaram grupos nao-monofiléticos: A. cholchol Jara & Palacios, 1999, A. franciscana Buckup
& Rossi, 1977, A. jarai Bond-Buckup & Buckup, 1994, A. marginata Bond-Buckup, 1994, A.
parana Schimitt, 1942 e A. platensis Schimitt, 1942. Alem dessas, A. longirostri Bond-Buckup
1994 demonstrou ser um grupo monofilético em analises de méaxima verossimilhanca e
parafilético em filogenias que utilizaram méaxima parcimdnia. Baseado no conceito de que
populacdes em que os grupos nao sdo monofiléticos, provavelmente, representam diferentes
espécies (CRACRAFT, 1983), as populacdes dentro desse taxa poderiam representar espécies

distintas.
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Figura 1. Mapa da distribui¢do geografica dos cinco principais clados de eglideos no Sul da
América do Sul.
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Fonte: Adaptado de PEREZ-LOSADA et al. (2004).

1.2 - Filogeografia dos eglideos

O termo filogeografia foi concebido ha cerca de trés décadas (AVISE et al., 1987) e a
sua interpretacdo literal significa a analise filogenética de um organismo, no contexto de sua
distribuicdo geografica. Esses estudos utilizam diversas técnicas moleculares e métodos
analiticos afim de testar hipOteses sobre a relacdo causal entre fendmenos geogréficos,
distribuicdes de espécies e 0s mecanismos que conduzem a especiacdo (AVISE, 2000). Desde
gue o termo surgiu, muitos avancgos relacionados as técnicas moleculares, extensfes da teoria
da coalescéncia e outros métodos analiticos ampliaram o alcance da area dramaticamente. As
perspectivas filogeogréaficas transformaram aspectos da biologia de populagdes, biogeografia,

sistematica, ecologia, genética e conservacgdo da biodiversidade (AVISE, 2016).
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O DNA mitocondrial (mtDNA) tem sido o marcador mais utilizado para a reconstrugéo
de padrdes histdricos da demografia de populagdes, biogeografia e especiagdo (HURST et al.,
2005). Isso se deve ao fato de que o mtDNA acumula substituicdes de nucleotideos a uma taxa
varias vezes maior do que uma tipica copia de DNA nuclear, e essa rapida evolucao é um pre-
requisito para as analises filogeogréficas (AVISE, 2009). O genoma mitocondrial dos animais
é altamente compacto; isto €, ndo é sobrecarregado com os introns ou regides intergénicas nao
codificadoras, que caracterizam os genomas nucleares. O mtDNA possui milhares de cdpias
por células e sdo representadas pela presenca de 37 genes, todos ligados ao longo de uma
molécula circular de aproximadamente 17.000 pares de nucleotideos de comprimento. Além
disso, 0 mtDNA é uma molécula “nua” (ndo ¢ ligado as proteinas histonas, que sdo muito
conservadas e podem restringir as taxas evolutivas no DNA nuclear) (AVISE, 2009). No
entanto, interpretacdes evolutivas baseadas na utilizacéo isolada do mtDNA séo preocupantes.
Autores sugerem que inferéncias sobre a estrutura populacional e delimitacdo de espécies
devem ser corroboradas por outras linhas de evidéncia, geralmente na forma de dados oriundos
de marcadores nucleares (ZINK et al., 2008). O mtDNA ¢é transmitido de forma uniparental,
com origem exclusivamente materna, ou seja, recupera apenas uma parte da historia evolutiva
e nao sofre recombinacdo, sendo sua variacdo genética refletida apenas por mutacdes
acumuladas ao longo do tempo (AVISE, 2009). Quando um taxon irmdo diverge do ancestral
comum a frequéncia de alelos de um determinado gene sera inicialmente similar. Com o passar
do tempo, a deriva genética ira alterar a frequéncia de alelos e novos alelos serdo introduzidos
em cada populacdo através da mutacdo. Eventualmente as populacbes irdo divergir e se
diferenciar. Se analisarmos esses processos nos estagios iniciais, haverao alelos compartilhados
entre as duas populacGes e elas aparecerdo como polifiléticas ou parafiléticas em uma anélise
filogenética. Alelos idénticos podem ser encontrados em populacdes geneticamente distintas se
o tempo de divergéncia do taxon irmao a partir de um ancestral comum nao foi suficiente para
permitir a fixacdo de alelos produzidos por mutacdo (AVISE, 2000). Por esses motivos que €
de grande importancia utilizar mais de um tipo de marcador, com taxas de substituicdes
diferenciadas, a fim de evitar interpretacdes evolutivas de forma errénea.

Em um estudo utilizando trés genes mitocondriais e trés nucleares, Barber et al. (2012)
demonstraram a importancia de usar ambos os marcadores para um entendimento mais
completo das historias evolutivas e aos eventos filogeograficos associados. Os autores
analisaram os padrdes filogeograficos de Aegla neuquensis, espécie amplamente distribuida
que ocorre em dois grandes sistemas fluviais, nas cabeceiras do sopé da Cordilheira dos Andes

até o Oceano Atlantico. Devido ao fenbmeno de introgressdo mitocondrial, os padrdes
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filogeograficos encontrados para os diferentes marcadores ndo se repetiram, impossibilitando
conclusdes mais precisas.

Um dos eventos histéricos mais bem estudados e conhecidos, que auxiliam nas
explicacOes de padrdes filogeogréaficos, sdo os episddios glaciais do Quaternario (2.6 milhdes
de anos atrés até o presente). Esses eventos foram um fator importante na modelagem das
distribuicdes atuais da flora e fauna existentes, com expansdes e contragfes das manchas de
gelo, tornando inabitaveis grandes areas para a maioria das espécies. Além disso, as geleiras
podem ter mudado os padrdes de drenagem, as distribui¢des dos lagos e até a posicao da divisdo
continental, resultando no deslocamento de populac6es de plantas e animais (CLAPPERTON,
1993). Os registros fésseis, corroborados pelos estudos filogeogréficos, sugerem que muitas
espécies apenas sobreviveram aos maximos glaciais ao ficarem restritas em refugios (também
conhecidos como refugios pleistocénicos), locais que permaneceram habitaveis e que podem
ter servido de fonte na colonizacdo pos-glacial (PROVAN et al., 2008). Refugios ou populacGes
fontes podem ser rastreados ao comparar os seus perfis genéticos ao de populacdes de areas
colonizadas.

Xu et al. (2009) examinaram os impactos das glaciacGes do Pleistoceno nos padrdes
filogeogréaficos da espécie Aegla alacalufi Jara & Lopez, 1981 na Patagdnia Chilena. A espécie
habita areas continentais que foram cobertas por gelo, e também ilhas que ndo sofreram
glaciacdo, sendo consideradas potenciais areas de refugio. Os resultados indicaram que as ilhas
ndo serviram de refugio as populacGes continentais. Por outro lado, as populacdes das ilhas séo
geneticamente mais estruturadas quando comparada com as populagdes continentais, indicando
uma influéncia significante da glaciacdo nessas populacdes. Foram detectadas expansdes
demogréaficas no grupo continental, com um aumento populacional constante ap0s o ultimo
méaximo glacial, sugerindo que sua colonizacdo pds-glacial teve como fonte algum outro

refugio.

1.3 - Espécies cripticas em Aegla e o caso A. longirostri

A filogeografia também provou ser muito bem sucedida em revelar a biodiversidade
criptica, em alguns casos contestando a taxonomia tradicional dos grupos (AVISE, 2000;
RIDDLE e HAFNER, 2006). Espécies cripticas sdo duas ou mais espécies diferentes, mas
superficialmente indistinguiveis em termos morfoldgicos, que sdo erroneamente (e
ocultamente) classificadas como uma s6 espécie (BICKFORD et al., 2007). Assim, identificar

espécies cripticas é essencial ndo s6 para estimativas mais precisas, mas para entender os
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processos que levam a diversificacdo da vida e para a conservacao da biodiversidade (COOK
et al., 2008), visto que a aglomeracdo incorreta de espécies distintas prejudica a conservacao,
caso alguma das delas estiver ameacada (FRANKHAM et al., 2004).

