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RESUMO

Duas séo as espécies de peixe-boi encontradas nas Américas: Trichechus inunguis (peixe-
boi amazénico), endémico da bacia do Rio Amazonas e habitando apenas regides de agua
doce, e Trichechus manatus (peixe-boi marinho) com maior distribuicdo, encontrado em areas
costeiras e alguns rios e lagoas préximos ao mar, da Flérida (EUA) até Alagoas (Brasil). O
cruzamento entre elas ocorre na area de simpatria, resultando em hibridos e foi identificado
em estudos anteriores, através de DNA mitocondrial (mtDNA) e microssatélites. Apesar de
algumas discordancias a espécie de peixe-boi marinho € dividida em duas subespécies: T.
manatus latirostris (Peixe-boi da Flérida) e T. manatus manatus (peixe-boi das Antilhas),
sendo a primeira restrita a Flérida e a segunda ocupando o restante da extensdo. Tendo em
vista esses fatos, o objetivo geral desta tese foi auxiliar o entendimento genético das relagdes
interespecificas e intraespecificas dos peixes-bois americanos (T. inunguis e T. manatus),
sendo dividida em trés partes (capitulos). A primeira visou o consenso entre a divisao
taxondmica tradicional e as unidades evolutivas, fornecendo informagdes aplicaveis a
conservagao, manejo e desenvolvimento de planos de conservacao através da delimitacdo
de linhagens mitocondriais por Generalised Mixed Yule (GMYC). O resultado foi a obtengéo
de trés linhagens evolutivas correspondentes aos Clusters ja identificados, que coloca em
questdo o isolamento do peixe-boi da Florida e sugere a revisdo taxondmica do peixe-boi
brasileiro. A segunda parte visou caracterizar a composi¢cdo genémica dos peixes-bois da
Guiana Francesa, utilizando SNPs identificados por ddRAD, quatro genes nucleares (nuDNA)
e a regiao controle (CR) do mtDNA. Além de identificar hibridos de varias geragdes e reportar,
pela primeira vez, a ocorréncia de um peixe-boi amazdnico em um rio na Guiana Francesa,
fora da bacia amazénica, o capitulo destaca a importancia ecoldgica desta regido. No ultimo
capitulo foram sequenciados seis fragmentos nucleares (2.768 bp) e a CR do mtDNA (410
bp) de T. inunguis (n = 44), T. manatus do Brasil (n = 43), Flérida (n = 23) e Porto Rico (n = 5)
€ peixes-bois da zona hibrida (n = 15) para analises filogenéticas estatisticas. Os resultados
confirmaram a separagado da populacao brasileira de peixe-boi marinho (0,26 MYA) e nao
encontrou distingdo entre as populagbes da Flérida e Porto Rico. Além de identificar que a
zona hibrida possui uma populagéo exclusiva, estimamos a migragao bidirecional entre as
populagdes marinha e fluvial e reconstruimos a formagao da zona hibrida, indicando uma
maior e mais antiga contribuicao de T. inunguis (y = 0,583) do que as linhagens analisadas
de T. manatus juntas (y = 0,296). Nossos resultados destacam a importancia da populagao
do Brasil devido a suas caracteristicas exclusivas e a dindmica unica da zona hibrida, que
provavelmente foi formada como um “dreno” entre todas as populagbes vizinhas a ela,
gerando uma mistura unica e bem adaptada ao ambiente estuarino entre a bacia amazénica

e o rio Orinoco, diretamente influenciado pela pluma amazonica.
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ABSTRACT

There are two manatee species found in the America: Trichechus inunguis (Amazonian
manatee) native to the basin of the Amazon River and inhabiting only freshwater regions, and,
the Trichechus manatus (West Indian manatee) with a larger distribution, from Florida (USA)
to Alagoas (Brazil), being found in coastal regions and in some rivers and lagoons close to the
sea. Hybrids between these two species have been identified, in their sympatric region,
through mitochondrial DNA (mtDNA) and microsatellites data. Although there is some
disagreement, the West Indian manatee is divided in two subspecies: T. manatus latirostris
(Florida manatee) and T. manatus manatus (Antilles manatee) with the first restricted to the
Florida region and the other inhabiting the rest of the area. In light of these facts, the general
aim of this thesis is to help the genetic understanding of the interspecific and intraspecific
relationships of the American manatees (7. inunguis and T. manatus). This work is organized
in three parts (chapters). The first part focused on the consensus between traditional
taxonomic division and the evolutive units, which used the Generalised Mixed Yule method
(GMYC) to define the mitochondrial lineage which supplied important data to the policy plan,
management and conservation. This resulted in three evolutive lineages, corresponding to the
already identified clusters, therefore, questioning the isolation of the Florida manatee and
suggesting a taxonomic revision of the Brazilian manatee. The second part of this work regards
the genomic composition of the manatees from the French Guiana which are outside the
Amazon River basin, and which highlights the ecological importance of this region. In the last
part of this work, we sequenced six nuclear fragments (2.768 bp) and region control of mtDNA
(410 bp) to implement statistical phylogenetic analysis on them. The samples for this analysis
were obtained from T. inunguis (n = 44), T. manatus from Brazil (n = 43), Florida (n = 23) and
Puerto Rico (n=5) and also manatees from the hybrid zone (n=15). The results indicated the
separation of the Brazilian manatee population (0.26 MYA) and no distinction between the
populations of Florida and Puerto Rico. It also identified that the hybrid zone has its own
population, with a bidirectional migration estimated between the marine and the fluvial
populations and reconstructing the hybrid zone, indicating a major and ancient contribution of
T. inunguis lineage (y = 0,583) and a lesser of the all analyzed T. manatus lineage together (y
= 0,296). Finally, our results reinforce the importance of the Brazilian population due to their
exclusive characteristics and the peculiar dynamics of the hybrid zone, that probably was
formed as a “drain” for all its neighboring populations, forming an unique and well adapted
admixture to the estuarine environment, between the Amazon Basin and the Orinoco River,

directly influenced by the Amazon plume.
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INTRODUCAO
Sirénios

A ordem Sirenia (termo originado da mitologia grega Sereias), pertencente a classe
Mammalia, compreende duas familias existentes: Trichechidae (peixes-bois) e Dugongidae
(Dugongos). Os animais dessa ordem sao os unicos mamiferos aquaticos herbivoros e
encontrados em latitudes tropicais e subtropicais, habitando principalmente rios e aguas
costeiras mais quentes (Berta et al., 2015). Os representantes dessa ordem pesam entre 250
e 700 kg, apresentam corpo rotundo com pelos raros, esparsos e finos. Suas caudas e
nadadeiras sao achatadas. Possuem uma mama atras de cada nadadeira peitoral, na regido
axilar. Os cranios sao relativamente pequenos quando comparados a outros mamiferos, além
de possuirem olhos pequenos e orelhas externas reduzidas a minusculos orificios nas laterais
da cabeca. As duas narinas, localizadas dorsalmente no final do focinho, permitem que esses
animais respirem com o restante do corpo submerso. A caracteristica mais marcante na face
dos sirénios é o grande disco oral carnudo, que facilita a localizagdo e a manipulagéo dos

alimentos, mesmo em ambientes mais escuros (Feldhamer, 2014).

Esses animais consomem aproximadamente 8% de sua massa corpdrea por dia em
plantas. Para isso o sistema digestério € monogastrico do tipo fermentativo, que permite que
esses animais associem de 45 a 80% dos alimentos. A morfologia facial e a denti¢do refletem
suas estratégias de alimentacao e dieta. Os dentes sao perdidos ao longo da vida, quando
desgastados, sendo substituidos no sentido caudo cranial por 5 a 7 dentes no maxilar superior

e inferior, chegando a 30 substituicdes por quadrante da mandibula (Marsh et al., 2012).
Familia Dugonguidae

Apenas a espécie Dugong dugon (Dugongo) representa atualmente a familia
Dugonguidae, sendo que a Vaca marinha de Steller (Hydrodamalis gigas) foi extinta no final
do século XVIIl. Ambas possuem a cauda bi-lobada e nadadeiras achatadas e sem unhas
(Berta et al., 2015). Os dugongos habitam areas costeiras entre o Japao, Australia e do
sudeste Asiatico até o Mar Vermelho, além de parte da costa leste Africana. Toleram
temperaturas de no minimo 19°C. Possui a pré-maxila grande e flexionada em diregao ventral.
A denticdo € composta por um par de incisivos superiores em cada mandibula, incisivos
anteriores vestigiais, segundo incisivo exposto nos machos mas ocluso na pré maxila das
fémeas e dentes molariformes colunares com coroas simples e planas. Sua dieta é

estritamente bentbnica e estima-se que esses animais consumam aproximadamente 28 a 40



kg de algas por dia. A profundidade maxima de mergulho para alimentagao, € de 33 metros
com duragao média de 10 minutos (Marshall et al., 2000; Marsh et al., 2004). Essa espécie é

classificada como Vulneravel pela IUCN (Deutsch et al., 2008).

A vaca marinha de Steller foi extinta pela exploracdo humana no final do século XVIII.
Eram os maiores representantes da ordem, medindo até 10 metros e pesando até 11.000 kg.
Diferente dos outros representantes da ordem, eram os Unicos que nao habitavam aguas
tropicais, sendo encontrados no mar de Bering subartico, e possuiam placas mastigatorias

queratinizadas no lugar de dentes (Anderson, 1995).
Familia Trichechidae

As trés espécies pertencentes a familia Trichechidae sao compreendidas em um unico
género (i.e., Trichechus) e sao classificadas como Vulneraveis pela IUCN (2016). As espécies
dessa familia possuem diferengas entre si que estdo principalmente relacionadas a sua
distribuicdo geografica e habitat de ocorréncia (Figura 1). O tempo de geracao dos peixes-
bois é de 20 a 30 anos (Deutsch et al., 2008; Diagne, 2015; Marmontel et al., 2016), sendo
que a maturidade sexual ocorre em média aos 3 anos de idade e a expectativa de vida é de
no maximo 60 anos (Marmontel et al.,, 1992; Marsh et al.,, 2012). Os peixes-bois sao K-
estrategistas, pois possuem um tempo de vida longo e reprodugao lenta, com baixa fertilidade
e longos periodos de interparto e cuidado parental, o que os torna ainda mais susceptiveis a
interferéncia humana (Meirelles, Marmontel & Mobley, 2016). O tempo de gestagao é de
aproximadamente 330 dias gerando, em média, apenas um filhote (Berta et al., 2015). A

relagdo entre a mée e o filhote é a mais forte em peixes-bois, ja que estes animais geralmente

-

sdo solitarios (Meirelles, Marmontel & Mobley, 2016).

Figura 1.Distribuicdo das espécies de peixe-boi no mundo.



Trichechus senegalensis

O T. senegalensis (peixe-boi africano) € o menos estudado dos sirénios e pouco se
sabe a respeito de sua biologia, sendo muitas vezes referido como o sirénio “esquecido”
(Diagne, 2015). Esses animais apresentam morfologia externa semelhante ao peixe-boi
marinho (T. manatus), porém seu corpo € menos robusto e seus olhos mais proeminentes
(Figura 2). Também ¢é encontrado em aguas costeiras, rios, estuarios e lagoas, distribuidos
do Senegal ao norte da Angola, na Africa Ocidental, em 4guas com temperatura minima de
18°C (Marsh et al., 2012; Parr et al., 2012) (Figura 1). Por serem muito negligenciados, apesar
da caca de peixes-bois africanos ser proibida em toda sua area de ocorréncia, sua exploragao
ainda é muito comum em paises como Nigéria, Togo e Costa do Marfim para obtencao de

pele, ossos e 6leos usados na medicina tradicional e em rituais (Diagne, 2015).

Figura 2. Peixe-boi Africano (llustragédo por P. Folkens de Berta et al., 2015).
Trichechus manatus

O T. manatus (peixe-boi marinho) pode medir de 3 a 5 m e pesar até 1620 kg.
Apresenta coloracdo marrom-acinzentada, nadadeiras alongadas com unhas em suas
extremidades e denticdo composta de molares supranumerarios substituiveis por toda a vida
(Figura 3). Habita areas costeiras e alguns rios e lagoas proximos ao mar, com temperatura
minima de 20°C, distribuindo-se da Flérida, Golfo do México, Mar do Caribe e Oceano
Atlantico, das Antilhas até Alagoas no Brasil (Vianna et al., 2006; Parr et al., 2012) (Figura 1).
Estudos com animais da Flérida reportam que essa espécie possui uma vascularizagao
especial na cdrnea que provavelmente se trata de uma adaptagao para movimentacao entre
os ambientes marinhos, estuarinos e manguezais, ja que essa caracteristica ndo é encontrada

em nenhum outro grupo de mamiferos (Harper et al., 2005).



Figura 3. Peixe-boi marinho (llustragcéo por P. Folkens de Berta et al., 2015).

Baseados em caracteres craniais quantitativos, Domning e Hayek (1986) dividiram a
espécie do peixe-boi marinho em duas subespécies: T. manatus latirostris (Peixe-boi da
Florida) e T. manatus manatus (peixe-boi das Antilhas). Apesar da sua distribuicdo quase
continua nas Américas e da existéncia da subespécie restrita a Flérida, a populagéo brasileira
difere das demais por seu habito predominantemente marinho, normalmente nao habitando
grandes extensbes de agua doce, adentrando a foz dos rios apenas para obtencdo de agua
doce e alimentagao, em algumas regides, como mostrado na figura 4 (Meirelles, Marmontel &
Mobley, 2016). Alguns autores, baseados em estudos genéticos e morfoldgicos, apontaram a
necessidade de uma revisdo taxondmica das subespécies (Vianna et al., 2006; Santos et al.,
2016; Barros et al., 2017).

