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Diversidade e estruturacdo genética do peixe anual Austrolebias nigrofasciatus

(Cyprinodontiformes: Rivulidae)

Os peixes anuais do género Austrolebias (Cyprinodontiformes: Rivulidae) constituem um
grupo monofilético que habita ambientes aquaticos que secam sazonalmente. Para viverem
em ambientes com condicdes extremas, estes peixes apresentam muitas adaptagdes, como
ciclo de vida curto, capacidade de diapausa e altas taxas metabolicas. Tais peculiaridades
o0s tornam extremamente dependentes de seu biotopo, e a degradacdo de seu habitat esta
colocando muitas espécies sob ameaca de extincdo. Além disso, por constituirem
populacdes pequenas e isoladas, estas espécies costumam estar sujeitas a altas taxas de
deriva genética, endogamia e a baixos niveis de fluxo génico, o que tende a aumentar a
vulnerabilidade destas espécies. Austrolebias nigrofasciatus é uma das espécies deste
género que se encontra, atualmente, ameacada de extin¢do. Esta espécie é endémica do
sistema de drenagens Patos-Mirim, onde apresenta uma distribuicdo restrita a cidade de
Pelotas e arredores, no Rio Grande do Sul. Este trabalho teve como objetivo avaliar a
diversidade e os niveis de estruturacdo genética e morfologica entre populacdes de A.
nigrofasciatus, de modo a fornecer informacGes para elaborar estratégias corretas de
preservacdo. Assim, espécimes foram coletados em cinco charcos isolados situados nas
cidades de Pelotas e Capdo do Ledo, sendo coletados cerca de 20 individuos por charco.
Em laboratério, foi realizada a extracdo do DNA gendmico total destes espécimes, ao que
se seguiu a amplificacdo de fragmentos dos genes mitocondriais citocromo c oxidase
subunidade | (COI) e citocromo b (cytb) através de PCR. Os amplicons obtidos foram
purificados e sequenciados. As informagdes contidas na matriz de sequéncias alinhadas
foram avaliadas pelo uso de métodos filogenéticos e de distancia, atraves dos programas

MEGA 6.0, Network 4.510, DnaSP 5.10, Arlequin 3.5 e BEAST 1.8. Para as anélises de
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morfometria geométrica, 76 peixes foram fotografados e 10 landmarks foram marcados em
cada individuo através do programa tpsDig 232. Por meio do software MorphoJ foi
realizada uma analise de variaveis candnicas (CVA), além da estimativa das distancias de
Mahalanobis, ao que se seguiu a construcdo de um dendrograma por UPGMA. Foram
recuperados altos niveis de diversidade haplotipica e baixos de diversidade nucleotidica
para ambos 0s marcadores dentro de cada populacédo, além de valores moderados a altos de
estruturacdo entre populacGes. Além disso, a morfometria apontou a presenca de
diferenciacdo morfologica entre os machos de diferentes populacdes. Os resultados obtidos
indicam que ha moderada estruturacdo entre as populagdes, seguindo um padrdo de
diferenciacdo por distancia, ainda que a espécie apresente uma distribuicdo bastante
restrita. Além disso, duas populacdes apresentaram valores muito baixos de diversidade
genética, indicando a urgéncia de medidas de intervencdo, de modo a garantir a

preservacdo da espécie.

Palavras-chave: genética de populacgdes; killifish anual; morfometria geométrica; sistema

de drenagens Patos-Mirim.
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Genetic diversity and structure of the annual fish Austrolebias nigrofasciatus
(Cyprinodontiformes: Rivulidae)
Austrolebias (Cyprinodontiformes: Rivulidae) constitutes a monophyletic group which
inhabits isolated aquatic environments which dry seasonally. To live in extreme
environments, these fish have many adaptations such as a short life cycle, diapause
capacity and high metabolic rates. These peculiarities make them extremely dependent on
their biotope, and the degradation of their habitats is placing many species under threat of
extinction. Moreover, as these species commonly constitute small and isolated populations,
they are often subject to high rates of genetic drift, inbreeding and low levels of gene flow,
which tends to increase their vulnerability. Austrolebias nigrofasciatus is one species of
Austrolebias that is currently considered as “Endangered”. This species is endemic to the
Patos-Mirim drainage system, where it presents a distribution restricted to the municipality
area of Pelotas and surroundings, in the state of Rio Grande do Sul. This study aimed to
evaluate the genetic and morphological diversity and structure levels presented between
populations of A. nigrofasciatus, in order to provide information to develop correct
conservation strategies. Therefore, specimens were collected in five isolated ponds located
in the municipalities of Pelotas and Capdo do Ledo, being collected approximately 20
individuals per sampling location. In laboratory, total genomic DNA was extracted from
each individual, which was followed by the amplification of fragments of the
mitochondrial genes cytochrome c oxidase (COIl) and cytochrome b (cyt b) by PCR. The
amplified fragments were then purified and sequenced. Information contained in the array
of aligned sequences were evaluated using phylogenetic methods and distance through the
software MEGA 6.0, Network 4.510, DnaSP 5.10 Arlequin 3.5 and BEAST 1.8. For the
geometric morphometry, a picture was taken from each of 76 fishes and 10 landmarks

were defined in each individual in the software tpsDig 232. By the software MorphoJ a
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canonical variate analysis (CVA) was performed and Mahalanobis distances were
estimated, which was followed by the construction of an UPGMA dendrogram. High
levels of haplotype diversity were obtained for both molecular markers, and these were
associated with low levels of intrapopulational nucleotide diversity, and with moderated to
high levels of interpopulational structure. Besides, morphometry showed the presence of
morphological differentiation between males collected at different populations. The results
indicate a moderated structure between populations, following a pattern of isolation by
distance, even that the target species presents a very restricted distribution. In addition, two
populations presented very low levels of genetic variability, indicating the need of urgent

interventions, in order to ensure the preservation of the species.

Key-words: population genetics; annual Killifish; geometric morphometry; Patos-Mirim

drainage system.



Introducéo Geral

Os peixes-anuais

A subordem Aplocheiloidei divide-se em trés familias: Aplocheilidae,
Nothobranchiidae e Rivulidae® (Parenti, 1981; Murphy e Collier, 1997). Estas trés familias
apresentam distribuicGes geograficas distintas e ndo sobrepostas, sendo Aplocheilidae
endémica de Madagascar, Seychelles, india, Paquistio e Vietnd; Notobranchiidae
endémica da Africa sub-saariana; e Rivulidae endémica da América do Sul, Central e sul
da América do Norte (Costa, 2006; Loureiro e de S4, 2015). Nothobranchiidae e Rivulidae
compartilham caracteristicas ecoldgicas, fisiologicas e bioldgicas, que levaram ao seu
agrupamento junto a superfamilia Nothobranchoidea. Estas familias sdo, pois, consideradas
grupos irmaos, cuja divergéncia se mostra congruente a abertura do norte do Atlantico Sul,
ha 110 milhdes de anos (Costa, 1998; Sanmartin e Ronquist, 2004; Costa, 2013).

