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RESUMO

A sistemaética, a filogenia e a histéria evolutiva de Otariidae (lobos e leGes-marinhos) sdo
debatidas desde as descricbes das primeiras espécies por exploradores naturalistas europeus.
Atualmente, diversas relagcdes, em particular dentro de Arctocephalus, permanecem confusas.
Estudos moleculares recentes envolvendo espécies da familia basearam-se somente em poucos
fragmentos de DNA, em sua maioria, regides mitocondriais concatenadas, com o objetivo de decifrar
a biogeografia dos lobos e ledes-marinhos. Assim como para a Otariidae, as relacdes entre
Arctocephalus australis (lobo-marinho-peruano-chileno e lobo-marinho-sul-americano), A.
galapagoensis (lobo-marinho-de-Galapagos) e A. forsteri (lobo-marinho-da-Nova Zelandia) também
sdo bastante discutidas. Embora atualmente reconhecidas como espécies plenas, todos os estudos com
um enfoque populacional, aplicando mais de um individuo por taxon, demonstraram a parafilia deste
grupo. Em dois manuscritos aplicamos uma abordagem gendmica para esclarecer as relagdes
filogenéticas de Otariidae e o processo evolutivo de A. australis (e suas duas subunidades
populacionais), A. galapagoensis e A. forsteri. Para isso, avaliamos 15 genomas completos, sendo 12
sequenciados pelo nosso grupo de pesquisa e trés obtidos do GenBank. Além disso, também
sequenciamos uma biblioteca de representacdo reduzida (método ddRAD-seq) composta por
individuos de A. australis (n=15/13, subpopula¢ées do sul do Chile/Oceano Atlantico e Peru/Norte
do Chile, respectivamente), A. galapagoensis (n=10) e A. forsteri (n=9). Em nosso trabalho,
encontramos um elevado grau de discordancia genealdgica ao longo dos genomas, o qual atribuimos,
principalmente, a separacdo incompleta de linhagens génicas. Identificamos que o elevado numero
de topologias Unicas se deu a um explosivo periodo de especiacdo conduzido pelo resfriamento das
aguas superficiais do Oceano Pacifico, na transicao Plio-Pleistoceno ha ~3 Ma. Além disso, métodos
variados de reconstrucdes filogenéticas recuperaram, de forma consistente, a monofilia do género
Arctocephalus, sugerindo a manutencdo da atual nomenclatura taxonémica. Analises com genomas
completos e bibliotecas de representacdo reduzida também mostraram a clara delimitacédo entre A.
australis, A. galapagoensis e A. forsteri. Encontramos, também, evidéncias de que a subpopulacao
peruana/chilena de A. australis compartilha componentes genémicos entre A. galapagoensis e a
subpopulacdo do sul do Chile/Oceano Atlantico de A. australis. Analises posteriores suportaram que
esta mistura reflete uma antiga origem hibrida da subunidade populacional do lobo-marinho-
peruano/chileno. Também detectamos a presenca de individuos puros de A. galapagoensis
(primeiramente identificados como A. australis) em Isla Foca, uma colénia reprodutiva isolada e
localizada hd ~1000 km ao norte da distribuicdo principal de A. australis (subunidade
peruano/chilena) e a leste da distribuicdo de A. galapagoensis. Dois retrocruzamentos entre o taxon
hibrido e A. galapagoensis também foram detectados em Isla Foca e em Punta San Juan, Peru, a maior
coldnia reprodutiva dos lobos-marinhos-peruanos-chilenos. Esses achados demonstram a necessidade
de futuros estudos em lIsla Foca para compreender o seu papel nas dindmicas populacionais, na
distribuicdo e na conservacdo dos taxons mencionados. Nos artigos apresentados delimitamos
espécies, esclarecemos a complexa histéria evolutiva de lobos e ledes-marinhos e resolvemos
questionamentos fundamentais sobre as relacGes internas de Otariidae. Também demonstramos a
importancia de considerar as discordancias genealégicas na interpretacdo da histdria evolutiva e de
considerar o fluxo génico interespecifico como forc¢a evolutiva na geracao de biodiversidade.

Palavras-chave: filogenia; filogeografia; evolucédo; pinipedes; genémica
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A ABSTRACT

The systematics and phylogeny of Otariidae have been extensively studied for over two
centuries since the first species descriptions by the European explorers. Yet, several relationships,
particularly the monophyly within Arctocephalus, remain unclear. Recent molecular phylogenies
only used few concatenated mitochondrial or nuclear genes. Similarly, the relationships within the
clade that encompasses the Galapagos (A. galapagoensis), New Zealand (A. forsteri), South
American and Peruvian-Chilean fur seals (A. australis subpopulations) are also debated. Although
currently recognized as full species, the studies that assessed more than one individual per taxon
showed the group paraphyly. In two manuscripts presented in this thesis, we applied a genomic
approach to clarify conflicting Otariidae relationships and to shed light on the evolutionary processes
of South American, Peruvian-Chilean, Galapagos and New Zealand fur seals. Here, we assessed 15
genomes (12 sequenced by our group and three retrieved from GenBank) and sequenced a reduced
representation library composed by 47 individuals of the South American and Peruvian-Chilean fur
seals (n= 15/13), Galapagos fur seals (n=10) and New Zealand fur seals (n=9). Our phylogenies
showed a high-level of genealogical discordances that we assigned mainly to the incomplete lineage
sorting promoted by an explosive adaptive-radiation at ~3Mya in the Plio-Pleistocene transition,
potentially induced by the eastern Pacific sea surface cooling. We also found a strong support for the
Arctocephalus monophyly, suggesting the maintenance of the current taxonomic nomenclature.
Whole-genome and reduced representation libraries analyses showed well-delimited species for the
clade encompassing South American, Peruvian-Chilean, Galapagos and New Zealand fur seal.
Additionally, Peruvian-Chilean fur seals showing shared genomic components with Galapagos and
South American fur seals. Posterior analyses supported that this admixture reflected the hybrid origin
of the Peruvian-Chilean fur seals and the ancient evolutionary history of this taxa. We also detected
two pure individuals of Galapagos fur seals in Isla Foca, a remote rookery located ~1,000 km from
the main distributions of the Peruvian-Chilean and Galapagos fur seals. Besides that, we found a
secondary contact of the Peruvian-Chilean with Galapagos fur seals in this locality and in Punta San
Juan, southern coast of Peru. These findings highlight that new studies are needed to understand the
role of Isla Foca in the population dynamics, distribution and conservation of the Peruvian-Chilean
and Galapagos fur seals. The manuscripts presented in this thesis untangled the complex evolutionary
history of the fur seals and sea lions by illuminating internal Otariidae relationships and showing the
importance of the interspecific gene flow in the biodiversity promotion.

Keywords: phylogeny; phylogeography; evolution; pinnipeds; genomics
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APRESENTACAO

Esta tese € composta por quatro capitulos, dos quais dois estdo formatados como artigos
cientificos e serdo submetidos a dois periddicos de alto impacto. O primeiro artigo, que trata da
filogendmica de Otariidae, serd submetido ao periddico Systematic Biology. O segundo manuscrito,
que trata da historia evolutiva do grupo Arctocephalus australis, Arctocephalus galapagoensis e

Arctocephalus forsteri, serd submetido ao perioédico Molecular Biology and Evolution.



CAPITULO 1. INTRODUCAO GERAL

1. Introducéo

Na sequéncia serdo abordadas as aplicacfes do sequenciamento de alto desempenho no estudo
da sistematica filogenética, bem como sera discutido o estado atual da filogenémica na reconstrucao
de arvores de espécies. Também serd contextualizado o estado da arte das relagGes filogenéticas de
lobos e ledes-marinhos (Otariidae).

1.1 Sequenciamento de alto desempenho: aplicac¢bes na filogendmica

A popularizacdo na geracdo de genomas tornou possivel a construcdo de genomas de alta
qualidade e redundancia, também conhecidos como genomas de referéncia, para uma ampla
diversidade de organismos, incluindo os pinipedes (morsas, focas, lobos e leGes-marinhos) (Foote et
al. 2015; Humble et al. 2016). Até o momento, estdo publicados os genomas completos de trés
espécies de Otariidae: o lobo-marinho-do-norte, Callorhinus ursinus (GeneBank Bioproject
PRJINA475116), o ledo-marinho-de-Galapagos, Zalophus wollebaeki (Shafer et al. 2016), uma das
espécies mais basais da familia; e o lobo-marinho-antartico, Arctocephalus gazella (Humble et al.
2016).

Como exemplo dos avancos analiticos propiciados pela popularizacdo na geracdo dos
genomas podemos citar as analises filogenémicas. A filogenémica é campo da biologia molecular
onde ocorre a intersec¢do entre evolucgdo e filogenética no contexto gendmico. O termo filogendmica
também se refere as analises e estudos que reconstroem as histérias evolutivas com base no
sequenciamento de genomas completos ou de grandes porcGes dos genomas de um ou diversos
organismos. Quatro alicerces sustentam a filogendmica (Philippe e Blanchette 2007): (1) Predicdo da
funcdo génica; (2) estudo e esclarecimento das relagdes evolutivas entre taxons; (3) evolugdo das

familias génicas e; (4) predicdo e deteccdo de transferéncias laterais de genes.

Como exemplos de estudos filogenémicos podemos citar a publicacdo de Misof et al. (2014)
e Foote et al (2015). No primeiro, os autores buscaram identificar, através da anélise de sequéncias
de nucleotideos e amino&cidos dos insetos atuais, os tempos de divergéncia, as relagbes filogenéticas
e 0s padrdes de evolugdo do grupo. No segundo, 0s autores sequenciaram o genoma de trés espécies
de mamiferos marinhos pertencentes a diferentes ordens: o manati (Trichechus manatus), a morsa

(Odobenus rosmarus) e a orca (Orcinus orca); com o objetivo de investigar a evolucdo convergente
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de fendtipos destas trés espécies. Os autores encontraram, atraves de analises gendmicas
comparativas, substituicdes nucleotidicas convergentes que estariam sob sele¢do natural positiva

associadas as adaptagdes ao ambiente marinho (Foote et al. 2015).

O aumento expressivo no nimero de regides gendémicas, quando comparado aos marcadores
tradicionais de DNA, como as sequéncias mitocondriais curtas e 0s microssatélites, por exemplo,
possibilitam maior precisdo e refinamento em estudos de genética de populacdes, de filogeografia e
de demografia histérica (Duran et al. 2009, Hoglund 2009, Ekblom e Galindo 2010). Entretanto,
apesar dos precgos de sequenciamento de alto desempenho terem reduzido abruptamente nos Gltimos
10 anos e de suas tecnicas analiticas terem acompanhado este avango, a aplicacdo de genomas
completos em estudos filogeogréaficos pode ser um fator limitante para a execucao de determinadas
analises (Ekblom e Wolf 2014), pois estes estudos requerem a amostragem da distribuicdo completa

das espécies e um nimero representativo de individuos amostrados (Avise 2009).

Para estudos de filogeografia é recomendado que a amostragem cubra toda a distribuicao das
espécies-alvo com diversos individuos em cada localidade amostrada, para que se possa compreender,
inferir e testar como o0s processos ambientais influenciaram na distribuigéo das linhagens evolutivas
ao longo do tempo (Avise 2009, Kumar e Kumar 2018). A ampla distribuicdo de algumas espécies,
como a do lobo-marinho-sul-americano, Arctocephalus australis, que se distribui ao longo de toda a
América do Sul, poderia aumentar a complexidade analitica devido ao alto volume de dados que
poderiam ser gerados (Ekblom e Wolf 2014) para analisar os genomas completos de varios individuos
das diferentes localidades amostradas. Para reduzir esta complexidade foram criadas estratégias de
subamostragens genémicas, onde regides-alvo sdo selecionadas para otimizar o numero de
individuos, o custo relativo e a quantidade de loci génicos com boa redundancia para responder as

perguntas levantadas (Baird et al. 2008; Peterson et al. 2012).

Dentre as estratégias existentes, um conjunto de protocolos de bibliotecas de representacao
reduzida de DNA conhecidos como RADseq (Restriction-site-Associated DNA sequencing) vem
sendo empregado de maneira eficiente em uma grande quantidade de trabalhos (Rowe et al. 2011;
Andrews et al. 2016), incluindo aqueles que necessitam a utilizacdo de amostras de DNA n&o-
invasivo e/ou com um certo grau de degradacdo do DNA (Graham et al. 2015). O protocolo original
foi proposto por Baird et al. (2008) e diversas adaptacdes surgiram, dentre elas o método ddRADseq
(Double Digest Restriction-site-Associated DNA sequencing - Peterson et al. 2012) e suas adaptaces.
No método ddRADseq, duas enzimas de restricdo sdo usadas para fragmentar o genoma,
possibilitando uma maior preciséo na sele¢cdo dos tamanhos, quantidade dos fragmentos e cobertura
almejados, permitindo um melhor controle das regides representadas na biblioteca (Peterson et al.

2012). Trés caracteristicas tornaram o protocolo de RADseq popular no estudo de organismos nao-
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modelos (da Fonseca et al. 2016): (1) custo-beneficio em relacdo ao numero de individuos e
marcadores moleculares; (2) a ndo obrigatoriedade de um genoma de referéncia a ser incluido nas
andlises; e (3) o trade-off entre preco relativo (custo vs. volume de dados) e exigéncia computacional
quando comparados ao sequenciamento de genomas completos (Peterson et al. 2012).
Adicionalmente, estudos recentes tém mostrado que a utilizacdo de genomas de referéncia e
diferentes pipelines de andlise para 0 mesmo grupo de dados sejam testados para dar confiabilidade
aos resultados encontrados (Shafer et al. 2016).

Dentre as variagdes dos métodos de ddRADseq podemos citar, como exemplo, 0os métodos
Low-cost ddRADseq e hyRAD (Kess et al. 2016; Suchan et al. 2016). Tais variagdes permitem ao
usuario uma aplicacdo adequada do método as necessidades de sua pesquisa. O primeiro, por
exemplo, apresenta uma prepara¢do otimizada do conjunto de protocolos, reduzindo o nimero de
passos totais e o custo final da preparacdo das bibliotecas (Kess et al. 2016); enquanto o segundo
permite a aplicagdo em amostras de colecdo ou “DNA dificil”. Nesta abordagem, os fragmentos
biotinilados de RAD, que cobrem uma fraccdo aleatoria do genoma, sdo usados como iscas para

capturar fragmentos homdlogos nas bibliotecas de sequenciamento (Suchan et al. 2016).

Além disso, 0 método de sequenciamento de DNA via ddRADseq tem sido amplamente
utilizado em estudos de gendmica evolutiva, filogeografia, filogendmica e genémica da conservacao
que visam a compreender melhor a delimitacdo de espécies e unidades populacionais (Andrews et al.
2016). Dentre as aplicacGes do método se pode citar a busca por estrutura populacional, investigacdo
de casos hibridacdo e interpretacdo da histéria demografica, principalmente em um nivel
intraespecifico ou interespecifico de grupos recentemente divergidos (Andrews et al. 2016). Outras
aplicacGes também tém sido feitas (Lowry et al. 2016) como, por exemplo, genome scans para
detectar loci envolvidos em convergéncias adaptativas, deteccdo de loci de caracteristicas
quantitativas (QTL), entre outros (Baxter et al 2011; Chutimanitsakun et al. 2011).

1.2 O estado atual da filogendmica: a reconstrucéo de arvores de espécies a partir de

multiplas regides génicas e as discordancias genealdgicas dentro de genomas

Durante muitos anos sistematas moleculares tém debatido as discordancias entre os diferentes
métodos de reconstrucdes filogeneéticas e suas potenciais e reais discordancias genealdgicas para
estudos filogenéticos e filogeograficos (Pamilo e Nei 1988; Maddison 1997; Edwards 2009). Entre
as mais recentes discussdes dentro do campo da filogendbmica estdo o paradigma da escolha do

método de reconstrucéo filogenética de sequéncias multiloci (McVay e Carstens 2013; Liu et al. 2015)
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e a aplicacdo de multiplas regides génicas com o objetivo de reconstruir a historia evolutiva de um

determinado grupo taxonémico (Desluc et al. 2005).

Os principais modelos de reconstrucdes multiloci atualmente discutidos na literatura sao as
concatenagfes de sequéncias e 0s coalescentes multiespécies, ou species tree (Liu et al. 2009; Liu et
al. 2015; Springer e Gatesy 2016; Edwards et al. 2016) (fig. 1). Assim, com o advento dos dados de
sequenciamento em larga escala para estudos de sistematica filogenética molecular e filogeografia
tém intensificado os debates sobre quais dos métodos sdo os mais apropriados para analises de
maltiplas regiGes génicas (Springer e Gatesy 2016; Edwards et al. 2016). Embora alguns estudos em
filogendbmica tenham sugerido que a maioria das relacBes filogenéticas obtidas por meio de
concatenacdo de sequéncias e species tree (fig. 1) sdo consistentes entre elas ou diferem umas das
outras sem suporte estatistico (Tonini et al. 2015), alguns exemplos de relacGes conflitantes e com
suporte estatistico tém destacado que as diferencas significativas entre os métodos aplicados estdo
nas bases analiticas dos dois modelos. Ou seja, divergem na esséncia de seus funcionamentos, neste
caso, o tratamento individual da arvore de genes (McVay e Carstens, 2013; Liu et al. 2015; Edwards
et al. 2016).

genel1 gene2 gened gened

species A NN N I
species 6 I N ]
species C NN NN I
species 0 N N _—
species £ I N |
concatenation ‘single step’ coalescent ‘two-step’ coalescent
I 1
I — )
I ]
I — )
— I
supermatrix estimated gene trees

A A A

Figura 1. Diferencas no tratamento das regides multigénicas para as estimativas filogenéticas utilizando
dados concatenados (a esquerda) e os métodos de arvores de espécies (centro e direita). Figura retirada
em sua plenitude de Liu et al. (2015).

O método de concatenacgdo estima a filogenia unindo os dados de multiplos genes de uma
amostra. Nessa abordagem, mais tradicional, os dados séo tratados como um Unico locus génico e,
essencialmente, a estimativa da genealogia de cada locus é a média através de genes (e.g., Manthey
et al. 2016). Nessa abordagem se esperaria que a acuracia da filogenia melhorasse com o0 aumento do
namero de sitios variaveis no alinhamento (Hills et al. 1994), além de uma congruéncia, a priori, das
topologias das arvores de genes. Entretanto, se a congruéncia € inexistente, entdo, se espera erros na

estimativa filogenética (Carstens e Knowles 2007; Liu et al. 2009). Na figura 1 (a esquerda), se pode
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ver uma representacdo esquematica de uma supermatriz de dados concatenados como um
“supergene”, uma abordagem que pode ser aplicada em analises filogenéticas com marcadores
tradicionais ou de sequenciamento de DNA de larga escala em programas como o RAXML

(Stamatakis 2006), que utiliza como base a Maxima Verossimilhanca.

Nos métodos filogendémicos multiespécies, se infere a filogenia assumindo a independéncia e
a livre recombinacdo dos genes, permitindo lidar com sinais evolutivos heterogéneos (variacdo na
composicdo de bases nucleotidicas entre as regides génicas, diferentes taxas evolutivas, de
recombinacdo génica e incongruéncia topoldgica entre as arvores de genes, por exemplo) provindos
das populagoes e seus individuos amostrados (Edwards 2009; Széllosi et al. 2015). Quando copias
génicas sdo amostradas de diferentes populacbes/espécies, as arvores génicas podem apresentar
diferentes historias evolutivas e discordar genealogicamente. Ao menos sete processos tém sido
descritos como fonte de discordancia entre as arvores de genes: transferéncia horizontal de genes,
hibridacédo, divergéncia incompleta das linhagens génicas, estrutura gendmica, demografia, selecéo
natural e estruturacdo filogeografica (Maddison 1997; Davidson et al. 2015; Nacir e Linder 2015).
Neste contexto, este método tem se tornado padrdo na delimitacdo de espécies em estudos
filogeogréaficos que utilizam uma abordagem multiloci (Fujita et al. 2012; Edwards e Knowles 2014).
No centro da figura 1, se observa a classe de species tree denominada one-step, utilizada no programa
BEAST e StarBEAST (Bouckeart et al. 2014). Nesta classe, as arvores de genes sdo,
concomitantemente, estimadas pelo método Bayesiano, dadas as sequéncias multiloci e seus
respectivos priors em funcdo da verossimilhanca. A direita, na figura 1, se encontra 0 modelo
coalescente two-steps, utilizada no programa ASTRAL-I11 (Zhang et al. 2018). Nessa abordagem, as
arvores de genes sdo geradas individualmente em programas como o0 RAXML e, posteriormente,

utilizadas de entrada para uma estimativa de species tree.

Neste sentido, a evidéncia mais importante para aqueles que precisam decidir quanto ao uso
de concatenacdo ou specie tree seja 0 grau de incongruéncia entre as regides génicas. Ou seja, se as
arvores de genes forem em sua maioria congruentes e seus ramos suficientemente longos (antigos)
para permitir a segregacao completa das linhagens (McVay e Carstens 2013), entdo a concatenagédo

dos dados é justificada.