Até a década de 1990, as principais ameacas a essa espécie eram relacionadas a
caca e captura acidental na pesca, em redes de emalhe e arpdes, mas atualmente as causas
séo geralmente indiretas como encalhes, redugéo de habitat e agdo antrépica (Deutsch et al.,
2008). Apesar dos diversos programas de conservacgdo, reintroducdo e até mesmo
translocagao de peixes-bois que conseguiram aumentar o numero de individuos em algumas
localidades (Reynolds & Wetzel, 2008; UNEP et al., 2010; Service Fish and Wildlife, 2017),
todas as populagdes, com excecao da Florida, sdo tratadas como uma mesma unidade para
conservagado, sem levar em conta suas histérias evolutivas, diferencas genéticas e a
existéncia de hibridizacdo com a espécie amazbnica (T. inunguis), fatores que podem causar
depressao exogamica nas populagodes, dificultando ainda mais sua conservagao (Crandall et
al., 2000; Vianna et al., 2006; Santos et al., 2016). No Brasil o peixe-boi marinho é assistido

pelo Plano de Agao Nacional para a Conservagao dos Sirénios (PAN Sirénios).
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Figura 4. Distribuicdo do peixe-boi marinho (azul escuro) na América do Sul, incluindo rios,
bacias e estuarios. Os pontos azuis se referem a ocorréncias isoladas de individuos da
espécie (Meirelles, Marmontel & Mobley, 2016).

Trichechus inunguis

O T. inunguis (peixe-boi amazénico) € o menor representante da ordem Sirenia, com
tamanho de 2,8 a 3,0 m e peso de até 450 kg. Possui coloragao preta, podendo apresentar
uma mancha branca na regiao peitoral. Suas nadadeiras ndo possuem unhas como os outros
peixes-bois (dai seu epiteto especifico) e seus dentes sdo menores, embora mais complexos
e resistentes ao desgaste (Figura 5). E endémico da bacia do Rio Amazonas e habita apenas
0 ambiente de agua doce. Sua distribui¢gdo vai do Equador, Peru e Coldmbia ao estuario no
Brasil, preferindo temperaturas de 25°C a 30°C (Spiegelberger & Ganslosser, 2005) (Figura
1). A foz do Rio Amazonas ao redor da llha de Maraj6 é uma area de ocorréncia comum entre
as duas espécies americanas (T. inunguis e T. manatus) e, portanto, apresenta grande

potencial de intercruzamento (Cantanhede et al., 2005; Vianna et al., 2006).

Figura 5. Peixe-boi amazonico (llustracao por P. Folkens de Berta et al., 2015).



O peixe-boi amazodnico é o mamifero aquatico mais cagado do Brasil. O consumo da
sua carne é tradicdo na Amazébnia, sendo uma importante fonte de proteina animal do
ribeirinho. Além disso, os impactos ambientais causados por mineradoras, garimpos e
agropecuaria também contribuem para a diminuigédo da populagéo deste animal (Marmontel,
Souza & Kendall, 2016). Iniciativas para conscientizagao ambiental e reabilitagdo de peixes-
bois tem sido desenvolvida por instituigbes como o IDSM (Instituto de Desenvolvimento
Sustentavel Mamiraud), ICMBio (Instituto Chico Mendes de Conservagao da Biodiversidade)
e INPA (Instituto Nacional de Pesquisas da Amazdbnia), com o suporte do Plano de Acédo

Nacional para a Conservacao dos Sirénios (Luna et al., 2011).

Evolugao dos sirénios

A reconstrugao da histéria evolutiva dos sirénios através de fosseis e dados
morfolégicos indica que os Protosirénios, primeiros representantes da ordem, chegaram ao
litoral do continente americano no periodo Eoceno, sendo que a disperséo e o isolamento
genético de suas populagdes deram origem a familia Trichechidae (Gingerich & Cappetta,
2014). Os primeiros Trichechidae conhecidos, ja exclusivamente aquaticos, foram divididos
nas familias Miorireninae (extinta) e Trichechinae. Todos os Trichechinae eram herbivoros e
provavelmente os géneros Sirenotherium (Brasil), Patamosirenium (Coldbmbia) e Ribodon
(Argentina e Carolina do Norte, EUA) diversificaram-se entre o Mioceno e Plioceno.
Provavelmente, até o final do Mioceno os Trichechidae ficaram restritos a América do Sul,
habitando principalmente os rios costeiros e estuarios, alimentando-se de plantas de agua
doce enquanto os Dungongidae habitavam as areas do Atlantico Oeste e do Caribe,
explorando as pradarias marinhas de plantas subaquaticas (Domning, 1982). O género

Trichechusteria se originado entre o Plioceno e Pleistoceno.

Acredita-se que um grupo ancestral de Trichechus tenha adentrado a bacia Amazonica
por uma passagem pelo Oceano Pacifico ou por alguma conexao do Caribe. O soerguimento
dos Andes, entre o Mioceno e o Plioceno, mudou o curso da Bacia Amazénica e bloqueou a
entrada para o mar acima da regido amazénica (atual lago Maracaibo, na Venezuela formando
temporariamente uma bacia fechada, fazendo com que grande quantidade de lodo e
nutrientes escoasse para muitos rios sul-americanos, estimulando o crescimento de
macrdfitas aquaticas (principalmente gramineas) (Hoorn et al., 2010). Os peixes-bois, isolados
na bacia amazonica, provavelmente se adaptaram a essa fonte de alimentacdo e se
diferenciaram mais tarde no atual Trichechus inunguis (Domning, 1982; Vianna et al., 2006).
Ja o T. senegalensis teria se originado pela dispersdo de peixes-bois para a Africa durante o

Plioceno ou Pleistoceno (Daryl P Domning, 1982; Vianna et al., 2006; Santos et al., 2016).



Estudos utilizando dados fdsseis, genéticos e morfoldgicos indicam que o peixes-bois
marinho e africano possuem um ancestral comum mais recente do que o peixe-boi amazénico
(Domning, 1994; Springer et al., 2015). O primeiro estudo utilizando dados moleculares de
DNA mitocondrial (mtDNA) de T. inunguis e de T. manatus estimou a divergéncia das duas
espécies no Plioceno e demonstrou variacdes dentro da espécie de peixe-boi marinho, com
a existéncia de trés haplogrupos que ndo suportaram a existéncia das duas subespécies
sugeridas em 1986 (Garcia-Rodriguez et al., 1998). Vianna e colaboradores (2006) através
da regiao controle e Citocromo b do mtDNA suportaram o monofiletismo das espécies de
Trichechus e dataram os nés ancestrais utilizando a divergéncia de nucleotideos. Desta forma
obtiveram datagdes de divergéncia dentro de cada espécie no Pleistoceno nos periodos de
621.000, 371.000 e 308.900 anos para T. manatus, T. inunguis e T. senegalensis

respectivamente.

Estudos genéticos com peixes-bois

A composi¢cao cromossémica deT. manatus e T. inunguis foi estudada por alguns
autores. Ambas as espécies diferem no nimero de cromossomos, sendo encontrados 56
cromossomos na espécie amazénica (Assis et al., 1988) e 48 na espécie marinha (White et
al., 1976). Posteriormente, estudos genéticos e filogeograficos foram realizados utilizando
miDNA e microssatélites (Cantanhede et al., 2005; Vianna et al., 2006; Parr et al., 2012;
Satizabal et al., 2012). Nestes estudos, as populag¢des do peixe-boi amazdnico demonstraram
grande diversidade genética proveniente de um agrupamento de linhagens genéticas
relacionadas, indicando uma origem recente e um sinal de expansao populacional nos ultimos
120 mil anos (Vianna et al.,, 2006) que pode estar relacionada ao aparecimento de
adaptagdes-chave que permitiram a sobrevivéncia desta espécie em ambiente amazbnico
(Cantanhede et al., 2005; Vianna et al., 2006).

Estudos feitos com peixes-bois marinhos (Garcia-Rodriguez et al., 1998, 2000; Vianna
et al., 2006) abrangendo toda sua distribuicao (Flérida, Caribe, Golfo do México e do Atlantico
ao nordeste brasileiro) demonstram estruturagdo populacional por isolamento geografico,
formando duas unidades evolutivas significativas (ESU): uma composta por haplogrupos
presentes da costa do Caribe e Golfo do México, da Venezuela a Flérida (EUA) e Antilhas e
outra composta por apenas um haplogrupo restrito das Guianas ao Brasil (Figura 6) (Vianna
et al., 2006; Parr et al., 2012). Essa separagao de linhagens mitocondriais se deu,
aparentemente, por processos vicariantes ocorridos durante as glaciagées do Pleistoceno,
com a diminuicdo do nivel do mar e formacdo de barreiras pelas Antilhas, impedindo

finalmente o contato entre as duas ESUs (Peltier & Fairbanks, 2006) ha pelo menos 130 mil



anos (Vianna et al., 2006). Posteriormente Barros et al. (2017) analisaram comparativamente
peixes-bois marinhos do Brasil, Porto Rico, Flérida e outros individuos da América do Sul e
Central, por bandeamento cromossémico CG e morfologia geométrica 3D dos créanios. Estes
autores encontraram uma maior diferenga dos peixes-bois marinhos entre Brasil e as demais
populagdes. Como o peixe-boi da Florida ndo apresentou diferengas morfolégicas e
citogenéticas em relagédo aos demais, através dessas analises a autora sugeriu a reviséo
taxondmica das subespécies de T. manatus, o que reforgou estudos preliminares com dados

moleculares (Garcia-Rodriguez et al., 1998; Vianna et al., 2006).

Figura 6. Distribuicdo das espécies americanas de peixe-boi e provavel zona hibrida (elipse
azul). Também sao apresentadas as areas de distribuicdo das duas unidades evolutivas
significativas de Trichechus manatus: ESU-1 (Caribe e Golfo do México: Venezuela aos EUA
e Antilhas) e ESU-2 (Atlantico: Brasil e Guianas).

O cruzamento entre peixe-boi amazbnico e marinho, resultando em hibridos, foi
identificado em um estudo realizado por Vianna e colaboradores (2006) com marcadores
mitocondriais, microssatélites autossémicos e citogenética de 189 individuos de T. manatus,
93 de T. inunguis e seis de T. senegalensis. Foram identificados sete individuos hibridos de
T. manatus e T. inunguis na zona costeira, sendo trés na Guiana Francesa, trés na Guiana e

um no estado brasileiro do Amapa, todos morfologicamente identificados como T. manatus,



porém possuidores de mtDNA de T. inunguis. Outro individuo hibrido foi identificado no Rio
Amazonas, proéximo a Belém (Para), com morfologia de T. inunguis e mtDNA de T. manatus.
Um dos individuos hibridos (da costa do Amapa) teve seu cariétipo estudado e apresentou
2n=50, numero intermediario entre o caridtipo de T. inunguis (2n=56) e T. manatus (2n=48).
Esses dados evidenciaram a ocorréncia de, pelo menos, uma segunda geracdo de
introgresséo (F2), pois um hibrido com 2n = 50 pode ser filho de uma fémea hibrida F1 (2n=52-

T. manatus (macho) x T. inunguis (fémea)) com outro macho T. manatus.

A hibridizagdo na conservagao

O naturalista britanico Charles Darwin (1876) em seu consagrado livro “A origem das
espécies” ja tentava entender os processos de hibridizagcdo e a presengca de barreiras
reprodutivas entre espécies. Desde entdo, a ocorréncia de hibridos na natureza € uma
questdo amplamente discutida por diversos autores na area da biologia evolutiva, que buscam
compreender as implicagbes ecologicas e taxonémicas das espécies envolvidas (Schwenk,
2008). A area de contato entre populagcdes ou espécies distintas onde ocorre hibridizagéo,
independentemente da fertilidade da prole hibrida inicial (F1), € chamada “zona hibrida”
(Allendorf et al., 2001). A incorporagao de genes de uma espécie (ou populagao) através de
um hibrido fértil que também hibridizou com uma das espécies (ou populagdes) parentais (=
F2) é denominada “introgressao”. Por sua vez, uma populagao formada apenas por individuos
de diversas geragdes de introgressao, ndo dependendo de fluxo génico com as parentais para

sua manutencgéao, é chamada “hybrid swarm” (Mallet, 2005; Shurtliff, 2013).

Apesar de ser um processo que ocorre naturalmente em diversos grupos — como plantas,
peixes (Schaefer et al., 2016), anfibios (Fitzpatrick & Shaffer, 2007), aves (Ottenburghs et al.,
2017) e mamiferos (Shurtliff, 2013) — a hibridizagdo € um processo muito complexo e esta
associada tanto a impactos positivos quanto negativos para as espécies envolvidas (Allendorf
et al., 2001). Quando é parte natural do processo evolutivo, a longo prazo, a introgresséao
contribui fortemente para a geragao de diversidade e especiagao (Kronforst et al., 2013),
sendo muito frequente, principalmente em aves (Grant, 2015). Porém, quando a hibridizagéo
¢ influenciada por agdes antropogénicas através de introdugéo intencional ou modificagao do
habitat, pode resultar em processos deletérios como depressédo exogamica, competi¢cao (Bar-
Zviet al., 2017) e até extincao (Rhymer & Simberloff, 1996).

Os hibridos constituem uma das questdes mais desafiadoras para a protecao e manejo
das espécies, sendo ainda mais dificil quando ha o envolvimento de espécies ameacgadas

(Wayne & Shaffer, 2016). Para o desenvolvimento de estratégias e politicas de conservacgao,



além de entender os processos de hibridizacdo, € necessario compreender o contexto
historico e ecolégico desses organismos, determinando se as causas foram naturais ou
antropogénicas (Stronen & Paquet, 2013). Levando-se em conta a particularidade de cada
caso e as controvérsias envolvidas, as politicas publicas devem ser flexiveis o suficiente para
se adequarem a cada caso (Stronen & Paquet, 2013), fazendo com que alguns autores se
preocupassem em desenvolver diretrizes (Allendorf et al., 2001) e fluxogramas para auxiliar
nas tomadas de decisao (Jackiw et al., 2015). Ferramentas genéticas tém cada vez mais
contribuido para identificar e interpretar esses eventos (Wayne & Shaffer, 2016; Martin &
Jiggins, 2017).