A familia Rivulidae compreende 38 géneros e aproximadamente 428 espécies
descritas (Eschmeyer & Fong, 2016), constituindo a quarta familia mais diversa entre os
peixes neotropicais de dgua doce. Parenti (1981) foi o primeiro a sugerir a monofilia de
Rivulidae, e esta hipdtese foi, posteriormente, confirmada por diversos pesquisadores por
meio de analises morfoldgicas e moleculares (Costa, 1990; Murphy e Collier, 1997; Costa,
1998). Segundo Murphy e Collier (1997), os rivulideos podem ser divididos em duas
linhagens: Cynolebiasinae e Rivulinae. A primeira compreende aproximadamente nove

géneros, incluindo os grupos irmdos Campellolebias, Leptolebias e Cynopoecilus; os

! O nome desta familia tem sido alvo de controvérsias desde a descoberta de um grupo de lepidépteros em
que a raiz Rivul- ja era utilizada (van der Laan et al., 2014). Embora Costa (2016) tenha incluido “Rivulidae”
dentro de Aplocheilidae, outros autores tem mantido a subdivisdo em trés familias, com os rivulideos
incluidos em Cynolebiidae (Eschmeyer e Fong, 2016). Como este € um debate recente, que ainda nao atingiu
um consenso, preferiu-se manter a nomenclatura Rivulidae ao longo desta monografia.
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grupos irmdos Nematolebias, Simpsonichthys e Austrolebias; e o género Spectrolebias
(Costa, 1998).

Os rivulideos distribuem-se ao longo da América do Sul e Central até o sul da
Ameérica do Norte (Costa, 2008). Na América Central, ocorrem entre o centro do México e
Panama4, e ao longo das drenagens do Pacifico na Costa Rica e Panama. Algumas espécies
sdo endémicas das Ilhas do Caribe, e taxons tolerantes a agua salgada séo encontrados da
Ameérica do Norte a America do Sul. Na América do Sul, a familia € amplamente
distribuida na maioria das bacias hidrograficas cis-andinas, do norte da Venezuela até o sul
da Argentina, no Brasil e nas drenagens atlanticas trans-andinas da Colémbia e da
Venezuela, com algumas ocorréncias na bacia costeira do Pacifico no nordeste da
Colémbia (Costa, 1998; Costa, 2010). Cerca de um terco das espécies de rivulideos €
encontrada em aguas brasileiras, com no minimo 37 espécies conhecidas para o estado do
Rio Grande do Sul. Dentre estas, 31 pertencem ao género Austrolebias (Costa, 2008;
Volcan et al., 2015).

Cerca da metade das espécies de rivulideos sdo encontradas em &reas alagadas
temporarias que se formam durante periodos de cheias e secam durante alguns meses do
ano. Por viverem em ambientes efémeros, que apresentam condic@es fisico-quimicas muito
variaveis, como grande amplitude térmica, estresse hidrico, e baixos niveis de oxigénio,
estas espécies apresentam uma série de adaptacdes caracteristicas, que permitem sua
sobrevivéncia (Volcan, 2009). Neste sentido, muitos rivulideos apresentam um ciclo de
vida curto, que pode se completar em alguns meses, sendo popularmente conhecidos como
peixes anuais (Murphy et al, 1999; Garcia et al, 2002; Costa, 2010; Volcan et al, 2011;
Garcia et al, 2014). Estes peixes se desenvolvem rapidamente durante o periodo chuvoso,
atingindo a maturidade sexual precocemente, em cerca de 6 a 8 semanas; apresentam

reproducdo continua e depositam 0s ovos no substrato em profundidades de até 15 cm
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(Vaz-Ferreira et al., 1966). Nos periodos de seca, 0s charcos secam e os adultos morrem,
engquanto os ovos entram em estdgio de diapausa, havendo uma pausa temporaria no
desenvolvimento embrionario. A eclosdo dos ovos ocorre somente na proxima estacdo
chuvosa, reiniciando o ciclo (Murphy e Collier, 1997; Podrabsky e Hand, 1999; Costa,
2010; Gongalves et al, 2011; Garcia et al, 2014).

Como o anualismo € visto tanto em Rivulidae quanto em Notobranchiidae, alguns
pesquisadores o consideram uma sinapomorfia deste par de familias irméas, embora outros
defendam que o mesmo reflita uma homoplasia entre as familias (Murphy e Collier, 1997;
Costa, 1998). De acordo com Murphy e Collier (1997), o ciclo de vida anual, incluindo os
ovos com a capacidade de diapausa, € uma caracteristica muito complexa, de modo que seu
surgimento em dois momentos distintos parece improvavel. Em contrapartida, Costa
(1998) afirma que o anualismo é uma homoplasia indicativa de convergéncia adaptativa
entre Rivulidae e Nothobranchiidae. Segundo o mesmo autor, o anualismo representa uma
caracteristica ancestral para Rivulidae, sendo o ndo anualismo encontrado em algumas
espécies decorrente de uma perda derivada do processo de diapausa. Esta hipotese vem
sendo confirmada por analises moleculares sobre a evolu¢do do mecanismo de diapausa, as
quais indicam que o sistema de desenvolvimento dos rivulideos pode favorecer a evolugédo
convergente desta propriedade entre habitats diferentes, uma vez que os individuos sofram
a mesma pressao imposta pelo ambiente (Furness,2015).

Todas estas peculiaridades tornam os representantes de Rivulidae étimos modelos
para estudos bioecoldgicos no que tange a plasticidade fenotipica, tolerancia fisiologica e
adaptacdo a ambientes extremos (Furness, 2015). Além disso, o seu ciclo de vida Unico e
suas adaptacOes relacionadas a reproducdo os tornam Otimos modelos para estudos
evolutivos. A peculiar distribuicdo das espécies, que constituem populacGes pequenas e

isoladas, instaura um cenario natural ideal para analises de mecanismos evolutivos como
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deriva genética e efeito fundador. A elevada atuacdo destes mecanismos evolutivos,
acrescida a grande dificuldade de fluxo génico entre as populagdes, tende a elevar os niveis
de endogamia e de estruturacéo genética. Além disso, estes mecanismos tendem a reduzir a
diversidade genética, o que pode reduzir o fitness reprodutivo da espécie e limitar sua
capacidade de adaptacdo. Em conjunto, estes mecanismos aumentam a divergéncia entre as
populacgdes, podendo levar a diferenciacdo morfoldgica e, em alguns casos, culminar em
eventos de especiacdo alopatrica (Loureiro, 2004; Futuyma, 2009; Matioli e Fernandes,

2012; de Sa et al., 2015; Beheregaray et al., 2016).

No entanto, as mesmas peculiaridades que possibilitam a sobrevivéncia dos peixes-
anuais em ambientes hostis os tornam extremamente dependentes da integridade fisica de
seu bidtopo (Volcan, 2009). A restrita area de distribuicdo dos peixes anuais e seu ciclo de
vida caracteristico, aliados ao avancado grau de degradacdo das areas Umidas, devido
principalmente as atividades agricolas, como a rizicultura, e a urbanizacdo, fazem com que
esse grupo seja considerado um dos grupos de vertebrados mais ameagados do Brasil. No
Rio Grande do Sul, estima-se que 39% de toda a ictiofauna sob risco de extincdo seja
composta por rivulideos, que compreendem ainda 70% das espécies de peixes de agua
doce ameacadas de extingdo (Rosa e Lima, 2008; ICMBio, 2014; SEMA, 2014). No
entanto, faltam dados sobre distribuicdo e informacdes ecolégicas de varias espécies, 0 que
dificulta o planejamento de estratégias de conservacdo (Lanés, 2011). Em frente a esta
situacdo foi elaborado, no Brasil, 0 “Plano de Acdo Nacional para a Conservacdo dos
Peixes Rivulideos Ameacados de Extingdo — PAN Rivulideos”, que tem como objetivo
estabelecer mecanismos de protecdo aos rivulideos e anular a perda de habitat das espécies
em foco. Este documento ressalta a importancia da realizacdo de estudos técnicos e
cientificos, bem como sua aplicacdo a conservacdo das espécies de Rivulidae (ICMBio,

2014). Neste contexto, diversos autores defendem a realizacdo de estudos sobre estes
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peixes a fim de serem obtidas mais informacdes que auxiliem na preservacdo dos mesmos
(Reis et al., 2003; Rosa e Lima, 2008; Volcan et al., 2009).