Crustaceos decapodos tendem a abrigar um grau elevado de biodiversidade criptica
(DA SILVA et al., 2011). Diversos estudos evidenciaram a presenca de provaveis espécies
cripticas em decapodos, como, por exemplo, nos géneros Potamonautes (DANIELS et al.,
2003), Munida (MARCHODOM et al., 2004), Chaceon (MANTELLATO et al., 2013) e
Macrobrachium (CARVALHO et al., 2013). Espécies cripticas também j& foram registradas
em eglideos (JARA et al., 2003; MORAES et al., 2016). E importante destacar que apesar do
grande numero de espécies descritas de Aegla, seus caracteres diagnosticos sdo limitados e a
sua morfologia geral tem pouca variacdo (BOND-BUCKUP e BUCKUP, 1994). A morfologia
relativamente conservada do género deixa poucos caracteres derivados compartilhados para
resolver as relagdes evolutivas entre espécies (HEPP et al., 2012).

Dentre os eglideos que poderiam compor agrupamentos cripticos, representando assim
complexos de espécies, podemos destacar A. longirostri. Os motivos para tal premissa sao
expostos abaixo.

A maioria das espécies de Aegla possui distribuicdo restrita, aquelas com ampla
distribuicdo, como A. longirostri, podem representar um complexo de espécies, merecendo
atencdo especial em relacdo a sua real distribuicdo, endemicidade e status de conservacao
(BARTHOLOMEI-SANTOS et al., 2011). A espécie ocorre no centro, leste e nordeste do
estado do Rio Grande do Sul, sendo que, a regido nordeste é caracterizada por sua superficie
ondulada, o que pode contribuir para o isolamento de populacdes. Além disso, entre o fim do
Pleistoceno e o inicio do Holoceno (~40,000 — 8,000 anos atras) o clima nessa regido era
predominantemente seco (SPALDING et al., 2015) e pode ter isolado as popula¢des de eglideos
em diferentes trechos dos rios, o que deve ter reduzido ou até impedido o fluxo génico, o
primeiro passo para especiacao.

Bartholomei-Santos et al. (2011) investigaram a estrutura genética de quatro
populacdes de A. longirostri no estado do Rio Grande do Sul, Brasil através de marcadores
microssatélites. Uma dessas populacdes estava localizada em uma bacia hidrografica diferente,
estando geograficamente isolada das outras. Altos niveis de diferenciacdo genética foram
encontrados entre as populacdes analisadas, e a maioria mostrou valores muito baixos de fluxo
génico, especialmente na populacéo isolada. Essas diferencas foram encontradas mesmo na
auséncia de caracteres taxondmicos diagnésticos divergentes, o que reforca a hipotese que o

grupo seria formado por espécies cripticas.
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Em outro estudo, Marchiori et al. (2013) utilizaram como ferramenta a morfometria
geométrica para analisar a forma da carapaca de seis popula¢des de A. longirostri. Os dados
morfométricos foram congruentes com os dados genéticos, de modo que as populacdes
geneticamente diferenciadas também possuem diferencas na morfologia. Esses resultados
corroboram a ideia de que a distancia geografica e o isolamento devem estar afetando o fluxo
génico entre as populacdes. O estudo sugeriu que A. longirostri pode ser formada por um
complexo de espécies, ou que 0 grupo esta em processo incompleto de especiacao.

Considerando os altos niveis de divergéncia genética, as significativas diferencas
morfométricas encontradas nas populacbes (BARTHOLOMEI-SANTOS et al., 2011,
MARCHIORI et al., 2013) e a distribuicdo relativamente ampla em rela¢do as outras espécies
do género, A. longirostri € um organismo muito interessante para ser utilizado em estudos
filogeograficos. Além disso, conhecer melhor o endemismo e a riqueza de espécies é
fundamental para a preservacdo das mesmas sobretudo considerando que a biodiversidade
aquatica continental € uma das mais ameacadas e necessita urgentemente de cuidados quanto a
sua conservacio (ABELL, 2002; PEREZ-LOSADA et al., 2009).

2 - OBJETIVO GERAL

- Investigar os padrd@es filogeograficos e as relacGes filogenéticas das populagdes de

A. longirostri a fim de testar a hipétese de que elas formam um complexo de espécies.

2.1 - OBJETIVOS ESPECIFICOS

- Analisar a estrutura genética das populacdes de Aegla longirostri utilizando dois
marcadores moleculares mitocondriais (COI e 16S) e um marcador molecular nuclear (intron
do gene ANT — Adenine Nucleotide Transporter);

- Entender quais processos historicos podem ter influenciado a distribuicdo das
linhagens genéticas;

- Se for um complexo de espécies, identificar quantas e quais populacdes compdem as

potenciais espécies cripticas.
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ABSTRACT
Aegla is the most abundant and diversified genus of freshwater crabs from southern South
America. Despite the high number of species described, their morphological diagnostic
characters are limited and exhibit little variation. This limited morphological variation could
result in cryptic species, since subtle interspecific differences can easily be overlooked. The
aim of our study was to estimate the phylogenetic relationships and phylogeographic patterns
of diversity of Aegla longirostri to test the hypothesis that this species represents a complex of
cryptic species. We analyzed 17 populations using two mitochondrial (16S rRNA and COI) and
one nuclear (ANT) molecular markers. The analysis showed that A. longirostri constitutes a
polyphyletic group; our trees suggest the presence of two major clades composed of many well-
supported subclades that, despite being geographically close, are genetically distinct from each
other. Surprisingly, species delimitation methods indicated the presence of at least 14 putative
species. We also highlight a possible contribution of landscape topography to crab
diversification. Our results suggest that the real diversity of aeglids may be largely
underestimated and we discuss the conservation implications of cryptic diversity for this group.
Given that prioritization of habitats for conservation often relies on estimation of species
richness, endemism, and conservation status coupled with the fact that several Aegla species

are endangered, it is imperative to more accurately quantify the hidden diversity of aeglids.

ADDITIONAL KEYWORDS: biodiversity - Brazil - cryptic species complex - molecular

systematics — phylogeography.
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INTRODUCTION

Species are often the central currency of biodiversity studies and associated
conservation actions (e.g. Orme et al., 2005; Agapow et al., 2004). Therefore, delineating
species boundaries correctly is crucial to the discovery and accurate cataloging of biodiversity
(Choi, 2016). Species delimitation is traditionally assessed by comparing variation in
morphological traits and, in some cases, physiological, developmental, behavioral, and/or
ecological traits. Increasingly, however, genetic markers have been effectively used to delineate
species boundaries (Yang & Rannala, 2010, 2014). For practical and historical reasons, most
species have been primarily described based on morphology (Dayrat, 2005). Nonetheless, there
are some disadvantages to relying solely on morphological information: there is always a
subjective component when defining and interpreting character states; the continuous rather
than discrete nature of many characters on which taxonomists heavily rely; and their
unsuitability for some groups of organisms, because speciation can occur without
morphological change, which leads to morphologically cryptic species (see Padial et al., 2010
for review). By definition, cryptic species represent superficially indistinguishable
morphologies, but in fact constitute taxa that are genetically divergent and reproductively
isolated from each other. These species are either differentiated by nonvisual mating signals
and/or appear to be under selection that promotes morphological stasis (Bickford et al., 2007).
Cryptic species, thus, represent units of evolution that are important for conservation, rather
than conglomerations of morphologically similar species, which may not even be closely
related (Page & Hughes, 2007).

In recent decades, molecular tools have gained great popularity among systematic
biologists, in particular those studying decapods (Martin, Crandall & Felder, 2009). Indeed,

molecular characters (e.g., DNA sequences) have been dramatically more successful than
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morphology to resolve taxonomic conflicts and to detect cryptic and/or polymorphic species
(Xiao et al., 2010; Puillandre et al., 2011; Bracken-Grisson et al., 2012). The occurrence of
cryptic species has been reported in all phyla and seems to be a frequent trend associated with
morphological taxonomy (Lefébure et al., 2006). In this sense, phylogeographic information
provides an objective tool to aid in investigations of species delimitation and to help define
boundaries for cryptic species, especially for organisms displaying fine-scaled endemism
(Rissler & Apodaca, 2007). High quality data derived from phylogeographic sampling
strategies (i.e., geographically dense and large sample sizes, molecular genetic-based
phylogenies) can potentially resolve a single taxonomic species into two or more geographically
distinct cryptic evolutionary lineages, frequently indicating that the original taxon is
paraphyletic or polyphyletic (Riddle & Hafner, 2006). Moreover, knowledge of intraspecific
molecular genealogies allows us to infer how paleoclimatic processes affected the dynamics of
populations and determined the current genetic structure (Avise, 2009; Hickerson et al., 2010).
Therefore, using molecular information, particularly DNA sequences, seems to be of utmost
importance to the understanding the role of cryptic species in shaping our global diversity
patterns.