A genética na conservagao

Nas ultimas décadas, ferramentas genéticas tém sido utilizadas no delineamento de agbes
para conservacao de populagdes e espécies ameagadas, com o uso de dados de variantes
moleculares que podem ajudar a reconstruir tempos histéricos e diversos eventos
populacionais (Fraser & Bernatchez, 2001). Essas ferramentas vém sendo comumente
utilizadas para delimitacbes de planos e unidades de conservacdo, através da analise de
diferentes marcadores genéticos que podem responder perguntas especificas e testar
hipoteses (Funk et al., 2012). Estimativas de diversidade dentro e entre as populagdes, a
quantificagdo de fluxo génico ou isolamento, permitem por exemplo, inferir o padrdo da
estruturagéo das populagdes, identificando agrupamentos ou separagdes entre populagbes
da mesma espécie, sugerindo em certos casos até a separacdo em subespécies ou

sinonimizagao de espécies consideradas distintas (Allendorf et al., 2010).

O uso de marcadores mitocondriais tém sido aplicado para analises filogenéticas e
estudos populacionais intraespecificos a fim de descrever historias relacionadas as linhagens
maternas, devido ao fato que o mtDNA é virtualmente hapléide, herdado uniparentalmente
(matrilinear) e estavel, sendo composto de varios genes, sem sequéncias repetitivas, introns
ou pseudogenes, porém com rapida evolugdo (Kocher et al.,, 1989). Marcadores
microssatélites no DNA nuclear, tém sido usados para testes de paternidade, parentesco,
estudos populacionais recentes, fluxo génico interpopulacional, analises de linkage e
mapeamento gendmico, ndo sendo indicando processos adaptativos ou de médio e longo
prazos (Tautz, 1989). Ja o uso de sequéncias nucleares em genes autossémicos pode auxiliar
na deteccdo de eventos mais lentos na evolugdo e processos adaptativos, incluindo
divergéncias interespecificas, permitindo também a analise detalhada de processos

complexos como hibridizagao e especiagédo (Thomas et al., 2003).

10



Justificativa e objetivos

Devido a importancia dos processos de hibridizacao e introgressao para a evolugao e
conservacgao das populagdes, tanto das espécies parentais quanto dos hibridos, a ocorréncia
desse evento se torna ainda mais relevante quando ocorre em espécies ameacgadas (Allendorf
et al., 2001), como € o caso dos peixes-bois. Apesar da identificagdo desse fendbmeno ja ter
sido relatada anteriormente (Garcia-Rodriguez et al., 1998; Vianna et al., 2006), a falta de
estudos genéticos mais completos, que utilizem marcadores genéticos com historias
evolutivas distintas e ferramentas mais atuais, restringe muito a compreensao da dimensao
real da hibridizacédo e do seu impacto, o que demanda a realizagdo de analises filogeograficas
multilocus, englobando dados nucleares (genémicos) e mitocondriais das duas espécies e
suas populagdes. Adicionalmente, esses mesmos dados podem subsidiar na resolugao das
controvérsias a respeito da existéncia das duas subespécies de T. manatus e da delimitacio
de suas populagdes, que sdo de extrema importancia para a conservagdo e o manejo da

espécie.

Desta maneira, o objetivo geral desta tese foi auxiliar o entendimento genético das
relagbes interespecificas e intraespecificas dos peixes-bois americanos (7. inunguis e T.

manatus), tendo como objetivos especificos:

o Selecionar regides génicas diagnosticas para identificagdo efetiva das espécies em
questao.

o lIdentificar a composicdo gendbmica dos individuos da zona hibrida, através da
identificagdo da origem especifica dos fragmentos nucleares e mitocondriais, estimando
suas proporgoes e identificando possiveis eventos de introgressao.

o Estimar as populagdes existentes nas duas espécies americanas, com inclusdo da zona
hibrida e de T. manatus do Brasil, Flérida e Porto Rico.

o Selecionar o modelo que melhor explique as relagbes entre as populagdes identificadas,
estimando seus tempos de divergéncia, a existéncia e direcdo do fluxo génico,

diversidade genética e tamanho efetivo populacional.

Apresentagao da tese

Esta tese esta estruturada em trés capitulos em forma de artigos cientificos, estando
os dois primeiros ja submetidos a revistas cientificas para analise por pares e publicagao.
Também sdo apresentados, em anexo, um capitulo de livro publicado e uma Short

Communication submetida, ambos a convite de editores durante o doutorado.
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No primeiro capitulo desta tese € realizada uma discussdo das unidades de manejo
dos peixes-bois marinhos e da existéncia de duas subespécies (T. m. manatus e T. m.
latirostris) estabelecidas por Domning & Hayek (1986a) a fim de sugerir um consenso entre a
divisdo taxondémica tradicional e as unidades evolutivas para delimitar populagbes e fornecer
informagbes mais precisas para a conservagao, 0 manejo € o desenvolvimento de politicas
efetivas. Para isso foi feita uma pequena revisdo sobre os principais estudos com T. manatus,
que obtiveram resultados relevantes a respeito da estruturacdo populacional, e sobre a
importancia da comunicagao e entendimento entre ciéncia e politicas conservativas. Também
foi realizada uma analise que se utiliza de arvores génicas de mtDNA para delimitacao de

linhagens mitocondriais de maneira quantitativa (Generalised Mixed Yule - GMYC).

O segundo estudo teve como foco a populagédo da zona hibrida entre T. inunguis e T.
manatus identificada em estudos anteriores (Garcia-Rodriguez et al., 1998; Vianna et al.,
2006). Feito em parceria com o Dr Benoit de Thoisy (ONG Kwata e Institut Pasteur de la
Guyane, Guiana Francesa, Franga), Dra Camilla Mazzoni (Leibniz Institute for Zoo and Wildlife
Research Berlin e Berlin Center for Genomics in Biodiversity Research, Alemanha) e Dra
Sibelle Villaga (Trent University, Peterborough, Canada), este estudo teve como objetivo
caracterizar a composigao gendmica dos peixes-bois ao longo da costa da Guiana Francesa
através de SNPs identificados por ddRAD (realizado na Universidade Livre de Berlin) e
sequenciamento de genes nucleares e da regidao controle de mtDNA (obtidos no Laboratério
de Biodiversidade e Evolugdo Molecular - UFMG). Com os dados obtidos, foram realizadas
analises da composi¢cao gendmica da populagao hibrida e simulagdes de hibridizacdo que
permitiram entender a magnitude da hibridizagdo nessa area e discutir hipéteses ecoldgicas
e evolutivas desse evento e sua implicagdo para conservacao. Neste artigo também foi
demonstrada pela primeira vez a ocorréncia de peixe-boi amazdnico (T. inunguis) em um rio

na Guiana Francesa, fora da bacia amazo6nica.

Por fim, o terceiro capitulo traz um estudo mais abrangente das dinamicas
populacionais entre T. inunguis e T. manatus, incluindo a zona hibrida. O trabalho contou com
a colaboragao de pesquisadores como o Dr. Benoit de Thoisy (ONG Kwata e Institut Pasteur
de la Guyane), Dra Miriam Marmontel (Instituto de Desenvolvimento Sustentavel Mamiraud),
Dra Fernanda Loffler Niemeyer Attademo (ICMBio) e Dra Ana Carolina Oliveira Meirelles
(AQUASIS), sendo toda a parte genética e de filogeografia estatistica desse estudo realizada
no Laboratério de Biodiversidade e Evolugdo Molecular da UFMG. Para tal, as sequéncias de
seis genes nucleares e da regiao controle do mtDNA foram analisadas a fim de caracterizar

os hibridos, a estruturagao populacional, fluxo génico entre populagdes (e espécies), filogenia
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e tempo de divergéncia das espécies, considerando os eventos de introgresséo e

hibridizacao.
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CAPITULO 1
Submitted manuscript to Marine Mammal Science

Looking for a consensus on intraspecific management units of West Indian manatees

and its implication to conservation: a mini-review
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486, 31270-010 Belo Horizonte, MG, Brazil.

' Corresponding author (e-mail: fsantos@icb.ufmg.br).

14



The Sirenia Order is composed by the Dugongidae and Trichechidae families.
Trichechids are represented only by the Trichechus genus, with tree species: T. manatus
(West Indian manatee), T. inunguis (Amazonian manatee) and T. senegalensis (African
manatee), being all at risk of extinction. The West Indian manatee is the most widely distributed
species (Deutsch et al., 2008), found along tropical coastal waters from Florida (USA) to
Alagoas (Brazil), for which many efforts are made to preserve all of its geographical range
(Normande et al., 2015; Ortega-Argueta & Castelblanco-Martinez, 2018). Two T. manatus
subspecies are traditionally recognized: T. m. latirostris, restricted to the Florida peninsula, and
T. m. manatus, found in the remaining areas where the species occurs (Domning & Hayek,
1986a). Previous studies allowed to characterize intraspecific variation within 7. manatus,
testing limits of subspecies and/or ESUs by evaluating morphological and genetic data (Table

1), but with no consensus.

The concept of subspecies is a matter of controversy (Guia & Saitoh, 2007), but many
zoologists use this term to designate geographical varieties within species (Mayr, 1982). To
Inger (1961) and Mayr (1982), this is not well applied, although it has some advantages to
describe some particular taxa. With the advent of genetic techniques, some studies tried to
define subspecies as differentiated populations in the process of speciation (quasi-species) or
with different adaptations to particular environments (Ryder, 1986). To avoid the misuse of
different subspecies concepts for conservation purposes, geneticists coined another
intraspecific concept, called Evolutionary Significant Units (ESUs) (Ryder, 1986). As in the
case of subspecies, this has also undergone modifications and is currently used to identify
intraspecific populations that show limited gene flow between each other and relative
evolutionary independency (Fraser & Bernatchez, 2001), mostly using phylogeographic
methodologies (Moritz, 1994a; Palsbgll et al., 2006). However, in some cases where
populations could not be classified as separate ESUs, but warrant conservation attention for
any other reason, they could still be considered management units (MU) (Moritz, 1994a;
Palsbgll et al., 2006). The identification of intraspecific units of management using subspecies,
ESUs, and MUs criteria frequently results in controversy, sometimes involving political and
economic considerations, more than biological reasons, where the intraspecific classification

is definitive for the social appeal and financial investments (Gippoliti & Amori, 2007).

An important management practice for reducing the risk of extinction of threatened
species, if well applied, can use individual translocations between areas (Pérez et al., 2012),
where intraspecific lineages are taking into account by decision makers. This was important,

for example, in the case of the population of Rocky Mountain bighorn sheep (Ovis canadensis)
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located in the National Bison Range (NBR; Montana, USA). Two separate translocations from
sheep populations selected with genetics information reversed some local deleterious effects
of bottleneck and inbreeding (Hogg et al., 2006; Miller et al., 2012). On the other hand, wrong
management decisions can worse the conservation status of populations that are already
endangered, as the initial reintroduction of the Arabian oryx (Oryx leucoryx) in the Oman
Sanctuary (Pérez et al., 2012). The reintroduced individuals derived from captivity represented
a small number of founding animals, resulting in inbreeding in many cases, but other
individuals were originated from differentiated populations, whose intercross resulted in
outbreeding depression with low fitness offspring (Marshall & Spalton, 2000). For these
reasons, the identification of intraspecific divisions is so important, providing data for the
diagnostics of interpopulation divergence and local adaptations, and the possible deleterious

outcomes of outbreeding in future management.

The International Union for Conservation of Nature (IUCN) developed some
management criteria considering information of geographic distribution, population data,
species characteristics that may interfere with its response to environmental changes,
associated threats, and existing conservation measures (IUCN, 2012). These criteria can be
used by governments to define priority populations and species for conservation (MMA, 2014).
However, many recent studies discuss the gap between conservation research and
management practice, where genetic data are usually considered superficially in policy
documents (Shafer et al.,, 2015; Cook & Sgrd, 2017; Taylor et al.,, 2017). Indeed, non-
academics that make final decisions have difficulty to link fundamental research and real-world
application (Hogg et al., 2017; Britt et al., 2018). Thus, it is undoubted the necessity to translate
the scientific data into policy decisions, but another important point is reaching a consensus

on the information provided in order to guide decisions more directly (Pressey et al., 2017).

The first studies describing T. m. latirostris as a subspecies restrict to Florida have
taken into account only morphological data with a very limited sampling of data and individuals
(Hatt, 1934; Domning & Hayek, 1986a, 1986b). Posteriorly, genetics data were generated for
all West Indian manatee populations, obtaining contradictory results and interpretations (Table
1). The most complete phylogeographic studies, with a representative distribution of T.
manatus, described tree mtDNA clusters (Garcia-Rodriguez et al., 1998; Vianna et al., 2006).
Based on the mtDNA phylogeny and distribution, two ESUs were suggested: the first
composed by the populations from Florida to Venezuela and West Indies (Caribbean ESU),
and the second with eastern populations of Brazil and the Guianas coastline (Atlantic ESU),

where the latter area revealed to be an interspecific hybrid zone with T. inunguis (Vianna et
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al., 2006; Santos et al., 2016). The West Indian manatee population structure was probably
shaped by environmental instability mediated by Quaternary changes in ocean levels, making
barriers to gene flow dynamic through time, which were likely reinforced by a more recent
hybrid barrier (Vianna et al., 2006; Parr et al., 2012; Santos et al., 2016; Barros et al., 2017)
(Vianna et al., 2006; Parr et al., 2012; Santos et al., 2016; Barros et al., 2017).