Austrolebias

Austrolebias Costa, 1998 (Cyprinodontiformes: Rivulidae) compreende cerca de 43
especies de peixes-anuais, cuja distribuicdo se estende pelo sul do Brasil, Paraguai, sul da
Bolivia, Uruguai e norte e nordeste da Argentina, dentro da area que constitui o sistema
dos rios Parana-Paraguai-Uruguai, junto de algumas espéecies que ocorrem na Bacia
Amazonica (Costa, 1998; Nielsen e Pillet, 2015). Trata-se de um género monofilético, cujo
status € suportado tanto por andlises morfoldgicas (Costa, 2006) quanto por analises
moleculares (Garcia et al, 2000; Garcia, 2006). Morfologicamente, as sinapomorfias que
comprovam a monofilia de Austrolebias sdo: auséncia de escamas entre o canto da boca e a
porcdo anterior da regido pré-opercular, 0sso urial alto, presenca de mancha supra-orbital
cinza a negra, nadadeiras dorsal e anal arredondadas em machos, papila urogenital
alongada em machos e processo ventral de angulo-articular reduzido (Costa, 2006).

Contrastando com outras espécies de Aplocheiloidei que estdo geograficamente
restritas a areas quentes tropicais, muitas espécies de Austrolebias sdo endémicas de areas
temperadas da América do Sul, onde as épocas chuvosas estdo concentradas nos meses de
inverno, sendo, consequentemente, encontrados em aguas frias (Costa, 2006). Nestes
locais, as espécies de Austrolebias sdo muito importantes para a manutencao do equilibrio
dos ecossistemas, devido a sua abundéncia e ao seu habito alimentar oportunista, cujo
principal recurso parece ser constituido de invertebrados (Volcan et al., 2011). No que diz
respeito as suas caracteristicas moleculares, sabe-se que as espécies de Austrolebias
apresentam uma taxa relativamente elevada de substituicdo de bases em seus genomas
mitocondriais, além de um padréo diferenciado de substituicbes de aminoacidos em alguns

genes Hox (Garcia et al., 2000; Garcia et al.,2002; Gutiérrez et al., 2007).
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Quanto as relacdes filogenéticas dentro do género, as topologias de arvores variam
em funcdo do conjunto de dados utilizados, de modo que a filogenia do grupo permanece
instavel. Apesar disso, a monofilia de alguns clados dentro do género é bem suportada
(Costa, 2006; Costa, 2010; Garcia et al., 2014). Neste sentido, Austrolebias apresenta cinco
grupos de espécies, nomeados de acordo com a identidade de sua primeira espécie descrita
(A. robustus, A. elongatus, A. alexandri, A. bellottii e A. adloffi), além de trés espécies
basais (A. luteoflammulatus, A. gymnoventris e A. jaegari) (Costa, 1998; Loureiro, 2004,
Costa, 2006; Garcia, 2006) (Fig. I). E interessante observar que, dentro de cada um destes
grupos, os subclados apresentam uma distribuicdo predominantemente alopatrica, o que
corrobora com a ideia de especiacdo alopatrica (Loureiro et al., 2015). Embora esta
subdivisdo venha sendo confirmada por analises moleculares (Garcia et al., 2000; Garcia,
2006), evidéncias recentes apresentam A. gymnoventris e A. luteoflammulatus como
espeécies derivadas, e suportam a divisdo de Austrolebias em cinco complexos de espécies
que constituem dois clados fortemente diferenciados (Garcia et al., 2014). Neste caso, 0
primeiro clado inclui o complexo de espécies A. alexandri-affinis, enquanto o segundo
clado inclui os outros quatro complexos de espécies (A. bellottii-robustus, A.
gymnoventris-luteoflammulatus-quirogai, A. elongatus e A. adloffi-viarius), apresentados
como uma politomia basal.

Este grupo inclui nove espécies (A. charrua, A. minuano, A. adloffi, A.
nigrofasciatus, A. arachan, A. viarius, A. juanlangui, A. bagual e A. reicherti), distribuidas
ao longo do sistema lagunar Patos-Mirim (Costa, 2006; Garcia et al., 2009; Garcia et al.,
2015). O que caracteriza este grupo e o diferencia dos demais representantes de
Austrolebias é seu distinto padrdo de cor na por¢do posterior do peddnculo caudal,

encontrado em fémeas jovens e adultas e, as vezes, também em machos adultos, que
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consiste em um par de pontos negros verticalmente dispostos, podendo se unir para formar

uma mancha em forma de oito (Costa, 2006; Garcia et al., 2009).

Nematolebias whitei
Simpsonichthys bokermanni
Cynolebias griseus
97 p= Austrolebias gymnoventris

Y Austrolebias jacgari
Austrolebias luteoflammulatus

Austrolebias vayferrerai
72 Austrolebias cinereus
100 AlLLSS Austrolebias nonoiuliensis
Austrolebias robustus
98

Austrolebias cheradophilus
Austrolebias wolterstorffi
Austrolebias prognathus
Austrolebias monstrosus
Austrolebias elongatus

63 p= Austrolebias alexandri
85 Austrolebias ibicuiensis
| 87— Austrolebias nigripinnis
51 Austrolebias paranaensis
pee A utstrolebias affinis
e A utstrolebias duraznensis
Austrolebias cyaneus
Austrolebias litzi
Austrolebias periodicus
Austrolebias juanlangi
Austrolebias carvalhoi
Austrolebias varzeae
Austrolebias patriciae
Austrolebias melanoorus
Austrolebias univentripinnis
Austrolebias apaii
Austrolebias bellottii
Austrolebias vandenbergi
Austrolebias arachan )
Austrolebias viarius
Austrolebias charrua
Austrolebias minuano complexo
Austrolebias adloffi A adloffi
Austrolebias nigrofasciatus
Austrolebias nachtigalli
Austrolebias salviai

Figura | - Arvore de consenso estrito entre dois cladogramas de maxima parcimdnia obtidos para diferentes

espécies de Austrolebias com base na analise de caracteres morfolégicos, com 0 posicionamento do

complexo de espécies A. adloffi em destaque. Retirado de Costa (2006).
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Austrolebias nigrofasciatus Costa e Cheffe, 2001, é uma espécie de pequeno porte
pertencente ao grupo A. adloffi e distribuida por areas umidas no extremo sul do Brasil
(Costa, 2006; Volcan, 2009), onde é encontrada em charcos temporarios associados a
regido de varzea do Rio Piratini e a margem diretia do canal Sdo Gongcalo, pertencente ao
sistema lagunar Patos-Mirim, no Rio Grande do Sul, sul do Brasil. Esta espécie se
distingue das demais espécies do grupo pela combinacdo das seguintes caracteristicas:
origem da nadadeira dorsal geralmente anterior a origem da nadadeira anal em machos e
fémeas; 21-26 raios na nadadeira anal em machos e 18-23 nas fémeas; 19-22 raios na
nadadeira caudal; uma ampla barra preta na regido posterior das barbatanas dorsais; e bases
da nadadeira anal com barras azuis (Costa, 2006). Esta espécie apresenta marcado
dimorfismo sexual (Fig. Il), com machos de padrdo colorido composto por faixas azul
claro com 6-12 barras marrom escuro a pretas e fémeas com corpo marrom amarelado,
com linhas verticais de pontos cinzentos, as vezes formando barras cinza (Costa, 2006;
Volcan et al., 2009). Como A. nigrofasciatus apresenta uma area de distribuicédo restrita e
baixa plasticidade ecoldgica, a mesma encontra-se atualmente na Lista de Fauna Ameacada

de Extingdo, na categoria “Em Perigo” (ICMBio, 2014).