Aegla Leach, 1820 is the most abundant and diversified genus of freshwater crabs from
southern South America, occurring in hydrographic basins in Argentina, Bolivia, Brazil, Chile,
Paraguay and Uruguay. This genus is the only extant representative of the family Aeglidae, the
sole anomuran family entirely restricted to freshwaters (Bracken-Grisson et al., 2013). The
invasion of continental waters by marine ancestors and subsequent diversification in this
environment began at least 60 Mya (Pérez-Losada et al., 2004). Currently, there are almost 80
species described (Santos et al., 2013, 2015), which are grouped in five major phylogenetic
clades based on molecular characters (Pérez-Losada et al., 2004). Despite the high number of

Aegla species described, their diagnostic characters are limited and their general morphology
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has little variation among species (Bond-Buckup & Buckup, 1994). The relatively conserved
morphology of the genus leaves few shared derived characters for resolving evolutionary
relationships among species (Hepp et al., 2012), which is highlighted by the fact that
morphologically cryptic species have already been reported in aeglids (Jara, Pérez-Losada &
Crandall, 2003). Additionally, in a large study that evaluated the molecular phylogeny of the
Aegla species, six of these species were considered paraphyletic (Pérez-Losada et al., 2004),
reinforcing the idea that morphological and genetic diversity are not necessarily well aligned
(Bishy, Coddington & Thrope, 1995).

Aegla longirostri Bond-Buckup and Buckup, 1994 is one of those particular cases. It
has a relatively wide distribution when compared to other species (northeastern, central and
eastern regions of Rio Grande do Sul state, Brazil), and it occurs in different river basins.
Furthermore, when investigated using microsatellite markers, four populations of A. longirostri
showed high levels of genetic differentiation and low gene flow (Bartholomei-Santos, Roratto
& Santos, 2011). When considering morphology, geometric morphometric analysis of carapace
shape also revealed considerable variation among six A. longirostri populations (Marchiori,
Bartholomei-Santos & Santos, 2014). In both cases, differences were found even in the absence
of divergent taxonomic diagnostic characters. Therefore, based on these three lines of evidence
(i.e., distribution, molecular characters, and morphology), we hypothesize that A. longirostri
represents a complex of cryptic species that requires further attention. Thus, the aim of this
study was to use three DNA molecular markers (two mitochondrial and one nuclear) and
phylogenetic and phylogeographic approaches to investigate the evolutionary history and

cryptic diversity of the nominal ‘species’ A. longirostri.

MATERIAL AND METHODS

SAMPLE COLLECTION
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A total of 186 specimens were sampled from 17 locations across Jacui River basin in
the Rio Grande do Sul state, covering the major geographical range of the species (Fig. 1; and
Table 1) and including the type-locality at Rolante municipality. Individuals were preserved in
ethanol and identified on the basis of their external morphology (Bond-Buckup & Buckup
1994). Tissue (gill or muscle) samples were used for molecular procedures. Genetic vouchers,
from which tissue samples were obtained, were deposited at the Crustacean Collection of the
Department of Ecology and Evolution, Federal University of Santa Maria (UFSM), Brazil. For
outgroups, we included A. abtao Schmitt, 1942, A. riolimayana Schmitt, 1942 and A.

spinipalma Bond-Buckup and Buckup, 1994.

DNA EXTRACTION, PCR AMPLIFICATION, AND SEQUENCING

Genomic DNA was extracted using QlAamp DNA Mini Kit (QIAGEN) procedures
following the manufacturer’s instructions. Partial fragments of two mitochondrial genes, 16S
ribosomal RNA (16S) and cytochrome c¢ oxidase subunit I (COI) were amplified with primers
16Saeglid-f/16Saeglid-r (Pérez-Losada et al., 2002) and LCOI-f/COIA2-r (Xu et al., 2009). We
also amplified a nuclear intron fragment of the adenine nucleotide transporter gene (ANT) using
the primer pair DecapANTF/ANTIirl (Teske & Beheregaray, 2009; Barber et al., 2012).
Standard polymerase chain reaction (PCR) was run and PCR products were checked by agarose
gel electrophoresis, purified and then sequenced. Sequences were aligned with Muscle (Edgar,
2004). All contiguous insertion/deletion events (indels) were treated as one mutational step
(Simmons, Ochoterena & Carr, 2001) and hypervariable sites were weighted as zero to prevent

the inclusion of homoplastic characters.

PHYLOGENETIC ANALYSES
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Phylogenetic analyses were conducted for mitochondrial, nuclear, and concatenated
(mitochondrial + nuclear) data sets using maximum-likelihood (ML) and Bayesian methods
with gene partitions. The best-fit models of nucleotide substitution for each gene were selected
with JModeltest 2.1.10 (Darriba et al., 2012). ML analyses were performed with raxmIGUI 1.5
(Silvestro & Michalak, 2012), using a GTR+CAT model with nodal support estimated by 1000
bootstrap replicates. Bayesian analyses were performed using the Monte Carlo Markov Chain
(MCMC) method as implemented in BEAST version 1.8.0 (Drummond et al., 2012). The
Bayesian analysis was run for 50 million chains and sampled every 1,000 generations. Posterior
probabilities were calculated with a burn-in of 5 million states and checked for convergence
using Tracer version 1.6 (Rambaut et al., 2014). To test the monophyly and placement of the
sequences of A. longirostri according the clades defined by Pérez-Losada et al., (2004), a
Bayesian phylogeny was conducted in the BEAST program using mitochondrial sequences
(COI and 16S) of individuals from this study and from other species of Aegla deposited in
GenBank (http://www.ncbi.nlm.nih.gov/genbank/), including representatives of the major
clades described. The analysis was run for 30 million generations and sampled every 1,000
generations. Posterior probabilities were calculated with a burn-in of 3 million generations. All

results were visualized and checked with FigTree 1.4.2 (Rambaut 2014).

SPECIES DELIMITATION
We tested for the threshold between interspecific and intraspecific diversification
using two species delimitation analyses with mitochondrial gene sequences (COI + 16S): (i) the
General Mixed Yule Coalescent (GMYC) method of Pons et al., (2006), and (ii) the Automatic
Barcode Gap Discovery (ABGD) method of Puillandre et al., (2012). Unlike ABGD that uses
detection of the ‘barcode gap’ in the distribution of genetic pairwise distances, GMYC uses a

phylogenetic input tree from which the fit of speciation and coalescent processes are modeled
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to delineate molecular operational taxonomic units (MOTUs) (Flot, 2015). Additionally,
GMYC is remarkably stable under a wide array of circumstances, including most phylogenetic
reconstruction methods, high singleton presence, taxon richness and the presence of gaps in
intraspecific sampling coverage (Talavera, Dinca & Vila, 2013). The ABGD method was
implemented using the online version of the program
(http://wwwabi.snv.jussieu.fr/public/abgd/) with default parameter and Pmin = 0.005/Pmax =
0.1. The GMYC method was implemented using an ultrametric tree estimated in BEAST.
Species delimitation through the GMYC model was conducted using the standard parameters
(interval = c(0, 10)) and a single threshold that specifies the transition time between to within
species branching. These analyses were conducted with the package ‘splits’ (Species Limits by
Threshold Statistics; http://r-forge.r-project.org/projects/splits) using R v.3.3 (R Development
Core Team 2011).