The appropriate management of ESUs should consider inbreeding and outbreeding
depression impacts, taking the metastable balance between these consequences into account,
to avoid the decreasing of fitness because of high homozygosis or rupture of population-
specific adaptations, respectively (Joly, 2010; UNEP et al., 2010; Hedrick & Garcia-Dorado,
2016). For example, consider the initial plan of re-establishment of the manatee population in
Guadeloupe Island (France), Lesser Antilles. In this Caribbean island, the species was extinct
for many decades, and translocation of Brazilian manatees to there was initially considered
(Reynolds & Wetzel, 2008; UNEP et al., 2010). Because Caribbean populations are historically
isolated from Brazilian manatees (about 500 thousand years, according to Santos et al., 2016),
the reintroduction of Brazilian individuals together other Caribbean manatees from captivity
(Mexico, Singapore etc) in this area would disrupt a natural history of many thousands of years,
which could lead to a likely outbreeding depression (Moritz, 1999). As observed by Edmands
& Timmerman (2003) a wrong transfer of only one migrant per generation into a population of
100 individuals could cause the same or more damage (outbreeding depression) as a one-
time 50:50 mixture. To make information clear and help the decision-makers, widely known
and supported genetic data (such as mtDNA) can be used to better delimiting populations for

conservation and management (Moritz, 1994b; Reid & Carstens, 2012).

To test more objectively the existence of significant intraspecific phylogenetic divisions,
researchers began to use the Generalised Mixed Yule Coalescent (GMYC) (Mello et al., 2018),
a tree-based method for delimitation of lineages. The GMYC model determines the point (or
points) on a gene tree that represents the threshold between tokogenetic relationships and
cladogenetic events (Pons et al., 2006; Fujisawa & Barraclough, 2013). For this reason, we
used the GMYC to objectively define the intraspecific mtDNA lineages of T. manatus, providing
clues for an interpretation of the ESU status of the populations from phylogenetic trees. As a
practical consequence, our results will serve as support for the development of conservation
policies considering the evolutionary history of the species. For this, we estimated a mtDNA
gene tree using sequences from the control region (Garcia-Rodriguez et al., 1998; Vianna et
al., 2006), including two new haplotypes, M5 found in Brazil and J2 found in French Guiana

(unpublished data), and using T. inunguis as outgroup. The model of nucleotide substitution
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(i.e., HKY+I") was selected through the corrected-Akaike Information Criterion implemented in
jModeltest 2 (Darriba et al., 2012). Additionally, the null hypothesis of equal evolutionary rates
through tree was rejected (p < 0.001) through a maximum likelihood (ML) test of molecular
clock implemented in MEGA7 (Kumar et al., 2016). Therefore, we generated ultrametric gene
trees of unique haplotypes, assuming the selected substitution model, the lognormal
uncorrelated clock, and the Birth-Death tree prior, as implemented in BEAST2 software
(Bouckaert et al., 2014), using 5 x 107 generations and thinning 1 x 104. The analysis was run
twice and the stationarity of each replicate and the convergence between them was evaluated
visually in Tracer v 1.6 (Rambaut et al., 2018). Both replicates were combined in LogCombiner
(Rambaut & Drummond, 2010a) after a burn-in of 5%, with a total of 1 x 104 saved trees.
Finally, the maximum clade credibility (MCC) tree was annotated using the TreeAnnotator
software (Rambaut & Drummond, 2010b).
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Figure 1. Trichechus manatus mtDNA lineages and distribution. Left, the maximum clade
credibility (MCC) tree. The posterior probability (PP) of each clade is show below the nodes,
and above them is represented the PP of each lineage estimated under the bGMYC model,
which takes the phylogenetic uncertainty associated to the MCC into account. Right, the map
of haplotype composition, with the percentage of each cluster in sampling countries. The
haplotypes of each region are discriminated in pie charts, with the exclusive ones represented
in bold. The haplotype L was reported by (Garcia-Rodriguez et al., 1998) in Guyana, but its
sequence is not available or deposited in GenBank. To visualize the abundance of each of

these haplotypes see references in table 1. The black asterisk and circle points represent two
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isolated records of hybrids in Brazil: the first found close to the Oiapoque River presenting a
T. inunguis haplotype, and another found in the Amazon River close to mouth, which has a T.

manatus haplotype (M2).

The mtDNA lineage delimitation per se was made in two steps. In the first, we submitted
the MCC tree to a ML GMYC version, using the single threshold algorithm implemented in the
splits package of R software (Fujisawa & Barraclough, 2013; R Core Team, 2017). In this
analysis, the null hypothesis of a single lineage on the tree was rejected (LR test = 17.23; p <
0.001). The optimal number of mtDNA lineages was three, with a confidence interval from
three to six: Cluster | represented by the haplotypes A, A2, A3, A4, A5, B, C and D; Cluster Il
represented by E, G, G2, H, 12, J, J2 and K; and Cluster Ill represented by L2, M, M2, M3, M4,
M5, N and O. In the second step, we submitted the remaining 9,999 trees to a Bayesian version
of the GMYC model, implemented in the bGMYC package (Reid & Carstens, 2012; R Core
Team, 2017), in order to account the phylogenetic uncertainty associated to topology
differences and variance in branch lengths. The posterior probability (PP) of the delimited
lineages was < 0.95 only for the Cluster I. This probably is due to the uncertainty of the
positioning of the haplotypes D and C, that show PP = 68.3% in the MCC tree (Figure 1).

In short, our GMYC analysis confirms the three clusters previously reported (Table 1;
Garcia-Rodriguez et al., 1998a; Vianna et al., 2006; Santos et al., 2016) as independent
mtDNA lineages with high probability. However, it is observed a sympatric occurrence of some
mtDNA haplotypes and clusters (I and Il), and currently a major vicariance is found between
Caribbean (Florida to Venezuela and Antilles) and Atlantic (Brazil), where along the Guianas
coastline appears an interspecific hybrid zone with the T. inunguis species. This result supports
the interpretation of cyclical isolation-recontact dynamics during Pleistocene due to the
variation on sea level, which formed the Antilles Arc, which likely isolated the Caribbean Sea
and Mexico Gulf (until Florida) from northwestern Atlantic coast of South America (Peltier &
Fairbanks, 2006; Vianna et al., 2006; Santos et al., 2016), and was further reinforced by a

hybrid zone in the Guianas coastline.

Curiously, Florida manatees present only the A haplotype that displays a large
distribution, occurring also in Mexico, Dominican Republic and Puerto Rico, which is part of
mtDNA Cluster | that extends from Colombia to Florida (Figure 1). Besides, Cluster 1| mtDNA
haplotypes are distributed from Mexico to Venezuela, and show overlay with Cluster |, making
all manatees from Florida, Caribbean and Mexico Gulf highly connected between them, in
accordance also with the karyotypic and morphological data (Barros et al., 2017). This shows

that even though microsatellite data show a small but significant differentiation between Florida
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and Belize (Hunter et al., 2010), and Puerto Rico (Hunter et al., 2012), all belong to the same
Caribbean ESU. Anyway, populations from Mexico, Belize and Colombia display some unique
haplotypes, which may indicate local differentiation and make these areas also important
management units to conservation. On the other hand, the Brazilian manatees present only
Cluster lll mtDNA haplotypes, and almost all haplotypes are exclusive (Figure 1), composing
the Atlantic ESU. This, added to the distinctness in karyotype and shape of the skull in relation
to all other populations from Florida, Mexico Gulf and the Caribbean (Barros et al., 2017),
points to the need for reassessment of taxonomic status of the Brazilian population. Besides,
when Barros et al. (2017) analysed the skulls of individuals from Suriname and Guyana, they
observed that their skulls were more similar to the Caribbean populations (including Florida),
even though they are geographically closer to the Brazilian ones. Additionally, it is important
to highlight that Guyana and French Guiana manatees present introgression of T. inunguis
genes (Garcia-Rodriguez et al., 1998; Vianna et al., 2006; Santos et al., 2016). This region
between the Amazon River mouth and the Guianas coastline is a hybrid zone between the two
American manatee species, which apparently reinforces the isolation and differentiation of

Brazilian manatees in comparison to the other ones (Santos et al., 2016).

Currently, the southernmost limit of the species distribution is in Brazil, where the
population show some peculiar characteristics, beyond the already discussed isolation, and
morphological and genetic differentiation. Contrary to other West Indian manatee populations,
the Brazilian manatees are predominantly marine (and they are called sea manatees in
Portuguese), not entering large streams of fresh water in Brazil (Meirelles et al., 2018). Besides
that, despite the wide distribution of the seagrass Halodule wrightii in all coastal America, only
in Brazil this aquatic plant is most preferred in the manatees diet, especially in the states of
Ceara and Alagoas, where the diet is mainly constituted of H. wrightii and algae (Ciotti, 2012;
Meirelles et al., 2018). However, in the northern Brazilian states (north of Paraiba), the diet of
manatees is mainly constituted by macroalgae and terrestrial plants from estuaries and
mangroves, but not typical fresh water plants like other manatees feed (Meirelles et al., 2016,
2018). That distinct diet specialization, in addition to morphological and molecular
differentiation, indicates that Brazilian manatees should be considered a top priority for
conservation. Since the Brazilian government agencies usually disregard the use of ESUs for
conservation management (ICMBio, 2012), we suggest considering this population at least in
the same level as subspecies, and emphasize the need for a taxonomic review by the
multidisciplinary specialists, which should have a direct impact on conservation policies

regarding this population, and the whole distribution of West Indian manatees.
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Based on the data presented here we raise some discussion about real cases of
management. The genetic data with microsatellites of Florida manatees (Hunter et al., 2010,
2012) could be used to support the status of this population as MU, and considering their
increasing population size (Service Fish and Wildlife, 2017), they could be considered in
translocations for localities of Puerto Rico, Dominican Republic, and even Guadeloupe, as
manatee source to increase genetic diversity (Tucker et al., 2012). Indeed, West Indian
manatees were recently reclassified from Endangered to Threatened under the Endangered
Species act of 1973, for presenting estimates of about 13,000 individuals throughout its range,
particularly because of conservation efforts in Florida (USA), where population has increased
to 6,350, and remaining animals are distributed in all other territories, and only 700 manatees
along 4,000 km of coasts where it occurs in Brazil (Service Fish and Wildlife, 2017). Thus, the
increase in the number of West Indian manatees was punctual and do not represent the reality

of all populations, particularly in Brazil.

Along the extensive Brazilian coastline, manatees present no clear structuration, even
though few individuals from Maranhao and Piaui coasts presented another single nucleotide
variant of mtDNA Cluster Ill haplotypes (Luna et al., 2012). However, the mtDNA haplotype
distribution along the Brazilian coast suggest a west to east gradient, with no reasonable point
to be managed separately from the rest of the country as previously suggested (Luna et al.,
2012), and they could be translocated to other parts in Brazil. On the other hand, the
translocation of Brazilian manatees (and others from the hybrid zone) to Guadeloupe Island
(Reynolds & Wetzel, 2008) is not recommended, because this could imply in extrinsic
outbreeding depression caused by a likely rupture of local adaptations (Allendorf et al., 2001).
Thus, there is an urgent need for consensual intraspecific science-based delimitation within
Trichechus manatus (such as MU, ESU and/or subspecies), once remarkably different
populations are still considered the same subspecies (Caribbean and Brazilian) and some
closely related lineages are managed separately as different subspecies (Florida, Mexico Gulf
and Caribbean). The review of these designations would provide greater understanding and

clarity in conservation policies for the West Indian manatee as a whole.

Notwithstanding we recognize the necessity of genomic data to evaluate the historical
and recent gene flow patterns between ESUs and MUs. Additionally, an essential research
program should focus on assessing the local adaptation potential of each lineage and how the
admixture between them can lead to outbreeding depression or alleviate the impacts of
inbreeding. Nevertheless, the concordance between molecular and morphological data

indicates that the most significant intraspecific division within T. manatus separates two ESUs,
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one from coasts in Brazil (Atlantic) and another (Caribbean) from other populations found in
the Caribbean, Mexico Gulf and Florida (USA) coasts, making the unique and isolated Brazilian

ESU a priority for taxonomic research and conservation policy.
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ABSTRACT

The West Indian manatee (Trichechus manatus) occurs along the Atlantic coastline and
adjacent freshwater systems of South, Central and North America, from Alagoas (Brazil) to
Florida (USA) and Greater Antilles. The Amazonian manatee (Trichechus inunguis) is the only
sirenian adapted exclusively to freshwater and endemic to the Amazon River basin. Previous
studies have reported hybrids between T. inunguis and T. manatus close to the mouth of the
Amazon River, composing a likely extensive hybrid zone along the Guianas coast of South
America under the influence of the Amazon River plume. We have used ddRAD SNP data,
and sequences of nuclear and mtDNA loci to characterize the genomic composition of
manatees along the French Guiana coastline. We found this population to be formed by
introgressed or later generation interspecific hybrids, and also describe the first T. inunguis
found outside the Amazon River basin. Our results indicate that T. inunguis can survive in the
Amazon River plume and have colonized independent water streams of the Guianas coastline
where they likely hybridize with T. manatus. This hypothesis offers a plausible explanation for
the known extension of the hybrid zone between the two species along the Guianas coastline.
It also reinforces the importance of the Amazon plume, which flows westwards to the Guianas
coastline and favors the dispersion of the freshwater species. This habitat functions as a large
estuary-like system that provides an ecological continuum from the Amazon River mouth to
the disconnected waterflows of the Guianas, which deserves a status of a special conservation

area.

Keywords: Trichechus, hybridization, hybrid zone, population genomics, ddRAD, Amazon

River plume
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INTRODUCTION

Manatees (Trichechus spp.) are charismatic and vulnerable aquatic species that can
be found in the Americas (T. manatus and T. inunguis) and coastal regions of Africa (T.
senegalensis) (Deutsch et al., 2008). The West Indian manatee, T. manatus, can live in both
salt and freshwater environments. It is found in rivers and lake systems along its coastal
distribution, with exception of the population inhabiting the northeastern coast of Brazil. This
population prefers coastal and estuarine habitats and has never been reported in any of the
large streams, like Sdo Francisco and Parnaiba rivers (Meirelles et al., 2018). Previous
observations have recorded T. manatus up to 1100 km upstream in the Orinoco River
(Castelblanco-Martinez et al., 2003) and up to 650 km in the Magdalena River in Colombia
(Montoya-Ospina et al., 2001). Conversely, the Amazonian manatee (7. inunguis) is highly
specialized to freshwater environments and has only been reported in the Amazon River basin
so far.