Figura Il - Dimorfismo sexual em A. nigrofasciatus: (A) macho, (B) fémea.

Devido as peculiaridades caracteristicas dos peixes-anuais, aliadas a distribuicdo
restrita e a ameaca de extingdo de A. nigrofasciatus, muitos pesquisadores sugerem a

realizacdo de estudos sobre a espécie (Rosa e Lima, 2008; Volcan et al., 2009; Volcan et

17



al., 2010). O uso de técnicas moleculares no estudo da diversidade e estruturacéo
populacional tem se mostrado muito eficiente na obtencéo de informacdes tendo em vista a
conservacdo das espécies. Através da estimativa da estruturacdo populacional, por
exemplo, pode ser feito um melhor direcionamento dos esfor¢cos de conservacdo, visando
um uso mais eficiente dos recursos disponiveis (Matioli e Fernandes, 2012; Beheregaray et
al., 2016). Além disso, os niveis de diversidade genética apresentados pelas diferentes
populacdes fornecem estimativas importantes acerca do grau de perturbacdo do seu
biotopo, e da sua propria evolvabilidade (Matioli e Fernandes, 2012).

Assim, o0 objetivo do presente trabalho é avaliar os padrbes de distribuicdo da
diversidade genética e morfoldgica da espécie alvo ao longo de sua area de distribuicéo,
que compreende charcos potencialmente isolados entre si localizados nas cidades de
Pelotas e Capdo do Ledo, RS. Mediante a analise da diversidade e estruturacdo genética
combinados com a avaliacdo da diferenciacdo morfométrica, e com a reconstrucdo da
historia evolutiva associada a origem e diversificacdo de A. nigrofasciatus, importantes
informac@es sobre a espécie poderdo ser obtidas. Estas poderdo, futuramente, ser utilizadas
na elaboracdo de estratégias mais eficazes de manejo e conservacgdo, contribuindo para a
reducdo da crise de biodiverdidade (Berois et al., 2015), e garantindo a preservacao desta

espécie e dos rivulideos em geral.
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Abstract

Austrolebias nigrofasciatus is an endangered species of annual fish, endemic to a small
area of the Patos-Mirim lagoon system encompassing the Pelotas city area, in Southern
Brazil, where it occurs in isolated temporary ponds. This study aimed to evaluate the
patterns of genetic and morphometric diversity and differentiation presented within and
between populations of A. nigrofasciatus, while assessing their evolutionary history, in
order to guide application of further conservation strategies. Therefore, 85 specimens of
the target species were collected in five isolated temporary ponds. In laboratory, fragments
of the mitochondrial cytochrome c oxidase | (COI) and cytochrome b (cyt b) genes were
amplified, purified and sequenced for at least 73 of these individuals, which were then
further analyzed using phylogenetic and phylogeographic software. For geometric
morphometry, 76 fishes were photographed and had the positions of 10 elected landmarks
recorded, with shape variation being further evaluated through canonical variate analysis
(CVA) and Mahalanobis distances. According to our molecular data, the origin and
diversification of A. nigrofasciatus seems to have happened in the Pleistocene, at
approximately 0.3 Mya, starting next to the Sdo Gongalo channel in association with
regressive events. Despite the small geographical distance presented by the populations
(maximum of 42 km), most of them presented moderated to strong genetic differentiation,
and even distinguishable morphological patterns, at least when males are concerned. The
predominance of exclusive haplotypes, and the inference of several missing haplotypes in
the network analysis evidences the strong influence of random genetic drift in each of these
populations, and this phenomenon seems to have been enhanced in the areas closer to
urban settlements, with the populations located within the city of Pelotas showing lower

levels of genetic diversity. Taken together, the results highlight the urgent need of adoption
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of independent conservation strategies, with each population treated as an individual

management unit.

Key words: killifish, Patos-Mirim lagoon system, genetic diversity, endangered species.
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INTRODUCTION

Rivulidae comprises 38 genera and approximately 428 valid killifish species
(Eschmeyer & Fong, 2016), which occur throughout South America up to southern North
America (Costa, 2006). Parenti (1981) argues that Rivulidae is a monophyletic group, and
this hypothesis has been later confirmed by morphological and molecular analyses
(Murphy & Collier, 1997; Costa, 1998). About half of the killifish species are found in
isolated and temporary wetlands which regularly dry and flood, according to the
precipitation/evapotranspiration ratios. Since these fish must complete their life cycle in
only a few months, they share a set of peculiar adaptations, and are popularly known as
annual fish (Murphy et al., 1999; Volcan, 2009; Volcan et al., 2011; Garcia et al., 2014).
These fish grow up rapidly during the rainy season, when they reproduce continuously,
laying eggs in the substrate at depths up to 15 cm (Vaz-Ferreira et al., 1966). As the ponds
dry, the adults die and the eggs enter a diapause stage, characterized by a temporary pause
in the embryonic development; hatching occurs only in the next rainy season, restarting the

cycle (Podrabsky & Hand, 1999; Garcia et al., 2014).

All these characteristics make the Killifish great models for bio-ecological and
evolutionary studies (Furness, 2015). However, the same peculiarities that enable their
survival in extreme environments make them highly dependent on the physical integrity of
their biotope (Volcan, 2009). The restricted area of distribution of these fish and their
characteristic life cycle, combined with the advanced degradation of wetlands, makes this
one of the most threatened groups on Brazil (Brasil, 2014). Such a circumstance is even
worsened by the fact that Killifish usually encompass a reduced number of small and

isolated populations, with reduced effective population sizes, which are subject of high
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levels of genetic drift and inbreeding and low levels of gene flow. Together, these
mechanisms increase the divergence between populations, leading to cases of allopatric
speciation (Loureiro, 2004; Futuyma, 2009; Matioli & Fernandes, 2012), and urging even

more the adoption of specific conservation strategies.

Austrolebias nigrofasciatus Costa and Cheffe is a small (up to 5 cm) sexually
dimorphic annual fish that encompasses one of the nine species of the A. adloffi species
group, together with A. adloffi, A. minuano, A. charrua, A. reicherti, A. juanlangi, A.
arachan, A. viarius and A. bagual (Costa, 1998; Loureiro, 2004; Garcia, 2006; Costa,
2006, Volcan et al. 2014). This species is distributed in temporary ponds restricted to the
lowlands of the Sdo Gongalo channel along a stretch of about 40 km, in the cities of
Pelotas and Capédo do Ledo, Rio Grande do Sul, southern Brazil (Costa, 2006; Volcan,
2009). Austrolebias nigrofasciatus is characterized by high levels of endemism, associated
with low ecological plasticity, such that it is currently considered endangered of extinction

(Rio Grande do Sul, 2014; Brasil, 2014).