Springer e Gatesy (2016) publicaram duras criticas a respeito da implementacdo de species
tree como modelo para analises em filogendémica. As criticas se direcionaram, principalmente, ao
relacionar erros nos sets de dados de algumas das mais conhecidas e citadas publicagdes em
filogendmica (McCormack et al. 2012; Song et al. 2012; Xi et al. 2014). Além disso, estes autores

declararam que as publica¢es mencionadas violaram aspectos basicos dos modelos de coalescéncia
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de espécies, aplicando, assim, o teste de maneira errénea. Isso teria resultado em filogenias néo

confidveis dos respectivos organismos abordados e em conclus@es equivocadas nos manuscritos.

No entanto, Edwards et al. (2016), além de criticar o tom combativo e sarcastico de Springer
e Gatesy (2016), rebateram e reanalisaram todos os pontos criticados pelos autores. Edwards et al.
(2016) mostraram que os erros nas andlises (principalmente em Xi et al., 2014) tiveram baixo impacto
nas conclusdes finais dos artigos. Além disso, Edwards et al. (2016) chamaram a atencdo para
diversos pontos de ma interpretacdo do modelo de arvore de espécies destacados na publicacdo de
Springer e Gatesy (2016). Também provaram, através de simulagdes, que o0 modelo de concatenagéo
revela um comportamento erratico nas analises e que 0 mesmo tende a produzir resultados com uma
confianca exacerbada e espuria. Na réplica a critica, Edwards et al. (2016) também defenderam que
0s pontos ressaltados por Springer e Gatesy (2016) sdo invalidados a partir do momento que a
concatenacdo € considerada um tipo especial de species tree onde todas as arvores de genes sao

congruentes entre si.

Até recentemente, grande parte dos métodos e dos estudos que utilizaram estimativas de
species tree como base foram conduzidas dentro da premissa da néo existéncia de fluxo génico pés
divergéncia e da heterogeneidade nas arvores de genes fruto apenas de ILS (Fujita et al., 2012). No
entanto, ignorar a presenca de migracdo pode causar vieses nas inferéncias coalescentes
multiespécies, bem como na estimativa dos parametros bioldgicos (Holder et al. 2001, Leaché et al.
2014). Leaché et al. (2014) detectaram que o fluxo génico entre espécies ndo-irmas pode resultar em
erros topoldgicos, desvios significativos nas estimativas de tamanhos populacionais e compressao
dos tempos de divergéncia, principalmente em ramos mais profundos da filogenia (Wen e Nakhleh
2018).

Diversos estudos ja estdo documentados e mostram que, apesar de dificil deteccdo, a
diferenciacdo entre ILS e hibridacdo como fontes das discordancias genealdgicas podem e devem ser
testadas (e.g. Rheindt et al., 2014, Figueir6 et al. 2017), pois, em muitos casos, a especia¢do pode
ocorrer de forma gradativa, permitindo fluxo génico em grupos em processo de especiacdo ou em

espécies ja bem delimitadas (Leaché et al. 2014).

Como as evidéncias para introgressdo gendmica entre espécies diferentes tem crescido
rapidamente, ha uma pressdo constante para a criagdo e utilizacdo de métodos que infiram filogenias
species tree e seus parametros associados na presenca de hibridacdo (Pease e Hahn 2015; Wen e
Nakhleh 2018; Jones 2019). Os principais métodos que consideram a migracdo na reconstrucdo de
arvores de espécies diferem, principalmente, em como eles quantificam as relagdes entre os taxons e

0 desbalanco de filogenias discordantes (Pease e Hahn 2018). Alguns métodos, como PhyloNet (Than
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et al. 2008) e o SpeciesNetwork (Zhang et al. 2017), implementado no pacote BEAST (Bouckeart et
al. 2014), usam os dados empiricos de sequéncias nucleotidicas para reconstruir arvores de genes e,
posteriormente, conciliar o resultado das topologias em uma filogenia reticulada (Sang e Zhong 2000;
Holder et al. 2001; Paese e Hahn 2018). Outros métodos, como a estatistica D (e.g. ABBA-BABBA
e Drow), distinguem ILS de introgressdo ao calcular o desbalango nas trocas de alelos entre dois
tdxons dada uma determinada topologia e baseando-se na média das diferencas nucleotidicas ou nas
distancias par-a-par (Durand et al. 2011; Paese e Hahn 2018). Além disso, métodos baseados em
filogenias reticuladas tambem permitem estimar a proporcdo de introgressdo entre as reticulacdes.
Programas como o G-PhoCS (Generalized Phylogenetic Coalescent Sampler) (Gronau et al. 2011)
tornam possivel o refinamento das analises mencionadas. Este programa utiliza como entrada
alinhamentos multiplos de loci neutros e independentes extraidos de genomas completos. Assim, é
possivel inferir os tamanhos populacionais ancestrais, 0s tempos de divergéncia e taxas de migracdo
entre bandas definidas pelo usuario (entre genomas e entre genomas seus ancestrais - Gronau et al.
2011).

1.3 Incertezas sobre as relacdes filogenéticas em Otariidae

Embora Otariidae (lobos e leGes-marinhos) seja composta por espécies carismaticas e
popularmente conhecidas, em nivel de sistematica filogenética permanece confusa, sendo fruto de
extenso debate cientifico ha pelo menos dois séculos (e.g., Sclater 1897; Wynen et al 2001; Demeré
e Berta 2003; Yonezawa et al 2009; Berta e Churchill 2012; Churchill et al. 2014; Nyakatura e
Bininda-Emonds 2014; Berta et al. 2018).

Otariidae foi tradicionalmente classificada em duas grandes subfamilias: Otariinae (ledes-
marinhos) e Arctocephalinae (lobos-marinhos). Otariinae estaria composta por cinco géneros:
Eumetopias, Neophoca, Otaria, Zalophus, Phocarctos e Neophoca. Enquanto Arctocephalinae estaria
composta por dois géneros: Arctocephalus, incluindo oito espécies, e Callorhinus, composta por uma
Unica espécie (Riedman 1990; Reynolds 1999).

Esta classificacdo, no entanto, foi refutada por se basear em apenas dois caracteres
diagnosticos: a presenca/auséncia de subcamada de pelo e presenca de cinco ou seis caninos
superiores. Diversos estudos posteriores, entretanto, baseados em caracteres morfoldgicos,
moleculares ou em analises integradas, descreveram as espécies do género Arctocephalus como mais
semelhantes a Otariinae do que ao género Callorhinus, indicando Arctocephalinae como grupo
parafiléticos e Callorhinus como espécie basal & familia (Wynen et al. 2001; Arnason et al. 2006;
Yonezawa et al. 2009; Churchill et al. 2014).
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Estudos mais recentes, apontaram que origem de Otariidae teria ocorrido no hemisfério norte,
com um unico evento de especia¢do em dire¢do ao hemisfério sul. Estes estudos identificaram que o
grupo basal estaria composto pelos géneros Callorhinus, Zalophus e Eumetopias (fig. 2 - Yonezawa
et al. 2009; Nyakatura e Bininda-Emonds 2012; Berta e Churchill 2012; Churchill et al. 2014). Além
disso, apontaram para a posicao basal de C. ursinus em relacéo a Otariidae e para a parafilia do género
Arctocephalus (e.g., Yonezawa et al. 2009; Nyakatura e Bininda-Emonds 2012; Churchill et al. 2014).

Embora estudos moleculares tenham mostrado que as relacbes filogenéticas permanecem
estaveis nos ramos mais basais da filogenia de Otariidae (fig. 2), os ramos que, provavelmente,
surgiram no hemisfério sul (géneros Arctocephalus, Otaria, Phocarctos e Neophoca) permanecem
sem uma delimitac&o clara e com relacdes ndo bem suportadas (Wynen et al. 2001; Arnason et al.
2006; Yonezawa et al. 2009; Nyakatura e Bininda-Emonds 2012; Berta e Churchill 2012; Churchill
et al. 2014; Berta et al. 2018). O histdrico confuso e a ndo resolucdo das posi¢des filogenéticas da
maior parte das espécies de Otariidae trazem a luz a problemética e a falta eficiéncia dos métodos

tradicionais para resolver as questdes internas do grupo.

Mesmo com o histérico probleméatico na sistematica de Otariidae, diversas inferéncias
biogeogréaficas e até mesmo reclassificagdes taxondmicas foram feitas apenas em poucos caracteres
morfoldgicos, pequenos fragmentos mitocondriais ou em andlises combinadas envolvendo estes
marcadores (Wynen et al. 2001; Arnason et al. 2006; Higdon et al. 2007; Yonezawa et al. 2009;
Nyakatura e Bininda-Emonds 2012; Berta e Churchill 2012; Churchill et al. 2014). Berta e Churchill
(2012) tentaram reconciliar as incongruéncias até entdo conhecidas e, baseados em filogenia
combinada de dados publicados, realizaram uma reviséo taxonémica de todos os pinipedes (morsas,
focas, lobos e ledes-marinhos) (fig. 2A). Baseados em apenas uma topologia, estes autores
propuseram a manutencdo do nome Arctocephalus apenas para a Arctocephalus pusillus, espécie tipo
do género. Para as espécies remanescentes de Arctocephalus (A. australis, A. galapagoensis, A.
tropicalis, A. gazella e A. philippii) sugeriram a transferéncia para 0 nome Arctophoca, nomenclatura
prioritaria proposta por Gardner e Robbins (1999), embora A. tropicalis e O. flavescens tenham sido
reconstruidos junto ao clado de A. pusillus, porém sem resolucao. No mesmo estudo, Berta e Churchill
(2012) sugeriram quatro subespécies para Arctocephalus australis (Arctophoca australis), sendo que
Arctocephalus forsteri estaria condicionada a subespécie deste taxon: A. a. australis (Ilhas Falklands),
A. a. gracilis (América do Sul continental), A. a. forsteri (Nova Zelandia) e uma subespécie para a

populagéo peruana (Oliveira et al. 2008).
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Figura 2. Filogenias mostrando as incertezas nas rela¢des de Otariidae, bem como para o clado de A. australis, A. galapagoensis e A. forsteri. (A) Filogenia de Berta e Churchill
(2012), baseada em topologias j& publicadas (molecular e morfologia) e propondo reclassificagdo taxondmica para o género Arctocephalus; (B) Filogenia de mitogenoma de
Yonezawa et al. (2009) e (C) Filogenia supertree de Nyakatura e Bininda-Emmonds (2012).
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Em uma das publicacdes mais recente a respeito do tema, Churchill et al. (2014) conduziram,
pela primeira vez, uma série de analises cladisticas combinando evidéncias morfoldgicas, moleculares
e biogeogréficas (tolerancia das espécies as diferentes temperaturas superficiais dos oceanos). Este
estudo mostrou ramos internos pobremente suportados para o grupo de lobos e ledes-ledes marinhos
do hemisfério sul, principalmente quando as filogenias foram recuperadas apenas com caracteres
morfoldgicos. Entre os principais fatores atuando na diminuicdo da variabilidade morfologica
interespecifica estariam que os otarideos, quando comparados aos outros pinipedes, apresentam uma
menor variagdo na forma do cranio; que as recorrentes hibridagcdes poderiam influenciar na
morfologia; que a rapida divergéncia e que a perda de especializacdo ecoldgica dentro das linhagens
poderiam diminuir as diferencas morfologicas entre as espécies (Yonezawa et al. 2009; Berta e
Churchill 2012; Churchill et al. 2014). Churchill et al. (2014) também declaram que, apesar da
filogenia molecular ter resultado em uma arvore com maior suporte estatistico, a quantidade total de
regibes génicas foi limitada e predominada por genes mitocondriais. Assim, as topologias recuperadas

poderiam estar refletindo apenas a histdria deste gene (Maddison 1997; McVay e Carstens 2013).

Seguindo o histérico acima, a historia evolutiva de A. australis e espécies relacionadas,
Arctocephalus galapagoensis e Arctocephalus forsteri, também tem sido extremamente discutida.
Com base no tamanho dos cranios, King (1954) sugeriu a existéncia de trés subespécies de A.
australis: A. a. australis, com localidade tipo as llhas Falkland (Malvinas); A. a. gracilis, que se
distribuiria ao longo de todo a regido continental da América do Sul; e a subespécie A. a.
galapagoensis, com localidade tipo o arquipélago de Galapagos, no Equador. Revendo sua
reclassificacdo taxonémica, King (1969; 1983) elevou A. forsteri ao status de espécie plena. Em
estudo de morfometria craniana, Repenning et al. (1971), acordou ao status de espécie plena nao

somente para A. forsteri como também para A. galapagoensis e A. australis.

Wynen et al. (2001) e Yonezawa et al. (2009), ao recuperar a filogenia com base na regido
citocromo b (mtDNA) e do DNA mitocondrial completo, marcador ndo recombinante e de origem
matrilinear, demonstraram a parafilia para o clado destas espécies (fig. 2B). Os autores apresentaram
dois grupos principais: um composto por individuos de A. australis e A. galapagoensis com A. forsteri
sendo basal; e 0 segundo composto apenas por A. australis e A. forsteri, mostrando-os como clados

irmdos (Wynen et al. 2001; Yonezawa et al. 2009).

Em relacdo a A. australis, Oliveira et al. (2008), ao avaliar col6nias do Peru e do Uruguai,
reconheceram através da andlise de morfometria craniana e de diferencas significativas nas
frequéncias alélicas de sete loci de microssatélites de DNA a existéncia de, ao menos, duas unidades

evolutivamente significativas (do inglés Evolutionarily Significant Unit - ESU) para cada uma das
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localidades avaliadas (Uruguai e Peru). Ao comparar o DNA mitocondrial de amostras de lobos-
marinhos-sul-americanos do Peru, Chile, Argentina e Uruguai, Rodrigues et al. (2018) refor¢aram os
achados de Oliveira et al. (2008), mostrando o isolamento genético da ESU peruana. Além disso,
Rodrigues et al. (2018) também mostraram a conectividade genética entre as populacdes do sul do

Chile e do Oceano Atlantico.

Embora a historia evolutiva de A. australis, A. galapagoensis e A. forsteri tenha sido bastante
discutida, até o presente ndo ha estudo publicado que abranja a total distribuicdo, nem que tenha
buscado delimitar estas espécies. Desta forma, nosso estudo se baseou na abordagem gendmica para

tentar esclarecer os conflitos existentes.
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CAPITULO 2. ARTIGO CIENTIFICO

Titulo:

Phylogenomics of Otariidae reveal an explosive radiation at the colonization of the
Southern Hemisphere and massive Incomplete Lineage Sorting

Artigo Cientifico abordando a filogenia de Otariidae com base em genomas completos e
formatado conforme as normas do periodico Systematic Biology.
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ABSTRACT

The phylogeny and systematics of fur seals and sea lions (Otariidae) have been studied for a
long time with the use of diverse types of data. However, despite the increasing size of the molecular
data, only a few relationships have reached acceptance, such as the existence of a clade with mostly
southern hemisphere species. The phylogenetic relationship between genera and several species of
the latter clade is highly discordant between studies and the monophyletism of Arctocephalus remains
unclear. Divergence times in the group vary largely between studies. This lack of resolution also
hindered the understanding of the biogeographical history of this taxon, such as when and how the
trans-equatorial dispersal occurred. Here we used high-coverage whole genomes for 13 of the 15
species of Otariidae to unravel its phylogeny and its bearing on the taxonomy and biogeographical
history. Despite extreme topological discordance among gene trees, we found a fully supported
species tree that agrees with the well-accepted relationships and resolved all uncertainties still
prevalent, such as the monophyly of Arctocephalus. We found a relatively recent trans-hemispheric
dispersal that originated the southern clade and diversified in rapid succession between 3 to 2.5 Mya.
The first emerged species was Otaria followed by Phocarctos and then by four lineages of
Arctocephalus. We found that this quasi-simultaneous speciation within the southern clade led to an
extensive incomplete lineage sorting throughout the genomes and resulted in a high level of
genealogical discordance, explaining the incongruence among and within prior phylogenetic studies

of the family.
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INTRODUCTION

For decades it was assumed that simply adding more molecular data (more genes) we would,
at some point, find perfect phylogenies even with simple phylogenetic methods (Rokas et al. 2003;
Faircloth et al. 2013; Hoban et al. 2013; McCormack and Faircloth 2013). Studies using whole
genome data, however, found that inference of the true species tree, if such a thing exists, may be

extremely challenging for some parts of the tree of life (Nakhleh 2013).

For example, the studies that partitioned genomic data into smaller regions (e.g., genes or
independent genomic fragments) found a high degree of genealogical discordance among gene trees
(Peter 2016; Harris and DeGiorgio 2016; Elworth et al. 2018; Jones 2019). Theoretical and empirical
studies have shown that these incongruences may have three main causes. First, incorrect estimation
of the gene trees (e.g., caused by reduced phylogenetic information). Secondly, by incomplete lineage
sorting (ILS), found when ancestral polymorphism is persistent between successive speciation events
(see Maddison and Knowles 2006; Oliver 2013). Third, by introgression between lineages

(hybridization) (e.g., Rheindt et al. 2014; Figueir6 et al. 2017; Zhang et al. 2017).

Almost all phylogenetic methods to date assume only ILS, ignoring the consequences of
hybridization in the phylogenetic reconstruction (Stamatakis 2014; Drummond and Bouckaert 2015).
Despite this, simulated data have shown problems for recovering the correct topologies, node heights
and population sizes under multispecies coalescent models when migration between non-sister
species is present but ignored (Leaché et al. 2014; Wen and Nakhleh 2018). Consequently, resolving
relationships among fast-radiated taxonomic groups that putatively underwent both ILS and
hybridization has proven challenging (Chakrabarty et al. 2017; Esselstyn et al. 2017; Reddy et al.

2017).

Otariidae (fur seals and sea lions) is composed by 15 species, according to the Committee on
Taxonomy of the Society for Marine Mammalogy (Committee on Taxonomy 2018), although there

are uncertainties for the specific status for some of them, such as A. philippii and A. townsendi. This
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family occurs in the Northern Pacific Ocean and Southern Hemisphere, where it is widely distributed
from tropical to polar regions (Churchill et al. 2014; Berta et al. 2018). Although the systematics and
phylogeny of the group have been extensively discussed for over two centuries (Sclater 1897; Wynen
et al. 2001; Deméré et al. 2003; Arnason et al. 2006; Yonezawa et al. 2009; Berta and Churchill 2012;
Nyakatura and Bininda-Emonds 2012; Churchill et al. 2014; Berta et al. 2018), several relationships,
in particular within Arctocephalus, the most diverse Otariidae genus, remain unclear (Yonezawa et
al. 2009; Berta and Churchill 2012). For example, older morphology-based studies usually suggested
the grouping of C. ursinus and Arctocephalus in Arctocephalinae, encompassing fur seals and
characterized by small body size and thick pelage, and all other species in Otariinae, encompassing
sea lions and characterized by larger body sizes and reliance on blubber rather than fur for thermal
insulation (Berta and Demeré 1986; see review in Berta et al. 2018). On the other hand, more recent
published phylogenies, that mostly applied few concatenated mitochondrial or nuclear genes in
supermatrices (e.g., Yonezawa et al. 2009), combined data source (mtDNA, nDNA and morphology
e.g., Churchill et al. 2014) or combined phylogenies (e.g., Berta and Churchill et al. 2012; Nyakatura
and Bininda-Emonds 2014; Berta et al. 2018) usually do not support the subfamilies. On the contrary,
the Southern Hemisphere otariids (i.e., Otaria, Neophoca, Phocarctos, and Arctocephalus) were
grouped in the so-called southern clade, which is considered the sister clade of the sea lions of the

Northern Hemisphere (i.e., Zalophus and Eumetopias) (Yonezawa et al. 2009, Churchill et al. 2014).

Another important discordance between studies is related to the monophyly of Arctocephalus.
A combined phylogeny based on published morphological and molecular data found Arctocephalus
sensu lato as paraphyletic (Berta and Churchill 2012). They proposed Arctocephalus to be limited to
Arctocephalus pusillus, the type species, and the transference of the remaining species to Arctophoca.
Otherwise, a Carnivora supertree study suggested that the use of Arctophoca could be premature due
to the uncertainty about phylogenetic relationships (Nyakatura and Bininda-Emonds 2014). The

Committee on Taxonomy of Marine Mammals that firstly supported the separation of Arctocephalus
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and Arctophoca presently suggest the conservative use of Arctocephalus sensu lato for all southern

fur seals pending further studies (Committee on Taxonomy 2018).

The divergence times and the biogeography of the group also present similarities and some
differences between studies, the latter particularly caused by the differences in the phylogenetic trees.
The most recent biogeographical studies usually agree on a North Pacific origin of Otariidae and
support one main trans-equatorial dispersal towards the Southern Pacific Ocean, where a southern
clade emerged. This dispersal and the diversification of the southern clade have been estimated
between ~7 and 6 Mya (Yonezawa et al. 2009, Churchill et al. 2014, Berta et al. 2018). The main
period of diversification within Arctocephalus has been proposed to have occurred around 4-3 Mya

(Nyakatura and Bininda-Emonds 2012) or recently as <1 Mya (Berta et al. 2018).