French Guiana (FG), an overseas department of France in South America, has a stable
manatee population, allegedly belonging to the T. manatus species, estimated to have
between 50 and 250 mature individuals (UICN France et al., 2017). The main threats to the
FG manatee population are poaching, bycatches and degradation of coastal water quality
(UICN France et al., 2017). Despite a significant manatee population decrease was reported
during the last century, recolonization of some areas has been observed (de Thoisy et al.,
2003). Due to small population sizes, few takes per year by local fishers are enough to suggest
a regional threatened status (UICN France et al., 2017). Sighting records are widespread in
FG, both in dense and well-preserved mangroves and on the lower parts of all river systems.
Important seasonality in habitat preference has been noticed in relation to strong seasonal
fluctuations in the relative contributions of marine and continental waters to the estuarine
waters (Castelblanco-Martinez, dos Reis, & de Thoisy, 2017). However, FG manatees also
make use of large freshwater streams, with records up to 100 km inland (UICN France et al.,
2017).

Previous studies involving T. manatus populations (Garcia-Rodriguez et al., 1998;
Vianna et al., 2006; Santos et al., 2016) have identified three deeply divergent mitochondrial
DNA (mtDNA) clusters composing two Evolutionary Significant Units (ESUs) that occupy two
major geographic regions: Caribbean coast of Antilles, South and Central America, Mexico
Gulf coast and Florida (USA) (clusters | and Il); and the northeastern Atlantic coast of South
America (Brazil and the Guianas), where cluster Ill was exclusively found (Vianna et al., 2006).

However, seven manatees found along the Guianas coastline (corresponding to Guyana,
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French Guiana and the state of Amapa, Brazil) and one manatee found in the Amazon River
close to the mouth were reported to be hybrids with mixed morphology and unexpected mtDNA
lineages for their habitat (Garcia-Rodriguez et al., 1998; Vianna et al., 2006). Among these
hybrids, three manatees from FG were morphologically classified as T. manatus (presence of
nails, absence of white patch on the chest), but presented mtDNA haplotypes typically found
in T. inunguis (Vianna et al., 2006). Besides, microsatellite data confirmed the hybrid status of
four of the eight manatees (two from FG and two from Brazil), and a single individual from
Amapa (Brazil) presented a karyotype 2n = 50, an intermediary number between T. inunguis
(2n = 56) and T. manatus (2n = 48). It indicated that this individual was a likely second-
generation hybrid, a male offspring between a female F1 hybrid and a male T. manatus (Vianna
et al., 2006). Due to the supposedly high prevalence of hybrids along the Guianas coast, this
region located west of the Amazon River mouth was suggested to be a hybrid zone where T.
manatus and T. inunguis individuals may contact and produce hybrids, further isolating the two
T. manatus ESUs (Santos et al., 2016).

Hybridization has been recognized as a widespread phenomenon among animals, and
it plays an important role in species evolution (Mallet, 2005). In endangered species,
hybridization is often a consequence from declining population numbers due to anthropogenic
activities (Fitzpatrick et al., 2015). When populations of closely related species — that have
overlapping distribution and can still interbreed — decrease in size and consequently mating
partners are rare, species hybridization is a likely outcome. Hybridization and introgression
can have negative effects for a population (e.g. outbreeding depression), and the rise of hybrid
individuals can further complicate the conservation status of a species, and policies to protect
it. If hybrid frequency is shown to be increased due to anthropogenic population decline of
parental species, other alternatives should be discussed to avoid further decline of rare
parental species and populations. Otherwise, in populations where hybridization is a natural
phenomenon and does not pose a threat to the non-hybrid populations, improved management
strategies can be developed to ensure the protection of hybrids. However, hybrids are usually
not taken into consideration in conservation regulation and plans (Stronen and Paquet, 2013),
and therefore the individuals and their habitat may not be eligible to be protected (but see
Allendorf et al., 2001). Therefore, understanding hybridization events (i.e. their extension in
space and time, ecological factors, population size, survival rates, etc.) and their causes (i.e.
anthropogenic versus natural) is fundamental so that hybrids can be considered for appropriate

conservation efforts.
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In this study, we used a genomic approach to (i) investigate a previously recognized
hybrid zone between manatee species, in order to (ii) understand the extent of hybridization,
and (iii) to discuss ecological and evolutionary hypothesis for their occurrence and

conservation implications.

METHODS
Sampling

Tissue material from eight manatees from FG were collected from stranded animals,
found dead on beaches and/or in mangroves along the coast. If the carcasses were not too
degraded, phenotypical information was collected, such as presence of nails, skin color and
extant of white patches on the chest and belly, expected to differentiate between West Indian
and Amazonian manatees. Kidney and liver samples were obtained from a dead T. manatus
individual from the Tierpark Berlin Zoo (here referred as “Tierpark”), a born in captivity and
descendant of maternal grandparents from Georgetown, Guyana, and other unknown
ancestors (Bell, 2001). Two T. inunguis, two T. manatus and a likely F2 hybrid from Amapa,

Brazil (Vianna et al., 2006) were also included.
DNA extraction and Sanger sequencing

DNA extractions were performed using the Dneasy Blood and Tissue kit (Qiagen). The
mtDNA D-loop region was amplified using the primers L15926 and H16498 (Kocher et al.,
1989). The amplification cycle followed Vianna et al. (2006), with annealing temperature of
55°C. Nuclear genes (Apolipoprotein B - APOB, Amyloid precursor protein - APP, BMI1 proto-
oncogene — BMI1, and CAMP Responsive element modulator — CREM), were amplified
following Murphy et al. (2001) (Table S1). New primers for the APOB gene were designed
using as reference the T. manatus GenBank sequence JN413954 (Meredith et al., 2011). For
all loci, the PCR mix was prepared with final volume of 25 L, containing 1X Taq reaction
buffer; 1.5 mM of MgCl;; 200 uM of dNTPs; 0.5 uM of each primer; 0.5 U of Platinum Tagq DNA
Polymerase (Thermo Fisher Scientific). PCR products were purified by the polyethylene glycol
(PEG) method (20% PEG 8000, 2.5 M NaCl) (Sambrook et al., 1989) and sequenced on the
ABI 3130xI Genetic Analysis (Applied Biosystems) using the BigDye Termination v3.1 Cycle
Sequencing kit. The same primers used for amplification were used for DNA sequencing.
Chromatograms were analyzed in SeqScape 2.6 and consensus sequences were aligned
using the ClustalX (Larkin et al., 2007) algorithm in the software MEGA 6 (Tamura et al., 2013).
The relationships between haplotypes were inferred with the software NETWORK (Fluxus-
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engineering) using the median-joining algorithm (Bandelt et al., 1999). Summary statistics

were calculated in DNAsp 5 (Rozas et al., 2003).

Double-digest RADseq

Double-digest RAD (ddRAD) libraries were prepared following a previous protocol
(Peterson et al., 2012) with adapter modifications (Meyer and Kircher, 2010), including two T.
inunguis from Brazil, five manatees from French Guiana, and a T. manatus from Tierpark Zoo
(Germany). In brief, 1 ug of genomic DNA was digested with the enzymes Msel and EcoRI at
37 °C for at least two hours in a reaction volume proportional of DNA. The ligation of adapters
was performed immediately after the digestion. Inline barcodes of varying sizes (5 to 9 bp)
were added to the PS5 adapter. The adapters and overhangs matching the enzymes were
added. A sixteen-cycle indexing PCR was then performed, in which one of the 50 barcodes
described by Meyer and Kircher (2010) was added to the P7 adapter. Each product was
cleaned with 1.5X AMPure XP magnetic beads and quantified in the Qubit 2.0 using the dsDNA
HS assay (Life Technologies) and checked in the Agilent 2100 Bioanalyzer (Agilent
Technologies). The indexed samples were then equimolarly pooled in two libraries and
selected by size in the BluePippin using the 1.5% cassette with R2 marker (Sage Science).
We selected the sequences in a range between 350-400 bp, including adapters, and checked
each library with the Agilent 2100 Bioanalyzer High Sensitivity DNA chip. No PCR was
performed after the samples were pooled to avoid chimera formation (DaCosta and Sorenson,
2014). The libraries were then characterized using the KAPA SYBR® FAST kit (Kapa
Biosystems) and run on the in-house lllumina NextSeq 500 using a 300-cycle mid output v2

kit or on the in-house MiSeq with a 300-cycle kit.

lllumina reads were first demultiplexed according to P7 indexes. The software ipyrad
0.7.19 (Eaton, 2014) was used to demultiplex the P5 inline barcodes, trim the adapters and
quality trimming. Since samples from FG were in an advanced state of decomposition, we first
estimated the contamination level in each sample. A subsample of 20,000 merged sequences
was randomly extracted and blasted against the NCBI nt database. BLAST results were
visualized in MEGAN6 (Huson et al., 2007) and levels of bacterial contamination were
evaluated. Samples that remained in the analysis after evaluating the levels of contamination
were submitted to a stepwise filtering process. First, all reads were blasted (BLASTN) against
the Florida manatee genome (GenBank Accession Number GCA000243295) and to the
African elephant genome (GCA000001905). Sequences with blast hits below an e-value
threshold of 10e-50 were retained. Subsequently, reads with no hits to either genome were

blasted against a Clostridium noyi genome (see Results for reasoning) with a similar threshold.
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The remaining reads were finally blasted against a database of 8344 bacterial genomes and
all reads presenting hits below the threshold were excluded from the clustering step. Clustering
and SNP calling were performed in ipyrad. We used the following parameters: minimum
coverage for a cluster: 8; clustering threshold: 0.90; data type: pairddrad; minimum samples in

a final locus: 6. The remaining parameters were left as default.

Putative hybrid individuals used for the ddRAD analysis were originally from the
Guianas region where the hybrid zone was reported (Vianna et al., 2006). As controls we used
two Amazon manatees (7. inunguis) from Brazil (Table 1) and a West Indian manatee (T.
manatus) represented by a Florida manatee (T. manatus latirostris) genome (Foote et al.,
2015). The consensus sequences of each RAD locus were mapped to the Florida manatee
genome using bowtie2 (Langmead and Salzberg, 2012) in order to identify the homologous
regions. In parallel, all raw reads of the Florida manatee genome available in GenBank were
mapped back to the genome contig sequences, also using bowtie2. Resulting SAM files were
analyzed using customized python scripts for the identification of alleles at the target loci. The
Florida manatee genotypic information was then added to the ddRAD results for subsequent
analyses. To generate a dataset of unlinked SNPs, we restricted the data analysis to only the
first SNP per locus. Only bi-allelic SNPs were selected. All SNPs unique to the Florida manatee

were excluded from the analysis.

The software STRUCTURE 2.3.4 (Pritchard et al., 2000) was used to identify hybrids
and possible different genetic groups. A total of twenty replicates were performed for each
value of K from 1 to 5 (burn-in period: 20,000, 2 x 10° iterations) under the admixture model
and the assumption of correlated allele frequencies among populations. The USEPOPINFO
model was used to specify the two parental species (POPFLAG=1) by assigning the two T.
inunguis samples from Brazil and the T. manatus from Florida, USA as learning samples, while
ancestry was estimated for all FG samples. The software CLUMPAK (Kopelman et al., 2015)
was used to summarize and visualize the results. The best value of K was estimated using the
Evanno method (Evanno et al., 2005) implemented in the online tool Structure Harvester (Earl
and voHoldt 2012). The observed heterozygosity (Hobs) was estimated using the R package
adegenet 2.1.0 (Jombart and Ahmed, 2011). The number of differences between samples

were estimated in the software Arlequin 3.5 (Excoffier and Lischer, 2010).

The proportion of T. manatus ancestry among hybrids was assessed using a maximum-
likelihood estimator of hybrid index that calculates genome-wide admixture based on the
proportion of alleles inherited from each parental species (Gompert and Buerkle 2009). The R
package INTROGRESS (Gompert and Buerkle 2010) was used to estimate the hybrid index
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for all FG samples. The same samples assigned as learning samples in STRUCTURE were

assigned as parentals.

Hybridization simulations using species-specific SNPs between the two-parental
species were performed using the command hybridize in adegenet (Fig. S1). Only fixed SNPs
(species-specific, n=359) between the two T. inunguis from Brazil and T. m. latirostris were
used. Two mating scenarios for the FG population were simulated, backcrosses between
hybrids and T. manatus, and crossings between hybrids. For the “Backcross” scenario, the
first crossing (or generation) was between a simulated F1 hybrid and T. manatus (F1xTm), the
second backcrossing was between the result of the first crossing and T. manatus
((FIXxTm)xTm). The same rationale was repeated for seven generations. For the “Hybrid”
scenario, the simulated F1 hybrids were crossed with other F1s (F1xF1), the resulting hybrids
were crossed among them (F2xF2), until (F7xF7). The reasoning behind the two scenarios
was to test if the FG population is composed by hybrids that mate predominantly with pure T.
manatus (“Backcross”), or if the hybrid population tends to mate with another hybrids
(“Hybrid”). Given the admixture results from STRUCTURE, no backcross with T. inunguis was
simulated (see Results). In both tested scenarios, seven generations of crossings were
simulated with five hybrid offspring per generation. Simulated hybrids were analyzed as

described previously and results were compared with putative hybrid samples.