As the knowledge of the patterns of distribution of diversity within different species
is one of the major tasks for the implementation of effective conservation strategies (Rosa
& Lima, 2008; Volcan et al., 2009; Volcan et al., 2010; Matioli & Fernandes, 2012), this
study was designed in order to evaluate the levels of genetic and morphometric
differentiation presented within and between different populations of A. nigrofasciatus
along its whole area of distribution. Considering the conditions of this species, results
corroborating the presence of low levels of intrapopulational diversity, associated with
high levels of interpopulational differentiation, would highlight the need of urgently
adopting specific conservation strategies in each of the small number of areas where this

species can be currently found.
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MATERIALS AND METHODS

Samplings

This study includes a total of 85 individuals of A. nigrofasciatus collected between
2015 and 2016 in five sampling locations (see appendices) distributed along the known
distribution range of this species, that is, Pelotas city and surroundings (Costa, 2006;
Volcan et al., 2009). Samplings were performed after obtaining the collecting license by
the Chico Mendes Institute for Biodiversity Conservation (ICMBio), under the Brazilian
Ministry of Environment, and were approved by the Ethics Committee on Animal Use
(CEUA) of the Universidade Federal do Rio Grande. The fish were collected in temporary
ponds with the help of hand net, euthanized with an overdose of 3000mg/L of eugenol and
fixed in absolute ethanol. After that, the individuals were transferred to the Laboratdrio de
Genética, Universidade Federal do Rio Grande, Rio Grande, Brazil where they were
dissected.

Molecular procedures and analyses

Total genomic DNA was extracted from muscular tissue, using a phenol/chloroform
protocol (Sambrook et al., 1989). This DNA was then employed in the amplification of
approximately 800 pb of the mitochondrial cytochrome b (cyt b) gene, using L14735 (5'-
AAAAACCACCGTTGTTATTCAACTA-3") and CB3-H primers (5-
GGCAAATAGGAARTATCATTC-3) (Wolf et al., 1999; Palumbi et al., 1991), and
approximately 1200 pb of the mitochondrial cytochrome oxidase subunit 1 (COI) gene,
using LCO1490 (5'-GGTCAACAAATCATAAAGATATTGG-3") and COX1R primers (5-
GGYTCTTCRAARGTGTGATAS- 3°) (Folmer et al., 1994; Costa & Amorim, 2011). To

check whether the amplification was successful, the PCR products were subjected to
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electrophoresis on 0.8% agarose gel, stained with GelRed (Biotium). The amplified
fragments were then purified with a solution of 7.5M ammonium acetate (C2H7NO2) and
sequenced. Sequencing was performed in a Perkin-Elmer ABI Prism 377 Automated
Sequencer (MACROGEN, Seoul, Korea), using the same amplification primers.

The obtained sequences had their identity confirmed using BLASTN (NCBI
website). The electropherograms were assembled and edited in the Gap4 software of the
Staden package (Staden, 1996). The alignments were performed under the ClustalW
algorithm, as implemented in MEGA 6 software (Tamura et al., 2013), and each
polymorphic site encountered along the matrix was individually checked and manually
corrected, if necessary. MEGA 6 was also employed to measure pairwise sequence
divergences and the intrapopulational distances, using the Kimura two-parameters (K2P)
(Kimura, 1980) substitution model.

The level of genetic diversity within population was further evaluated using DnaSP
5.10 software (Librado & Rozas, 2009), as estimated from the haplotype (Hd) and
nucleotide (r) diversities. The same software was also used to check the null hypothesis of
neutrality, through the Tajima’s D (Tajima, 1989), Fu & Li's D (Fu & Li. 1993), Fu & Li's
F (Fu & Li, 1993) and Fu's Fs (Fu, 1997) tests.

The level of genetic differentiation between populations was measured through Fst
statistics in Arlequin 3.5 (Excoffier & Lischer, 1993), with significance evaluated through
10000 random permutations. These distances were further employed in the evaluation of
an “isolation by distance” hypothesis, as tested by a Mantel Test performed in the same
software. A Spatial Analysis of Molecular Variance (SAMOVA) (Dupanloup et al., 2002)
was finally executed in order to assess the different hypothesis of population groupings.

The relative spatio-temporal relationships between haplotypes were inferred from
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haplotype networks generated by median-joining in the Network v.4.510 software (Bandelt
etal., 1999).

Further phylogenetic analyses were conducted under Neighbor-Joining (NJ) (Saitou
& Nei, 1987) and Bayesian Analysis (BA), using MEGA 6 and BEAST 1.5.4 (Drummond
et al., 2007), respectively, with the use of the model selected by the BIC in jModelTest
(HKY+G) (Posada, 2008). In both cases, sequences obtained for another Rivulidae species
(Austrolebias wolterstorffi) were used as outgroups. The BA performed in BEAST was
also used to estimate the age of the most recent common ancestor (tMRCA) of the sampled
populations of A. nigrofasciatus, and the divergence times of the recovered nodes. In this
case, an uncorrelated lognormal relaxed molecular clock was implemented using an
estimated rate for the mitochondrial genome of 2% per million years (Brown et al., 1979).
The Markov Chain Monte Carlo (MCMC) analysis was run for 50 million generations,
with trees and parameters sampled every 1000 iterations, and burning the 10% initial
results. Results were first visualized in Tracer 1.6 (Rambaut et al., 2013), which allowed to
assess convergence and effective sample size (ESS) values, and the tree obtained was
finally visualized and edited in FigTree 1.4.3 (Rambaut, 2016).

Morphometric analysis

For geometric morphometry, 76 fish (29 males and 47 females) were collected and
photographed on their left side with a digital camera (Olympus VG-120, supermacro
mode). A set of 10 landmarks were then defined (Fig. 1), and these were digitalized using
TpsDig2 software ver.2.26 (Rohlf, 2016). The landmark coordinates were aligned using a
Generalized Procrustes Analysis (GPA) in the MorphoJ software ver.1.06 (Klingenberg,
2011), where non-shape variability (position, rotation and scale) was removed. The aligned
coordinates were finally used as variables in the multivariate statistical analyses performed

by the same software.
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A principal component analysis (PCA) was first employed to analyze body shape
differences among populations, after which a canonical variate analysis (CVA) and
Mahalanobis distances were used to summarize differences among populations. The
squared Mahalanobis distances were clustered using the Unweighted Pair Group Method
(UPGMA) algorithm, and a dendrogram was constructed through the DendroUPGMA

computational tool (Garcia-Vallve et al., 1999).

RESULTS

For the COI gene, sequences spanning 970 bp were characterized for 79
individuals, holding a total of 35 different haplotypes. For cytb, 717 bp were sequenced for
76 individuals, encompassing 19 haplotypes (Table 1). As 73 of these individuals presented
sequences for both markers, the concatenated matrix spanned 1687 bp, and presented 43

different haplotypes.