Although there is a better understanding of the relationships of basal Otariidae and how they
reached South Hemisphere, it is still unclear the events of speciation in this portion of the globe (Berta
et al. 2018). In this study, we inferred the relationships and estimated the divergence times of 13
species of fur seals and sea lions by using whole genome sequence data and several different
phylogenetic approaches aiming to clarify the Otariidae evolutionary history. Here, we also
considered topological incongruences caused by incomplete lineage sorting or introgression and their

impacts on our results.

MATERIAL AND METHODS

Data collection and Genome Sequencing

A total of nine tissue samples were collected from skin biopsies from pups, or fresh carcasses
found ashore. Piglet ear notch pliers were used to collect ~0.5 cm? from skin biopsies. The samples
were stored in ethanol 70% and cryo-preserved in -20 °C freezer. Genomic DNA extractions were

carried out with DNeasy Tissue Kit (Qiagen) following the standard protocol.

We sequenced the whole genome of one individual from each of the seven species of

Arctocephalus and two other monospecific genera (Phocarctos and Otaria) (Table 1). Genomic
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libraries were prepared with Illumina DNA PCR-free or TruSeq Nano Kits with an insert size of 350
bp, and two libraries were sequenced (PE150) per lane on the Illumina HiSeq X platform.
Furthermore, genome raw reads from Arctocephalus gazella (SRR2658542-61 - Humble et al. 2016),
Zalophus wollebaeki (SRR4431580-81 - Shafer et al. 2016), and the outgroup Odobenus rosmarus
(ANOPQO0000000 - Foote et al. 2015) were retrieved from NCBI Short Reads Archive
(https://www.ncbi.nlm.nih.gov/sra). Since we had already started several analyses when the
Callorhinus ursinus genome raw reads (SRR7278673) were made available, we did not include it in

some less critical but time-consuming analyses.

Our study then contains 12 of the 15 extant Otariidae species (all Arctocephalus, Phocarctos,
Otaria, Zalophus, and Callorhinus). The three species left presented well-resolved positions in
Otariidae phylogenies published in the last decade (see Yonezawa et al. 2009; Berta and Churchill
2012; Nyakatura and Bininda-Emonds 2012; Berta et al. 2018): Z. californianus, the sister species of
Galapagos sea lion (Z. wollebaeki), considered subspecies until very recently, Neophoca cinerea, the

sister species of P. hookeri, and Eumetopias jubatus that is basal to Zalophus spp.

Table 1. Species sampling information.

Species Common name Localities ii%%?ﬁgtiggl Ge(ré(;BRa;nk Source
Arctocephalus australis South American fur seal Provincia de Chubut (Argentina) 45°06'S, 65°24'W Current study
Arctocephalus galapagoensis Galapagos fur seal Isla Santiago (Ecuador) 0°14’S, 90°51'W Current study
Arctocephalus forsteri New Zealand fur seal Otago Harbour (New Zealand) 45°49'S, 170°39°'E Current study
Arctocephalus philippii Juan Fernandez fur seal Juan Fernandez Islands (Chile) 33°46’S, 80°46'W Current study
Arctocephalus townsendi Guadalupe fur seal Corral Canyon Beach (USA) 34°01'N, 118°01W Current study
Arctocephalus pusillus Cape fur seal Kleinsee (South Africa) 29°33'S, 17°00E Current study
Arctocephalus tropicalis Subantarctic fur seal Coast of Rio Grande do Sul (Brazil) 29°59’'S, 50°08'W Current study
Phocarctos hookeri New Zealand sea lion Otago Peninsula (New Zealand) 45°50'S, 170°43’'E Current study
Otaria flavescens South American sea lion Punta San Juan (Peru) 15°22'S, 75°11'W Current study
Arctocephalus gazela Antarctic fur seal N.A (Antarctic continent) N.A. 2658542-61 Humble et al. 2018

Zalophus wollebaeki

Callorhinus ursinus

Galapagos sea lion

Northern fur seal

Galapagos Archipelago (Ecuador)

N.A.

0°14’S, 90°51'W

N.A.

4431580-81

7278673

Shafer et al. 2016

Arnason et al. 2006
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Sequencing quality control was performed using FastQC (Andrews 2010). Reads were trimmed
for vestigial adapters, mapped against O. rosmarus genome and locally realigned using the
bam_pipeline implemented on PALEOMIX 1.2.13.2 (Schubert et al. 2014) following the parameters:
reads with length-size < 100 bp and Phred-score < 30 were filtered out by AdapterRemoval v2
(Schubert et al. 2016); the remaining paired-end reads were mapped using BWA 0.7.17 (Li and
Durbin 2009) and -mem algorithm; paired-end reads with mapping quality Phred-score < 20,
unmapped reads and single-reads were discarded from the downstream pipeline; reads that were
sequenced more than two or less than one standard deviation from the average of coverage of each
genome (Supplementary Table S1) were not considered and were removed (Arnold et al. 2013;
Gautier et al. 2013). PCR duplicates were detected and removed by Picard Tools 2.18.5
(broadinstitute.github.io/picard/) and miscalling indels were locally realigned by GATK 3.8

(McKenna et al. 2010).
Consensus, Alignments and SNP Calling

Consensus sequences of all genomes were generated and aligned per scaffold with ANGSD
0.921 (Korneliussen et al. 2014) using the parameters doFasta 2, doCounts1, and explode 1. Single-
nucleotide polymorphisms (SNPs) were called following the filters: uniqueOnly 1, remove_bads 1,
only proper_pairs 1, C 50, baq 1, setMinDepth 120, setMaxDepth 1200, setMinDepthind 5,
setMaxDepthInd 100, doCounts 1, GL 1, doMajorMinor 1, SNP_pval 1e-3, doGeno 32, doPost 1,
doPlink2. After the SNP calling, the generated PLINK variant panel was converted to VCF format
with Plink 1.9 (Chang et al. 2015). We removed repetitive, coding, and transposons using BEDTools
2.27.0 maskfasta option (Quinlan and Hall 2010) and the General Feature Format File of the O.

rosmarus genome.
Phylogenetic information, phylogenomic analyses, and species trees estimation

For some phylogenetic analyses, per-scaffold alignments were partitioned into sets of
nonoverlapping genomic fragments (GFs) of 10, 20, 50, 80, 100, and 200 kilobases (kb). To reduce

the effect of linkage disequilibrium between GFs, they were separated by 100 kb, following Humble
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et al. (2018). Scaffolds smaller than the GF partition size were excluded, and sites with more than
20% of missing data (i.e., not sequenced in more than three species in the alignment) were removed
with trimAl v1.4 (Capella-Gutierrez et al. 2009). After these filters, alignments smaller than half of
the original alignment size were discarded. To reduce the effect of intra-fragment genetic
recombination on the recovered topologies, we used the software 3Seq on full run mode (Lam et al.
2017) to detect likely recombinant sequences. We removed the alignments with p-value < 0.01 after
Bonferroni correction. To assess the amount of genetic information content on GFs, we randomly
sampled 10,000 GFs of 50 kb and used the AMAS tool (Borowiec 2016) to count the number of
parsimony informative sites in the alignments and to estimate the genetic distances between two

closely related fur seals (A. australis and A. galapagoensis).

First, we estimated species phylogenies using large amounts of sequence data. We used the
VCF2Dis script (github.com/BGI-shenzhen) to estimate the p-distance matrix for the whole genome.
With the matrix, we estimated a neighbor-joining tree in the software PHYLIP 3.697 (Felsestein
1989). We also estimated maximum-likelihood (ML) trees for the ten largest scaffolds with RAXML-
HPC-PTHREADS 8.2 (Stamatakis 2014) using GTR+G as best fit substitution model, estimated by

JModelTest2 (Darriba et al. 2012), and 100 bootstrap replicates.

Next, we estimated ML trees with RAXML as above for each GF in all GF partitions (10 to 200
kb). For each set of GF trees, we count the frequency of each topology with Newick Utilities 1.1
(Junier and Zdobnov 2010), a suite of Unix shell tools for processing phylogenetic trees. The GFs
ML trees were also used to estimate a maximum quartet support species tree (exact search) with the

multispecies coalescent model (MSC) of ASTRAL-III (Zhang et al. 2018).

We also estimated the species tree and the divergence times with the Bayesian Inference method
StarBEAST2 implemented in BEAST 2.5.2 package (BEAULi, BEAST, TreeAnotator - Rambaut and
Drummond 2010; Bouckaert et al. 2014; Ogilvie et al. 2017). Since this Bayesian analysis is very
time-consuming and that the ASTRAL species trees of all GF datasets, except the 10 kb GF, were
identical (see Results), we used 300 randomly selected GFs of the 50 kb dataset only. The main priors
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used were: linked clock models, constant population sizes, HKY substitution model with empirical
base frequencies, an estimated six gamma categories site model and Yule tree model. To estimate
divergence times, we used as prior a strict molecular clock with a log-normal distribution and standard
mammalian genomic mutation rate of 1x10® bp* gen™ (Kumar and Subramanian 2001) with large
standard deviation of 0.4 (5% and 95% quantiles of 4 x 10° and 4 x 108 bp* gen!, respectively) to
account for other values found in the literature. We also added two calibration points in the phylogeny.
One at the origin of Arctocephalus spp. clade + P. hookeri, based on the age of the oldest
Arctocephalus fossil record (Arctocephalus sp. nov. - Varswater Formation of South Africa) and that
constrained the origin of this group to a lower bound of 2.7 Mya (Avery and Klein 2011). We also
set the date of the root as a normal prior with a mean of 20 Mya (x 3.0) in the divergence between
Otariidae and Odobenidae (Yonezawa et al. 2009; Nyakatura and Bininda-Emonds 2012). We ran a
Bayesian Markov Chain Monte Carlo (MCMC) of 500,000,000 steps sampled each 20,000 with a
burn-in of 10%. To reduce the effect of underestimation of the internal branches induced by
undetected hybridizations in our dataset (Leaché et al. 2014, Elworth et al. 2019), we also estimated
a StarBEAST?2 species tree using only the GF of 50 kb whose ML tree topology was identical to our
species tree (as estimated by ASTRAL-III and the previous StarBEAST analyses, see results), with
the same parameters as above. We checked the MCMC runs with Tracer 1.7 (Rambaut and

Drummond 2007).

As an additional estimation of divergence times, the species tree recovered by both ASTRAL-
111 and StarBEAST?2 was used as input in the Bayesian species tree estimation of the BP&P program
(Ziheng 2015; Flouri et al. 2018) using the same 300 GFs of 50 kb applied in the initial StarBEAST
analysis. We use the following the parameters: an MCMC chain of 2,000,000 replicates with burn-in
of 200,000, with theta prior of 0.01 and tau prior of 0.02. The theta prior specifies the inverse-gamma
prior, the number of differences per kb, and the tau specifies the divergence time parameter for the
root. For this analysis, the divergence times were calibrated based on the age of the root as above

(‘Yonezawa et al. 2009; Nyakatura and Bininda-Emonds 2012).
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All trees were visualized and edited for clarity on FigTree 1.4.4 (Rambaut 2017), DensiTree 2

(Bouckaert and Heled 2014) or Dendroscope 3 (Huson and Scornavacca 2012).
Gene trees simulation based on the species tree

To test if the high topological discordances between the GFs could be explained by ILS alone,
we simulated gene trees under a multispecies coalescent framework using as input our species tree
estimated by StarBEAST?2, that included branch lengths and effective population sizes. We simulated
10,000 gene trees with the function sim.coaltree.sp in the R phylogenetic package Phybase (Liu and
Yu 2010) and calculated the linear Pearson’s correlation between their frequency distribution with

our empirical topology frequency (similar to Wang et al. 2018).
Mitochondrial Genome Phylogeny

We obtained the mitochondrial genomes of the fur seals and sea lions by mapping the reads
with PALEOMIX 1.2.13.2 against the mitochondrial genome of A. townsendi retrieved from
GenBank (NC008420). The Bayesian phylogenetic tree was reconstructed with BEAST 2.5.2
package following the parameters: HKY substitution model, with six gamma categories, estimated
base frequencies and Yule Tree Model; Uncorrelated Lognormal Clock Model with a mean
substitution rate of 2% site’* million year™, a log-normal distribution and 0.9 of standard deviation;
10,000,000 MCMC steps sampled each 1,000; and the calibration point in the origin of P. hookeri

and Arctocephalus spp., the same used in the previous StarBEAST2 estimation.
Introgression between species

For these analyses, we did not use the two earliest diverged species (C. ursinus and Z.
wollebaeki). To estimate possible introgression between the species, we calculated fz-statistics and fs-
statistics based on the panel of SNPs in threepop and fourpop modules, respectively, of TreeMix
package (Pickrell and Pritchard 2012; Harris and DeGiorgio 2016). Threepop explicitly tests whether
a taxon of interest A is the result of admixture between two other B and C: positive values indicate no

evidence of admixture among tested species, while negative values indicate admixture. Fourpop
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estimates unrooted four-population phylogenies to visualize shared genetic drift among taxa. For a f4
((A,B),(C,D)) topology, the defined paths are A to B and C to D, this results in f4 = 0. If f4 is a positive
value, this indicates introgression from A to C and/or from B to D. Otherwise, a negative value
indicates introgression from A to D and/or B to C. Significant f4 values may also be interpreted as a
rejection of the given phylogenetic relationship between the four taxa (Peter 2016; Zhenge and Janke
2018)). The significance of f3 and fs-statistics is based on Z-score and was calculated over 872
jackknife blocks of 50,000 SNPs. Significantly positive (Z > 3) and significantly negative (Z < -3)
values reject the null hypothesis. We plotted the distribution of f4-values with the function f4stats of

the admixturegraph (Leppala et al. 2017), an R package.

RESULTS

We successfully sequenced the whole genome of nine fur seals and sea lions, and including the
three previously published genomes, we recovered an average of 83% percent of the walrus reference
genome with an average coverage of 24X (£ 7X) (see Supplementary Table S1). The largest scaffold
is 126.48 million bases (Mb) and the ten largest summed around 845 Mb, ~35% of the whole genome
(2.4 Gb - Fig. 1). BEDtools maskfasta identified ~40% of the reference genome as repetitive regions
that were masked, remaining a high-quality alignment of ~1.1 Gb for further analyses. After all
filtering (removing the masked regions, missing data, GFs with less than 50% of the original
information, and those with signal of intra-locus recombination), we obtained between 14,012 (with

10 kb) and 5,701 (with 200 kb) GFs 100 kb apart each other (Table 2) for the gene trees analyses.
Whole Genome Phylogenetic Inferences

The phylogenetic trees were highly concordant across different methods. The Bayesian
species tree (estimated with StarBEAST?2 using 300 GF of 50 kb) (Fig. 1), the ASTRAL-III species
trees (from thousands of ML trees from GFs from 20kb to 200 kb) (Supplementary Fig. S1), the ML
trees of eight of the ten largest scaffolds (Supplementary Fig. S2) and the NJ tree (estimated using

the genetic distances among the whole genomes) (~1 Gb, Supplementary Fig. S3) resulted in the same
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tree topology with high support (most or all branches presented full support), hereafter named as the

Otariidae species tree.
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Figure 1. Calibrated species tree and the divergence times using the Bayesian inference of StarBEAST2 and 300 GF of 50 kb.
The transition between Pliocene and Pleistocene is highlighted with a gray bar. Blue bars represent the divergence time confidence
interval of 95%. Almost all nodes with HPD = 1, the exception is the Arctocephalus node (HPD = 0.74), shown as a black dot in
the phylogeny.

This species tree supported the monophyly of Arctocephalus, that is very close to P. hookeri
and O. flavescens, with Z. wollebaeki more distantly related and C. ursinus in a basal position in
Otariidae. Within Arctocephalus, there are four main lineages, following this sequence: A.
pusilius+A. tropicalis, A. phillippii+A. townsendi, A. gazella, and the clade A. forsteri+A.
galapagoensis+A. australis. Three alternative topologies were found in these analyses, one in which

P. hookeri and the A. tropicalis+A. pusillus clade switched position (ASTRAL-111 with GFs 10 kb,
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Supplementary Fig. S1) and two in which A. gazella was found in two different positions within

Arctocephalus (found in two ML scaffold trees) (Supplementary Fig.S2).

The mitochondrial genome phylogeny (Fig. 2 and Supplementary Fig. S4) is also very similar
to the nuclear genome species tree, presenting high posterior probabilities for most nodes, with two
differences: (1) the switched position between P. hookeri and the A. tropicalis+A. pusillus clade, as
in the ASTRAL species tree of 10 kb GFs; 2) the sister relationship of A. australis with A. forsteri,

instead of with A. galapagoensis.

A. australis A. australis

A. forsterie-

________

A. gazella A. gazella
A. philippii A. philippii
A. townsendi A. townsendi
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A. tropicalis -----———"‘:)“'::\_\ ------------ <A, pusillus
A. pusillus " "eee P hookeri
O. flavescens O. flavescens
Z. wollebaeki Z. wollebaeki
C. ursinus C. ursinus
Mitochondrial Genome Nuclear Genome

Figure 2. Comparison of mitochondrial and nuclear genomes topology.

The species tree divergence times estimated with StarBEAST2 and BP&P were very similar
(Fig. 1 and Supplementary Fig. S5). The divergence between the Walrus and the Otariidae is 19.3
Mya (C.I. 95% = 17.2 - 23.1), and within the latter, the C. ursinus diverged ~9 Mya Mya (C.I. 95%
= 8.0 — 10.8) followed by the Z. wollebaeki 5.3 Mya (C.l. 95% = 4.7 - 6.3). After that, around the
Pliocene to Pleistocene transition, six lineages diverged almost simultaneously (between ~3 Mya and
2.5 Mya), originating in sequence: O. flavescens, P. hookeri, and the four main Arctocephalus
lineages described above. Specifically, Arctocephalus diversification began ~2.8 Mya (C.I. 95% =
2.4 - 3.3), the divergence times between A. pusillus and A. tropicalis and between A. forsteri and A.
austalis+A. galapagoensis were very similar, ~1.2 Mya, and the two groups that diverged more

recently were A. phillippii+A. townsendi, and A. australis+A. galapagoensis, at ~0.5 Mya. The main
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difference between the StarBEAST?2 and the BP&P was that in the latter the divergence of A. gazelle
was almost simultaneous with A. forsteri (~1.2 Mya, Fig. 1 and Supplementary Figure S5). Finally,
we assessed if the almost simultaneous divergence time for the six lineages estimated in our species
tree could be an artefact caused by the underestimation of divergence times in methods that do not
account for introgression. The StarBEAST2 inference using only the 113 50 kb GFs whose ML trees
were identical to the species tree and estimated the same topology. The divergence times were almost
identical to the general species trees, in special the six nodes related to the explosive radiation

(Supplementary Fig. S5), supporting the latter is not an artefact of unaccounted hybridizations.
Genome fragment information content and phylogenetic discordance

When the ML phylogeny of each GF was estimated separately, we found hundreds to
thousands different trees in each GF dataset (Supplementary Fig. S6), most of them occurred just
once or a few times (that is, were estimated from one or a few GFs). The most frequent topology in
the 10 kb dataset occurred in only 55 of the GFs (i.e., in ~0.4% of the GF) and although the frequency
of the most common topology in each dataset increased with the increase in size of the GFs, even in
the 200 kb data set the most frequent topology was found only ~3.7% (Table 2, Supplementary Fig.
S6). Except for the 10 kb dataset, the other five datasets presented the same tree as the most frequent
one. Considering the 50 kb GFs as an example, the mean variable sites between the two closest species
(A. australis and A. galapagoensis) is ~40 and the mean parsimony informative sites in the alignments
is ~200 (Supplementary Fig S7), suggesting that there is enough variation in all GF sizes to allow the

inference of GF gene trees.
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Table 2. The ten most frequent Maximum Likelihood GF trees recovered in RaxML and the absolute frequencies of
occurrence in the different set of windows sizes.

Order Topology 10kb 20kb 50kb 80kb 100kb 200kb SGT
1 ((((((((Aaus,Agal),Afor),Agaz),(Aphi,Atow)),(Apus,Atro)),Phoo),Ofla),Zwol),Oros) 45 79 169 167 170 215 367
2 (((((((Aaus,Agal),Afor),Agaz),(Aphi,Atow)),Phoo),((Apus,Atro),0fla)),Zwol),Oros) 33 52 96 124 137 153 126
3 (((((((Aaus,Agal),Afor),Agaz),(Aphi,Atow)),(Apus,Atro)),(Ofla,Phoo)),Zwol),Oros) 36 43 78 106 95 118 96
4 (((((((Aaus,Agal),Afor),(Aphi,Atow)),(Agaz,(Apus,Atro))),Phoo),Ofla),Zwol),Oros) 41 57 67 82 86 109 42
5 (((((((Aaus,Agal),Afor),(Agaz,(Aphi,Atow))),(Apus,Atro)),Phoo),Ofla),Zwol),Oros) 34 70 97 100 93 100 209
6 (((((((Aaus,Agal),Afor),(Agaz,(Aphi,Atow))),Phoo),(Apus,Atro)),Ofla),Zwol),Oros) 55 71 95 80 110 87 343
7 ((((((((Aaus,Agal),Afor),Agaz),(Aphi,Atow)),(Apus,Atro)),Ofla), Phoo),Zwol),Oros) 28 46 112 94 108 86 95
8 ((((((((Aaus,Agal),Afor),(Aphi,Atow)),Agaz),Phoo),(Apus,Atro)),Ofla),Zwol),Oros) 34 62 69 79 71 82 331
9 (((((((Aaus,Agal),Afor),Agaz),(Aphi,Atow)),((Apus,Atro),Ofla)),Phoo),Zwol),Oros) 26 51 71 81 81 75 3
10 ((((((((Aaus,Agal),Afor),(Aphi,Atow)),Agaz),(Apus,Atro)),Phoo),Ofla),Zwol),Oros) 18 67 94 98 93 75 214

N° of GFs/Trees 14,012 13,029 10,806 9,175 8,310 5,701 10,000

Hybridization vs. incomplete lineage sorting

First, we used f3 and f4-statistics to test if the high level of topological discordance we found
could be explained, at least, partially by past events of hybridization (introgression) between the

species.