Additionally, we attempted to delimit species by comparing species model hypotheses
using a Bayes Factor (BF) approach for model selection. The tested models were: unconstrained
tree (Model 1), constrained tree considering A. longirostri as monophyletic (Model 2),
constrained tree considering species defined by ABGD (Model 3), and constrained tree
considering species defined by GMYC (Model 4). We also tested the monophyly of the major
clades found in this study (Model 5). BF calculates the ratio of the marginal likelihood of two
models, which has the advantage of taking into account priors used in the Bayesian analysis
(Xie et al., 2011). It is worth mentioning that standard BF test is always biased toward
acceptance of the monophyly hypothesis. Thus, one can safely use a standard BF test to reject
a hypothesis of monophyly, but it is typically going to be an extremely conservative test
(Bergsten, Nilsson & Ronquist, 2013). The marginal likelihood values of these competing
models were estimated using stepping-stone sampling (SS, Xie et al., 2011) in the BEAST

package and run for ten million generations of 50 path-steps. The better model was chosen
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when twice the natural logarithm of the Bayes-factor testing statistic (2InBf) was greater than
2 (Kass & Raftery, 1995). A value greater than 10 was assumed to indicate decisive support for
distinguishing between competing species-delimitation hypotheses (Grummer, Bryson &
Reeder, 2014). All parameters were setup as described in the previous section. This allows for
the direct comparison of the two models considering both the topology and the branch lengths

of species trees.

POPULATION GENETIC, PHYLOGEOGRAPHIC, AND DEMOGRAPHIC ANALYSIS

The levels of mtDNA haplotype diversity (h) and nucleotide diversity (m) were
estimated for the inferred groups (populations) using DnaSP v. 4.10.3 (Rozas et al., 2003). To
examine the population structure, an analysis of molecular variance (AMOVA) was performed;
its significance was tested by running 10,000 permutations in ARLEQUIN v. 3.1 (Excoffier,
Laval & Schneider, 2005). The AMOVA was run with no hierarchical structure (all populations
in a single group) and with pairwise comparisons between sampling sites. Genetic
differentiation (Fst) was computed using the same program. Additionally, mtDNA genetic
divergences amongst and within populations were obtained using p-distance model with 1,000
bootstrap replicates in MEGA 6.0 (Tamura et al., 2013).

Tajima’s D (Tajima, 1989), Fu’s Fs (Fu, 1997) and Fu and Li’s D* (Fu & Li, 1993)
were applied to test the selective neutrality of genetic markers. These estimators are also
sensitive to demographic processes such as recent population expansion or bottlenecks. Of these
estimators Tajima’s D and Fu’s Fs are sensitive to an excess of recent mutations whereas Fu
and Li’s D* can detect an excess of old mutations in a population that has experienced a
historical reduction in effective population size. For each population, Tajima’s D and Fu’s Fs
were estimated in ARLEQUIN with 10,000 simulations, and Fu and Li’s D* test was performed

in DnaSP with 1,000 coalescent replicates.
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SAMOVA v. 2.0 (Dupanloup et al., 2002) was used to identify the geographic
groupings that maximized genetic variance between groups of populations. The method
calculates F statistics and identifies the optimum number of population groups for a set of
sampled sites taking into account their geographic location. We used 100 simulated annealing
processes for each value of K. The SAMOVA was run from K = 2 to the value of K that
maximizes the value of the Fcr statistic.

The genealogical relationships among mitochondrial sequences were determined by a
haplotype network generated with the median-joining method (Bandelt, Forster & Rohl, 1999)
in NETWORK v. 4.6 (http://www.fluxus-engineering.com). Divergence times [i.e. time to the
most recent common ancestor (TMRCA)] among haplotypes were estimated using a Bayesian
approach with BEAST 1.8.0 (Drummond et al., 2012). A run of 50 million chains were
performed and sampled every 1,000 generations. The settings used were the Yule tree prior, the
HKY+G+I substitution model with four gamma categories, and the strict molecular clock. The
mtDNA substitution rate employed was 0.118 substitutions/site/million years (Xu et al., 2009;

Barber et al., 2012), with a standard deviation of 5%.

RESULTS
PHYLOGENETIC ANALYSES

From the 186 individuals sampled, we obtained COI sequences for 186 specimens (723
bp unambiguous alignment), 16S rDNA for 179 specimens (412 bp aligned, including gaps),
and nuclear ANT for 184 specimens (273 bp aligned, including gaps). The number of parsimony
informative sites was 102 for COI, 43 for 16S and 16 for ANT sequences. Sequences were
deposited in GenBank under the accession numbers KX910101 - KX910666.

Phylogenetic trees generated with single genes and with mitochondrial (Fig. 2) and

concatenated sequences (Fig. 3) showed similar topologies, all highlighting the polyphyly of A.
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longirostri. Additionally, two very distinct clades and several well-supported subclades were
recovered. The pattern from the nuclear DNA was consistent with that from mtDNA, but with
less resolution due to the low variation of this fragment (Fig. S1). Tree topologies were
congruent between maximum likelihood and Bayesian analyses. Hence, only trees built with
the latter method are presented.

Surprisingly, populations located in the Northern section of the distributional area
(Northern clade) were genetically more related to the outgroup than to the populations from the
Southern section (Southern clade), despite the geographical proximity between them.
Moreover, when compared with sequences from other species of Aegla, it is evident that
sequences from the Northern and Southern clade are very distinct from each other - according
to the previous phylogenetic classification of Péerez-Losada et al., (2004) (Fig. S2), they belong

to clades E and D, respectively.

SPECIES DELIMITATION

The likelihood of the null model in the GMY C analysis (i.e., that all sequences belong

to a single species) was significantly different from the maximum likelihood species

delimitation (-544.21 versus -533.23, ratio = 21.97, P = 1.7 x 10°°). The GMYC analyses based

on mtDNA datasets indicated the presence of 19 ML entities (including outgroups). Meanwhile,

ABGD analysis with JC69 and K2P produced two recursive partitions with MOTUSs counts of

17 (P =0.005 and P =0.0069) (Fig. 2). Both ABGD and GMYC methods indicated the

presence of 10 putative species for the Northern clade, while GMYC indicated the presence of

two additional species in the Southern clade when compared to ABGD (i.e., six versus four
putative species).

Bayes Factor model selection results show that SS marginal likelihood estimators prefer

Model 1 over Model 2 (2InBF = 7.12), suggesting the paraphyly of A. longirostri. Also, BF
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analysis strongly supports Model 3 and Model 4 over Model 1 (2InBF = 268.58 and 294.66,
respectively), arguing in favor of the presence of multiple cryptic species. Indeed, models that
considered the species delimitation defined by GMYC and ABGD were preferred over that
which considered the monophyly of the two major clades recovered in this study (Model 5)

(Table S1).

POPULATION GENETIC, PHYLOGEOGRAPHIC, AND DEMOGRAPHIC ANALYSIS

The genetic diversity estimates for the populations are summarized in Table 1. Forty-
nine mitochondrial haplotypes (gaps were considered as the fifth state) were observed for the
analyzed populations and all of them were population private. Haplotype diversity (h = 0.962)
and nucleotide diversity (x = 0.038) were high when considering the entire data set, although
these values were generally low when considering populations separately. The pairwise
population differentiation estimates (Fst) were also very high (Fst ranging from 0.395 to 1.0)
and highly significant for the majority of population comparisons (Table S2). Most of the
genetic diversity was the result of variability among rather than within populations (AMOVA.:
among populations = 91.9%, within populations = 8.10%, Fst =0.919, P = 0). The mean genetic
divergence among populations was 3.4%, ranging from 0.1% (between Nova Palma and
Rolante) to 5.08% (between Soledade and Cacapava do Sul). The mean genetic divergence
within populations was 0.23% (Table S3).

For most populations, Tajima’s D showed no significant departure from zero (P >
0.05), as expected under neutral sequence evolution. The only exception was Sao Sepé (D = -
1.629, P = 0.034). The Fs values were negative and statistically significant for Vale do Sol,
Ivord and Séo Sepé, supporting population expansion in these cases. For the other populations,
no significant departures from equilibrium values were observed. Fu and Li’s D* test was

significant only for S8o Jodo do Polésine, indicating a recent bottleneck of population size



31

and/or balancing selection (Fu and Li’s D* = 1.472, P < 0.02) (Table S4). SAMOVA results
showed that Fcr steadily increased as the number of groups of populations increased, from
0.468 for two groups, up to 0.801 for 16 groups (data not shown).