Table | shows the results of the diversity and neutrality tests implemented for each
of the sampling locations using both molecular markers individually. In general, the
number of haplotypes per sampling location ranged between 2 (for COI, in Shopping) and
14 (for COlI, in Capéo do Ledo), although the number of collected individuals has varied
less (minimum of 11; maximum of 21). The haplotype diversity values (Hd) were
generally higher than 0.7 for both genes, although the Shopping population has repeatedly
shown smaller values. Although nucleotide diversity values (x) were generally low, the
populations of Rio Piratini, Capdo do Ledo and Eliseu Maciel detached again as the more

diverse. In the comparisons between markers, COI had higher values of Hd and = as
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compared to cytb. For almost all locations, the neutrality tests were not statistically
significant (p > 0.05), except for the Shopping population, which presented negative values

for Tajima’s D, Fu and Li’s D and Fu and Li’s F in regard to the cytb gene sequences.

As concerns the Fst values, the only comparisons that were not statistically
significant occurred between Pontal da Barra and Shopping populations, for the two
markers (Table I1). In the significant comparisons, for cytb, Fst values ranged from 0.12 to
0.26, indicating moderated levels of genetic differentiation. Using COI, the values were
higher than 0.16, ranging from 0.19 to 0.51 in the comparisons involving Rio Piratini and
any of the other four locations.

The presence of genetic differentiation between populations and the high haplotype
diversity were also revealed by the haplotype networks, which detached by the
predominance of exclusive haplotypes (Fig. 2). In fact, the number of exclusive haplotypes
was 15 (from 19) and 30 (from 35), for cytb and COI, respectively, reaching 40 (from 43)
in the concatenated analysis. Moreover, only cytb presented one haplotype which was
shared between all populations. Interestingly, although for COI the Shopping population
presented only two haplotypes, both shared with other populations, cytb revealed the
presence of one individual with 8 mutational steps of distance from the others, which was
also detected in the concatenated analysis. The presence of several average vectors in the
COl, but especially in the concatenated analysis, probably reflects the effect of constant
bottlenecks in the population structure of the target species.

As concerns the spatial distribution of haplotypes, the population of Capédo do Leéo
presented COI and concatenated haplotypes highly dispersed along the network, whereas
Pontal da Barra and Shopping individuals were somewhat restricted in the concatenated
network (Fig. 2). The grouping of these two populations was also suggested by the

SAMOVA analysis, according to which the subdivision of the sampling area in four main
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groups would be able to explain 25% of the encountered diversity. When such a structure
was evaluated through pairwise K2P distance estimates, both, the maximum
intrapopulational and the minimum interpopulational reached a value of 0.004, as
encountered between two individuals sampled in Rio Piratini, Capdo do Ledo and Eliseu
Maciel.

The chronophylogenetic analysis performed in Beast inferred the most recent
common ancestor (MRCA) of A. nigrofasciatus to 0.313 mya, whereas the divergence of
A. nigrofasciatus and A. wolterstorffi was dated to 3.398 mya, during the early to mid-
Pliocene (Fig. 3). In this case, individuals of Eliseu Maciel and Capdo do Leédo appeared as
the early offshoots, and presented their divergences dated to a mean of 0.308 mya and
0.285 mya, respectively. As most individuals collected at Shopping appeared as derived
branches within the phylogeny, this was dated as the most recent population, with
divergence dated to a mean of 0.250 mya.

Differences in morphology were found between males and females, proving the
sexual dimorphism of A. nigrofasciatus (see appendices). Based on this, males and females
were separated for morphometric analysis, and significant differences in morphology
patterns between the studied populations were detected only for males (Fig. 4).
Interestingly, the only populations appearing somewhat overlapped in the CVA were
Pontal da Barra and Capdo do Ledo, and this was also reflected in the dendrogram

constructed through the use of clustered Mahalanobis distances (see appendices).

DISCUSSION
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It is commonly assumed that species living in fragmented habitats are subject to
low genetic diversity due to inbreeding and genetic drift (Beheregaray et al., 2016). These
forces reduce the levels of intrapopulational diversity, increasing the risk of mutational
meltdown and inbreeding depression (Frankham et al., 2013). In this sense, considering the
environmental, metabolic and demographic conditions usually faced by Rivulidae species,
it is assumed that these fish are subject to high levels of evolutionary rates, which can lead
to differentiation between populations and ultimately, to allopatric speciation (Whitlock,

2000; Loureiro, 2004).

This study agrees with this scenario, revealing significant differentiation levels
between populations of A. nigrofasciatus separated by a minimum of 3 km, in an isolation-
by-distance divergence pattern. The considerable structure between populations in such an
endemic species not only suggests that vicariance had an important role in the evolution of
annual fish, as also shown by other authors (Jowers et al., 2008; Garcia et al., 2012; Garcia
et al., 2015; Ponce de Leon et al., 2014), but evokes this as an important phenomenon even

in small geographical scales.

In fact, the studied populations have revealed not only the presence of moderate to
strong levels of genetic differentiation, with a reduced number of shared haplotypes, but
have also shown significant morphological differences, at least when the males are
concerned. The Mahalanobis squared distance found in the morphometry analysis can be
considered high, with extremes as those found between Rio Piratini and Shopping for
example, higher than the distances presented between different species of Austrolebias
(Garcia et al., 2009). In a conservation perspective, these findings highlight the fact that
each Rivulidae population may encompass a unique genetic stock, which should be
urgently preserved, especially in regard to such a restricted species as A. nigrofasciatus.

Despite the moderated-to-high Fst values and the evidences of morphological
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differentiation, the populations of A. nigrofasciatus should be treated only as management
units, or demographically independent populations (Beheregaray et al., 2016), since neither
of them was reciprocally monophyletic. Moreover, the values of parwise divergence
estimated between populations were generally low (0.2% to 0.6%), and similar to those
reported by Ponce de Ledn et al. (2014) between two populations of R. cylindraceus (0.3%
to 0.5%). Nevertheless, it is important to highlight the higher Fst values and the high
morphometric differentiation presented by the population of Rio Piratini, which is probably

related to the greater geographic distance of this in relation to the other populations.

In accordance to this scenario, the early offshoots in our chronophylogenetic tree
were constituted by individuals sampled at Capdo do Ledo and Eliseu Maciel, whose
divergences were dated to the Pleistocene, at approximately 0.31 and 0.28 mya,
respectively, close to the MRCA of the entire species. So, the areas next to the Sdo
Gongalo channel may encompass the ancestral distribution area of the species, which latter
diversified and somewhat expanded its distribution to regions more distant of the channel.
Even so, the most recent population, Shopping, was established at approximately 0.25
mya. So, the diversification of A. nigrofasciatus was possibly associated to the marine
regressive events which affected the Patos-Mirim drainage system during the Pleistocene
(Sprechman, 1978; Montafia & Bossi, 1995), especially those occurring between 0.325 and
0.125 mya (Lopes et al., 2010).

Despite the recent origin, the overall diversity levels presented by A. nigrofasciatus
taken as a whole can be considered high, especially in face of the small distribution area
occupied by the species. In fact, considering only cytb, 19 haplotypes were detected for the
target species, which contrasts with the 34 haplotypes of this gene found by Garcez (2016)

for A. wolterstorffi, whose distribution area is much larger than that of A. nigrofasciatus.
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Even so, the high number of exclusive haplotypes and the constant inference of median

vectors attest the strength of genetic drift within each of these populations.