We found no evidence of introgression between any pair of species studied here since all f3
values resulted in significantly positive values. On the other hand, fs-statistics identified several
significant sets of shared drift pathways between fur seals and sea lions (Fig. 3 and Supplementary
Fig. S8) that could be interpreted as signals of introgression or as supporting an alternative
phylogenetic relationship between the species considered (Peter 2016; Zhenge and Janke 2018). The
strongest signals (fs > 0.01) were found in those phylogenies where A. australis and A. forsteri are
sharing drift pathway. The other significant f4 values were very close to zero (fs < 0.001, Fig. 3 and
Supplementary Fig. S8). Note that with the exception of the tests that support introgression between
A. australis and A. forsteri (Fig. 3a), all the other significant results implied on an alternative
phylogenetic relationship between the six clades that diverged almost simultaneously (see above and

Figs. 1, 3 and Supplementary Figs. S5 and S8), that is, where the internal branches were extremely
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small. Therefore, we next tested if the gene trees discordances (see above) and the f4-statistics results

could be explained by ILS alone.

The simulations that we used allowed ILS but not introgression between species. The gene trees
were simulated from our species tree, including the divergence times (branch lengths) and effective
population sizes (Fig. 1). Simulated gene trees were similar to the observed distributions, in particular
the 200 kb GFs partition (Supplementary Fig. S6). The species tree was also the most frequent
topology (Table 2). The coefficient of correlation for the observed data from the 50 and 200 kb and
simulated topologies was 0.73 (Supplementary Fig. S9), which is high considering the simulated data

are true gene trees not subjected by the uncertainties of the estimation of the empirical dataset.
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Figure 3. Fs-statistics distribution (x-axis) for the four-taxa phylogenies combinations (y-axis) with significant values (|Z-
score| > 3). From a to f, the alternative branch position implied by the result. The letter g depicts the species tree (null model).
DiscussION

Otariidae phylogenomics

Here we presented the first whole-genome species tree of Otariidae that was consistently
recovered with high support by different approaches. Our phylogeny agrees with the well-accepted
relationships and resolved all uncertainties still prevalent to date in the group, such as the monophyly

of Arctocephalus. We did not obtain the sequences for the monotypic Neophoca and Eumetopias.
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However, the phylogenetic position of E. jubatus in a clade with Zalophus is widely accepted as it
was found in all recent molecular and combined studies. Perhaps the most important omission in our
study is N. cinerea, since, although some recent molecular studies support that it forms a clade with
P. hookeri (e.g., Yonezawa et al. 2009; Nyakatura and Bininda-Emonds 2012), other results suggested
that it may be positioned in different places (Deméré and Berta 2003), the most extreme as a sister
group to all Otariidae except C. ursinus (Churchill et al. 2014). To obtain and analyze Neophoca
genome with the data presented here may be the most important next step to fully resolve Otariidae
phylogeny.

The positions of C. ursinus as a sister species to all other Otariidae and the
Zalophus+Eumetopias clade as sister to the rest of the family are also supported by the most recent
studies (Wynen et al. 2001; Arnason et al. 2006; Yonezawa et al. 2009; Nyakatura and Bininda-
Emonds 2012; Berta and Churchill 2012; Churchill et al. 2014), therefore, fully refuting the validity
of Arctocephalinae and Otariinae. These consistent results are expected since we showed C. ursinus

as very divergent from all Arctocephalus and a non-monophyly of the remaining sea lions (Fig. 2).

However, the relationships between Arctocephalus spp., P. hookeri, O. flavescens, and N.
cinerea, which was called the southern clade (Churchill et al. 2014) had no consensus so far, except
for a few subgroups within Arctocephalus (Berta et al. 2018). Our dated species tree shows that most
of the speciations within the southern clade were almost simultaneous (see below) and this could
explain the high number of different phylogenetic hypotheses proposed for this group to date.
Besides, with our whole genome data, we were able to find a highly supported phylogeny for this
clade, the Southern American sea lion (O. flavescens) being the first to diverge around 3 Mya,
followed by the New Zealand sea lion (P. hookeri) and a monophyletic Arctocephalus, both ~2.8
Mya. The previously controversial monophyly of Arctocephalus is here highly supported by many
different phylogenetic approaches, which in consequence reject the use of Arctophoca for some of its

species (sensu Berta and Churchill 2012).
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Within Arctocephalus, four main lineages originated in a fast succession between ~2.8 Mya
and 2.5 Mya. The first to diverge was A. pusillus+A. tropicalis, and their basal position within
Arctocephalus was also found in several of the most recent studies (e.g., Berta et al. 2018), although
some studies found them to be even more basal than Phocarctos (e.g., Yonezawa et al. 2009). The
divergence time between them is ~1.2 Mya. Next originated the A. phillippii and A. townsendi sister
pair, that in turn, diverged recently, at 0.6 Mya, which is expected since they are so similar that some
authors considered A. townsendi a subspecies of A. phillippii (e.g., Committee on Taxonomy, 2018)
and they grouped in all previous molecular phylogenies (Yonezawa et al. 2009; Nyakatura and
Bininda-Emonds 2012). Considering their morphological differences, the divergence time, that is
similar or older than between A. australis and A. galapagoensis and their geographic isolation, we
agree with most of the recent literature on their taxonomic status of full species (Repenning et al.
1971; Higdon et al. 2007; Yonezawa et al. 2009; Nyakatura et al. 2012; Berta and Churchill 2012;
Aurioles-Gamboa 2015; Berta et al. 2018). The grouping of A. gazella with A. forsteri+A.
australis+A. galapagoensis clade was found in some recent studies (e.g., Yonezawa et al. 2009;
Churchill et al. 2014) although in most of the cases A. gazella was found in a polytomy with other
Arctocephalus (e.g., Yonezawa et al. 2009; Berta et al. 2018) or in other positions. Finally, the A.
forsteri+A. galapagoensis+A. australis clade was also highly expected, since for a long time they
were considered as subspecies of A. australis, and only recently their specific status have been widely
accepted as they are closely related in all previous studies. Nevertheless, there are some questioning
on the species status of the New Zealand fur seals (A. forsteri) (see Berta and Churchill 2012) and
indeed we found evidence of past low introgression between them and the South American fur seals
(see below). However, we support A. forsteri as full species based on the same arguments, we
metioned above for A. phillippii and A. townsendi also considering that they diverged from A.

australis+A. galapagoensis more than 1 Mya.

The switched positions between P. hookeri and A. tropicalis+A. pusillus in the phylogeny of

the mitochondrial genomes and 10 kb GF (Fig. 2, Supplementary Fig. S1 and S4) helps to explain
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why most of the previous molecular studies recovered a non-monophyletic Arctocephalus, since
mtDNA constitutes most or the total data used in these studies (e.g., Arnason et al. 2006; Higdon et
al. 2007; Yonezawa et al. 2009; Churchill et al. 2014; Berta et al. 2018). The position of A. forsteri
as the sister species of A. australis in our mtDNA tree instead of A. galapagoensis, as in our nuclear
genome species tree, is also a common relationship in other mtDNA phylogenies (e.g., Wynen et al
2001; Yonezawa et al. 2009). However, studies that sequenced more individuals of A. forsteri and A.
australis found multiple lineages in each species that are intermixed (e.g., Yonezawa et al. 2009).
The relationship we found here, and the intermixing of lineages may have been caused by ILS, since
the grouping of A. australis and A. forsteri occurred ~0.8% of the simulated trees, that considered
ILS only. However, introgression may also have played a role in the history of this group, and this is

supported by the fs-statistics that indicated admixture between A. australis and A. forsteri (see below).

Divergence Times and Biogeographical Inferences

Our results agree with most divergence times estimates and the fossil record that suggest a
northern Pacific origin for Otariidae and the split from Odobenidae at ~19 Mya, in the lower Miocene
(Fig. 2 and Supplementary Fig. S5 - Demeré et al. 2003; Arnason et al, 2006; Yonezawa et al. 2009;
Nyakatura and Bininda-Emonds 2012; Churchill et al. 2014; Berta et al. 2018), when early
Odobenidae and Otariidae lived in sympatry (Boessenecker and Churchill 2015). The divergence of
C. ursinus at ~9 Mya is also similar to most estimates (e.g., Yonezawa et al. 2009; Nyakatura and
Bininda-Emonds 2012) although Berta et al. (2018) suggest a much older divergence ~16 Mya.
Although a comparison of our results with previous divergence times (Yonezawa et al. 2009;
Nyakatura and Bininda-Emonds 2012; Berta et al. 2018) is not straightforward, given the differences
in the topologies, some major points can be discussed. First, no previous study detected the explosive
radiation at the beginning of the diversification of the southern clade around the Pliocene-Pleistocene
boundary. Second, the divergences between Zalophus and the southern clade (~5.3 Mya) and between
the main lineages in the latter (3-2.5 Mya) is younger than most previous estimates. As an extreme
example, Berta et al. (2018) estimated the divergence between Otaria, Phocarctos and Arctocephalus
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> 6 Mya. On the other hand, Berta et al. (2018) time estimates for the diversification within

Arctocephalus (except for the A. pusillus+A. tropicalis clade) are very recent, < 1 Mya.

A relatively recent trans-hemispheric dispersal towards the Southern Hemisphere, likely
through the west coast of South America achieved great support lately (see Yonezawa et al. 2009;
Churchill et al. 2014, Berta et al. 2018), and our phylogenomic results strongly agree with this
scenario. To estimate the minimum number of such dispersal events it is necessary to have additional
data, such as the age and phylogenetic position of fossils. In the Southern Hemisphere, most of the
otariid fossils date back to the Pleistocene, with Hydrarctos and Arctocephalus sp. nov. known from
sediments of th Pliocene. The Hydrarctos fossil (Muizon 1978; Muizon and DeVries 1985), the oldest
known to South America, belongs to the Pisco Formation of Peru, however, its phylogenetic position
is uncertain. It was more consistently recovered within the southern clade (as sister to Arctocephalus)
but was also found outside the southern clade, as the sister taxon to all extant otariids. Our results do
not support its position inside the southern clade, since this group diversification started ~3 Mya, and
the youngest date of the fossil is ~3.9 Mya, although the fossil may be as old as ~6.6 Mya (see
Churchill et al. 2014). Therefore, Hydrarctos is likely the sister clade to the southern clade or,
assuming the oldest dates, may represent an independent (and eventually extinct) trans-equatorial
dispersal that preceded the one that originated the extant southern clade. Arctocephalus sp. nov., a
fossil that belongs to the Varswater formation of South Africa, was dated between ~2.7-5 Mya and
we used its most recent date as the minimum age for Arctocephalus in our StarBEAST?2 calibrated
species tree. Our point estimate for the origin of Arctocephalus was ~2.8 (C.l. 95% ranging from 2.4
to 3.3 Mya, Fig. 2), close to the minimum limit. The divergence times of the species tree reestimated
using only the calibrated point at the root (20 Mya) with BP&P (Fig. S5) showed values very similar
to those of StarBEAST trees, therefore supporting our estimates of diversification of the southern

clade dates between ~3 and 2.5 Mya.

Based on these results, dispersal to the Southern Hemisphere seem to have occurred anytime

between ~5 Mya, in the split of the southern clade from the northern Zalophus group, and ~3 Mya,
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the beginning of the explosive radiation within the southern clade. However, if Hydrarctos is
considered a member of the southern clade and its minimum age of ~4 Mya, the southern dispersal
could have occurred more than 1 My before the burst of diversification of the extant species. It seems
rather useless to speculate at which specific moment the trans-hemispheric dispersal would have
occurred in this large interval (1 to 2 My), since it could have been a single, perhaps fortuitous event,
only mildly facilitated by conditions such as sea temperature (Churchill et al. 2014). Nevertheless,
the early Pliocene (~4 Mya) and the mid Pliocene (~3 Mya) were characterized by warm temperature
(Fedorov et al. 2013; Rousselle et al., 2013) that may have isolated the incipient taxa in the South
Hemisphere and limited new events of speciation in the Southern Pacific Ocean. On the other hand,
the diversification of the southern clade in six lineages distributed over the Southern Hemisphere, at
a relatively short time interval (~3.0-2.5 Mya) was likely promoted by important climatic events. At
3 Mya a sharp global cooling started, associated with the beginning of the Northern Hemisphere
Glaciation (Marlow et al. 2000). The strong environmental changes caused by the concomitant global
cooling of the Plio-Pleistocene transition and the total closure of Panama Isthmus would have
provided suitable niche in all Southern Pacific Ocean (O’Dea et al. 2012; Churchill et al. 2014). Thus,
it may have opened the way for long dispersal events, the establishment of new colonies, the
consequently local adaptation to new niches and the rapid speciation from a potential large ancestral

population could have occured.

Our biogeographical scenario is similar in broad terms to those presented earlier (mainly by
Yonezawa et al. 2009 and Churchill et al. 2014), but the different divergence dates, and details of the
phylogeny resulted in alternative hypothesis. For example, a simultaneous southern dispersal and the
diversification of the southern clade around 3 Mya (see above) may explain the absence of otariids in
the North Atlantic waters, since the total closure of the Central American Seaway finished ~3 Mya

(Churchill et al. 2014).
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Genealogical Discordances, ILS and Introgression

We found an extremely high degree of topological discordances throughout genomes (including
the mtDNA), with many topologies appearing only once, even in the GFs of 200 kb (Table 2,
Supplementary Fig. S6). This gene trees discordance could not be assigned to lack of information in
the GFs since the average of internal nodes support (83.7%) is very high in gene trees from the 200
kb GFs. These results explain the high degree of discordances between the phylogenies estimated by
previous studies and why it has been so difficult to find a robust classification for the Otariidae based
on few genes. The explosive radiation that originated the southern clade lineages generated very short
internal branches, which increased the occurrence of ILS and did not allow the accumulation of
numbers of substitutions on these nodes, the latter caused poorly supported gene trees based on
standard-size gene regions (McCormack et al. 2013; Suh et al. 2015). Therefore, to estimate with
confidence the evolutionary history of groups that originated by explosive radiation and with
extremely high levels of gene tree discordances, whole genome datasets in a multispecies coalescence

model framework seem to be the best choice.

Topological discordance between genomic regions is not unusual and is being observed with
increasing frequency in recent phylogenomic studies (e.g., Martin et al. 2013; Li et al. 2016; Arnason
etal., 2018). The sources of topological discordances are mainly attributed to ILS, as suggested above
or to hybridization (Bravo et al. 2019). Recent genomic studies have shown that introgression has
been very frequent in the history of several groups (e.g., Figueiro et al. 2017; Masello et al. 2019).
We do not support any relevant role for introgression in most of the evolutionary history of the
Otariidae, since there is no signal of hybridization between species with the fs-statistics and the pattern
of gene tree discordances could be explained by ILS alone. Except for the signal between A. australis
and A. forsteri, which presented a strong signal of introgression on the fs-statistics. We hypothesize
that all other f4 significant and weak values actually support the ILS model and the almost polytomous

relationship between the six main clades of the southern group (see results).
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Considering the above results, in our species tree inferences, we used methods that implemented
MSC models that consider only the occurrence of ILS. However, there has been recent
implementations that included hybridization in the MSC models, with the purpose to estimate species
networks (Zhang et al. 2017; Wen et al. 2018; Wen and Nakhleh 2018; Jones 2019). To assess if we
could obtain a more complete picture of the relationships within the family we tried to recover a
species network using two of these methods: the SpeciesNetwork (Zhang et al. 2018) and DENIM
(Jones 2019), both implemented in StarBEAST2. For these analyses we used 100 GFs of 1 and 5 kb
selected among the most variables (using the initial bases) from the 300 GFs of 50 kb used in the
StarBEAST2 analyzes (Fig. 2 and Supplementary Fig. S5). Unfortunately, the Bayesian estimations
did not stabilize even after long runs (>1 billion steps, DENIM) or we recovered several topologies
that are very different from all other main topologies we recovered with all other methods as presented
above (with SpeciesNetwork). We hypothesized that the source of these inconsistencies could be
related to the elevated number of taxa (since these methods are recommended for few, <6 taxa). The
virtual polytomy between six lineages and the consequent high levels of ILS in our dataset may also

have contributed to the non-stabilization of the analyses.

The relationships within the clade with A. australis, A. galapagoensis and A. forsteri seem to
reflect a complex scenario since we found pieces of evidence for both introgression and ILS between
them. Besides that, previous studies have found the absence of reciprocal monophyly on the mtDNA
between the species and the possible existence of at least one cryptic species (King 1954; Repenning
et al. 1971; Wynen et al. 2001; Yonezawa et al. 2009; Oliveira and Brownell 2014). Therefore, we

defer the discussion about the evolutionary history of this group for a further study.
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SUPPLEMENTARY MATERIAL

Table S1. PALEOMIX statistics for each species mapped against O. rosmarus genome (2.4 Gb genome).

Fraction total

Proportion hits vs. n° of Fraction of
Library Coverage Ref. Genome Ah\ff[:r?etgf PCR

Mapped reads 9 duplicates

retained

A. australis TruSeq Nano 21.34 0.85 0.91 149.81 0.06
A. galapagoensis TruSeq Nano 15.42 0.79 0.90 150.14 0.12
A. forsteri TruSeq PCR Free 26.05 0.86 0.91 151.40 0.05
A. gazella GenBank 32.44 0.83 0.89 191.46 0.07
A. philippii TruSeq PCR Free 17.44 0.85 0.90 148.90 0.06
A. townsendi TruSeq PCR Free 28.20 0.84 0.90 148.82 0.07
A. pusillus TruSeq PCR Free 25.28 0.84 0.91 150.59 0.08
A. tropicalis TruSeq PCR Free 28.63 0.82 0.91 150.50 0.10
P. hookeri TruSeq PCR Free 17.49 0.85 0.90 149.11 0.05
O. flavescens TruSeq PCR Free 22.95 0.86 0.91 151.76 0.05
Z. wollebaeki GenBank 6.04 0.89 0.91 147.05 0.01
C. ursinus GenBank 27.67 0.70 0.84 133.63 0.17
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a) A. australis b) A. australis
A. galapagoensis A. galapagoensis
A. forsteri A. forsteri
A. gazella A. gazella
A. philippii A. philippii
A. townsendi A. townsendi
P. hookeri A. tropicalis
— A. tropicalis A. pusillus
L A pusillus P. hookeri
O. flavescens O. flavescens
Z. wollebaeki Z. wollebaeki
O. rosmarus O. rosmarus

Figure S1. Species trees recovered with ASTRAL-III for the different genomic fragment sizes. All branches with support of 1.
(A) Species tree recovered for the 10 kb GF. (B) Species tree recovered for the 20, 50, 80, 100 and 200 kb GFs.
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CAPITULO 3. ARTIGO CIENTIFICO
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There and there again: Genomic data indicate the Peruvian-Chilean fur seal is an
ancient hybrid between the South American and the Galapagos species and that the latter is
expanding and reproducing in the continent again

Artigo Cientifico abordando a histdria evolutiva das espécies do clado Arctocephalus
australis, A. galapagoensis e A. forsteri com base em genomas completos e bibliotecas de
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Abstract

Hybridization has been reported as an alternative evolutionary force contributing to adaptation
and biological diversification, mainly with the increasing use of genomic data. Here, we used whole
genomes and RADseq data to elucidate the evolutionary history of three related fur seals species:
Arctocephalus galapagoensis (Galapagos fur seal), A. forsteri (New Zealand fur seal), and A.
australis (South American fur seal), from which the Peruvian-Chilean population has been suggested
to be a separated Evolutionary Significant Unit. Our phylogenomic results support the basal position
of the New Zealand fur seals, a close relationship between the Galapagos and South American fur
seals, and that the Peruvian-Chilean population is differentiated from both. Surprisingly, admixture
analyses showed that the Peruvian-Chilean fur seal is a taxon of hybrid origin, still retaining in its
genome around 50% of both parental species, the South American and Galapagos fur seals. The ABC
analysis strongly supported that this hybrid speciation occurred thousands of generations ago. We
also detected one admixed individual with the Galapagos fur seal in Punta San Juan, southern coast
of Peru and another in Isla Foca, an isolated rookery located in the northern Peruvian coast. In the
latter, we also found two pure Galapagos fur seals. Our study elucidates the importance of Peruvian-
Chilean fur seals as an independent hybrid taxon and the enigmatic role of Isla Foca in the population

dynamics, distribution and conservation of the Peruvian-Chilean and Galapagos fur seals.
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Introduction

Hybridization occurs due to incomplete reproductive isolation when two populations or
distinct species mate (Harisson 1990). The evolutionary consequences of this phenomenon can vary
depending on the viability and fertility of the offspring. In some situations, the effects of interspecific
hybridization extend further than the contact zone, causing the influx of foreign alleles from either or
both parental species into the genome of other species, resulting in genomic introgression (Bullini
1994; Downling and Secor 1997). Postdivergence gene flow is common in vertebrates and has been
reported for many groups such birds (Lamichhaney et al. 2018), fishes (Meier et al. 2018) and
mammals (Cahill et al. 2018; Teng et al. 2017) being prevalent in fast-radiating groups (Mallet 2005,

2007).