The haplotype network from mtDNA shows relationships that are consistent with those
recovered in the phylogenetic analyses; that is, haplotypes from the Northern (Fig. S3a) and
Southern clade (Fig. S3b) are more related to those of their own clade and are very distant
between clades. Besides that, there is a strong population structure with a large number of
mutational steps splitting the main haplotypes, especially in the Northern clade.

The two main clades seem to have diverged at about 362,000 years ago. The TMRCA
for North and South haplotypes was estimated at 208,000 and 187,000 years ago, respectively.
The subclades have a more recent origin, most of them dating from the upper Pleistocene (Fig.
2). Finally, A. longirostri sensu stricto is probably the only well supported clade that comprises

individuals from Rolante (type-locality) and Nova Palma.

DISCUSSION
A SPECIES COMPLEX WITHIN AEGLA LONGIROSTRI

Our results clearly reject the hypothesis that A. longirostri comprises a monophyletic
group. We observed the presence of two major clades (North and South) that, although
geographically close, are genetically very distinct from each other. These two major clades
(also non-monophyletic) are more closely related to other species of aeglids than to each other.
Within these major clades several well-supported subclades were recovered. When we consider
the tree that includes representatives of the main Aegla groups, it is evident that the specimens
from the North and South belong to distinct clades according to the phylogenetic classification
of Pérez-Losada et al., (2004). Northern sequences belong to clade E, in which A. longirostri

was originally included, while the Southern sequences belong to clade D. In addition, several
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species are inserted between the sequences of the present study, reasserting the polyphyly of A.
longirostri. Population analyzes also support the existence of several cryptic species, as they
indicate the presence of structured and highly differentiated populations or groups of
populations. Surprisingly, individuals from the same population (i.e., Soledade) were included
in two very distant clades within Northern group (mtDNA divergence of 4.2%), suggesting the
presence of more than one cryptic species sympatricaly occurring in the same locality.
Nonetheless, intrapopulation genetic variation was generally low.

The species delimitation methods indicated the presence of at least 14 putative cryptic
species. Species delimitation models have demonstrated considerable robustness (Fujisawa &
Barraclough, 2013); methods such as GMYC and ABGD showed good concordance and
produce up to 90% identity between species and MOTUs (Talavera et al., 2013; Pentinsaari,
Vos & Mutanen, 2016; Karanovic, Djurakic & Eberhard, 2016). Hence, they are useful to
designate an optimal divergence threshold to pinpoint potential cryptic species (Talavera et al.,
2013). However, ABGD seems to be sensitive to singleton sequences, while GMYC showed
oversplitting tendencies (Pentinsaari et al., 2016). Although robust, ABDG and GMYC entities
recovered in this study cannot be directly considered equivalent to ‘species’, but to ‘potential
species’, and the specific status should be assessed with additional morphological and
ecological evidence. Interestingly, BF estimators reinforce these results, since models that
suggest the presence of several cryptic species were strongly supported. Despite the
considerable high number of potential cryptic species within A. longirostri, we argue below that
our results are robust and require further attention.

A large number of Aegla species are restricted to headwaters (Santos et al., 2015)
usually located on hillsides or high altitude regions (Bond-Buckup & Buckup, 1994),
suggesting a possible contribution of landscape topography to crab diversification. Indeed,

populations from the Northern clade - an area of higher altitudes - seem to be more
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differentiated and genetically distant, suggesting a possible influence of geographical
physiognomy on the diversification of populations. In a recent paper, Bertuzzo et al., (2016)
explained how biodiversity changes with elevation in fluvial landscapes. According to the
authors, experimental evidence suggests that biodiversity often peaks at intermediate
elevations, but a clear explanation is still elusive. They showed that mountainous landscapes
hold fractal properties with elevational bands forming habitat patches that are characterized by
different area extent and connectivity, well-known drivers of biodiversity. This strongly suggest
that fluvial geomorphology likely has an important, yet thus far overlooked, role in shaping
patterns of freshwater species richness. In fact, northeastern Rio Grande do Sul State shelters
the highest aeglid richness in Brazil (Pérez-Losada et al., 2009), and an association between
altitude and occurrence of aeglids is strong and generally positive (Tumini et al., 2016).

In addition, many biological features of the group could limit gene flow between
populations, which increases the probability of speciation events and, consequently, the
emergence of cryptic species. First, aeglids are highly demanding in terms of environmental
quality. They inhabit particular microhabitats within pristine areas, often in streams of small
order, and possess a relatively high metabolism when compared to other decapods, which hints
that their distribution is probably restricted by certain environmental conditions (Dalosto &
Santos 2011; Zimmermann, Dambros & Santos, 2016). Second, their dispersion capability is
probably low and their usual movements are against the direction of flow (Ayres-Peres et al.,
2011). Dispersion should thus primarily occur unintentionally, with animals being carried away
by water currents during floods. Third, characteristics such as the presence of direct
development and parental care (LOopez-Greco et al., 2009) and habitat specialization (Baumart
et al., 2015) should further limit the dispersion capabilities of these animals while promoting

the isolation and differentiation of populations.
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BIOGEOGRAPHY OF AEGLA LONGIROSTRI COMPLEX

According to the most accepted hypothesis about the origin of the group, Aeglidae
arose in a marine setting from Pacific ancestors during the Late Cretaceous and subsequently
adapted and dispersed towards freshwater habitats (Pérez-Losada et al., 2004). Consequently,
species located near the Atlantic should be the most recent ones with relatively recent origins.
A molecular phylogeny of the group suggests that the current species belong to five clades (A-
E): Clades A and B include the Chilean and Southern Argentinean species while clades C, D,
and E include the North Argentinean, Uruguayan, and Brazilian species. Although clades D and
E showed closer relationships, the relationships among clades C, D, and E were not strongly
supported and alternative rearrangements between these clades could not be rejected (Pérez-
Losada et al., 2004).

The clear genetic distance between the populations collected in the Meridional Plateau
(Northern clade, belonging to clade E of Pérez-Losada et al., 2004) and the Central Depression
(Southern clade, belonging to clade D of Pérez-Losada et al., 2004) presented here is
remarkable: although geographically close, populations of these two groups are highly
differentiated from each other. The Meridional Plateau is characterized by a wavy surface,
around 700 meters above sea level (a.s.l.), in which the highest altitudes in the state are found.
These high altitudes decrease both eastward and westward. The Central Depression is formed
by relatively low, flat or slightly wavy lands between 100 and 200 meters a.s.l. (see Gongalves
& Santos, 1985; Becker & Nunes, 2012 for review). Thus, these altitude differences could have
acted as a barrier isolating the populations and preventing their connection. Since these
formations precede the origin and diversification of aeglids (dating from the Mesozoic, as well
the main rivers that form the river basins of the Rio Grande do Sul state, see Ribeiro, 2006),
one hypothesis would be that there were at least two independent events of colonization from

the ancestral populations. Furthermore, considering the difference in altitude and that the
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Northern clade has the most recent origin (clade E in Pérez-Losada et al., 2004), it would be
plausible that this clade was derived from individuals coming from the northern continuation
of Meridional Plateau area. Meanwhile, the Southern clade must have originated directly from
relatives of Argentina and Uruguay (Pérez-Losada et al., 2004).

Regarding the origin of subclades (i.e., potential cryptic species), most of them had
originated during the Late Pleistocene (126,000 - 11,700 BP). Most Quaternary studies in
southern Brazil are restricted to the Atlantic Coast, whereas inland areas are poorly studied
(Stevaux, 2000). Between the end of the Pleistocene and the Early Holocene (~40,000 — 8,000
BP), the climate was dry. In the upper Parana River (South Brazil), the sandy gravel facies unit
was interpreted as having originated by flash flood and grain flow processes in a typical dry
climate braided channel river. Drier conditions were also deduced from the low percentage of
organic and savanna pollen content. Then, during the period of 8000 - 3500 years BP, the lake
cores displayed an increase in organic material with abundant forest elements and a decrease in
floating sand. These facts indicate lesser eolian activity — or more vegetation cover (Stevaux,
2000). Spalding and Lorscheitter (2015) found similar results by analyzing the palynology of
the last 34,000 years for a sedimentary profile from the east portion of Rio Grande do Sul state.
They observed an alternation between dry and humid phases, with predominance of cold and
semi-arid climate during the Late Pleistocene, which must have influenced the population
dynamics of freshwater life.