Nevertheless, this effect seems to be somewhat enhanced in some populations,
possibly in virtue of antropogenic influence, as environmental contaminants and
groundings. The negative impact of pollution on the levels of genetic diversity measured
though the use of distinct molecular markers was previously evidenced for different
species, but especially in aquatic ecosystems (Mussali-Galante et al., 2014). In this sense,
the two populations presenting the lower levels of haplotype and nucleotide diversity
where those located at Pelotas city (Pontal da Barra and Shopping), which diverged in
periods similar to the other populations, but live in wetlands presenting higher anthropic
impact. Considering this, in face of the rapid degradation of wetlands that is currently in
course on Brazil, it is clear the urgent need of interventions for ensure the preservation of
Rivulidae (Volcan et al. 2015). The fact that each species may constitute a set of different
managements units, whose identity needs to be individually preserved, further supports the

hurry of the conservational interventions.
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TABLES

Table | Genetic diversity estimates and neutrality tests performed for A. nigrofasciatus in regard to

each of the sampling localities.

Moleculd  population N H EM Haisa wisd Taymawp FUALIS  FusNALS  pyg g,
Rio Piratini 12 6 4 0,86420,00513 O-0044820,0000003 4 yo353 24296 018847 0,123
Capiodoleso 21 & 3  -71420,00405  0.0031220,0000008 . 35700 g, 72000 0,71343 1,093

o Elisou 6 7 3 0.79220,00785 0004320000005 o oo o saier R
PontaldaBara 14 4 3 049520,02287  0,0016+0.0000003 4 ganiy 4 gayig 1,80006  -0,812
Shopping 13 4 g 05262002333  0.00231£0.0000018  quepse 5 25120 2, 47481°  0,808°
Rio Piratini 1 7 @ 29272000284  0,00382£0,0000001 4 oe7yy 0, 87416 0, 67460 1,101
Caplodoleso 19 14 10  95320,00928  0.0045020,0000002 ., 35605 g, 28035 0,34410 5,385

cor A Elsew 2 10 g 0.8842D,00258  0.0006420,0000001 o grvec o gaere O
PomaidaBara 14 8 g  0.52420,00085  0.00278:0,0000005 4 14005 4 05661 A.23545 2,287
Shopping 5 2 0,24820,01708  0,00102£0,0000003 o gosgs 1 15208 0,77948  2.815

N, number of individuals; H, number of haplotypes; EH, Exclusive Haplotypes; Hd, haplotype diversity; sd,
standard deviation; =, nucleotide diversity; Tajima's D, Fu and Li's D, Fu and Li's F, Fu's Fs, neutrality tests.

Significant values (p < 0.05) are indicated by an “*”.

Table 11 Pairwise FST values obtained in the comparisons between A. nigrofasciatus sampling
localities. Significant values (p < 0.05) are indicated by an “*”. Values above the diagonal refer to

cytb, whereas those below the diagonal were obtained with COI.

Rio Piratini Capio do Av, Elisau Pontal da Ehopping
Ledo Maciel Barra

Rio Piratini 0, 28254* 0, 17828 0, 23351* 0, 19505°
Capdo do 0, 22527 0, 20451 0, 12358° 0, 16300°
Ledio
An. Eliseu 0, 18473* 0, 18401* 0, 20201* 0, 14540°
Maciel
Pontal da 0, 42356 0, 17244* 0, 31257 0, 01292
Bama
Shopping 0, 51687 0, 23arg" 0, 3135° 0, 073
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FIGURE CAPTIONS

Figure 1- Landmarks used for digitalizing the A. nigrofasciatus image: (1) rostral tip of
premaxilla, (2) anterior margin through midline of orbit, (3) posterior margin through
midline of orbit, (4) anterior insertion of dorsal fin, (5) posterior insertion of dorsal fin, (6)
dorsal insertion of caudal fin, (7) ventral insertion of caudal fin, (8) posterior insertion of

anal fin, (9) anterior insertion of anal fin, (10) dorsal end of opercle.

Figure 2- Median-joining network of the 19 cytb (717 pb) (A), the 35 COI (970 pb) (B)
and the 43 concatenated haplotypes (C) sampled for A. nigrofasciatus. The size of circles is
proportional to the haplotype frequency. The colors refer to geographic origins, given in
the legend to the left. Lines with numbers correspond to the position of each mutational

step.

Figure 3- Chronophylogenetic tree generated by BEAST using an uncorrelated lognormal
relaxed molecular under the HKY+I+G nucleotide substitution model, based on the 73

concatenated sequences sampled for A. nigrofasciatus, using A. wolterstorffi as outgroup.

Figure 4- Plots generation through canonical variate analysis for the A. nigrofasciatus
morphometry patterns: (A) males, (B) females. The colors refer to different populations:
(purple) Rio Piratini, (yellow) Capdo do Ledo, (red) Eliseu Maciel, (green) Pontal da

Barra, (blue) Shopping.
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Appendice 1 Summary of analyzed material.

Sampfing
location

1
1

Name of sampling location

Varzea do Rio Piratini

Vérzea do Rio Piratini

Varzea do Rio Piratinl

Vérzea do Rio Piratinl

Virzea do Rio Piratini

Virzea do Rio Plratinl

Varzea do Rio Piratinl

Virzea do Rio Piratinl

Vérzea do Rio Piratini

Viarzea do Rip Piratini

Vérzea do fio Piratini

Vérzea do Rio Piratinl

Vérzea do Rio Piratini
Campus UFPel, Capdo do Ledo
Campus UFPel, Caplo do Ledo
Campus UFPel, Capio do Ledo
Campus UFPel, Capdo do Ledo
Campus UFPel, Capiio do Ledo
Campus UFPel, Caplio do Le3o
Campus UFPel, Capbo do Ledo
Campus UFPel, Capdo do Ledo
Campus UFPel, Capio do Ledo
Campus UFPel, Capd3o do Ledo
Carnpus UFPel, Capdo do Ledo
Campus UFPel, Capdo do Ledo
Carmpus UFPel, Capio do Ledo
Campus UFPel, Capdo do Ledo
Campus UFPel, Caplio da Ledo
Campus UFPel, Capdo do Ledo
Campus UFPel, Caplo do Ledo
Campus UFPel, Caplo do Lelo
Campus UFPel, Capio do Ledo
Campus UFPel, Capdo do Ledo
Campus UFPel, Capdo do Ledo
Av. Eliseu Maciel

Av. Eliseu Maciel

Av. Eliseu Macied

Av, Eliseu Macie!

Av. Eliseu Maciel

Av, Elisey Maciel

Av. Eliseu Maciel

Av. Elisau Maclel

Coordinates

-52,6568; -31,892497
-52,6568; -31,892457
-52,6568; -31.892497
-52,6568; -31.892497
52,6568; -31.892497
-52.6568; -31.892497
-52,6568; -21,892497
-52.6568; -31.892497
-52,6568; -31,892497
-52,6568; -31.892497
-52,6568; -31,892497
-52,6568; -31,892497
-52,6568; -31,892497
-52,4191; -31,805392
-52,4191; -31,805392
-52,4191; -31.805392
-52,4191;-31 805392
52.4191; -31.805392
-52,4191; -31.805392
-52,4191;-31.805392
-52,4191; -31,.805392
-52,4191;-31,805392
-52,4191; -31 BO5392
-52,4191; -31,805392
-52,4191; -31.805392
-52,4191; 31805392
-52,4191; -31.8053%2
-52,4191; -31. 805392
-52.,4191; -31,805392
-52,4191; -31,805392
-52,4191; -31,805392
-52,4191; -31,805392
52,4191; -31.805392
-52,4191; -31.806392
-52,39464;-31,796492
-52,39464;-31,796592
-52,39464;-31,796497
-52,39464;-31,796432
-52,39464;-31,796492
*52,39464;-31,796492
-52,39464,-31,796492
-52,39464;-31,796452

NA3

NC14

NES

NEG

NEB

Gender

" m =2 2 22 =2

= =

"
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Av. Elseu Maciel

Av. Efiseu Macle!