One of the most extreme cases of hybridization is the hybrid speciation, that is quite common
in plants but extremely rare in mammals. The hybrid speciation occurs when hybridization played a
principal role in the origin of a new species or lineage (Mallet 2007). Among mammals, the hybrid
speciation is mainly homoploid, meaning a formation of the new species via hybridization with no
whole-genome duplication and no increase in ploidy (Schumer et al. 2018). The homoploid hybrid
speciation is less frequent in nature because the genes and alleles are frequently overcome by gene
flow from the parental species, difficulting its stabilization as a new lineage (Schumer et al. 2014;
2018). Despite this, new genetic recombinations, that emerge from parental alleles in the introgressed
groups can lead to new phenotypes, which may be well-adapted to the environment, improving the
fitness and giving an evolutionary advantage to the hybrids (Tobler and Carson 2010; Abbott and

Rieseberg 2012; Abbott et al. 2013).

The spatial divergence is another important mechanism that can play an important role in the
establishment of homoploid hybrids. Hybrids frequently have expanded ecological tolerance and are

ecologically divergent from the parental species. Taking this into to account, the geographical
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isolation provided by founder events might allow admixed genomes to become stabilized before they

are prevailed by gene flow from parental species (Abbott and Rieseberg 2012).

One of the latest divergent clade of Otariidae encompasses three species: Arctocephalus
galapagoensis (Galapagos fur seal), endemic to the Galapagos Archipelago; A. australis (South
American and Peruvian-Chilean fur seals), widespread along the coast of South America; and A.
forsteri (New Zealand fur seal), distributed in New Zealand and Southern Australia, (fig. 1A)
(Chilvers and Goldsworthy 2015; Trillmich et al. 2015; Cérdenas-Alayza et al. 2016). According to
the current literature, A. australis is distributed from Isla Foca (5°12°S; 81°12°W), in Northern Peru,
to Mejillones, in the Northern coast of Chile (23°00°S; 70°20°W); and from Guafo Island (43°35°S;
74°42°W), Southern coast of Chile, to Ilha dos Lobos (29°20°S; 49°42°W), Southern coast of Brazil
(Oliveiraetal. 2008; Cardenas-Alayza et al. 2016). This characterizes a gap of 2,000 km in the species

distribution from Guafo Island to Mejillones (Rodrigues et al. 2018).

The fur seals and sea lions are charismatic species and well-known by the general public.
However, from the point of view of the taxonomy and systematics, the internal relationships of
Arctocephalus are controversial and have been extensively discussed (Sclater 1987; King 1954, 1969,
1983; Repenning et al. 1971; Yonezawa et al. 2009; Berta and Churchill 2012; Berta et al. 2018).
Based on skull morphology, King (1954; 1969) suggested A. forsteri as a valid species and at least
three subspecies of A. australis: A. a. australis (from the Falkland Islands); A. a. gracilis (from the
mainland of South America); and A. a. galapagoensis (from Galapagos Islands). Repenning et al.
(1971), however, analysed the skull morphometry and proposed New Zealand, Galapagos and South
American fur seals, including the Falkland Islands, as full species. King (1983), revisited her
taxonomic review and also recognized A. galapagoensis as a separate species, agreeing with
Repenning et al. (1971). Based on published studies of morphology and genetics and the current
distribution, Oliveira and Brownell (2014) suggested A. a. gracilis as a junior synonym of A. a.

australis.
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Figure 1. (A) Distribution and localities assessed in this study for each fur seal species. New Zealand fur seal (NZFS),
green (n = 9); Galapagos fur seal (GFS), pink (n = 10), Peruvian-Chilean fur seal (PCFS), hatched blue and pink lines
(n =13); and South American fur seal (SAFS), light blue (n = 15). (B) Cross-validation chart showing the number of
clusters and K=3 with lowest error rate. (C) Admixture graphic based on RADseq SNPs representing K=3. (D)
Admixture graphic showing K=4 and Peruvian fur seal having its unique genomic component.

Mitochondrial phylogenies showed the paraphyly for this clade (Lento et al. 1997; Wynen et
al. 2001; Yonezawa et al. 2009). By analyzing mtDNA cytochrome-b and estimating the divergence
times using the mitogenome of all Otariidae, Yonezawa et al. (2009) found three mitochondrial
lineages of A. australis and two lineages of A. forsteri, one of them grouping with A. australis from
Peru and another one being the sister taxon of A. australis from Atlantic coast. The split time from

the most common ancestor of this group with A. gazella was estimated ~1.4 Mya.

Berta and Churchill (2012), using previously published topologies for all pinnipeds, proposed
a new taxonomic organization based on a combined phylogeny. To avoid issues of paraphyly, the

authors suggested the genus Arctocephalus be limited to A. pusillus, the type species. Similarly, the
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transference of remaining Arctocephalus to Arctophoca (Berta and Churchill 2012; Committee on
Taxonomy 2018). In the same manuscript, these authors recommended the recognition of four
subspecies of Arctocephalus australis (Arctophoca australis): (1) A. a. australis from the Falkland
Islands, (2) an unnamed subspecies from Peru, (3) A. a. gracilis from Brazil and Argentina, and (4)
A. a. forsteri from New Zealand. This classification is currently used by the International Union for
Conservation of Nature (IUCN) in the red list of threatened species (Chillvers and Goldsworthy 2015;
Céardenas-Alayza et al. 2016). However, Nyakatura and Bininda-Emonds (2014), in an updating of
Carnivora supertree, suggested that the use of Arctophoca could be premature due to the uncertainty
about the phylogenetic relationships of many Otariidae species. The Committee on Taxonomy of
Marine Mammals, that firstly supported Berta and Churchill (2012), returned to use Arctocephalus

temporarily, but with no definition so far.

By analyzing 318 skulls with standard and geometric morphometrics, Oliveira et al. (2005,
2008) revealed pronounced geographic variation in size and shape of the skulls and a remarkable
variation in sexual dimorphism of A. australis from Peru and Uruguay/Brazil. In the same study, the
analyses of seven highly polymorphic microsatellite loci revealed highly significant differences in
allele frequency between these two localities. The morphological and genetic variations associated
with different breeding systems and significant variation on sexual dimorphism in the Peruvian-
Chilean and Brazilian/Uruguayan population led these authors to suggest different Evolutionary
Significant Units (ESUs) or even a different species (Oliveira et al. 2008; Oliveira and Brownell
2014). Tunez et al. (2007, 2013) and Rodrigues et al. (2018) also found significant genetic differences
in partial mitochondrial DNA sequences between Pacific and Atlantic populations, corroborating with
the findings of Oliveira et al. (2008). Significant differences in the reproduction times, resulting in an
asynchrony of the breeding season, were also found between the two localities (Pavés et al. 2016).
These differences were not assigned to demographic, oceanographic or photoperiod conditions in the
breeding areas, neither to latitudinal effects of the breeding phenology, reinforcing the independent

evolutionary histories of the two ESUs (Pavés et al. 2016).
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Despite the complex taxonomical history, A. forsteri, A. galapagoensis and A. australis are
currently recognized as full species, the last one with two subpopulations: the Peruvian-Chilean and
the South American fur seal subpopulations (Cardenas-Alayza et al. 2016; Committee on Taxonomy

2018).

Here, we generated and analysed six whole-genomes and reduced representation libraries of
three species and its subpopulations, hereafter called by their common names: A. forsteri (New
Zealand fur seals - NZFS), A. galapagoensis (Galapagos fur seal - GFS) and A. australis from two
subpopulations (Peruvian-Chilean fur seal - PCFS and South American fur seal - SAFS). The analyses
performed allowed us to delimitate species, compare different scenarios of speciation, assess signals
of hybridization among different groups of fur seals, and detect the hybrid origin of the Peruvian-

Chilean subpopulation.

Results

Sequencing and SNP Filtering Information

We successfully sequenced six whole-genomes of fur seals (n=1 per locality): for the South
American fur seals from Argentina, Chile and Falklands (SAFS), and one from each the Peruvian-
Chilean (PCFS), New Zealand (NZFS) and the Galapagos fur seals (GFS) (fig. 1A). The total average
coverage, including the genome of Antarctic fur seal (AFS) raw reads retrieved from GenBank (n =
1), was 23.6X (x 6.2) (table S1). The filtered whole-genome SNP panel recovered 13,316,418
polymorphisms. The mean depth of the RADseq sequenced libraries was 49.5X (fig. S1). After the
SNP calling and hard filtering, were kept 47 of 72 high-depth sequenced samples (fig. S1, S2 and

table S2) with 3,198 polymorphisms (fig. S3).

Population Clustering and Structure

The pairwise Fst with RADseq data indicated a low to moderate population differentiation

(0.03-0.09) between the four SAFS localities. The differentiation between PCFS and the other
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populations are much higher than between the SAFS localities (0.14-0.18). Between species
divergences (GFS vs NZFS vs SAFS populations) are higher than the previous ones (0.20-0.32) (table

S3).

Admixture analysis with RADseq data suggests three as the most appropriate number of
genomic clusters for these populations (K=3; fig. 1B). The Admixture plot for K=3 showed samples
of the GFS, NZFS and SAFS as well-delimited groups, while Peruvian-Chilean fur seals (sampled at
Punta San Juan - PSJ) appeared as an admixed population between GFS and SAFS (fig. 1C), with a
higher genomic component from the SAFS. However, for the three individuals sampled in the isolated
Isla Foca (in northern Peru), while one presented a mixed ancestry similar to the PCFS samples
(although with a higher proportion from GFS), the other two presented a pure GFS genomic
component. When we set K=4 genomic clusters, all but one of the Peruvian individuals from PSJ are
pure for their own genetic component. Again, two individuals from Isla Foca were assigned as pure

GFS and the other one as mixed between the Peruvian and Galapagos fur seals (fig. 1D).

The PCA analysis of the whole genomes presented the three species well separated, with the
three SAFS individuals from Argentina, Falklands and Chile closely together (Fig 2B). The individual

from the Peruvian (PSJ) population was found in an almost intermediate position between the SASF
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Figure 2. (A) PCA for the ddRAD dataset and (B) whole-genomes.
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and GSF. Results of the PCA analysis from RADseq SNPs with all samples were very similar to the
admixture results (Fig. 2A). The species were well separated in clusters, with samples from the
Peruvian population slightly close to the SAFS. Again, two samples from the Peruvian Isla Foca
grouped inside the GFS cluster and a third was in an intermediary position between this taxon and
PCFS of PSJ. A more detailed PCA from SAFS sensu lato, the Peruvian cluster and distinguished

samples from Isla Foca is shown in the supplementary figure S4.

Genomic Introgression Events

Since the results of admixture and PCA analyses with RADseq clearly showed the Peruvian
population as admixed, we applied the f3 and fs-statistics to the whole genomes to investigate further
signals of past hybridization. The f3 analysis showed strong and significant evidence (f3< 0) that PCFS
is the result of admixture between SAFS and GFS, with all three SAFS localities presenting virtual
identical results. The combination with NZFS and GFS also showed evidence for admixture, however

with a weaker signal (fig. S5 and table S4).

The fs analysis, that estimates unrooted four-population phylogenies to visualize shared
genetic drift among taxa, also indicated PCFS as an admixed taxon (fig. S5 and table S5). The f4
results strongly rejected the proposed null hypothesis when PCFS population is the sister taxon of
SAFS in a four-taxa phylogeny, indicating a shared drift pathway with GFS. It also rejects the null
hypothesis when PCFS is the sister taxon of GFS, pointing to a shared drift pathway with SAFS. We
also found weak signals of introgression between NZFS and SAFS (f4< 0.003) and between AFS and

SAFS (f4> -0.001) (fig. S6).

We used TreeMix to estimate with whole genome data the phylogenetic relationship of
populations and species, including admixture events. In a first analysis in which we maintained each
SAFS individual as a separate terminal, PCFS grouped with the Chilean SAFS, but very close to the
individuals from AR and FK, which are indistinguishable (fig. 3A). The analysis also found that 0.49
of the PCFS genome came from introgression from GFS. Because of the undifferentiation between
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AR and FK, we ran a second analysis joining these two individuals in an Atlantic population of SAFS
(fig. 3B). Interestingly, now the PCFS grouped with GFS, but with 0.48 of the genome introgressed
from the Chilean SASF. These results suggested that PCFS was essentially a hybrid between SAFS
and GFS, with half of its genome received from each ancestral. The result of the Admixturegraph
(fig. S7) found the same results, estimating the admixture proportion PCFS with GFS at 0.46 and with
Chilean SAFS of 0.54. TreeMix results found an introgression from NZFS into SAFS of about 4-10%
and a large branch length for PCFS (fig. 3), also a signal of an admixed population. Finally, in the
analysis with AR and FK separated, there was a signal of a large admixture (0.31) between FK and

CH individuals, which we interpreted as indicating the close relationship between the three SAFS.
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Figure 3. Maximum Likelihood tree of TreeMix with two migration events. (A) Showing the Peruvian-Chilean fur
seal grouping with South American of Chile (CH) and AR (Argentina) and FK (Falklands) as independent branches.
(B) Showing the Peruvian-Chilean fur seal grouping with Galapagos fur seal when AR and FK are considered from

the same population. Both analyses show a migration of ~50% from the genome of the Galapagos fur seal or South
American fur seal to Peruvian-Chilean fur seal.

Test of scenarios

We used an ABC approach to test different scenarios for the origin of the Peruvian-Chilean
taxon using the RADseq data. The results supported the hybrid origin of PCFS from GFS and SAFS
with a posterior probability of 1 against the two alternative pure divergence scenario (fig. S8A and
8C). We also estimated with this approach the age of the hybridization and the contribution of the
two parental genomes to the PCFS. The mode value of the ratio of mixture event (‘ra’) in the PCFS

was 61% for SAFS and 39% for GFS. The posterior distribution of the t1 (the time when PCFS arose
76



by hybridization) showed that the event of admixture is not recent but have occurred likely thousands
of generations ago. However, the absolute estimation for divergence times and effective population
sizes should not be considered here given the absence of mutation model parameterization in the

SNPs coalescence model in DIYABC (Cornuet et al. 2014).
Phylogenomic Inferences in the Presence of Gene Flow

Given the scenarios with different events of genomic introgression, we used G-PHoCS to
estimate divergence times and rates of migration in the presence of gene flow. This analysis estimated
almost simultaneous speciation of SAFS, PCFS and GFS that occurred between 352 and 403 Kya,
with small and overlapped intervals, after the split from NZFS at 1.5 Mya (fig. 4). Although estimates
of the migration parameters did not stabilize well, resulting in large confidence intervals, the median
value that represents the proportion of the genome of the PCFS received from the GFS was 0.48, the
same values estimated above with TreeMix and Admixturegraph. A large and similar Ne for each
extant species and the ancestor population were also estimated (fig. 4 and table S6). The PCFS showed

the smallest Ne, however, with the largest HPD interval, and NZFS showed the largest Ne (table S6).
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Figure 4. Divergence times recovered with G-PHoCS showing the fast period of speciation of the SAFS, PCFS and GFS.
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Population size changes through time

The demographic histories of five fur seals genomes with the PSMC analysis were presented
in figure 5 and S9. The SAFS of the Atlantic Ocean (Argentina and Falklands) presented almost
identical trajectories, while the SAFS from Chile presented some differences. GFS showed a long-
term distinct evolutionary trajectory, frequently presenting smaller Ne than the other fur seals. PCFS
presented a history like the other SAFS differing more clearly only more recently indicating the

beginning of an independent evolutionary history from the other South American fur seals.
Mitochondrial DNA phylogeny

To compare our data with the previous phylogenies published in the literature, we also
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Figure 5. Historical Ne using the PSMC analyses for five fur seal genomes. The x-axis shows the time, and the y-
axis shows Ne. The left and bottom axis show the plot scaled using a conservative mammalian mutation rate (p) of 1
x 1078 bp~* gen* for a generation time (g) of 10 years. The above and right axis show the plot scaled using a mutation
rate estimated previously from 300 genomic fragments as 5.5 x 1078 bp™ gen™* (Lopes et al. in prep).

sequenced the control region of the mtDNA from the samples used in the RADseq analysis. Our
phylogeny showed a very similar topology to those already reported (fig. S10, table S7 and S8).
However, samples from PCFS appeared grouped in two separated clades. The major lineage was
derived from a SAFS clade (PCFS Clade A), and the minor (clade B) as a sister group of the largest

lineage of the NZFS (clade A). The NZFS sequences also appeared separated in two clades, being
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basal to the group of PCFS (Clade A) and SAFS. Two of three individuals sampled in Isla Foca
(Aausll and Aausb3), that were assigned to GFS in the Admixture analyses of RADseq, also
clustered with the Galapagos species in the mtDNA phylogeny. The third specimen, with the nuclear
DNA identified as a mixed individual between SAFS and GFS, clustered with PCFS (clade A) (fig.

S10 and table S8).

Discussion

We presented a detailed analysis of the evolutionary history of the Peruvian-Chilean, South
American, Galapagos and New Zealand fur seals using both whole genome and RADseq data. We
detected at least three events of interspecific gene flow, including the hybrid speciation of the
Peruvian-Chilean fur seals, shedding light on the group diversification process and species

delimitation.
Interspecific gene flow and the hybrid origin of the Peruvian-Chilean fur seals

Besides the hybridization that originated the Peruvian-Chilean fur seals, we also found
evidence for small but significant past introgression between the New Zealand and South American
fur seals and between the Antarctic and the South American fur seals (figs. 3, S5-S7) and a secondary
contact of the Galapagos with the Peruvian-Chilean fur seals (fig. 1C-D). Signals for past
introgressive hybridization have been identified with genomic data in many mammal groups, such as
humans, bears, big cats, whales, stoats (Figueird et al. 2017; Kumar et al. 2017; Arnason et al. 2018;
Cahill et al. 2018; Colella et al. 2018). In pinnipeds (fur seals, sea lions, phocids and walruses) there
are more than 1,100 cases of hybrid individuals registered, of which 19.2 % involved New Zealand
fur seals (Schaurich et al. 2012). No cases involving South American, Peruvian-Chilean or Galapagos
fur seals were registered in the literature until now. We have previously found genomic evidence of
past hybridization in Otariidae only between New Zealand and South American fur seals (Lopes et

al. in prep.).
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Gene flow between species of fur seals that are distributed far away from each other is
plausible. The species of the group are highly dispersive and influenced by environmental conditions,
such as marine currents and oceanographic phenomena, they can swim long distances, sometimes
more than 5,000 km from their reproductive sites (Paez-Rosas et al. 2017; Millman et al. 2019). For
example, vagrants Galapagos fur seals were already recorded during El Nifio events in the coasts of
Mexico, Costa Rica, Guatemala, Colombia and Ecuador, however, with no register of offspring
(Capella et al. 2002; Aurioles-Gamboa et al. 2004; Félix et al. 2007; Montero-Cordero et al. 2010;
Paez-Rosas et al. 2017; Quintana-Rizzo et al. 2017). In the Atlantic Ocean, the northernmost record
of an Arctocephalus sp. occurred in the Sdo Pedro and Sao Paulo archipelago (00°56°N, 29°22°W),
which is about 1000 km away from the Brazilian and Africa mainland. This record could correspond
to three potential species: Arctocephalus tropicalis, the Subantarctic fur seal, Arctocephalus pusillus
pusillus, South African fur seal and A. australis, the South American fur seal (Millman et al. 2019).
Thus, the great dispersal capability, agonistic behavior, great dispersal capability and weak
mechanisms of reproductive isolation can be promoting interspecific gene flow in fur seals (Carey

1992; Amos 2007; Lancaster et al. 2007; Schaurich et al. 2012; Millman et al. 2019).

The hybrid speciation of the Peruvian-Chilean fur seals was strongly supported by the test of
scenarios of ABC (fig. S8) and evidenced by multiple analyses of genomic admixture (figs. 1-3, S5-
S8). The proportions of introgression of each parental species in the hybrid taxon genome in most of
the results are closer to 50%-50%. The variation in these estimates between some analyses, that
ranged from around 40 to 60%, most likely reflects the different phylogenetic relationships between
the three species underlying the analyses. For example, in the TreeMix analyses (figs. 3 and S7), we
found the Peruvian-Chilean fur seals grouping either with Galapagos or South American fur seals.
This is expected since these analyses first estimated a dichotomous tree and afterwards estimate
migration between them. Being a hybrid taxon with almost identical contribution from both parental
species, parental taxa will group first by minor differences in the algorithms or the data set. The hybrid

taxon also has its genetic diversity increased due to the influx of alleles from the different parental
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species (Zalapa et al. 2010), which supports the longest branch lengths of the Peruvian-Chilean fur
seals in the species tree phylogenetic reconstruction (fig. S11 and supplementary material S1) and
drift parameter of TreeMix (figs. 3 and S7). The test of scenarios with ABC (fig. S8) also rejected
scenarios of divergence without admixture between these three taxa, including the hypothesis that the
Peruvian-Chilean fur seal is the sister taxon of South American fur seals (Wynen et al. 2001;

Yonezawa et al. 2009).