Specifically, aeglid populations were possibly isolated during drier periods, which
may have reduced or even restricted the gene flow, a first step towards speciation (Irwin et al.,
2005). More recently, when the climate became humid, some of these populations were possibly
reconnected, even though they were already reproductively isolated (e.g., populations from
Soledade). Indeed, as present-day South American drainage systems were mostly established

~8 Mya (Lundberg, 1998), Pleistocene refuge-allopatric divergence model may only apply to
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the shallower nodes of the Aegla phylogeny (Pérez-Losada et al., 2004). As these events are
relatively recent, phenotypic evolution may not match the faster genetic divergences of mtDNA,
explaining the cryptic diversity found within A. longirostri, and the absence of significant
differences in diagnostic characters. Similar results were observed, for example, for copepods
(Rocha-Olivares, Fleeger & Foltz, 2001), freshwater crabs (Daniels et al., 2003), harvestmen
(Boyer, Baker & Giribet, 2007) and snails (Moussali & Herbert, 2016), in which large genetic

variation was not reflected in the morphology of organisms.

IMPLICATIONS FOR THE SYSTEMATICS AND CONSERVATION OF AEGLA

One major obstacle in species delimitation studies is the presence of cryptic lineages.
These lineages are difficult to identify morphologically despite the evolutionary processes that
have occurred during speciation within the species complex (Bickford et al., 2007; Puckridge
et al., 2013). Consequently, identifying species exclusively on the basis of morphological
characters can lead to erroneous taxonomic classifications because subtle interspecific
morphological differences can easily be overlooked (Colborn et al., 2001). This premise may
be especially true for Aegla species, and we show here that the real diversity of the group is
likely underestimated.

As previously mentioned, diagnostic characters within Aegla are very limited and
exhibit low taxonomic variation (Bond-Buckup & Buckup, 1994). The subtle phenotypic
differences and the problematic distinction between intra- and interspecific variation should
generate a discrepancy between the number of species described and the actual number of
species, with cryptic diversity probably hidden within this limited morphological
differentiation. Therefore, it is of the utmost importance to seek new diagnostic characters
and/or techniques (e.g., electron microscopy, morphology of reproductive appendices) for the

identification and description of Aegla species, including the species in the present study, which
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will be formally described in the near future. It should be noted that integrative taxonomy (i.e.,
integrating information from different types of sources and methodologies) is a good way to
improve the quality of species identifications and associated descriptions because it is based in
multiple and complementary perspectives (Will, Mishler & Wheeler, 2005; Pante, Schoelinck
& Puillandre, 2014).

Based on our results, we predict that more cryptic species complexes occur within
Aegla. For example, as observed for A. longirostri (Marchiori et al., 2014), significant
intraspecific morphological differences in shape carapace were also found for other species in
the genus. Carapace shapes differed among the river-basin populations of Aegla plana Buckup
and Rossi, 1977 (Hepp et al., 2012), A. platensis Schmitt, 1942 (Marchiori, Fornel & Santos,
2015) and Aegla schmitti Hobbs 111, 1979 (Trevisan et al., 2016). In all cases, populations are
allopatric and/or occur in high-altitude areas, suggesting geographical isolation. Although the
morphological variation could respond to the spatial and environmental heterogeneity that
exists in the basins examined, there is the possibility that those populations are actually different
species. Therefore, a detailed molecular analysis coupled with a taxonomic revision of the
group is crucial. As highlighted by Adams et al., (2014), recent estimates of global biodiversity
do not formally explore the real “elephant in the room”, namely, what proportion of species are
taxonomically invisible to conventional assessments, and thus, as undiagnosed cryptic species,
remain uncountable until revealed by multi-gene molecular assessments.

A complicating issue is that several of the known Aegla species have narrow
distributions and are therefore of significant conservation concern. A recent study assessed the
conservation status of 77 aeglid species and found that 66% were threatened (Santos et al.,
2016), mainly due to their narrow distributions and the rapid degradation of the freshwater
habitats they occupy. Aegla longirostri was considered as having deficient data for an accurate

status conservation assessment due to the evidences for cryptic diversity hidden in this species
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(Santos et al., 2016). Even during data collection for this study, some of the sampled
populations were located in highly degraded sites with little or no riparian vegetation and
surrounded by croplands. Molecular evidence has revealed that several already endangered
species are cryptic species complexes, making them a collection of even more critically
endangered species with fewer numbers and smaller distributions (Dayrat, 2005). Preventing
habitat loss is perhaps the greatest challenge for the conservation of global biodiversity, and
prioritizing habitats for conservation often relies on estimation of species richness and
endemism. Thus, it is imperative to reveal the cryptic diversity within Aegla in order to correctly

apply effective management and conservation measures.
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FIGURE LEGENDS

Figure 1. Map showing the sampling locations for “Aegla longirostri” in the Rio Grande do
Sul State. White circles represent populations sampled in the Meridional Plateau (Northern
Clade). Black circles represent populations sampled in the Central Depression (Southern
Clade). BC: Barros Cassal; CB: Cerro Branco; CS: Cacapava do Sul; ES: Eldorado do Sul,
ESP: Espumoso; IV: Ivord; NP: Nova Petropolis; PA: Nova Palma; ROL: Rolante; SG:
Segredo; SJ: Salto do Jacui; SM: Santa Maria; SOL: Soledade; SS: Sdo Sepé; TAP: Tapera;
POL: Séo Jodo do Polésine; VS: Vale do Sol.

Figure 2. Bayesian tree based on mtDNA haplotypes of “Aegla longirostri” using the
HKY+G+I substitution model (considering gaps and missing data). Numbers above branches
are Bayesian posterior probabilities. Numbers below branches are the estimates of mean
divergence time [thousand years ago (95% HPD intervals)]. Molecular entities delimited by
ABDG and GMYC algorithms are also represented in the tree. Dotted square represents A.
longirostri sensu stricto. BC: Barros Cassal; CB: Cerro Branco; CS: Cacapava do Sul; ES:
Eldorado do Sul; ESP: Espumoso; IV: Ivord; NP: Nova Petropolis; PA: Nova Palma; ROL:
Rolante; SG: Segredo; SJ: Salto do Jacui; SM: Santa Maria; SOL: Soledade; SS: S&o Sepé;
TAP: Tapera; POL: S&o Jodo do Polésine; VS: Vale do Sol.

Figure 3. Bayesian tree based on concatenated sequences of “Aegla longirostri” (MtDNA +
nucDNA) using the GTR+G+l substitution model (considering gaps and missing data).
Numbers above branches are Bayesian posterior probabilities. BC: Barros Cassal; CB: Cerro
Branco; CS: Cacapava do Sul; ES: Eldorado do Sul; ESP: Espumoso; IV: Ivord; NP: Nova
Petropolis; PA: Nova Palma; ROL: Rolante; SG: Segredo; SJ: Salto do Jacui; SM: Santa Maria;
SOL.: Soledade; SS: S0 Sepé; TAP: Tapera; POL: S0 Jodo do Polésine; VS: Vale do Sol.



47

Map showing the sampling locations for “Aegla longirostri” in the Rio Grande do Sul State. White circles
represent populations sampled in the Meridional Plateau (Northern Clade). Black circles represent
populations sampled in the Central Depression (Southern Clade). BC: Barros Cassal; CB: Cerro Branco; CS:
Cacapava do Sul; ES: Eldorado do Sul; ESP: Espumoso; IV: Ivora; NP: Nova Petropolis; PA: Nova Palma;
ROL: Rolante; SG: Segredo; SJ: Salto do Jacui; SM: Santa Maria; SOL: Soledade; SS: S3o Sepé; TAP:
Tapera; POL: S3o Jodo do Polésine; VS: Vale do Sol.