Av. Eliseu Maciel

Ay, Efiseu Macle!

Av. Eliseu Maclel

Av. Eliseu Maciel

Av. Elseu Maciel

Av, Eliseu Maciel

Av. Eliseu Maciel

Av, Efiseu Maciol

Av. Efiseu Maciel

Av, Eliseu Maciel

Pontal da Barra

Pontal da Barra

Pontal da Barra

Pontal da Barra

Pontal da Barra

Pontal da Barra

Pontal da Barra

Pontal da Barra

Pontal da Barra

Pontal da Barra

Pontal da Barra

Pontal da Barra

Pontal da Barra

Pontal da Barra

Proxima a0 Shopping Pelotas
Préximo 2o Shopping Pelotas
Praximo a0 Shopping Pelotas
Prdximo ao Shopping Pelotas
Praximao #o Shopping Pelotas
Prdximo ao Shopping Pelotas
Préxime 20 Shopping Pelotas
Prdmimo ao Shopping Pelotas
Prdxime ao Shopping Pelotas
Praximo ao Shopping Pelotas
Préximo ao Shopping Pelotas
Praximo ao Shopping Pelotas
Praximo ao Shopping Pelotas
Praximo ao Shopping Pelotas
Proximo ao Shopping Pelotas
Praximo ao Shopping Pelotas
Proximo ao Shoooing Pelotas

-52,39464;-31,795492
-52,39464;-31,796492
-52,39464;-31,796492
-52,39464;-31,796492
-52,39464;-31, 796492
°52,39464; -31,796492
-52,39464;-31,796492
-52,39464;-31,796492
-52,39464;-31,796492
52,39464;-31,796492
-52,39464;-31,796492
'52,39464;-31,796492
-52,231411;-31,778426
-52,231411;-31,778426
-52,231411;-31,778426
-52,231411;-31,778426
-52,231411;-31,778426
-52,231411;-31,778426
-52,231411;-31,778426
-52,231411;-31,778426
-52,231411;-31,778426
-52,231411:-31,778426
-52,231411;-31,778426
-52,231411;-31.778426
-52,231411;-31,778426
-52,231411;-31.778426
-52,314459;-31,762445
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641  Appendice 2 Plots generated through canonical variate analysis proving the dimorfism between

642  males and females of A. nigrofasciatus. The agroupment at left include males, at right females.
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Considerac0es Finais

Este trabalho permitiu a obtencao de informacgdes importantes sobre a diversidade
genética da espécie A. nigrofasciatus. A hipdtese inicial relacionada a presenca de altos
niveis de diferenciacdo interpopulacional foi confirmada. Tal hipdtese se embasou no
principio de que populacdes pequenas e isoladas estdo fortemente sujeitas a acdo de
mecanismos evolutivos, dentre os quais se destaca a deriva genética. De fato, padrbes
similares foram reportados para outras espécies de peixes anuais (Garcia et al., 2009;
Garcia et al., 2012; Garcia et al., 2015; Ponce de Leon et al., 2014; Garcez, 2016). Ainda
assim, a espécie A. nigrofasciatus considerada como um todo apresenta valores
moderadamente altos de diversidade genética, visto o grande namero de hapl6tipos (a
maior parte dos quais exclusivos de uma Unica populacdo) recuperados em relacdo a
restrita area de distribuicdo da espécie. Para fins comparativos, vale dizer que niveis
similares de diversidade foram recentemente observados por Garcez (2016), analisando A.
wolterstorffi, uma espécie cuja distribuicdo € muito maior que a de A. nigrofasciatus.

Analisando-se as populacdes independentemente, as populacdes Pontal da Barra e
Shopping apresentaram baixos niveis de diversidade genética, sendo que na populacéo
Shopping, a situacdo parece ser mais critica. Esta situacdo parece ter relacdo com o0s
impactos antrépicos, como poluicdo e aterramentos, visto que estas populaces habitam
ambientes mais impactados que as demais, ainda que seu tempo de diversificacdo nao
tenha se revelado tdo distinto, especialmente com relacdo ao Pontal da Barra. Em
contrapartida, a populacdo Capdo do Ledo apresenta uma alta diversidade, a qual foi
comprovada por todas as anélises realizadas, condizente com o status de divergéncia mais
basal sugerido pela andlise cronofilética e pela maior conservagdo apresentada pelo

bidtopo. E, pois, interessante pensar que ainda que todos os adultos da espécie aqui
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considerada morram naturalmente ao final da estacdo chuvosa, os efeitos cronicos do
impacto antropico ndo parecem estar sendo “zerados” a cada geracdo, possivelmente
devido aos seus impactos no tamanho efetivo de cada populacéo.

Outro aspecto notavel quanto aos padrdes de distribuicdo da diversidade genética
em A. nigrofasciatus refere-se a populacdo do Rio Piratini, que se mostrou mais
diferenciada genética e morfologicamente, provavelmente devido a sua maior distancia
geografica com relacdo as demais. Ainda assim, a auséncia de monofilia reciproca e de um
intervalo entre as distancias intra e interpopulacionais parecem ndo ser compativeis com a
hipbtese de que esta constitua uma espécie diferente de Austrolebias pertencente ao grupo
de A. adloffi. De qualquer forma, os fortes indicios de diferenciacdo entre a maior parte das
populacdes indicam que cada area Umida abriga padrdes unicos de diversidade, que devem
ser individualmente preservados. No entanto, a necessidade de intervencdes parece ser
ainda mais urgente para as populagdes do Pontal da Barra e do Shopping.

Conclui-se, assim, que este trabalho atingiu seus objetivos, auxiliando na obtencéo
de informacdes acerca da evolucdo e diversidade de A. nigrofasciatus. Tais informacdes
possibilitardo a elaboracao de estratégias especificas de conservacao da espécie, visando a
manutencdo da variabilidade genética da mesma. No entanto, mais estudos se fazem
necessarios para garantir a preservacdo dos peixes anuais. Neste sentido, foram elaboradas
as seguintes perspectivas futuras:

- analise da diversidade e estruturacdo de A. nigrofasciatus por meio de marcadores
nucleares;

- aumento do numero de individuos e populagcdes amostradas;

- realizacdo de analises similares em outras espécies de peixes anuais, iniciando-se

pelas demais espécies do complexo A. adloffi;
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- investigar os limites de distribuicdo da espécie, através de ferramentas
relacionados ao DNA-Barcode.

Além disso, para fins de conservacdo da espécie, e fundamental que o
conhecimento gerado por este estudo seja divulgado junto a comunidade e as autoridades
gestoras dos municipios de Pelotas e Capéao do Ledo, onde deve ser encorajada a adog¢éo de

programas de educacdo ambiental e a criacdo de areas de protecéo.
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