We also showed that there seems to have been a recent secondary contact between Galapagos
and Peruvian-Chilean fur seals. We found one individual in Punta San Juan, in the Southern coast of
Peru, with mixed ancestry with Galapagos fur seals (fig. 1D), suggesting at least one event of
successful offspring between Galapagos and Peruvian-Chilean fur seals. More interestingly, we found
two pure Galapagos fur seals and another mixed (mostly with Galapagos ancestry) individual in Isla
Foca, an islet very close to the continent (<1 km), located ~1,000 km to the north of Peruvian-Chilean
fur seals distribution and to the east of the closest Galapagos island. The presence of these individuals
in the coast of Peru indicates a new and complex scenario for the Galapagos species until now
considered endemic to the Galapagos Archipelago (Trillmich 2015). Isla Foca was recognized as an
extension of the Peruvian-Chilean fur seals distribution only in the last update of the IUCN red list of
threatened species (Cardenas-Alayza et al. 2016). Although our sampling is very limited, our results
are suggestive that this colony may represent an established Galapagos fur seal colony at the South

American coast, showing a putative zone of contact between the two taxa.

In the last census there were ~50 fur seals living on the islet, but this number vary from year
to year (Cardenas-Alayza and Oliveira, personal communication), mainly during El Nifio events, the
driving force that leads to strong demographic oscillations in the Galapagos and Peruvian-Chilean fur
seals populations due to the lack of primary productivity affecting the food chain in the Equatorial
Pacific ocean (Oliveira et al. 2008, 2009; Trillmich 2015). Unfortunately, there is not much biological
information available about the islet (Cardenas-Alayza and Oliveira, personal communication) and

further studies are needed for understanding the role of Isla Foca and the potential effect of
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environmental anomalies, such as climate change and El Nifio events (see Oliveira et al. 2006;
Oliveira et al. 2009), in this locality and the consequences for the Galapagos and Peruvian-Chilean

fur seals population dynamics, distribution and conservation.
Species delimitation

Until now, phylogenetic relationships, biogeographical histories and even taxonomic
reclassification within Otariidae and Arctocephalus were inferred based on small mtDNA sequences
(Lento et al. 1997; Wynen et al. 2001; Arnason et al. 2006; Higdon et al. 2007; Yonezawa et al. 2009;
Berta and Churchill 2012; Rodrigues et al. 2018). Among these studies, those that applied more than
one individual per species supported the paraphyly for the crown group assessed in our study (e.g.,

Wynen et al. 2001; Yonezawa et al. 2009).

The species trees recovered with genomic fragments showed the same topology with the
Antarctic fur seal being basal to the group, followed by the New Zealand fur seal and Galapagos and
Peruvian-Chilean fur seal as the sister clade of the South American fur seal (fig. S11). However, the
phylogenetic position and divergence time of the Peruvian-Chilean taxon in these analyses should be
considered with caution, since these methods do not deal with the effect of introgression (Wen and
Nakhleh 2018). Simulated data have shown biased estimates for node heights and population sizes
under multispecies coalescent models when migration between non-sister species is present but
ignored (Leaché et al. 2014; Wen and Nakhleh 2018). We, therefore, used the G-PHoCS approach, a
Bayesian method that incorporates interspecific gene flow in the estimation of time, population sizes
and migration. This analysis indicated more recent divergence times (fig. 4) than the those published
in the literature (Higdon et al. 2007; Yonezawa et al. 2009; Nyakatura and Bininda-Emonds 2012)
and recovered in the MSC models of StarBEAST and ASTRAL (see fig. S11 and supplementary
material S1), showing an almost simultaneous speciation for the Galapagos, Peruvian-Chilean and

South American fur seals around 400 Kya (fig. 4). Similar divergence times were found in the split
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of South American and Galapagos fur seals in our previous whole genome study of Otariidae (Lopes

etal. in prep.).

The topology estimated with mtDNA (fig. S10) agreed with the paraphyly of the crown group
found in previous studies (Lento et al. 1997; Wynen et al. 2001; Yonezawa et al. 2009; Rodrigues et
al. 2018). Our RADseq results, however, showed that the three species are well-delimited based on
the nuclear genome. Given the mode of inheritance of the mitochondrial marker, the paraphyly
reported can also reveal an ancient and complex event of origin and dispersal of the crown group
(Yonezawa et al. 2009; Salis et al. 2016; Dussex et al. 2016; Rodrigues et al. 2018). Therefore,
previous biogeographical inferences based only on the mitochondrial gene tree history should be
revisited. To untangle this complex evolutionary history at a finer scale would be necessary additional

genomes.

Previous studies on morphology, genetics, and reproduction biology (Oliveira et al. 2005,
2008; Rodrigues et al. 2018; Pavés et al. 2016) found the Peruvian-Chilean fur seal to be a very
divergent taxon within A. australis, with at least, a status of ESU. Besides, at least three additional
pieces of evidence supported a long-term evolutionary history of the Peruvian-Chilean fur seals as an
independent population. First, in the admixture graph with K=4 genomic clusters, this population
presented its unique genomic component (fig. 1D). Second, the mitochondrial DNA tree showed two
very distinct lineages (fig. S10) with long branches for this population, one derived from South
American fur seals (clade A) and another clustering with the major lineage of the New Zealand fur
seals. These two clades were also found by Rodrigues et al. (2018), evidencing a complex scenario
in the crown group origin and dispersal and ancient evolutionary history. Third, the test of scenarios
of ABC also supported an ancient history with the hybridization estimated to have occurred thousands
of generations ago (see results and fig. S8). Therefore, our discovery that the Peruvian-Chilean fur
seal originated from an ancient hybridization and that it has its own genetic component but that it still
preserves its mixed origin, implies that, in evolutionary terms, it could not be considered as being a

subgroup (e.g., an ESU or subspecies) of only one of its parental species. Consequently, the correct
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biological and taxonomic solution would be to grant this taxon with a full species status within

Arctocephalus as previously suggested by Oliveira and Brownell (2014).

Our results also showed a lack of population structure among A. australis main populations
(Chilean, Argentinean and from Falklands) or even between Southern Pacific and Atlantic oceans
(Oliveira et al., unpublished data; Rodrigues et al. 2018), not supporting the three mitochondrial

clusters within the Uruguayan/Brazilian ESUs found by Tunez et al. (2007; 2013).

Materials and Methods

Sampling

A total of 72 tissue samples were collected representing the species distribution of SAFS,
PCFS, GFS and NZFS. The effective number of samples (after filters) and localities for each species
are described in figure 1 and table S1. Skin biopsies (~0.5 cm?3) were obtained with piglet notch pliers
from pups or from recently dead animals found ashore, stored in ethanol 70% and cryo-preserved in
-20 °C. Genomic DNA extractions were carried out with DNeasy Tissue Kit (Qiagen) following the
manufacturer’s protocol. DNA yield was quantified using a spectrophotometer NanoDrop Lite, and

quality assessed on a 2% agarose gel.

Whole-genomes libraries and Sequencing

We sequenced six whole-genomes of fur seals (n=1 per locality): for the South American fur
seals from Argentina, Chile and Falklands (SAFS), and one from each the Peruvian-Chilean (PCFS),
New Zealand (NZFS) and the Galapagos fur seals (GFS) (fig. 1A). Genomic libraries were prepared
with lllumina DNA PCR-free or TruSeq Nano kits with an insert size of 350 bp and 150 bp of paired-
end reads. The libraries (two libraries/lane) were sequenced by Macrogen Inc. (Seoul, South Korea)

on an lllumina HiSeq X platform.
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ddRAD-seq Library and Sequencing

ddRAD-seq libraries were prepared in-house using the version of Kess et al. (2016), a
modified protocol of Peterson et al. (2012). Before the library preparation, we performed an in-silico
digest based on the reference genome of Antarctic fur seal (AFS), A. gazella (Humble et al. 2016)
and using the python script designed by DaCosta and Sorenson (2014) to ensure a sufficient number
of RAD loci with satisfactory coverage to properly address the research question being investigated.

The enzymes Sphl and Eco-RI were selected, aiming ~15,000 genomic loci and 50x of coverage.

For each sample, 20 ng of genomic DNA was digested with restriction enzymes. P1 and P2
barcode combinations were ligated to the generated fragments for individual identification before
samples were pooled. DNA fragments between 355 and 555 base pairs (bp) were selected using 1.5%
agarose gel electrophoresis. These fragments were purified with Invitrogen PureLink Quick Gel
Extraction Kit and magnetic bead purification to remove remained fragments below 250 bp. Genomic
library was sequenced in a platform Illumina HiSeq 2500 using single-end 2x100 bp reads module in
The Centre of Applied Genomics of The Hospital for Sick Children (Toronto, Canada). Stacks 1.46

(Catchen et al. 2011) was used for demultiplexing.

Partial mitochondrial DNA Sequencing

For identifying the matrilineal inheritance of the PCFS (see Results), we sequenced the
mitochondrial DNA (mtDNA) control region (CR) using the following primers: L15926 5°- TCA
AAG CTT ACACCAGTC TTG TAA ACC - 3" (Kocher et al., 1989); H16498 5"- CCT GAA GTA
GGA ACC AGA TG- 3" (Meyer et al., 1990). Amplifications for were carried out in 20 pl with the
following conditions: 1.5 mM MgCl2, 200 uM of each dNTP, 0.1 uM of each primer, 1 U of Platinum
Tagq DNA polymerase (Invitrogen), 1X PCR buffer (Invitrogen), 0.2% - 0.4% Triton and 2 ul of DNA
(approximately 50 ng). Thermocycling conditions were: 1 cycle of 5 min at 94 °C, 35 cycles of 30 s
at 94 °C, 60 sat 65 °C and 60 s at 72 °C; and 1 final cycle of 7 min at 72 °C. Amplification products
were purified with shrimp alkaline phosphatase and exonuclease | (Amersham Biosciences). The
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purified were sequenced in both directions using and run in an ABI 3730XLs at Macrogen Inc. Partial

mtDNA CR of the PCFS were checked in CHROMASPRO 1.7.4 (http://technelysium.com.au).

Data Quality Control and Mapping

Data quality was assessed with FastQC software (Andrews 2010). Reads were trimmed for
vestigial adapters, mapped against masked genomes of Antarctic fur seal, A. gazella, (Humble et al.
2018) for RADseq and the annotated genome of the Walrus, O. rosmarus, for whole-genomes (Foote
et al. 2015), and locally realigned using the bam_pipeline module implemented on PALEOMIX
1.2.13.2 (Schubert et al. 2014). The detailed PALEOMIX bam_pipeline and settings: for RADseq
and whole-genome sequenced libraries we used the parameters, respectively: reads with length-size
< 60/100 bp and Phred-score < 20/30 were filtered out by AdapterRemoval v2 (Schubert et al. 2016);
the remained reads were mapped using BWA 0.7.17 (Li and Durbin 2009) and -mem algorithm.
Single/Paired-end reads (RADseq and whole-genomes, respectively) with mapping quality Phred-
score < 20, unmapped reads and single-reads (only for whole-genomes) were discarded from the
downstream pipeline; reads that were sequenced more than double or less than one standard deviation
from the coverage average were not considered and were removed (Arnold et al. 2013; Gautier et al.
2013). PCR duplicates were detected and removed by Picard Tools 2.18.5
(broadinstitute.github.io/picard/). Then, miscalling indels were locally realigned by GATK 3.8

(McKenna et al. 2010).

To assemble loci, call and filter SNPs, we used the program ANGSD 0.929 (Korneliussen et
al. 2014). Detailed parameters used for filtering and mapping RADseq and whole-genomes reads are
described in supplementary material S2. For whole-genomes, we used only sites with 100% of
information; for RADseq, we removed all individuals and sites with less than 70% of genomic
information (samples and sites). The distribution of missing data within the SNP panel was

graphically represented with Matrix Condenser (de Medeiros and Farell 2018). For admixture
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analyzes, to minimize the genetic linkage and consider all SNP as independent loci, we thinned the

matrix of SNPs to a single SNP per contig with VCFtools (Danecek et al. 2011).

Population Clustering and Structure

We performed exploratory analyses to assess how individuals and genomes cluster together
with a Principal Component Analyzes (PCA) using PCAngsd for RADseq and whole-genome
datasets (Meisner and Albrechtsen 2018). For the RADseq dataset and based on PCA results, we used

ANGSD Site Frequency Spectrum to assess the weighted pairwise FST population differentiation.

With the Bayesian clustering implemented in the NGSadmix ANGSD (Meisner and
Albrechtsen 2018) and Admixture 1.3 (Alexander et al. 2009) (supplementary material S3), we
evaluated the admixture proportions among individuals and populations/species. The best-fitted
number of the genetic cluster was identified with cross-validation and ten independent replicates
calculated in Admixture (from 1 to 10 clusters). The results were graphically visualized with

Pophelper 2.2.9 (Francis 2017).

Admixture analyses

To estimate introgression between taxa based on whole genomes we used f; and fs-statistics
with threepop and fourpop modules implemented on TreeMix suite (Pickrell and Pritchard 2012;
Harris and DeGiorgio 2016). Fs-statistics explicitly tests whether a taxon of interest A is the result of
admixture between two other B and C. Positive values indicate that there is no evidence of admixture
among tested species, while negative values indicate admixture; fs-statistics estimates unrooted four-
population phylogenies to visualize shared genetic drift among taxa (Harris and DeGiorgio 2016).
For a f4 ((A,B),(C,D)) topology, the defined paths are A to B and C to D, this results in f4 = 0. If f4 is
a positive value, this indicates drift paths A to C and B to D. Otherwise, a negative value indicates A
to D and B to C. TreeMix infers a maximum likelihood tree of populations with a given number of

events of introgression.
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The analyzes of threepop and fourpop were performed over 811 blocks of 5,000 SNPs. The
significance of f3 and fs-statistics, respectively, were based on Z-score, calculated by the jackknife
method. Significantly positive (Z > 3) and significantly negative (Z < -3) values reject the null
hypothesis (Harris and DeGiorgio 2016). We plotted the distribution of f3 and fs and values with

admixturegraph (Leppald et al. 2017), an R package.

Test of hybridization scenarios

We used approximate Bayesian computation (ABC) method implemented on DIYABC 2.1.0
(Cornuet et al. 2014) to test the most likely demographic scenario for the origin of PCFS with the
RADseq SNP panel. In this analysis, the NZFS was excluded to maintain simply the demographic
scenarios and improve the efficiency of the estimation. We tested three scenarios (Fig. S10) that
represent some of our results and phylogenetic relationships previously reported in the literature: (1)
a scenario where PCFS originated as a hybrid between SAFS and GFS, as suggested by our results;
(2) PCFS as the sister group of SAFS, as the literature (Wynen et al. 2001; Oliveira et al. 2008) and
some of our results; (3) PCFS as the sister group of GFS, as our ASTRAL-III and StarBEAST2
species trees suggested (supplementary material S1). Scenarios 2 and 3 are pure divergence scenarios,
without admixture, to avoid that the three scenarios converge to a single scenario. Distribution of the
priors for the parameters was presented in figure S8. All available summary statistics parameters of
genetic diversity, Fst distances and Nei’s distances were used. We ran several preliminary analyses
of 500,000 simulations for each scenario to adjusting the distributions of the parameters. After the
draft analyses, we performed a final run of 5,000,000 simulations for each evolutionary model.
Scenarios pre-evaluation and model checking was performed with PCA within DIYABC. To compute
the posterior probability of the best scenario, we used the logistic regression with 1% closest

similarity to the observed data and number of intermediate values = 10.
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Phylogenomic Inferences in the Presence of Gene Flow with G-PHoCS

To infer migration rates, divergence times and population sizes (Ne) with the whole genomes,
we used the Generalized Phylogenetic Coalescent Sampler method (G-PHoCS - Gronau et al. 2011).
To minimize the effect of genetic recombination, the analysis was done over 20,000 intergenic and
random neutral loci of 5 kb, 900,000 MCMC iterations, and NZFS as root (S4 and fig. S11). Based
on the previous analysis we applied the following migration bands: GFS -> PCFS; SAFS->PCFS and

NZFS->SAFS. We ran the analysis twice to ensure the convergence of results.

The pipeline used for selecting neutral loci and information of parameters estimation is based
on Freedman et al. (2014) and Gronau et al. (2011). For detailed information, see supplementary
material S4. The divergence times were calibrated using the time of divergence between NZFS and
SAFS, PCFS and GFS estimated with StarBEAST2 (Ogilvie et al. 2017 - supplementary material

Sland fig. S11).

Population size changes through time

Changes in Ne through time for fur seals were inferred from genomes using the Partial
Sequentially Markovian Coalescent model of PSMC 0.6.5-r67 (Li and Durbin 2012). First, we
generated the inputs using Samtools mpileup 1.9, applying a minimum mapping and base quality
Phred-score > 30 and the option -C 50. After that, we used vcfutils vcf2fq perl script (Danecek et al.
2011) to apply a minimum individual read depth of 10 and a maximum of 100. We set the PSMC
analysis using -N25, for the number of cycles of the algorithm, -t15, as the upper limit for the most
recent common ancestor (TMRCA), -r5, for the initial 6/p, and -p 4 +25*2 + 4 + 6 atomic intervals.
The reconstructed population history was plotted using psmc_plot.pl script applying two
substitution rates: a conservative mammalian substitution rate of 1 x 107 bp™* gen; and a
substitution rate of 5.5 x 1078 bp™* gen * obtained with MSC model of StarBEAST2 (supplementary
material S1) for 300 genomic fragments of 50 kb and 10 years per generation time (Nachman and

Crowell 2000; Trilmmich 2015; Lopes et al. in prep).
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Mitochondrial phylogeny

We captured the mtDNA CR from the raw reads of whole-genomes of the NZFS, GFS, PCFS
and SAFS by mapping these reads with PALEOMIX against the complete mitochondrial genome of
A. townsendi (GenBank NCO008420). Sequenced mtDNA CR and captured sequences were
automatically aligned with MUSCLE and edited on MEGA X (Kumar et al. 2018) with CR sequences
retrieved from GenBank (Table S2): NZFS (Salis et al. 2016), GFS (Lopes et al. 2015) and SAFS
(Crespo et al. 2015; Oliveira et al., unpublished data; Rodrigues et al. 2018). In order to identify
clusters of PCFS mitochondrial lineages, a Neighbor-joining tree was recovered over 256 bp of CR

with Mega X and 100 bootstrap replicates.
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There and there again: Genomic data indicate the Peruvian-Chilean fur seal is an ancient hybrid
between the South American and the Galapagos species and that the latter is expanding and
reproducing in the continent again
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S1. Phylogenomic Inference in the Absence of Gene Flow

Per-scaffold alignments obtained from the whole genomes dataset were partitioned into sets
of nonoverlapping genomic fragments of 50 kilobases (kb), with a step size of 100 kb between each
alignment to avoid the effect of Linkage Disequilibrium (see Humble et al. 2018). Sites with missing
data and masked regions were removed with trimAl v1.4 (Capella-Gutierrez et al. 2009). Scaffolds
smaller than 50 kb were excluded and only sites with 100% of the data were kept in the downstream
pipeline. Alignments smaller than half of the original alignment size and/or non-informative
alignments were discarded.

For each genomic fragment, phylogenetic Maximum Likelihood (ML) trees were computed
with RAXML-HPC-PTHREADS 8.2 (Stamatakis 2014) using GTR+G as best fit substitution model
estimated by JModelTest2 (Darriba et al. 2012) and AFS as outgroup. The outputs of RAXML of each
dataset were used to produce the maximum quartet support species tree (exact search) under the
Multispecies Coalescent Codel (MSC) of ASTRAL-III (Zhang et al. 2018).

To estimate the root age, we also recovered the species tree with StarBEAST2 template
implemented in BEAST 2.5.2 package (BEAULi, BEAST, TreeAnotator - Rambaut and Drummond
2010; Drummond and Bouckaert et al. 2014; Ogilvie et al. 2017). This analysis, as the ASTRAL-III
approach, assumes that the source of genealogical discordances is due to Incomplete Lineage Sorting
(ILS), not considering events of migration in the model and then over or underestimating the times
of speciation (Wen and Nakhleh 2018). In this analyzes, we selected the 300 most variable genomic
fragments estimated with AMAS tool (Borowiec 2016). The priors used were: a strict molecular clock
with a relative mutation rate = 1, linked clock models, constant population sizes, HKY substitution
model with empirical base frequencies, an estimated gamma site model and Yule tree model. We run
a Bayesian Markov Chain Monte Carlo (MCMC) of 500,000,000 steps sampled each 20,000 with a
burn-in of 10%. The divergence times were calibrated based on the split time between AFS and the
remaining species at 2.4 Mya. This node age was based on the calibrated whole-genome phylogenies
for almost all Otariidae species (Lopes et al. in prep.).