RESULTS
Sanger sequencing

A total of 410 bp of mtDNA D-loop and 1,919 bp of nuclear DNA was sequenced,
although four samples (M348, M827, M2108 and M2772) were partially sequenced for some
Sanger sequenced nuclear genes (Table 1). Alleles were considered as species-specific
based on population studies using larger samples of both species (Vianna et al., 2006; Santos
et al., 2016, and unpublished data). Summary statistics and diagnostic polymorphisms for all

sequenced loci can be seen in Tables S2 and S3.
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Sample Sampling location D-loop Nuclear SNPs Overall classification
M113 Parana do Castanho, AM, Brazil Ti(T) Ti (0/8) Ti Ti
M117 Tefé, AM, Brazil Ti(Q2) Ti (0/8) Ti Ti

M22 JAG Awala, French Guiana Tm (J4) Introgressed (7/1)  Introgressed (0.75) Introgressed

M297 JAG Awala, French Guiana Ti(T2) Tm (8/0) Introgressed (0.76) Introgressed
M348 JAG Awala, French Guiana Ti (T2) ?
M423 JAG Mana, French Guiana Tm (J4) Introgressed (7/1)  Introgressed (0.77) Introgressed
M524 JAG Kourou, French Guiana Ti (T2) Tm (8/0) Introgressed (0.77) Introgressed
M827 JAG Riviere des Cascades, French Guiana Ti (T2) Ti (0/2) Ti (0.02) Ti
M2108 JAG Marina de Dégrad des Cannes, French Guiana Ti (T2) - - ?
M2772 JAG Kaw River, French Guiana Ti (T2) Tm (6/0) Introgressed

Tierpark Tierpark zoo, Berlin, Germany Tm (M) Introgressed (7/1)  Introgressed (0.73) Introgressed
MO035 Oiapoque, AP, Brasil Ti(T)  Introgressed (6/2) Introgressed
M042 Baia Formosa, RN, Brazil Tm (M) Tm (8/0) - Tm
MO047 Beberibe, CE, Brazil Tm (M) Tm (8/0) - Tm

Table 1. Sampling location and main results obtained for each sample. mtDNA D-loop
haplotypes and Sanger sequenced nuclear haplotypes belonging to each species (T.
manatus/T. inunguis, respectively) are shown in parenthesis. The column SNPs shows
genomic proportion of T. manatus for each sample estimated from species-specific SNPs in
INTROGRESS. Based on all molecular markers, the column “Overall classification” shows the

classification of each sample. Abbreviations: Ti T. inunguis, Tm T. manatus.

Trichechus manatus and T. inunguis samples from Brazil had both the mitochondrial
and nuclear DNA consistent with their morphological classification and habitat, except for
sample M035 (Table 1) from Amapa state (close to the frontier with French Guiana), which is
a likely second-generation hybrid previously characterized by mtDNA, microsatellite and
karyotype data (Vianna et al., 2006). Most of the samples from FG had mixed nuclear and
miDNA from both species (Table 1). Surprisingly, a new D-loop mtDNA haplotype (J04),
related to the T. manatus cluster Il (Fig. S1), was found in two FG samples (M22 and M423).
All five FG samples with T. inunguis mtDNA had the haplotype T2, previously described in FG
samples as hybrids (Vianna et al., 2006). Remarkably, a FG manatee (M827) found in a
tributary (Riviere des Cascades, 40 km from the river mouth at sea) of the Cayenne River had
both T. inunguis mtDNA and Sanger sequenced nuclear genes (Table 1), which suggests a
non-hybrid individual. The analysis of Sanger sequenced nuclear genes, also indicates that

the T. manatus from Tierpark Zoo, which is maternally descendant from a manatee from
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Guyana (in the Guianas coastline), presents 1 out of 8 haplotypes derived from T. inunguis,

thus a likely later generation hybrid born in captivity.

Most FG manatees were found dead in an advanced state of decomposition, but
phenotypic information was obtained for two individuals. The individual M423 had a large white
patch on its breast (Fig. S2) and no nails on its flippers, both characteristic of T. inunguis. The
sample M524 had no nails but did not exhibit a white patch. Thus, both individuals presented

phenotypes indicative of T. inunguis ancestry.
ddRAD

A total of 30,486,215 paired sequences was obtained for eleven Trichechus samples.
Due to the elevated number of reads compared to other samples, a subsample of 2 million
reads was used for sample M524. Eight samples presented a small number of reads with
similarities to bacterial genomes (<1%), indicating a negligible contamination by opportunistic
organisms. One sample (M827) had a high presence of bacterial reads, especially from the
genus Clostridium (Fig. S3), and due to the large number of reads we were able to filter out
bacterial sequences and include this sample in further analysis. On the other hand, three
samples (M2772, M2108, M348) were mostly composed of bacterial sequences, primarily from
the genus Clostridium and were excluded from further analysis. Within the Clostridium species,
we identified the following potentially pathogenic species: C. perfrigens, C. botulinum, C. novyi,
C. tetani. Even though previous studies have associated C. perfrigens with myotities and
cutaneous abscesses in marine mammals (Buck et al., 1987; Hartmann 1997), clostridial
bacteria are normal inhabitants of the manatee gut (Merson et al., 2014) and common in dead
animals (Hyde et al., 2013). Another potentially pathogenic bacteria found in our samples
include: Klebsiella sp., Edwardsiella sp., Staphylococcus sp., Acinetobacter sp.,
Pseudomonas sp., and Vibrio sp (Hartmann 1997; Higgins 2000). Despite the presence of
putative pathogenic bacteria, we cannot confidently associate these bacteria as a cause of

death in our samples.

After filtering for bacterial reads, samples had an average of 1,379,455 paired reads,
although three samples had significant numbers of small fragment carry-over (DaCosta and
Sorenson, 2014). All samples had overlapping fragments between 210-260 bp, and therefore
all analyses were conducted within this range. Coverage depth varied greatly between clusters
(Table S4), with many loci sequenced at low depth. Despite passing the paralog filter in ipyrad,
five loci blasted in two separate regions of the T. m. latirostris genome and were excluded. The
final dataset consisted of 947 clusters (or RAD loci) and 2287 SNPs. Genotypic data from the

T. m. latirostris genome was obtained for 900 RAD loci and had a total of 118 unique SNPs.
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A total of 720 bi-allelic unlinked SNPs was used in the STRUCTURE analysis. The
preferred K was 2 (Fig. 1A, Fig. S4). The results are in accordance with the four sequenced
autosomal loci, the FG sample M827 is a non-hybrid T. inunguis, the sample from Tierpark
shows a small T. inunguis component, and all FG samples showed admixture between the two
parental species (Fig. 1A and 1B). With K=3, all FG with T. manatus ancestry exhibit third
group represented by the purple component. This substructure of FG manatees is in
accordance with previous studies (Vianna et al., 2006) that showed differentiation between the
Florida manatee and manatees from Brazil and the Guianas. When analyzing only the species-
specific SNPs, the preferred K was 3 (Fig S4). The STRUCTURE results were largely
concordant between the two datasets, with the exception for Tierpark that showed a larger T.

inunguis component for the species-specific SNPs dataset.

latirostris M113 M117 M827 M423 M297 M22 M524 Tierpark

Figure 1. STRUCTURE results for unlinked SNPs. Results for 720 unlinked SNPs with K=2
(A) and K=3 (B). Results for 359 species-specific SNPs with K=2 (C) and K=3 (D). In all
analysis, T. m. latirostris, and the T. inunguis samples M113 and M117 are used as “learning”

samples.

The differences within samples (Table 2 and Table S5) showed a lower diversity in
T. inunguis and T. manatus (Florida) when compared to T. manatus (Tierpark Zoo). Hybrid
samples from FG were more similar to T. manatus from Tierpark (with maternal ancestors from
Guyana) than from Florida (T. m. latirostris). The newly identified T. inunguis from FG (M827)
was more closely related to T. inunguis from Brazil than to other FG samples, although it

presents the typical mtDNA haplotype found in FG hybrids (Table 1).
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T. manatus T. manatus
2 2 2 29 5 i i
M827 M423 M297 M22 M524 (Tierpark) T. inunguis (Florida)
M827 24 73 77 74 83 86 0 134
M423 0.62 64 0 0 0 13 101 35
M297 0.67 0.00 52 0 1 17 102 36
M22 0.61 0.00 0.00 70 0 10 95 29
M524 0.61 0.00 0.01 0.00 84 8 109 37
T.manatus 50 919 025 014  0.10 49 108 41
(Tierpark)
T. inunguis 0.00 0.77 0.79 0.75 0.76 0.80 21 157
L mapaas, o0, 0.50 0.55 0.43 0.45 0.60 0.90 6
(Florida)

Table 2. Pairwise differences between manatee samples considering the 720 unlinked SNPs.

Both T. inunguis samples from Brazil were considered as one group. Upper diagonal:

Corrected pairwise differences between samples; Diagonal: Number of polymorphic sites

within samples; Lower diagonal: Pairwise divergence between samples.

The simulations of hybridization scenarios (Fig. S4) and the STRUCTURE results
showed a similar level of admixture between hybrids individuals (>F2). The admixture
coefficients estimated with INTROGRESS agreed with STRUCTURE results. The sample

M827 showed an almost exclusive T. inunguis component, while the other five FG samples

had an 0.75 average proportion T. manatus alleles. The sample Tierpark had a slightly lower

proportion of T. manatus alleles (0.72).
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Figure 2. Maximum likelihood hybrid index estimates for FG manatee individuals. The hybrid

index coefficient (X axis) is based on frequencies for 359 species-specific SNPs from two
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parental populations (T. inunguis samples M113 and M117, and the Florida manatee T. m.
latirostris), and gives the fraction of the genome shared with the two parental populations for

each individual.

DISCUSSION

This paper explores the genetic diversity of manatees at the frontier region of the
distribution areas of two American species along the Guianas coastline, with some
characteristics of a large estuarine environment close to the Amazon River mouth. Here we (i)
validated a pipeline to extract genotypic information from the raw reads of full genomes,
overcoming samples limitations for ddRAD analysis, (ii) described an incongruence between
mitochondrial and nuclear DNA in FG manatees, supporting the extent of the hybridization in
this population, (iii) reported the first T. inunguis outside the Amazon Basin, in a French Guiana
river at least 40 km away from the sea and (iii) discussed the implications for conservation and

management of this hybrid population under influence of the Amazon River plume.

Low-quality DNA sample quality for population genomics

The combination of high-coverage sequencing and bioinformatic filtering allowed the
use of low-quality samples from decomposing manatees found in FG rivers. The high number
of bacterial reads was an indicative of the low sample quality. The presence of Clostridium,
Lactobacillus and other Enterobacteriaceae sequences was previously associated with
decomposing bodies (Hyde et al., 2013). The samples composed mostly of bacterial reads
showed a higher bacterial diversity than the other samples, which could indicate a more
advanced state of decomposition than the others. Nevertheless, ddRAD data can be used to
assess sample quality, local bacterial diversity and bacterial composition of decaying samples.
The use of decomposing animals, can be the only biological material usable to assess the
genetic of small populations or that have difficulties in sampling. In this study, these samples
have proven to be a valuable tool to identify SNPs to investigate the hybrid swarming

phenomenon occurring along the Guianas coastline (Santos et al., 2016).

Manatees in French Guiana: a hybrid population

The presence of a T. manatus mtDNA clade Il haplotype in FG, combined with the
presence of T. inunguis individuals, is an indication that this population has a more complex
dynamics than previously thought. Previous studies have identified that the distribution limit
between T. manatus clades Il and Il was between Venezuela and Guyana (Vianna et al.,

2006), where a possible historical barrier to gene flow was hypothesized. The presence of
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clade Il in FG highlights the gene flow of western manatees into the hybrid zone, where they
mix with eastern manatees (from Brazil), as shown by the presence of clade Il mtDNA lineages
(L, M, N, O) in Guyana (Garcia-Rodriguez et al., 1998) in the westernmost country of the
Guianas coastline. Thus, this T. manatus vs T. inunguis hybrid zone is also a secondary
contact zone between both T. manatus ESUs (Vianna et al., 2006; Santos et al., 2016).

The extent of the hybrid zone between T. manatus and T. inunguis as suggested
previously (Vianna et al., 2006; Santos et al., 2016), and the unusual high rate of hybrids
supports a possible ecological and biological advantage of hybrids in this peculiar environment.
Since the generation time of American manatees is approximately 20-25 years, the
identification of later generation hybrid manatees indicates that this region may have an old
and slow process of hybridization, and hybrids may present higher fitness in the local
ecological conditions. This remarkable finding of an extended distribution of a large aquatic
mammal throughout riverine systems separated by hundreds of kilometers of sea implies the
unique influence of the largest river basin in the world. The Amazon River discharge at the
Atlantic Ocean shapes the distribution of many taxa of the marine biota (Spalding et al., 2007),
sometimes promoting vicariance, as it can be seen for the disjoint distribution of West Indian
manatees (Santos et al., 2016; Barros et al., 2017), with eastern and western ESUs separated
by the hybrid zone acting as a barrier to gene flow. However, the presence of the Amazon
River plume seems also to promote the connection of freshwater biota from separate river
basins, like catfishes (Barthem et al., 2017), as we have also observed for the Amazonia

manatee found in a river in French Guiana.
The Amazonian manatee outside the Amazon basin

The presence of T. inunguis reported here for the first time outside the Amazon basin
indicates a possible connection between freshwater systems along the Guianas coastline and
the Amazon River, in a region under influence of the Amazon plume that runs westwards
because of the North Brazil Current (Muller-Karger et al., 1988). Indeed, the identification of a
large Amazon River mammal in a French Guiana freshwater system supports the idea of a
broad and unique low-salinity estuarine-like habitat along the Guianas coastline that connects
freshwater biodiversity of further apart river basins under the influence of the Amazon River
plume (Muller-Karger et al., 1988; Artigas et al., 2003; Anthony et al., 2013; Gensac et al.,
2016; Barthem et al., 2017). From the Amazon River mouth to the west of the Guianas coast,
the suitable habitats for T. manatus are narrow, due to the quite restricted alluvial coastal plain.
The fluvial sediment supplies of the Amazon River shaped the coastal landscape during the

Quaternary (Anthony et al., 2013; Gensac et al., 2016) and resulted in a continuous mangrove-
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dominated ecosystem along the Guianas coastline from Amapa (Brazil) to Suriname, with
rather close salinity and turbidity traits brought by the Amazon plume. This coastal
geomorphology associated with the estuary-like characteristics may thus provide an ecological
continuum (Artigas et al., 2003), from the currently accepted distribution of T. inunguis in the
Amazon Basin towards the area of occurrence of T. manatus along the Guianas coastline.
Furthermore, the North Brazil Current and the Amazon River plume (Froidefond et al., 2002;
Fratantoni and Richardson, 2006) likely promote a westward movement of animals from the

Amazon River mouth.