Fiqure 1
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Figure 2. Bayesian tree based on mtDNA haplotypes of "Aegla longirostri” using the HKY+G+1 substitution
model (considering gaps and missing data). Numbers above branches are Bayesian posterior probabilities.
Numbers below branches are the estimates of mean divergence time [thousand years ago (95% HPD
intervals)]. Molecular entities delimited by ABDG and GMYC algorithms are also represented in the tree.
Dotted square represents A. longirostri sensu stricto. BC: Barros Cassal; CB: Cerro Branco; CS: Cagapava
do Sul; ES: Eldorado do Sul; ESP: Espumoso; IV: Ivora; NP: Nova Petropolis; PA: Nova Palma; ROL:
Rolante; SG: Segredo; S): Salto do Jacui; SM: Santa Maria; SOL: Soledade; SS: Sdo Sepé; TAP: Tapera;
POL: S3o Jodo do Polésine; VS: Vale do Sol.
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Bavyesian tree based on concatenated sequences of “Aegla longirostri” (mtDNA + nucDNA) using the
GTR+G+1 substitution model (considering gaps and missing data). Numbers above branches are Bayesian
posterior probabilities. BC: Barros Cassal; CB: Cerro Branco; CS: Cagapava do Sul; ES: Eldorado do Sul;
ESP: Espumoso; IV: Ivora; NP: Nova Petropolis; PA: Nova Palma; ROL: Rolante; SG: Segredo; SJ: Salto do
Jacui; SM: Santa Maria; SOL: Soledade; SS: Sao Sepé; TAP: Tapera; POL: S3o Jo3o do Polésine; VS: Vale
do Sol.

Figure 3
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Table 1. Number of specimens (N), Number of haplotypes (Nh), haplotype diversity (h) and

nucleotide diversity (x) for the mtDNA of populations examined in this study.

Locality Code N Nh h T Latitude (S) Longitude (W)
Barros Cassal BC 13 2 0.15385 - 29°13'40.82" 52°38'56.51"
Cacapava do Sul CS 13 3 0.47273  0.00174  30°21'24.51" 53°26'24.33"
Cerro Branco CB 6 1 - - 29°37'44.73" 52°58'22.39"
Eldorado do Sul ES 15 4 0.67949  0.00220  30° 6'46.60" 51°40'53.80"
Espumoso ESP 15 1 - - 28°45'46.88" 52°49'43.46"
Ivora v 14 4 0.59091  0.00065 29°29'0.80" 53°34'13.00"
Nova Palma PA 2 1 - - 29°26'34.00" 53°20'15.00"
Nova Petrépolis NP 7 2 0.57143 - 29°20'32.00" 51°08'04.00"
Rolante ROL 10 1 - - 29°34'49.36" 50°3322.28"
Salto do Jacui SJ 8 1 - - 29°04'41.00" 53°10'15.00"
Santa Maria SM 14 3 0.56364  0.00077  29°40'13.00" 53°45'44.00"
S&o Jodo do Polénise POL 15 4 0.61538  0.00828  29°39'0.70" 53°31'13.00"
S&o Sepé SS 12 5 0.45455  0.00044  30°11'53.19" 53°34'02.46"
Segredo SG 15 2 0.43956  0.00078  29°22'11.00" 52°59'29.00"
Soledade SOL 13 7 0.84615  0.02176  28°44'40.40" 52°28'12.62"
Tapera TAP 2 2 1.00000 0.00088  28°41'4.07" 52°51'46.67"
Vale do Sol VS 12 6 0.952 0.00244  29°33'16.97" 52°38'07.22"
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Supporting Information

00004

Figure S1. Bayesian tree based on nuclear ANT sequences of “Aegla longirostri” using the
HKY substitution model (considering gaps and missing data). Numbers above branches are
Bayesian posterior probabilities. BC: Barros Cassal; CB: Cerro Branco; CS: Cagapava do Sul;
ES: Eldorado do Sul; ESP: Espumoso; IV: Ivora; NP: Nova Petropolis; PA: Nova Palma; ROL.:
Rolante; SG: Segredo; SJ: Salto do Jacui; SM: Santa Maria; SOL: Soledade; SS: Sdo Sepé;

TAP: Tapera; POL: S8o Jodo do Polésine; VS: Vale do Sol.
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Figure S2. Bayesian tree based on mtDNA sequences (COI + 16S) of Aegla from this study
and from GenBank (http://www.ncbi.nlm.nih.gov/genbank/), highlighting clades defined by
Pérez-Losada et al. (2004). Numbers above branches are Bayesian posterior probabilities. BC:
Barros Cassal; CB: Cerro Branco; CS: Cacapava do Sul; ES: Eldorado do Sul; ESP: Espumoso;
IV: Ivora; NP: Nova Petrépolis; PA: Nova Palma; ROL: Rolante; SG: Segredo; SJ: Salto do
Jacui; SM: Santa Maria; SOL: Soledade; SS: S8o Sepé; TAP: Tapera; POL: Sdo Jodo do

Polésine; VS: Vale do Sol.
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Northern Clade

Figure S3. (A) Median-joining haplotype network for mtDNA sequences from Northern Clade.
Area of the circles is proportional to the number of individuals of each haplotype found. Black
dots represent missing, probably unsampled, haplotypes or extinct lineages. Lines between
circles represent the number of mutational steps. No number was indicated when there was only
one mutational step between haplotypes. BC: Barros Cassal; ESP: Espumoso; IV: Ivora; NP:
Nova Petropolis; PA: Nova Palma; ROL: Rolante; SG: Segredo; SJ: Salto do Jacui; SOL.:

Soledade; TAP: Tapera.
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Southern Clade

Figure S3. (B) Median-joining haplotype network for mtDNA sequences from Southern Clade.
Black dots represent missing, probably unsampled, haplotypes or extinct lineages. Lines
between circles represent the number of mutational steps. No number was indicated when there
was only one mutational step between haplotypes. CB: Cerro Branco; CS: Cacapava do Sul;
ES: Eldorado do Sul; POL: Séo Jodo do Polésine; SM: Santa Maria; SS: Sdo Sepé; VS: Vale

do Sol.
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Table S1. Species delimitation results using Bayes Factor (BF) model selection approaches.

Estimations of the marginal likelihood were calculated using stepping-stone sampling runs

(SS).
2InBF 2InBF 2InBF 2InBF 2InBF
Model 2vs Model 1vs Model 1vs Model 5vs Model 5 vs
SS Model 1 Model 3 Model 4 Model 3 Model 4
Model 1 -3931.69
Model 2 -3935.25
Model 3 -3797.40
Model 4  -3784.36
Model 5 -3869.10
7.12 268.58 294.66 143.40 169.48
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Table S2. Pairwise Fst estimates among “Aegla longirostri” populations. Underlined values

are nonsignificant (P > 0.05). All other Fst values are significant at P <0.05. BC: Barros Cassal;

CB: Cerro Branco; CS: Cacapava do Sul; ES: Eldorado do Sul; ESP: Espumoso; IV: Ivora; NP:

Nova Petrépolis; PA: Nova Palma; ROL: Rolante; SG: Segredo; SJ: Salto do Jacui; SM: Santa

Maria; SOL: Soledade; SS: Sdo Sepé; TAP: Tapera; POL: Sdo Jodo do Polésine; VS: Vale do

Sol.
PA 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
ROL 0.7416
VS 0.9324 0.9814
BC 0.9662 0.9977 0.9794
ESP 09785 1 0.9868 0.9982
v 0.9097 0.9668 0.9547 0.9651 0.9721
NP 0.9288 0.9934 0.9712 0.9906 0.9952 0.9317
SG 0.8270 0.9472 0.9750 0.9863 0.9903 0.9581 0.9771
SJ 0.7641 0.9440 0.9056 0.9280 0.953 0.870 0.8745 0.9332
SM 0.9563 0.9870 0.9352 0.9871 0.9904 0.9655 0.9794 0.9799 0.9365
SOL 0.4725 0.6813 0.7322 0.6792 0.7473 0.6078 0.3955 0.6944 0.4694 0.7693
TAP 0.8845 0.9978 0.9586 0.9939 0.9983 0.9265 0.9807 0.9789 0.8027 0.9771 0.4491
POL 0.8296 0.9073 0.6753 0.9084 0.9326 0.8893 0.8876 0.9130 0.8076 0.7849 0.7237 0.8576
CB 0.9565 1 0.9403 0.9979 1 0.9688 0.9935 0.9876 0.9221 0.8785 0.7105 0.9966 0.7438
ES 0.9418 0.9760 0.9243 0.9749 0.9813 0.9560 0.966 0.9722 0.9111 0.9513 0.7790 0.9611 0.8346 0.9535
SS 0.9689 0.9934 0.9509 0.9927 0.9949 0.9736 0.9879 0.9859 0.9500 0.8766 0.7840 0.9885 0.7938 0.9217 0.9596
CS 0.9472 0.9811 0.9182 0.9813 0.9852 0.9609 0.9714 0.9751 0.9238 0.8614 0.7626 0.9663 0.7787 0.8614 0.9403 0.8757
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Table S3. Average pairwise differences among and within populations. Below diagonal:

average number of pairwise differences between populations. Diagonal elements (bold):

average number of pairwise differences within populations. BC: Barros Cassal; CB: Cerro

Branco; CS: Cacapava do Sul; ES: Eldorado do Sul; ESP: Espumoso; IV: Ivora; NP: Nova

Petropolis; PA: Nova Palma; ROL: Rolante; SG: Segredo; SJ: Salto do Jacui; SM: Santa Maria;

SOL: Soledade; SS: Sdo Sepé; TAP: Tapera; POL: Séo Jodo do Polésine; VS: Vale do Sol.