The tree recovered under Multispecies Species Coalescent Model of ASTRAL-III does not
consider gene flow in the phylogenetic reconstruction (fig. S11A). This tree showed AFS and NZFS
as the basal species as expected. Surprisingly, Peruvian-Chilean fur seal (PCFS) grouped with
Galapagos fur seal (GFS), both being the sister group of the South American fur seal (SAFS). Here,
we also highlight that the branch length of PCFS is longer than that of the other species. The
StarBEAST MSC tree presented the same topology. The divergence time in the split of PCFS and
GFS should be interpreted with caution since the method do not consider gene flow.
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S2. SNP calling and filtering parameters

ddRAD-seq parameters:
SNPs were called with ANGSD 0.921 (Korneliussen et al. 2014) using the parameters:

doPlink 2, uniqueOnly 1, remove_bads 1, only_proper_pairs 1, C 50, baqg 1, setMinDepth
235, setMaxDepth 4700, setMinDepthind 5, setMaxDepthind 100, doCounts 1, GL 2, doMajorMinor
1, doGlf 2, SNP_pval 1e-3, minind 38, doGeno 4, doPost 1, doMaf, postCutoff 0.99, geno_minDepth
4. After the SNP calling, the variant panel was converted to VCF format with Plink 1.9 (Chang et al.
2015).

Whole-genome parameters:

From the mapped reads, SNPs were called using ANGSD 0.921 (Korneliussen et al. 2014)
with the parameters: doFasta 2, doCounts1 and explode 1. Single-nucleotide polymorphisms (SNPs)
were called with settings: uniqueOnly 1, remove bads 1, only proper_pairs 1, C 50, baq 1,
setMinDepth 120, setMaxDepth 1200, setMinDepthind 5, setMaxDepthind 100, doCounts 1, GL 2,
doMajorMinor 1, SNP_pval 1e-3, doGeno 32, doPost 1, doPlink2. After the SNP calling, the variant
panel was converted to VCF format with Plink 1.9 (Chang et al. 2015).

Parameters meaning:
Quality filtering

e only_proper_pairs =1: include only proper pairs (pairs of read with both mates mapped
correctly). 1: include only proper (default), O: use all reads. Only relevant for paired end data;

e -C 50: adjust mapQ for excessive mismatches (as SAMTtools). The coefficient for
downgrading mapping quality for reads containing excessive mismatches. Given a read with
a phred-scaled probability g of being generated from the mapped position, the new mapping
quality is about sgrt((INT-q)/INT)*INT. A zero value disables this functionality; if enabled,
the recommended value for BWA is 50;

e Bag=1: BAQ is the Phred-scaled probability of a read base being misaligned. It greatly helps
to reduce false SNPs caused by misalignments. BAQ is calculated using the probabilistic
realignment method described in the paper “Improving SNP discovery by base alignment
quality”, Heng Li, Bioinformatics, Volume 27, Issue 8 ;

e uniqueOnly=1: remove reads that have multiple best hits. 0 no (default), 1 remove;

e remove_bads=1: same as the samtools flags -x which removes read with a flag above 255 (not
primary, failure and duplicate reads). 0 no 1 remove (default).

Haplotype calling

e doGeno=4: print the called genotype as AA, AC, AG,;
=32: write the posterior probabilities of the 3 genotypes as binary;

doPost=1: estimate the posterior genotype probability based on the allele frequency as a prior;
GL=2: Genotype likelihoods obtained by using GATK algorithm

postCutoff=0.99: call only a genotype with a posterior above this threshold;

minind=28: only keep sites with at least minindDepth (default is 1) from at least [int]
individuals
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e -doMaf=2: Here the major allele is assumed to be known (inferred or given) however the
minor allele is not determined. Instead, we sum over the 3 possible minor alleles weighted by
their probabilities;

e SNP_pval= 1e-3: only work with sites with a p-value less than 1e-3;

e -doGlIf=2: beagle haplotype imputation and be performed directly on genotype likelihoods.
To generate beagle input file use;

e doMajorMinor=1: from the input for either sequencing data like bam files or from genotype
likelihood data like. The major and minor allele can be inferred directly from likelihoods;

e doCounts=1: use -doCounts 1 in order to count the bases at each site after filters.

S3. Individual clustering and population structure parameters used in ANGSD
Principal Component Analysis (PCA) for the whole genomes

uniqueOnly 1, remove_bads 1, only_proper_pairs 1, C 50, baq 1, setMinDepth 30,
setMaxDepth 600, setMinDepthlInd 5, setMaxDepthind 100, doCounts 1, GL 2,
doMajorMinor 1, doMaf 1, SNP_pval 1e-3, doGeno 32, doPost 1, nThreads 10, doPlink 2

Principal Component Analysis (PCA) for the ddRAD-seq

uniqueOnly 1, remove_bads 1, only_proper_pairs 1, C 50, baq 1, setMinDepth 5,
setMaxDepth 235, setMinDepthind 5, setMaxDepthind 4700, doCounts 1, GL 2,
doMajorMinor 1, doMaf 1, SNP_pval 1e-3, doGeno 32, doPost 1, -nThreads 10, doPlink 2

Admixture and FsT for ddRAD-seq

doPlink 2, uniqueOnly 1, remove_bads 1, only proper_pairs 1, C 50, baqg 1, setMinDepth 235,
setMaxDepth 4700, setMinDepthind 5, setMaxDepthind 100, doCounts 1, GL 2, doMajorMinor 1,
doGIf 2, SNP_pval 1le-3, minind 28, doGeno 4, doPost 1, doMaf 2, postCutoff 0.99, geno_minDepth
4

The option -doSaf 1 was applied with the parameters above described to generate the Site Frequency
Spectrum for FsT population differentiation.
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S4. G-PHoCS pipeline for selecting neutral loci

#use bedtools slop to remove CDS and adjacent regions

bedtools slop -b 10000 -i ODros.CDS.bed -g ODros.GENOME >
ODros.annotated.cds.20kbSlop.bed

#get from the ".GENOME" file the sacaffold sizes. Add a column of zero between the name and
scaffold sizes

cat ODros.GENOME | awk ‘{print $1,0,$2}' > ref_ODros.scaff.bed

#ensure that it is tab delimited; remove b from a and save only the regions equal or greater than 5
kb

bedtools subtract -a ref_ODros.scaff.bed -b ODros.annotated.cds.20kbSlop.bed | awk '($3-$2) >=
5000' > ref_ODros.nonCoding.5kbWin.bed

#making windows of 5 kb
bedtools makewindows -b ref_ODros.nonCoding.5kbWin.bed -w 5000 >
ref_ODros.5kbwindows.bed

#randomly selecting fragments
shuf > ref_ODros.5kbwindows.bed | head -20000 | sort -k 1,1 -k2,2n > ref_ODros.shuf20k.bed

#converting zipped vcf into bef zipped vcf
bcftools view -Oz GPhoCS.vcf.gz > GPhoCS.0Oz.vcf.gz

#indexing the vcf file
tabix -p vcf GPhoCS.Oz.vcf.gz

#selecting bed regions
bcftools view -R ref_ODros.shuf20k.bed GPhoCS.Oz.vcf.gz > GPhoCS_targetregions20k.vcf.gz

#converting to bcf gzipped vcf again
bcftools view -Oz GPhoCS _targetregions20k.vcf.gz > GPhoCS_targetregions20kOz.vcf.gz

#indexing the new vcf
tabix -p vcf GPhoCS _targetregions20kOz.vcf.gz

#making consensus from vcf target regions

for samp in $(bcftools query -1 GPhoCS_targetregions20kOz.vcf.gz); do beftools consensus -s
$samp -1 -f ODros.fasta GPhoCS _targetregions20kOz.vcf.gz > $samp.consensus.fasta; done
#creating genomic windows

for f in *; do sample=${f%.consensus*}; echo $sample ; bedtools getfasta -fi $f -bed
ref_ODros.shuf20k.bed > consensus/windows/$sample.windows.fasta; done

#split the genomic regions into individual alignments
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Table S1. PALEOMIX statistics for each species mapped against O. rosmarus genome (2.4 Gb genome).

Fraction total

%Mapped . . Fraction of

Library Coyeragg of of the ref. hits vs. n° of A\{erage of PCR
unique hits reads hit length .
genome : duplicates
retained

SAFS - Argentina TruSeq Nano 21.34 0.85 0.91 149.81 0.06
SAFS - Falklands TruSeq Nano 17.39 0.85 0.89 148.09 0.04
SAFS - Chile TruSeq Nano 32.04 0.81 0.90 150.73 0.10
PCFS TruSeq PCR Free 27.91 0.82 0.92 149.11 0.11
GFS TruSeq Nano 15.42 0.79 0.90 150.14 0.12
NZFS TruSeq PCR Free 26.05 0.86 0.91 151.40 0.05
AFS GenBank 32.44 0.83 0.89 191.46 0.07
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Table S2. Sampling information for fur seals samples used in RADseq analyses.

Species Common name ID Locality Country Geogrgphmal Filtered
code coordinates out
Arctocephalus australis Peruvian-Chilean fur seal Aaus01 Punta San Juan Peru 15°22'S, 75°11'W No
Arctocephalus australis Peruvian-Chilean fur seal Aaus02 Punta San Juan Peru 15°22'S, 75°11'W No
Arctocephalus australis Peruvian-Chilean fur seal Aaus03 Punta San Juan Peru 15°22'S, 75°11'W No
Arctocephalus australis Peruvian-Chilean fur seal Aaus04 Punta San Juan Peru 15°22’S, 75°11'W No
Arctocephalus australis Peruvian-Chilean fur seal Aaus05 Punta San Juan Peru 15°22'S, 75°11'W No
Arctocephalus australis Peruvian-Chilean fur seal Aaus06 Punta San Juan Peru 15°22'S, 75°11'W No
Arctocephalus australis Peruvian-Chilean fur seal Aaus07 Punta San Juan Peru 15°22'S, 75°11'W No
Arctocephalus australis Peruvian-Chilean fur seal Aaus08 Punta San Juan Peru 15°22'S, 75°11'W No
Arctocephalus australis Peruvian-Chilean fur seal Aaus09 Punta San Juan Peru 15°22'S, 75°11'W No
Arctocephalus australis Peruvian-Chilean fur seal Aausl12 Punta San Juan Peru 15°22'S, 75°11'W No
Arctocephalus australis Peruvian-Chilean fur seal Aaus10 Isla Foca Peru 05°12'S, 81°12’W No
Arctocephalus australis Peruvian-Chilean fur seal Aausll Isla Foca Peru 05°12'S, 81°12’'W No
Arctocephalus australis Peruvian-Chilean fur seal Aausb3 Isla Foca Peru 05°12'S, 81°12’W No
Arctocephalus australis South American fur seal Aausl3 Isla Guafo Chile 43°34'S, 74°45’'W Yes
Arctocephalus australis South American fur seal Aausl4 Isla Guafo Chile 43°34’S, 74°45’'W No
Arctocephalus australis South American fur seal Aausl5 Isla Guafo Chile 43°34'S, 74°45’'W Yes
Arctocephalus australis South American fur seal Aausl16 Isla Guafo Chile 43°34’S, 74°45’'W No
Arctocephalus australis South American fur seal Aausl7 Isla Guafo Chile 43°34’S, 74°45’'W No
Arctocephalus australis South American fur seal Aaus18 Isla Guafo Chile 43°34’S, 74°45’'W No
Arctocephalus australis South American fur seal Aausl9 Isla Guafo Chile 43°34’S, 74°45’'W No
Arctocephalus australis South American fur seal Aaus20 Isla Guafo Chile 43°34’S, 74°45’'W No
Arctocephalus australis South American fur seal Aaus21 Isla Guafo Chile 43°34’S, 74°45°'W Yes
Arctocephalus australis South American fur seal Aaus22 Isla Guafo Chile 43°34’S, 74°45’'W No
Arctocephalus australis South American fur seal Aaus23  Province of Chubut Argentina 45°06'S, 65°24'W No
Arctocephalus australis South American fur seal Aaus24  Province of Chubut Argentina 45°06’S, 65°24'W No
Arctocephalus australis South American fur seal Aaus25  Province of Chubut Argentina 45°06'S, 65°24'W Yes
Arctocephalus australis South American fur seal Aaus26  Province of Chubut Argentina 45°06’S, 65°24'W No
Arctocephalus australis South American fur seal Aaus27  Province of Chubut Argentina 45°06'S, 65°24'W No
Arctocephalus australis South American fur seal Aaus28  Province of Chubut Argentina 45°06’S, 65°24'W Yes
Arctocephalus australis South American fur seal Aaus29  Province of Chubut Argentina 45°06'S, 65°24'W Yes
Arctocephalus australis South American fur seal Aaus30  Province of Chubut Argentina 45°06’S, 65°24'W No
Arctocephalus australis South American fur seal Aaus31  Province of Chubut Argentina 45°06'S, 65°24'W Yes
Arctocephalus australis South American fur seal Aaus32 Province of Chubut Argentina 45°06’S, 65°24'W Yes
Arctocephalus australis South American fur seal Aaus33 Rio Grande do Sul Brazil 29°20'S, 49°42’'W Yes
Arctocephalus australis South American fur seal Aaus34 Rio Grande do Sul Brazil 29°20’S, 49”°42'W Yes
Arctocephalus australis South American fur seal Aaus35 Rio Grande do Sul Brazil 29°20’S, 497°42'W Yes
Arctocephalus australis South American fur seal Aaus36 Rio Grande do Sul Brazil 29°20'S, 49°42’'W Yes
Arctocephalus australis South American fur seal Aaus37 Rio Grande do Sul Brazil 29°20’S, 49”°42'W Yes
Arctocephalus australis South American fur seal Aaus38 Rio Grande do Sul Brazil 29°20'S, 49°42’'W Yes
Arctocephalus australis South American fur seal Aaus39 Rio Grande do Sul Brazil 29°20’S, 49”°42'W Yes
Arctocephalus australis South American fur seal Aaus40 Rio Grande do Sul Brazil 29°20'S, 49°42’'W No
Arctocephalus australis South American fur seal Aaus4l Rio Grande do Sul Brazil 29°20’S, 49°°42'W Yes
Arctocephalus australis South American fur seal Aaus42 Rio Grande do Sul Brazil 29°20'S, 49°42’'W Yes
Arctocephalus australis South American fur seal Aaus43 Falkland Islands British Overseas Territory 52°10’'S, 60°55'W No
Arctocephalus australis South American fur seal Aausd4 Falkland Islands British Overseas Territory 52°10’S, 60°55'W Yes
Arctocephalus australis South American fur seal Aaus45 Falkland Islands British Overseas Territory 52°10’'S, 60°55'W Yes
Arctocephalus australis South American fur seal Aaus46 Falkland Islands British Overseas Territory 52°10’S, 60°55'W Yes
Arctocephalus australis South American fur seal Aaus47 Falkland Islands British Overseas Territory 52°10’'S, 60°55'W No
Arctocephalus australis South American fur seal Aaus48 Falkland Islands British Overseas Territory 52°10’'S, 60°55'W Yes
Arctocephalus australis South American fur seal Aaus49 Falkland Islands British Overseas Territory 52°10’S, 60°55'W Yes
Arctocephalus australis South American fur seal Aaus50 Falkland Islands British Overseas Territory 52°10’'S, 60°55'W Yes
Arctocephalus australis South American fur seal Aaus51 Falkland Islands British Overseas Territory 52°10’S, 60°55'W Yes
Arctocephalus australis South American fur seal Aaus52 Falkland Islands British Overseas Territory 52°10’'S, 60°55'W Yes
Arctocephalus galapagoensis Galapagos fur seal Agalol Cape Ibbetson Ecuador 0°32’S, 90°43'W No
Arctocephalus galapagoensis Galapagos fur seal Agal02 Cape Ibbetson Ecuador 0°32'S, 90°43'W No
Arctocephalus galapagoensis Galapagos fur seal Agalo3 Punta Flores Ecuador 0°05’S, 91°29'W No
Arctocephalus galapagoensis Galapagos fur seal Agalo4 Punta Flores Ecuador 0°05’S, 91°29'W No
Arctocephalus galapagoensis Galapagos fur seal Agal05 Punta Flores Ecuador 0°05’S, 91°29'W No
Arctocephalus galapagoensis Galapagos fur seal Agalo6 Cape Marshall Ecuador 0°01'N, 91°12’W No
Arctocephalus galapagoensis Galapagos fur seal Agalo7 Cape Marshall Ecuador 0°01'N, 91°12’W No
Arctocephalus galapagoensis Galapagos fur seal Agalo8 Cape Marshall Ecuador 0°01'N, 91°12’W No
Arctocephalus galapagoensis Galapagos fur seal Agal09 Cape Marshall Ecuador 0°01'N, 91°12’W No
Arctocephalus galapagoensis Galapagos fur seal Agall0 Cape Marshall Ecuador 0°01'N, 91°12’W No
Arctocephalus forsteri New Zealand fur seal Afor01 Otago Harbour New Zealand 45°49'S, 170°38E No
Arctocephalus forsteri New Zealand fur seal Afor02 Otago Harbour New Zealand 45°49'S, 170°38E No
Arctocephalus forsteri New Zealand fur seal Afor03 Otago Harbour New Zealand 45°49'S, 170°38E No
Arctocephalus forsteri New Zealand fur seal Afor04 Otago Harbour New Zealand 45°49'S, 170°38E No
Arctocephalus forsteri New Zealand fur seal Afor05 Otago Harbour New Zealand 45°49'S, 170°38E No
Arctocephalus forsteri New Zealand fur seal Afor06 Otago Harbour New Zealand 45°49'S, 170°38E No
Arctocephalus forsteri New Zealand fur seal Afor07 Otago Harbour New Zealand 45°49'S, 170°38E No
Arctocephalus forsteri New Zealand fur seal Afor07 Otago Harbour New Zealand 45°49'S, 170°38E No
Arctocephalus forsteri New Zealand fur seal Afor09 Otago Harbour New Zealand 45°49'S, 170°38E No
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Table S3. Fsr pairwise comparisons. SAFS - South American fur seals (localities: Brazil - BR (n=1), Argentina
- AR (n=5), Falkland Islands - FK (n=2), Chile (n=3); PCFS - Peruvian-Chilean fur seals (n=10); GFS -
Galapagos fur seals (n=10); and NZFS - New Zealand fur seals (n=9).

SAFSBR SAFSFK SAFSCH PCFS GFS NZFS

SAFS Argentina 0.03 0.08 0.03 0.14 0.31 0.25
SAFS Brazil - 0.09 0.05 0.14 0.32 0.24
SAFS Falklands - - 0.04 0.18 0.30 0.26
SAFS Chile - - - 0.13 0.25 0.20
PCFS - - - - 0.22 0.29
GFS - - - - - 0.40

Table S4. Whole genomes fs-statistics for the Peruvian-Chilean fur seal (PCFS) population and its specific
population combination. Z-score < 0 is evidence for genomic introgression. GFS (Galapagos fur seal), NZFS
= (New Zealand fur seal) and the different localities of the South American fur seal (SAFS AR - Argentina,
FK - Falkland Islands, CH — Chile). Bold lines show the significant signals of admixture.