The newly reported T. inunguis in this study has the same mtDNA haplotype as the
hybrids and has only been described in FG (Vianna et al., 2006), which implies this
hybridization may be a local phenomenon, involving both species. The mtDNA haplotypes and
the observed heterozygosity from simulated hybrids indicates that the hybridization
phenomenon has been occurring for several generations and that later-generation hybrids in
FG tend to mate with each other, thus initial hybrids (F1 and F2) are at least partially fertile,
particularly the females, as occurs in other mammals (Allendorf et al., 2001; Stronen and
Paquet, 2013; Fitzpatrick et al., 2015). Future sampling efforts at larger geographic extent
could help understanding the ratio of hybrids to “pure” manatees in the Guianas coastline, and

if hybrids from different generations (F1, F2, etc) are also present in the population.

Implications for conservation

The need for conservation of hybrids is a controversial and challenging issue. Within
species, Conservation Units are independent population units that are used to help guide
management and conservation initiative, at the more relevant spatial extent (Funk et al., 2012).
Other commonly discussed conservation units correspond to ESUs and management units
(MUs). An ESU can be defined as a population exhibiting high genetic and ecological
distinctiveness (Crandall et al., 2000) as suggested for T. manatus (Vianna et al., 2006; Santos
et al., 2016), while MUs are expected to be demographically independent (Palsbgll et al.,
2007).

Distinctive genetic signatures of the manatees from the Guianas coastline and their
likely adaptive characters to the ecological conditions of this peculiar coastline and drainages
may allow considering them as a special Conservation Unit, as a distinct MU, if not even an
ESU. In this case, this population would require a particular conservation effort. Even though
global IUCN criteria do not consider hybrids as relevant taxa to be evaluated (IUCN Standards

and Petitions Subcommittee, 2017), regional Red List assessment in FG (UICN France et al.,
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2017) concluded that to be in a stable or decreasing trend, with a small population size due to
restricted habitats, and ongoing threats such as incidental poaching, could be included in an
“‘endangered” conservation status. Furthermore, there are increasing anthropogenic-related
threats related to oil exploitation and coastal urbanization along the Guianas coastline (de
Thoisy et al., 2003).

Other conservation implications should be considered for long-lived organisms like
manatees, which display slow growth, delayed maturity, high survival, and resilience or
resistance to major perturbations (Musick, 1999). However, those species may compensate
for increases in mortality through increased survival, fecundity, changes in growth and maturity
(Fordham et al., 2009) that may occur rapidly, and rapid and stochastic changes in
demographic parameters (Spencer et al., 2010), such as survival and mortality rates that may

favor hybridization.

Finally, our study provides evidence that most of manatees in FG (and other
neighboring coastlines) are hybrids between Trichechus manatus, the coastal (and associated
freshwater environment) species and T. inunguis, the freshwater adapted species from the
Amazon River basin. Because genomic contribution to the local hybrids mostly comes from T.
manatus, we conclude this hybridization is occurring over multiple generations with the likely
input of T. inunguis individuals surviving along the Amazon River plume. The extent of the
hybrid zone within the distribution area of T. manatus raises the question of the likely ecological
advantages of this introgression of genes from a freshwater adapted genome. The
understanding of associated genetic process cause could be investigated by searching for
natural selection signs throughout the genome of both species and hybrids, which could also

give clues for the putative dominance of characters and directionality in interbreeding.

If this particular aquatic ecosystem promoted by the Amazon River plume indeed
influences the distribution and population dynamics of other species along this coastal area, a
regional conservation program should be devised, with an emphasis to preserve this unique

aquatic environment of the Guiana shield coastline
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APPENDIX

Table S1. Primer sequences and annealing temperatures used for amplification and Sanger

sequencing of nuclear and mitochondrial loci.

Genes Primer sequences (5’ - 3”) t?rﬁgZ?zilrﬁrge Reference
F: GGA GAA GCC ACT CTC CGA CGC . ‘

APOB R: GGG AAC GGA GGA GTC TTC TGG 58°C This study
F: TCC AAG ATG CAG CAG AAC G .

APP R: CTA ATG TGT GCA CAT AAA ACA GG 48°C Murphy et al., 2001

F: CAT TGG GCC ATA GTT TGT TAA TCT CAA .

BMII R: CCA ATA TGG CAT TGT ACA ACA AGC S0°C Murphy et al., 2001
F: AGG AAC TCA AGG CCC TCA AA .

CREM  R. GGG AGG ACA AAT GTC TTT CAA 48°C Murphy et al., 2001
L15926: TCAAAG CTT ACA CCA GTC TTG TAA ACC .

D-loop  p16498: CCT GAA GTA GGA ACC AGA TG 55°C Kocher et al., 1989

Figure S1. Simulated Observed heterozygosity for two different mating schemes. Black Circles
represent results from the “Backcross” scenario, while black triangles represent crosses from
the “Hybrid” scenario. The green square represent first generation hybrids. The red circle

represent the observed heterozygosity of FG hybrids.
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Table S2. Diagnostic sites for four nuclear Sanger sequenced loci. Polymorphisms restricted

to T. inunguis are shown with an asterisk. Numbers correspond to polymorphic positions in

each locus.
Polymorphic sites
APOB APP BMI1 CREM
Sample 126 366 4 73 191 42 224 101
Ml113 G* G* T* C* T* T* G* T*
M117 G* G* T* C* T* T* G* T*
M22 JAG A A T*/C c*T T*/C G
M297 JAG A A C T c G A
M348 JAG - - - -
M423 JAG G*/A  G¥A T G A
M524 JAG A A C T G A
M827 JAG G* G* - = &
M2108 JAG - - - -
M2772 JAG A A C G C -
Tiepark A A T C G/T* C/G* A
Mo035 A A T* c* T* G C A
Mo042 A A C T G C A
Mo047 A A (0 G C A
T. m. latirostris A A C G C A

Table S3. Summary statistics for five Sanger sequenced loci. Only samples from French

Guiana are included. Abbreviations: S, Number of variable sites; 1, Nucleotide diversity; Hd,

Haplotype diversity.
Loci Length (bp) N samples N haplotypes S s Hd
APOB 585 6 2 2 0.0014 0.409
APP 612 S ) 7 0.0039 0.822
BMI1 314 6 2 2 0.0011 0.167
CREM 396 5 1 0 0 0
D-loop 410 9 3 36 0.0351 0.556

42



Figure S2. Median joining network tree showing the relationships between T. manatus D-loop
haplotypes. Haplotype names follow Vianna et al. (2006). Number of mutations are indicated

by numbers on branches. The new haplotype (J2) is shown in gray.
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Figure S3. Photo of the individual M423, collected in French Guiana, with a large white patch

on its breast and no nails on its flippers.

Figure S4. Taxon composition from a random subsample of 20,000 reads for each sequenced

manatee sample analysed in this study. Colors represent Blast results. Results were ranked

according to Class.
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Table S4. Description of the ddRAD analysis. N reads represents the total number of reads
obtained, % bacterial reads show the percentage of reads blasted against bacterial sequences
out of a random subsample of 20,000 reads, N reads used show reads between 210-260 bp

used for clustering after all filtering steps, N clusters is the total of clusters obtained per sample.

Average cluster  Average cluster

Sample N reads % bacterial reads N reads used depth (total)  depth (coverage >8) N clusters
M113 3,878,104 0 2,072,092 5.41 17.88 950
Ml117 1,712,613 0.9 1,236,404 5 14.24 644
M22 JAG 1,969,364 0.1 1,352,150 3.53 12.85 905
M297 JAG 2,041,547 2.0 1,107,618 3.5 11.99 869
M348 JAG 935,443 7.8 - - - -
M423 JAG 5,655,706 <0.1 880,626 5.32 15.43 854
M524 JAG 5,700,680 <0.1 1,996,670 4.97 16.92 946
M827 JAG 7,604,774 17.9 590,332 6.39 14.77 735
M2108 JAG 791,216 41.44 - - - -
M2772 JAG 1,053,794 53.74 - - - -
Tierpark 2,352,832 <0.1 1,799,752 7.16 15.73 917

Table S5. Pairwise divergence between samples for the species-specific SNP dataset.
Samples M113 and M117 were lumped into T. inunguis.

T.inunguis T.m.latirostris Tierpark M827  M423 M297 M22

T.m.latirostris 1.00 - - - - - -
Tierpark 0.94 0.72 - - - - -
M827 0.11 0.98 0.84 - - - -
M423 0.92 0.58 0.17 0.78 - - -
M297 0.94 0.69 0.30 0.83 0 - -
M22 0.91 0.51 0.15 0.76 0 0 -
M524 0.91 0.58 0.13 0.76 0 0.10 0
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ABSTRACT

Hybridization has been historically neglected in research and conservation practice, but this
process seems to be a common phenomenon in nature and several models were developed
to characterize it genetically. Even though T. inunguis (Amazonian manatee) and 7. manatus
(West Indian manatee) present a deep divergence with large morphological, karyotipic and
molecular differentiation, a parapatric hybrid zone was identified from the Amazon River mouth
towards the Guianas coastline. Furthermore, this hybrid zone separates two major populations
or ESUs within T. manatus, Caribbean and Atlantic, which may have promoted or reinforced
isolation of both populations. Therefore, to elucidate the population dynamics of American
manatees, we used nuclear and mtDNA sequences and statistical phylogeography tools to
reconstruct their initial speciation, diversification through time and space, and secondary
contact resulting in a hybrid zone, where the genome contribution of each parental species
was also estimated, and different models to generate the current scenario were tested. All
results confirm a long-time hybridization history, generating a stable and structured hybrid
swarm. The hybrid zone is composed with individuals presenting usually a larger contribution
of the West Indian manatee genomes. The selected model to explain the formation of the
hybrid zone indicates that it is working as a genetic sink between neighboring populations and
prevents gene flow between Caribbean and Atlantic populations, which further reinforces the

isolation and differentiation of the Brazilian manatees.

Keywords: Trichechus manatus, Trichechus inunguis, Introgression, Hybrid zone, Model

selection
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INTRODUCTION

Most cases of speciation result of allopatric differentiation, where two populations evolve
independently in separate locations and eventually become reproductively isolated from each
other (Network, 2012). This allopatric process can also result in differentiated populations but
without reproductive barriers, allowing a secondary contact of deeply divergent lineages that
later merge into a single population (Abbott et al., 2013). Besides, many well-recognized
species can also hybridize and generate at least partially viable descendants in a sympatric
area (Bar-Zvi et al., 2017). Regardless of mode, hybridization seems to be a common
phenomenon in nature that has been historically neglected in research and conservation
practice, mainly because of the great importance is given to the biological species concept

(Mayr, 1942), and its emphasis on reproductive isolation.

Although hybridization can be part of the natural evolutionary process, in many
situations it can contribute to population extinction, linked directly and indirectly to
anthropogenic causes (Allendorf et al., 2001), such as translocation of animals and plants,
habitat changes (Payseur, 2010), and recent population declines (Pinto et al., 2016).
Furthermore, hybrid zones can reveal introgression, where F1 hybrids produce offspring with
individuals of one or both parental species (Allendorf et al., 2010). In many cases, introgressed
alleles cause mosaicism across the genome (Elgvin et al., 2017), resulting in unpredictable
fithess effects depending on the genetic background, varying from deleterious incompatibilities
to local adaptation, or even associated to speciation (Martin & Jiggins, 2017). In some hybrid
zones, parental forms can be fully replaced by introgressed individuals, resulting in a hybrid
swarm, with a self-sustaining population, not requiring continued gene flow from parental
sources to maintain novel genetic combinations (Shurtliff, 2013). Currently, several genetic
models were developed to characterize hybridization and introgression events (Pinho and Hey,
2010; Yu et al., 2014). These tools use diagnostic features from each parental species or
populations to estimate the extent of admixture and time (generations) since hybridization

occurred (Martin & Jiggins, 2017).

In this context, manatees can be investigated as a model for the study of hybridization
between two deeply divergent mammal species. The divergence time between T. inunguis
(Amazonian manatee) and T. manatus (West Indian manatee) has been dated to at least 3.34
Ma (Santos et al., 2016), and previous genetic studies (Garcia-Rodriguez et al., 1998; Vianna
et al.,, 2006) reported the existence of some interspecific hybrids in the area around the
Amazon River mouth, towards the Guianas coastline (Santos et al. 2016). Hybrids can present
morphological characteristics of both species (i.e., a general morphology of T. manatus,

associated with a white spot in abdomen and absence of some nails, as in T. inunguis).
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Moreover, an individual from Amapa, Brazil (Vianna et al.2006) presented also a karyotype
with an intermediate number of chromosomes (2n = 50) between the T. inunguis (2n = 56) and
T. manatus (2n = 48). Besides, a recent study reported incongruence between mitochondrial
and nuclear DNA in the population of French Guiana, suggesting a long-term admixture
between individuals in this region (Villaga et al 2018). Additionally, although T. inunguis is
considered an endemic freshwater mammal of the Amazon basin, Vilaga, at al. (2018) reported
the presence of the Amazonian manatee in a French Guiana river (50 km away from the coast),
showing the transit of at least one of the parental species in the hybrid zone, likely using the

Amazon River plume.

The West Indian manatee is distributed in the coastal areas from Florida (USA) to
Alagoas (Brazil) and, in 1986, Domning and Hayek used cranial analysis to divide it into two
subspecies: T. manatus latirostris (restricted to Florida) and T. m. manatus (other locations).
Many molecular studies evaluated the intraspecific divisions with T. manatus (Garcia-
Rodriguez et al., 1998; Vianna et al., 2006; Hunter et al., 2010, 2012), but most of them
presented divergent results with the current taxonomy. Indeed, T. manatus shows an
intraspecific structure with two major populations with different traits (Santos et al. 2016, Barros
et al. 2017), Caribbean (Caribbean, Mexico Gulf and Florida) and Atlantic (Brazilian),
separated by an interspecific hybrid zone (Santos et al. 2016), which may have promoted or
reinforced the differentiation observed between them (Abbott et al., 2013). Additionally, the
first study that united cranial and chromosomal variation in manatees, showed that Brazilian

manatees are clearly different from others, including that from Florida (Barros et al., 2017).