PA ROL VS BC ESP NP \Y SG SM SJ SOL TAP POL CB ES SS CS
PA 0
ROL 0001 O
VS 0.045 0.046 0.002
BC 0.027 0.028 0040 O
ESP  0.034 0.035 0.049 0.031 0
NP 0.025 0.026 0.047 0.027 0.029 0
v 0.028 0.029 0.044 0.027 0.030 0.018 0*
SG 0.005 0.006 0.046 0.029 0.034 0.025 0.028 0=
SM 0.043 0.044 0.026 0.045 0.047 0.042 0.043 0.043 ©0*
SJ 0.024 0.025 0.036 0.017 0.023 0.018 0.018 0.024 0.035 0
SOL 0.032 0.033 0.050 0.033 0.038 0.021 0.026 0.032 0.049 0.028 0.021
TAP  0.033 0.034 0.048 0.029 0.030 0.027 0.025 0.033 0.046 0.024 0.030 0%
POL 0.041 0.042 0.014 0.038 0.048 0.042 0.040 0.042 0.021 0.032 0.046 0.044 0.007
CB 0.042 0.043 0.023 0.044 0.044 0.041 0.044 0.041 0.005 0.032 0.048 0.045 0.019 0
ES 0.042 0.043 0.023 0.042 0.046 0.042 0.041 0.043 0.029 0.032 0.049 0.045 0.024 0.027 0.002
SS 0.044 0.045 0.024 0.044 0.046 0.041 0.046 0.043 0.005 0.034 0.048 0.047 0.020 0.004 0.027 0*
CS 0.045 0.046 0.026 0.046 0.046 0.044 0.046 0.045 0.010 0.035 0.050 0.048 0.020 0.008 0.028 0.006 0.002
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Table S4. Neutrality tests (Fu’s Fs, Tajima’s D and Fu and Li’s D) for the mtDNA of
populations examined in this study. BC: Barros Cassal; CB: Cerro Branco; CS: Cagapava do
Sul; ES: Eldorado do Sul; ESP: Espumoso; I1V: Ivora; NP: Nova Petrdpolis; PA: Nova Palma;
ROL: Rolante; SG: Segredo; SJ: Salto do Jacui; SM: Santa Maria; SOL: Soledade; SS: Séo

Sepé; TAP: Tapera; POL: Sdo Jodo do Polésine; VS: Vale do Sol. *P < 0.05, **P < 0.01.

Locality Fu’s Fs Tajima’s D  Fuand Li’s D
Barros Cassal (BC) -0.537 - -
Cacapava do Sul (CS) 0.932 -0.164 1.326
Cerro Branco (CB) - - -
Eldorado do sul (ES) 1.633 1.057 1.298
Espumoso (ESP) - - -

Ivora (1V) -11.774%* 1.381 0.752
Nova Palma (PA) - - -

Nova Petropolis (NP) 0.856 - -

Rolante (ROL) - - -
Salto do Jacui (SJ) - - -

Santa Maria (SM) 0.800 0.019 0.996
S&o Jodo do Polénise (POL) 6.931 -0.528 1.471*
Séo Sepé (SS) -2.980** -1.629* -1.953
Segredo (SG) 2.263 1.079 0.935
Soledade (SOL) 4.903 2.224 1.362
Tapera (TAP) - - -

Vale do Sol (VS) -2.436* -0.172 0.149
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4 - CONCLUSOES

Na presente dissertacao, constatamos que A. longirostri € composta por um complexo
de espécies, formando um grupo polifilético. Surpreendentemente, os métodos de delimitacéo
de espécies indicaram a presenca de pelo menos 14 potenciais espécies cripticas. Os resultados
obtidos sdo robustos e merecem atencao adicional, sendo que o status de espécie deve ser
avaliado adicionando evidéncias ecoldgicas e morfoldgicas. Dada a limitacdo dos caracteres
diagnosticos dos eglideos, é de extrema importancia procurar novos caracteres e/ou técnicas
(microscopia eletronica, morfologia de apéndices reprodutivos) para a identificacdo e descricéo

das especies.

Observamos a presenca de dois principais clados (Norte e Sul) que, embora
geograficamente proximos, sdo geneticamente muito distintos. Dentro desses dois principais
clados (também n&@o-monofiléticos), diversos subclados (potenciais espécies cripticas) bem
suportados foram recuperados. Quando considera-se a arvore filogenéetica que inclui
representantes dos principais clados da classificacdo de Pérez-Losada et al. (2004), fica claro
que os espécimes do Norte e Sul pertencem a clados distintos, sendo estritamente mais

relacionadas com diversas outras espécies de eglideos do que sdo entre elas.

Possivelmente ha uma influéncia da altitude na diversificacdo das populacGes cripticas.
As populacbes do clado Norte encontram-se em uma area de alta altitude com superficie
ondulada e sdo geneticamente distantes entre elas. As populagdes do clado Sul estdo em uma
area de baixa altitude com a superficie relativamente plana e suas populac@es sdo geneticamente
mais proximas, quando comparadas com as populacdes do Norte. Além disso, 0s ancestrais
dessas populacdes parecem ter colonizado as regifes por diferentes caminhos e em mais de um
evento. A diferenca de altitudes entre as regiGes pode ter agido como barreira, restringindo a

conectividade entre as populacdes dos diferentes clados.

Sobre a origem das possiveis espécies, a maioria teve origem durante o Pleistoceno
Superior (126,000 — 11,700 anos atras), sendo que entre o fim do Pleistoceno e o inicio do
Holoceno (~40,000 — 8,000 anos atras) o clima era predominantemente seco (SPALDING et
al., 2015). As populaces de eglideos possivelmente ficaram isoladas durante periodos de seca,
0 que deve ter reduzido ou até impedido o fluxo génico, o primeiro passo para especiacao.

Como esses eventos sdo recentes, a evolucdo fenotipica pode ndo ter acompanhado a répida
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divergéncia encontrada no mtDNA, explicando a diversidade criptica encontrada em A.

longirostri.

Espera-se que os resultados aqui obtidos possam contribuir para o entendimento sobre
a histéria evolutiva dos eglideos. Acredito que futuros estudos podem utilizar os dados aqui
encontrados para esclarecer as relacGes entre os principais clados de Pérez-Losada et al. (2004),
principalmente os clados C,D e E. Também, com base na possivel contribui¢do do relevo na
diversificacdo dos caranguejos, que futuros trabalhos possam investigar o tema mais a fundo,
delineando coletas levando em conta as formacGes geoldgicas dos locais. A grande diversidade
encontrada no complexo A. longirostri pode servir de exemplo e instigar novas pesquisas que
busquem elucidar a diversidade criptica no género, tema muito importante ndo s6 para
estimativas mais precisas da biodiversidade, mas também para a sua conservagdo. Certamente,
a real diversidade do género ainda é muito subestimada. A busca por novos caracteres
diagndsticos ou novas tecnicas para a delimitacdo de espécies em Aegla se torna necessaria para
que as espécies cripticas possam ser formalmente descritas e nomeadas. Por fim, que essas
informacBes possam servir de subsidio para aplicar medidas mais efetivas de gestdo e

conservacédo da diversidade biologica.
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