PAO(;TII;t?gn Population Combination f-statistics Standard Error Z-score
PCFS AR ; FK 0.013 0.0004 35.08
PCFS AR ; CH 0.013 0.0004 34.52
PCFS AR ; GFS -0.015 0.0003 -55.27
PCFS AR ; NZFS 0.004 0.0003 13.43
PCFS FK; SAFS CH 0.013 0.0004 35.76
PCFS FK ; GFS -0.015 0.0003 -54.09
PCFS FK ; NZFS 0.005 0.0003 17.17
PCFS CH; GFS -0.015 0.0003 -55.42
PCFS CH ; NZFS 0.004 0.0003 13.77
PCFS GFS ; NZFS -0.007 0.0003 -27.28
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Table S5. fs-statistics for all four-taxa phylogeny indicating genomic introgression from SAFS (SAFS AR -
Argentina, FK - Falkland Islands, CH — Chile) and GFS (Galapagos fur seal) in the PCFS (Peruvian-Chilean
fur seal) genome. All values are significant.

w X Y Z f-statistics Z-score
SAFSAR PCFS SAFSFK GFS 0.028 77.41
SAFSAR GFS SAFSFK PCFS 0.028 75.79
SAFSAR PCFS SAFSFK NZFS 0.009 32.13
SAFSAR NZFS SAFSFK PCFS 0.008 28.23
SAFSAR NZFS SAFSFK GFS 0.015 51.21
SAFSAR GFS SAFSFK NZFS 0.016 52.96
SAFSAR PCFS SAFSCH GFS 0.028 76.30
SAFSAR GFS SAFSCH PCFS 0.028 77.12
SAFSAR PCFS SAFSCH NZFS 0.009 31.39
SAFSAR NZFS SAFSCH PCFS 0.009 31.43
SAFSAR NZFS SAFSCH GFS 0.016 53.81
SAFSAR GFS SAFSCH NZFS 0.017 54.05
SAFS AR PCFS GFS NZFS -0.019 -63.83
SAFS AR NZFS PCFS GFS 0.007 34.12
SAFSAR  GFS PCFS NZFS -0.011 -34.27
SAFSFK PCFS SAFSCH GFS 0.028 75.49
SAFSFK GFS SAFSCH PCFS 0.029 77.58
SAFSFK PCFS SAFSCH NZFS 0.008 29.59
SAFSFK NZFS SAFSCH PCFS 0.009 33.19
SAFSFK NZFS SAFSCH GFS 0.016 54.24
SAFSFK GFS SAFSCH NZFS 0.016 53.03
SAFSFK  PCFS GFS NZFS -0.020 -65.76
SAFS FK  NZFS PCFS GFS 0.007 32.10
SAFSFK  GFS PCFS NZFS -0.013 -37.47
SAFSCH PCFS GFS NZFS -0.019 -65.16
SAFSCH NZFS PCFS GFS 0.008 34.14
SAFSCH GFS PCFS NZFS -0.012 -34.61

PCFS AFS GFS NZFS 0.047 160.90

PCFS GFS NZFS AFS 0.001 13.16

PCFS NZFS GFS AFS 0.048 167.44
SAFSCH GFS PCFS AFS -0.007 -25.97
SAFSCH  AFS PCFS GFS 0.007 38.56
SAFSCH PCFS GFS AFS -0.014 -58.71
SAFSFK  PCFS GFS AFS -0.015 -58.26
SAFSFK  GFS PCFS AFS -0.008 -28.12
SAFS AR  PCFS GFS AFS -0.014 -57.30
SAFSAR  GFS PCFS AFS -0.007 -26.38
SAFS AR  AFS PCFS GFS 0.007 39.57
SAFSFK  AFS PCFS GFS 0.007 39.13
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Table S6. G-PHoCS parameters estimation and conversion into absolute values. SAFS - South American fur seals; PCFS - Peruvian-Chilean fur seals; GFS -
Galapagos fur seals; and NZFS - New Zealand fur seals.

For G-PHoCS analysis we assumed a generation time of 10 years (Trillmich et al. 2015). Node ages were calibrated with root age (split time from
NZFS) estimated with StarBEAST2 (see supplementary material S1).

Median © © G-PHoCS e Ne
G-PHoCS HPD 95% Median © HPD 95% Median Ne HPD 95% Generation time
= © G-PHoCS
= © G-PHoCS/1E04 HPD 95%/1E04 =0/Axgxy (9)
SAFS 16.46 15.74-17.18 1.65E-03 1.57E-03-1.72E-03 194,716 186,199-203,233 10
PCFS 9.39 3.47-16.36 9.39E-04 3.47E-04-1.64E-03 111,080 41,049-193,533
GFS 19.80 18.46-21.15 1.98E-03 1.85E-03-2.21E-03 224,227 218,375-250,197
NZFS 30.00 28.68-31.38 3.00E-03 2.86E-03-3.19E-03 354,890 339,274-371,215
theta root 10.95 10.79-11.09 1.10E-03 1.08E-03-1.10E-03 129,535 127,642-131,191
T G-PHOCS T
Median 1 G-PHoCS HPD 95% Median 1 HPD 95% Median Time Time HPD 95% M from 1 Root
=71 G-PHOCS/1E4 =Real 1/ Time u=Tau root/root age
Tau 1
(SAFS+PCFS) 0.787 0.744-0.827 7.87E-05 7.44E5-8.27E5 372,390 352,050-391,320 2,11E-10
Tau 2
(SAFS+PCFS+GFS) 0.827 0.800-0.852 8.27E-05 8.00E5-8.52E5 391,320 378,549-403,155
Tau root
(SAFS+PCFS+GFS+NZFS) 0.317 3.13-3.21 3.17E-04 3.31E4-3.21E4 1,500,000 1,481,073-1,518,927
Median migration (m) m G-PHoCS Median m Median Migration Rate (M)
G-PHoCS HPD 95% m HPD 95 % Migration Rate (M) HPD 95%
(m) = m/1E-03 M= mxT

GFS->PCFS 610.95 97.17-1428.37 610,950 91,170-1428,370 48,08 7.65-112.41
SAFS->PCFS 388.64 66.32-896.75 388,640 66,320-89,670 30,53 5.22-70.57
NZFS->SAFS 2.24 2.08-2.40 2,240 2,080-2,400 0,71 0.67-0.77
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Table S7 Mitochondrial DNA Control Region information used in the current study and obtained from

GenBank.

Species

Common name

Localities

o

Country Samples

GeneBank

Source

Arctocephalus australis

Arctocephalus australis

Arctocephalus australis

Arctocephalus australis

Arctocephalus australis

Arctocephalus australis

Arctocephalus australis

Arctocephalus australis

Arctocephalus galapagoensis

Arctocephalus forsteri

Arctocephalus gazella

Peruvian-Chileanfur seal

Peruvian-Chilean-

Chilean/Galapagos fur seal

South American fur seal

South American fur seal

South American fur seal

South American fur seal

South American fur seal

South American fur seal

Galapagos fur seal

New Zealand fur seal

Antarctic fur seal

Punta San Juan

Isla Foca

Isla Guafo

Cabo Polonio

RS Coast

Mar del Plata

Province of Chubut

Falkland Islands

Galapagos Islands

South Island

Antarctic continent

Peru

Peru

Chile

Uruguay

Brazil

Argentina

Argentina
British

Overseas
Territory

Ecuador

New
Zealand

10

14

14

10

21

30

97

MG383525-38

KM593065-67

KM593068-81

KM593082-83

KM593084-93

KM030335-44-
44;65-74;96-
404

KU510625-722

AF384378-9

Current study
Current study

Rodrigues et al.
2018

Crespo et al.
2015

Crespo et al.
2015

Crespo et al.
2015

Crespo et al.
2015

Oliveira et al.,
unpublished data

Lopes et al. 2015

Salis et al. 2016

Wynen et al.
2001
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Table S8. Peruvian-Chilean fur

seals mitochondrial

and nuclear

identification.

Hybrid=Peruvian-Chilean + Galapagos fur seal; mtDNA clade=clade of the Neighbor-joining tree
(table S7). Identification of the mtDNA captured from whole-genomes raw reads. PCFS=Peruvian-
Chileanfur seal, GFS=Galapagos fur seal, SAFS=South American fur seal, NZFS=New Zealand fur

seal.

Peruvian-Chilean sample mtDNA mtDNA clade nDNA
Aaus01 Peruvian-Chilean PCFS A Hybrid
Aaus02 Peruvian-Chilean PCFS B Hybrid
Aaus03 Peruvian-Chilean PCFS A Hybrid
Aaus04 Peruvian-Chilean PCFS A Hybrid
Aaus05 Peruvian-Chilean PCFS B Hybrid
Aaus06 Peruvian-Chilean PCFS A Hybrid
Aaus07 Peruvian-Chilean PCFS A Hybrid
Aaus08 Peruvian-Chilean PCFS B Hybrid
Aaus09 (whole-genome) Peruvian-Chilean PCFS A Hybrid
Aausl2 Peruvian-Chilean PCFS A Hybrid
Aaus10 Peruvian-Chilean PCFS A Hybrid
Aausll Galapagos GFS Galapagos
Aaus53 Galapagos GFS Galapagos
Aaus19 (whole-genome) South American SAFS South American
Aaus31 (whole-genome) South American SAFS South American
Aaus45 (whole-genome) South American SAFS South American
Afor* (whole-genome) New Zealand NZFS New Zealand
Agal* (whole-genome) Galapagos GFS GFS

“Not sequenced in the ddRAD-seq libraries.
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Figure S5. (A) Four-taxa phylogenies and fs-statistics distribution showing the evidence for genomic introgression in
the Peruvian-Chilean (PCFS) genome. (B) fs-statistics showing PCFS as the result of admixture between Galapagos
fur seal (GFS), New Zealand fur seal (NZFS) and the different localities of the South American fur seal (SAFS AR -
Argentina, FK - Falkland Islands, CH - Chile). Admixture (f; < 0): (a) SAFS CH+GFS, (b) SAFS AR+GFS, (c) SAFS
FK+GFS, (d) NZFS+GFS; no admixture (f; > 0): (e) SAFS CH+NZFS, (f) SAFS AR+NZFS, (g) SAFS FK+NZFS,
(h) SAFS CH+AR, (i) SAFS AR+FK and (j) SAFS CH+FK. All admixture results are significant |Z-score| > 3.
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All nodes with HPD = 1. The values in the nodes are the point estimates of divergence times. Blue bars
represent the HPD interval of 95%.
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CAPITULO 4. CONCLUSOES GERAIS

2. Conclusdes gerais

Até o presente, todos os estudos que buscaram compreender a historia evolutiva de Otariidae
basearam suas analises filogenéticas, inferéncias biogeogréaficas (Lento et al. 1997; Wynen et al.
2001; Arnason e al. 2006; Yonezawa et al. 2009; Berta e Churchill 2012; Rodrigues et al. 2018) e até
reclassificacGes taxondmicas (Berta e Churchill 2012; Nyakatura e Bininda-Emonds 2014; Berta et
al. 2018) a partir de poucos fragmentos de DNA, com uma Unica excec¢do reportada na literatura
cientifica (Higdon et al. 2007). Adicionalmente, todos os trabalhos que aplicaram mais de uma regiao
génica concatenaram as sequéncias de DNA (Higdon et al. 2007; Yonezawa et al. 2009; Nyakatura e
Bininda-Emonds 2012) e ndo consideraram as discordancias genealdgicas ao longo dos genomas.
Como resultado, diversas topologias muito diferentes foram propostas, resultando em uma
interpretacdo confusa sobre a biogeografia de Otariidae (Yonezawa et al. 2009; Berta e Churchill
2012; Churchill et al. 2014).

Para estimar uma filogenia robusta e entender a historia evolutiva de Otariide, nds analisamos
genomas completos de 12 lobos e leGes-marinhos utilizando métodos filogenéticos variados como
neighbor-joining, méxima verossimilhanga e bayesiano. Também buscamos compreender as fontes
do conflito vigente nas relacdes de Otariidae. De uma maneira geral, as nossas diferentes analises
convergiram para uma filogenia Gnica e robusta, mostrando consisténcia nos resultados encontrados.
Além disso, nossa filogenia concorda com os relacionamentos mais robustos publicados
anteriormente (Yonezawa et al. 2009; Churchill et al. 2014), tais como um Gnico evento de dispersdo
e colonizacdo do hemisfério sul a partir de um grupo basal originado do hemisfério norte. Porém,
nossas estimativas de tempo de divergéncia sdo diferentes das anteriores. Em nosso estudo,
estimamos que o isolamento do clado do hemisfério sul ocorreu hd aproximadamente 5 Mya, na
transi¢do entre 0 Mioceno e o Plioceno, periodo conhecido como “Plioceno quente” (5,3 — 2,6 Mya)
(O’Dea et al. 2012). Nossas reconstrucdes filogenéticas também mostraram um répido e intenso
periodo de especiacdo ocorrido na transicdo entre o Plioceno e o Pleistoceno, ha ~3 Mya, faixa de
tempo quando emergiram ao menos 5 clados. Estes multiplos eventos de especiac¢do, que ocorreram
quase simultaneamente, resultaram em um alto grau de discordancia geneal6gica promovida pelo
fendmeno da separacdo incompleta de linhagens génicas (ILS — Incomplete Lineage Sorting). Neste
segmento da arvore ndo detectamos a presenca significativa de introgressdo entre as linhagens,

embora tenhamos identificado fluxo génico interespecifico entre algumas espécies, porém de forma
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menos preponderante. Dado que os eventos de especiacao de lobos e ledes-marinhos estdo fortemente
vinculados a temperatura superficial dos oceanos, os eventos de especia¢do provavelmente foram
conduzidos pelo resfriamento das aguas superficiais do Oceano Pacifico que, a época, também

haveria sido influenciado pelo fechamento total do istmo do Panama ha ~3 Ma (O’Dea et al. 2012).

Mesmo com o surgimento quase que simultaneo de distintos clados e o alto nivel de
incongruéncia topologica ao longo dos genomas, as principais analises executadas, entre elas as
arvores de espécies e maxima verossimilhanca dos 10 maiores scaffolds (representam ~35% do
genoma), apontaram para a monofilia de Arctocephalus, um resultado incomum em estudos
moleculares publicados até entdo (Wynen et al. 2001; Arnason et al. 2006; Higdon et al. 2009;
Yonezawa et al 2009; Berta e Churchill 2012; Nyakatura e Bininda Emonds 2012; Churchil et al.
2014; Berta et al. 2018). O forte suporte para a monofilia do género, recuperada com dados de
genomas completos, também sugere a manutencdo da nomenclatura taxonémica estabelecida na

literatura e rejeita a reclassificacdo proposta por Berta e Churchill (2012).

A delimitacdo das espécies do clado que engloba o lobo-marinho-sul-americano/peruano-
chileno (A. australis), lobo-marinho-de-Galapagos (A. galapagoensis) e o lobo-marinho-da-Nova
Zelandia (A. forsteri) tem sido bastante discutida desde as primeiras descri¢es das espécies do grupo
(Sclater 1987; Oliveira e Brownell 2014). Os Gltimos estudos de sistematica molecular, que avaliaram
mais de um individuo por espécie, apontaram a parafilia mitocondrial das trés espécies (Wynen et al.
2001; Yonezawa et al. 2009). Apesar disso, 0 Comité de Taxonomia de Mamiferos Marinhos
(Committee on Taxonomy 2018) considera estes trés grupos como espécies plenas, também
reconhecendo o lobo-marinho-peruano/chileno e o lobo-marinho-sul-americano como uma
subespécie de A. australis (Oliveira et al. 2008; Berta e Churchill 2012; Committee on Taxonomy
2018).

As filogenias de arvores de espécies baseadas nos genomas completos, as PCAs (de genomas
e bibliotecas de representacdo reduzida) e a analise de mistura para os 47 individuos sequenciados,
mostraram que os lobos-marinhos-sul-americanos, de Galapagos e da Nova Zelandia formam grupos
claramente delimitados, com a espécie da Oceania sendo o taxon basal. A analise de mistura indicou
trés clusters populacionais (K) como o mais provavel, mostrando que o genoma de todos o0s
individuos de Punta San Juan, a maior col6nia do lobo-marinho-peruano/chileno, sdo compostos por
componentes do lobo-marinho-de-Galapagos (entre 30 e 40%) e do lobo-marinho-sul-americano
(entre 60 e 70%). Andlises de mistura de genomas completos também indicaram que o genoma do

lobo-marinho-peruano/chileno é composto por 40 a 60% de cada uma das espécies parentais.
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Dado que em publicagdes anteriores o taxon peruano/chileno era considerado grupo irméo e
derivado do lobo-marinho-sul-americano e que em nossas analises hora agrupava com este taxon,
hora com o lobo-marinho-de-Galapagos, testamos, com analises ABC, o cenario mais provavel para
a origem do lobo-marinho-peruano/chileno. Dentre os trés cenarios avaliados, obtivemos com
probabilidade posterior de 1.0 a origem hibrida deste taxon. Essas analises de ABC corroboraram as
estimativas acima das propor¢des gendmicas herdadas das espécies parentais, além de apontarem que
a mistura que deu origem ao lobo-marinho-peruano/chileno ocorreu ha possivelmente milhares de
geracbes no passado. Assim, diversas evidéncias, em conjunto, suportaram a origem hibrida e a
histéria evolutiva independente do lobo-marinho-peruano/chileno: as analises de introgresséo
gendmica, teste de cenérios ABC, a longa historia evolutiva recuperada nas filogenias mitocondriais,
as analises de admixture K=4 clusters populacionais (que mostrou um componente populacional
tnico para o lobo-marinho-peruano/chileno) e a trajetéria demografica do grupo. Outras
caracteristicas morfoldgicas (Oliveira et al. 2005, 2008), genéticas (Oliveira et al. 2008; Rodrigues et
al. 2018), comportamentais e ecoldgicas (Pavés et al. 2016) também corroboram com a historia
independente e sustentam a origem hibrida (Masello et al. 2019). Além da sua historia evolutiva
independente, a origem hibrida do taxon peruano-chileno, que ainda mantem aproximadamente
metade do seu genoma derivado de cada espécie parental, implica que ndo seria evolutiva e
taxonomicamente correto considerar o ta&xon como um subgrupo infra especifico de nenhuma das
espécies parentais. Sendo assim, a solu¢do mais adequada é considerar este ta&xon como uma espécie

plena (cf. Oliveira e Brownell 2014).

Nosso estudo também mostrou que dois de trés individuos coletados em Isla Foca, localizada
a ~1000 km ao norte da distribuicdo do lobo-marinho-peruano-chileno e a leste da ilha mais proxima
do arquipélago de Galapagos, contrariaram a identificacdo de coleta, que indicava serem o lobo-
marinho-peruano/chileno, e foram atribuidos ao lobo-marinho-de-Galapagos (nos genomas
mitocondriais e nucleares). O terceiro individuo, cujo genoma mitocondrial foi atribuido ao lobo-
marinho-sul-americano, apresentou componentes nucleares do lobo-marinho-sul-americano e de
Galapagos. Esses achados evidenciam a importancia de Isla Foca nas dindmicas populacionais, nas
distribuicdes e na conservacao do lobo-marinho-peruano/chileno e do lobo-marinho-de-Galapagos,

até entdo considerado endémico ao arquipélago de Galapagos.

Toda a costa peruana, incluindo Isla Foca, e o arquipélago de Galapagos estdo no centro de
eventos de El Nifio, que ao afetar a produtividade primaria na regido do Pacifico Equatorial, afetam
também toda a cadeia trofica e sdo responsaveis por drasticos declinios populacionais de lobos-
marinhos da regido (Oliveira et al. 2006, 2009; Trillmich 2015). Além disso, devido a

indisponibilidade de alimento para forrageio, os eventos de El Nifio induzem os lobos-marinhos-de-
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Galapagos a dispersoes erraticas, onde se perdem nas correntes marinhas e acabam encalhando muito
distante de sua distribuicéo original, podendo ser encontrados nas regides costeiras de paises como
México, Costa Rica, Guatemala, Equador e Colémbia (Capella et al. 2002; Aurioles-Gamboa et al.
2004; Félix et al. 2007; Montero-Cordero et al. 2010; Paez-Rosas et al. 2017; Quintana-Rizzo et al.
2017). Apesar disso, nosso estudo foi o primeiro a demonstrar que esta espécie é capaz de se
reproduzir e gerar prole longe de suas principais colnias reprodutivas. 1sso corrobora necessidade
de futuros estudos em Isla Foca para que se possa compreender o seu papel enigmético na genética

populacional dos lobos-marinhos-peruanos/chilenos e de Galapagos.

Embora tenhamos coberto a maioria das espécies de Otariidae no primeiro artigo, a filogenia
da familia ndo estd completa, devido a auséncia de Eumetopias jubatus, Zalophus californianus e
especialmente Neophoca cinerea. Sera importante sequenciar o genoma destas espécies e, desta
forma, testar a posic¢do basal de E. jubatus e Z. californianus em relagdo a Arctocephalus spp., Otaria
flavescens e P. hookeri, bem como a posicdo da ultima como espécie irmd de N. cinerea, relacdo
reportada na maioria dos estudos moleculares. Pretendemos, também, sequenciar mais genomas de
lobos-marinhos da América do Sul (lobos-marinhos-peruanos/chilenos, sul-americano e de
Galapagos) e da Oceania (lobo-marinho-da-Nova Zelandia) para decifrar o processo complexo de
especiacdo até os grupos atuais, dadas a historia contada pelas filogenias mitocondriais. Com mais
genomas, também pretendemos definir, em fina escala, 0s processos de introgressdo do lobo-marinho-
da-Nova Zeléandia para o lobo-marinho-sul-americano, definindo as propor¢des do aporte genémico
da mistura em em cada uma das principais colénias reprodutivas avaliadas neste estudo
(Uruguai/Brasil, Argentina, Falklands e Chile). Além disso, com mais genomas sequenciados,
também pretendemos dar continuidade ao estudo e identificar e quantificar as composicdes das
regibes genémicas a partir dos eventos de introgressdo, bem como estimar precisamente o tempo das

misturas e origem do tdxon peruano/chileno.

Os artigos apresentados nessa tese ajudaram no entendimento da complexa histéria evolutiva
de lobos e ledes-marinhos, contribuindo e esclarecendo questionamentos fundamentais sobre as
relacdes internas de Otariidae, fruto de dois séculos de debates cientificos. Os artigos apresentados
mostraram a importancia de utilizar a abordagem genémica na interpretacdo da histdria evolutiva de
grupos complexos. Aqui também evidenciamos a extensiva discordancia genealogica existente ao
longo dos genomas de lobos e ledes-marinhos. Estes tiveram como fonte principal a separagéo
incompleta das linhagens génicas promovida por explosivas radiacGes adaptativas, eventos que se
apresentaram como uma caracteristica evolutiva de Otariidae. Nesta tese também demonstramos o

importante papel do fluxo génico interespecifico nas inconsisténcias topologicas e nas estimativas de
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parametros biologicos, mas, principalmente, o de atuar como forca evolutiva na geracdo de

biodiversidade.
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