Despite independent data indicate a major intraspecific division of T. manatus that is
composed by a hybrid zone, no study has focused on the population dynamics and origin of
the manatee population in the hybrid zone from the Amazon River mouth towards the Guianas
coastline. Mitochondrial data suggests that both, Caribbean and Atlantic (Brazilian) ESUs, are
T. manatus sources for the admixed population with T. inunguis (Vilaga et al., 2018).
Presumably, the relative isolation of Brazilian ESU was reinforced by the hybrid zone that forms
a barrier between the two ESUs (by different karyotype number and accumulated adaptations),
since this area present a large hybrid population in an immense estuary-like environment with
distinct habitat characteristics when compared with the environments where T. manatus lives
(Artigas et al., 2003; Castelblanco-Martinez, dos Reis, de Thoisy, et al., 2017; Meirelles et al.,
2018). Then, it is important to understand the population dynamics and maintenance of the

hybrid zone.

Nevertheless, the characterization of admixture events in a hybrid zone can be a

challenge, since the cause of variation shared between related species may be also related to
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retention of ancestral polymorphisms due to incomplete lineage sorting (ILS) (Zhou et al.,
2017). These processes difficult the reconstruction of admixture events, like interspecific
hybridization and gene flow (Toews & Brelsford, 2012). Due to the discordance observed
across the entire tree of life, several coalescent models were developed to help in the
estimation of the history of related populations (Leaché et al., 2014). These models can be
applied in statistical phylogeography, allowing to test between gene flow and ILS, besides
estimating other demographic parameters (Knowles & Maddison, 2002). Although the
available evidence points to a complex history of the hybrid zone between T. manatus and T.
inunguis, there are still many open questions about its formation and maintenance (Santos et
al., 2016; Vilaca et al., 2018). Therefore, it is important to elucidate the population dynamics
of manatees, both in the hybrid zone and among populations of parental species, since this
data could improve the management planning of these threatened species. Using diagnostic
genes and statistical phylogeography tools, we tested the hypothesis that if there is a hybrid
swarm in this area, which may be working as a genetic sink of diversity from parental species
and divergent T. manatus populations, We aim to reconstruct the process of formation and
maintenance of the hybrid zone in relation to its geographic position and ecological
distinctness, seeking to understand the importance of this hybrid population for the evolution

of both species, and for local conservation efforts.

MATERIALS AND METHODS
Sampling

Tissue samples (skin, muscle, and blood) were obtained from Trichechus inunguis,
Trichechus manatus and putative hybrids between these two species. To confirm the
identification of hybrids, we sampled pure individuals from parental species following Vilaga et
al. (2018). Trichechus inunguis controls were from the interior Amazon River (n = 44) and
Trichechus manatus were from the northeast coast of Brazil (n = 43), Florida, USA (n = 23)
and Puerto Rico (n = 5). The putative hybrid individuals were sampled in the Amazon Delta
and Amapa coast of Brazil (n = 3), and French Guiana (n = 12). The samples were preserved
in 100% ethanol and DNA extraction was performed by standard phenol-chloroform protocol
(Sambrook et al., 1989), and deposited in the Tissue and DNA collection of the Centro de

Colegdes Taxondmicas of Universidade Federal de Minas Gerais, Belo Horizonte, MG, Brazil.
PCR and sequencing

We sequenced a control region (CR) fragment of mitochondrial DNA (mtDNA) (Vianna
et al., 2006) and five nuclear (hnuDNA) genes (APOB, APP, BMI1, CREM, and RAG1), both
diagnostic of parental species. The PCR was performed following Villaga et al., (2018) and
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Lima et al., (2018), and the amplicons were purified by the polyethylene glycol (PEG) method
(20% PEG 8000, 2.5M NaCl) with modifications (Santos Junior et al., 2015). The fragments
were sequenced on the ABI 3130xI Genetic Analyzer (Applied Biosystems) using the BigDye
Termination 3.1 Cycle Sequencing kit. The same amplification primers were used for DNA
sequencing. Chromatograms were analyzed in SeqScape 2.6 and consensus sequences were
aligned using the Clustal W algorithm (M. A. Larkin et al., 2007) implemented in the software
MEGA7 (Kumar et al., 2016).

Haplotype inference and characterization of hybrids

The haplotypes were inferred in software DNAsp 5 using the algorithm Phase (Rozas
et al., 2003), and parsimony relationships between them were estimated with the software
POPART (Leigh & Bryant, 2015) using the median-joining algorithm (Bandelt et al., 1999). This
analysis was made to identify diagnostic haplotypes of each manatee species and individuals
were different species-specific alleles are found co-occurring. To characterize the relative
genome contribution of both parental species to the hybrids through nuclear DNA haplotypes,
we used the software STRUCTURE 2.3.4 (Pritchard et al., 2000) with K fixed in two and
treating haplotypes as alleles. The analysis was made under the admixture model and the
assumption of uncorrelated allele frequencies, with ten replicates a burn-in of 2.5 x 10%, and
10 x 108 iterations each. The software CLUMPAK (Kopelman et al., 2015) was used to
summarize the STRUCTURE results, and the DISTRUCT (Rosenberg, 2004) to visualize
them. Additionally, we made a factorial correspondence analysis (FCA) implemented in
GENETIX 4.02 (Belkhir et al., 2000) to co-validate the admixture results identified in the
STRUCTURE, treating distinct haplotypes as alleles. To evaluate mtDNA and nuDNA
sequences we estimated a multigenic nuclear distance matrix between the individuals in
program POFAD (Joly & Bruneau, 2006), using the genpofad algorithm (Joly et al., 2015).
Finally, this genetic dissimilarity matrix was visualized in SplitsTree4 software (Huson, 1998;

Huson & Bryant, 2006), using the Neighbor-Net algorithm.
Population analyses

To estimate the optimal number of populations and their geographical boundaries, we
implemented the spatial clustering approach of the Geneland 3.1.4 package (Guillot et al.,
2005, 2012), available for the R software (R Core Team, 2017). This analysis was made with
two datasets. In the first one, we joined all the individuals in the same analysis. In the second
dataset, we searched an intraspecific structure within T. manatus outside the hybrid zone, to
test the population division proposed in the literature (Vianna et al., 2006; Santos et al., 2016;
Lima et al., 2018). As T. manatus occurs only on the continental shelf associated to coastal

habitats, the spatial model implemented in Geneland (i.e., Voronoi polygons) may not
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represent the non-euclidean distances observed between populations of the species (Guillot
et al., 2009). For this reason, two separate runs were made, considering either a spatial or
non-spatial model. This allows us to evaluate the impact of geographic data on the clustering.
These analyses were made with the uncorrelated allele model, and calculations performed
through the Markov Chain Monte Carlo (MCMC) algorithm, using ten replicates of 2.5 x 107
iterations and 2.5 x 10* of thinning each (Guillot et al., 2012).

We used the isolation with migration model (Nielsen & Wakeley, 2001) to estimate
demographic parameters and dynamics between fluvial (i.e., sampled in the Amazonas basin)
and marine individuals, as implemented in IMa (Hey & Nielsen, 2007). To this analysis, we
assumed the infinite sites mutation model to APOB gene and Hasegawa-Kishino-Yano (HKY)
(Hasegawa et al., 1985) for the other loci. We made three replicates, where the runs had a
burn-in period of 1 x 10° and a sampling period of 25 x 10° (thinning 2,500). The Metropolis-
Hastings MCMC was implemented using 40 chains, with the geometric increment of term 1
and 2 being 0.8 and 0.9, respectively. The maximum values for integrated parameters were
set according to previous exploratory tests (i.e., q1: 1.93, q2: 1.95, qa: 5.85, m1: 1.00, m2:
1.25 and t: 2.20). Since the full model was estimated, we used an information-theoretical
approach through AIC to select the best between 16 reduced models estimated in IMa (Hey &
Nielsen, 2007; Carstens et al., 2009). In this interim, we made two analyses, with distinct
datasets. In the first one, we included all individuals (pure and putative hybrids), separated into
two geographical groups, marine and fluvial. In the second one, we removed the putative
hybrids from both groups. This sampling scheme was made to evaluate the impact of hybrids
in gene flow estimates and, especially with the second analysis, to better estimate the effective

population sizes of T. manatus and T. inunguis, since the presence of hybrids can inflate this.
Phylogenetic estimation and dating

The reconstruction of the calibrated species-tree of Trichechus was made in the
BEAST 2.5 software (Bouckaert et al., 2014). For this, we included the three manatee species
(T. inunguis, T. senegalensis, and T. manatus), considering T. manatus divided into two distinct
lineages or demic populations (see Geneland results). Additionally, we also included two
outgroups, the dugong (Dugong dugon) and the sea cow (Hydrodamalis gigas). The mtDNA
an nuDNA sequences of D. dugon, H. gigas, and T. senegalensis were obtained from Genbank
(accession numbers: JN413953, JN632735, JN633472, JN633590, KR827286, KR827273,
KR827274, KR827287, KR827336, KR827337, KR827277, KR827278, KR827275,
KR827276, KR827280, KR827288, KR827289, KR827323, KR827324, KR827335,
KR827338, AY963894-98). These sequences were added in our data matrix, aligned and the

best substitution model of each fragment was estimated using AICc, implemented in
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jModeltest2 (Darriba et al., 2012). The molecular clock model for each locus was tested using
the maximum likelihood method (ML), under the best substitution model selected, in MEGA7
(Kumar et al., 2016). We used the calibrated Yule model (Steel & Mckenzie, 2001) combined
with two fossil calibration intervals, one for the Sirenia ancestor (minimum 28.1 MYA, maximum
38.0 MYA) (Velez-Juarbe et al., 2012) and another for the Dugongidae one (minimum 41.3
MYA, maximum 59.2 MYA) (Vélez-Juarbe & Domning, 2014), as implemented by Springer et
al. (2015). We made three distinct analyses with 5x108 generations and thinning 5 x 10* each.
The stationarity and convergence of parameters were checked in Tracer 1.7 (Rambaut et al.,
2018). The tree files were combined in LogCombiner and summarized in TreeAnnotator, both
available in the BEAST 2.5 package (Bouckaert et al., 2014).

With the substitution rates estimated for each fragment in the previous analyses, we
reconstructed a species network under the multispecies network coalescent model (MSNC)
(Yu et al., 2014), which considers reticulations as hybridization and introgression events. This
analysis was implemented in the SpeciesNetwork package (Zhang et al., 2017) of BEAST 2.5.
We applied the same site and clock models as the species-tree analysis. Two distinct runs
with 2.5x108 generations and thinning 2.5 x 10%. The stationarity and convergence were
checked as above, and programs IcyTree (Vaughan, 2017) and Dendroscope 3 (Huson &

Scornavacca, 2012) were used to visualize the phylogenetic network.

RESULTS

We obtained a total of 2,768 bp high-quality sequences for nuDNA (APOB = 644 bp,
APP =642 bp, BMI1 = 401 bp, CREM = 767 bp and RAG1 = 767 bp) and 410 bp for mtDNA.
All diagnostic haplotypes were exclusive of each parental species (Fig. S1, S2 and S3). On
the other hand, all of these diagnostic haplotypes were found co-occurring in the individuals of
the hybrid zone. Additionally, we discovered one new T. manatus mtDNA haplotype (M5) (Fig.
S1) and eleven new T. inunguis haplotypes (Q5, Q6, Q7, Q7a, S4, S5, T16, U3, V2, V3, and
W2) (Fig. S2). The localization of samples and proportion of haplotypes belonging to each

species are represented in Figure 1.
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Figure 1. The proportion of diagnostic haplotypes of each species found in each location.

As seen in STRUCTURE, admixed individuals were found only in the hybrid zone (Fig.
2A), with the mean of proportion of individual admixture in this area being 20.3% and 79.7%
of T. inunguis and T. manatus, respectively. The results of the factorial correspondence
analysis (FCA) clearly show a separate clustering between T. inunguis and T. manatus
populations. On the other hand, individuals from the hybrid zone are graphically dispersedly
between the two species clusters (Fig. 2B), confirming the STRUCTURE results. Finally, the
neighbor-net shows also a clear separation between T. inunguis and T. manatus, with most
hybrids in the torso of the network. However, some hybrids are closely related to each one of
the parental species. Two of the hybrids grouped together with T. manatus, while one of them
grouped with T. inunguis. Besides, it is possible to observe the subdivision within T. manatus,
forming two groups equivalent to the known ESUs (Fig. 2C), with the hybrids grouping with the
Brazilian (Atlantic) one. This also indicates that most of the T. manatus genes found in the
hybrids likely originated from the Brazilian population, as expected because of the sympatric
area of both species in the Amazon River mouth, and the North Brazil current directing

westwards the Amazon Plume.
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Figure 2. Inter-individual analyses of American manatees (A) Q-plot showing the genome
composition (and admixture) of each individual from the hybrid zone and both parental species.
(B) Factorial correspondence analysis (FCA) based on five nuDNA haplotypes, showing a
clear clustering between T. inunguis (orange) and T. manatus (purple). Samples of the hybrid
zone (green) occupied intermediate positions. (C) Neighbor-net based in genpofad distances.
The blue ellipse 1 highlights the samples of T. manatus from Brazil, while the blue ellipse 2
samples from Florida and Puerto Rico. The orange ellipse highlights T. inunguis individuals.
Observe some hybrid individuals grouping with pure ones.

55



The Geneland analysis including all individuals identified three populations, with a
posterior probability (PP) of 60%. These clusters represented individuals from (I) T. inunguis,
(I1) T. manatus, and (lll) hybrid zone. The spatial PP to each cluster, estimated for a K = 3, was
90% in mean (Fig. S4). For the spatialized analysis evaluating only “pure” T. manatus
individuals, the obtained number of clusters was K = 2, with PP > 90%. These clusters grouped
individuals from (l) Florida and Puerto Rico, and (Il) Brazil. The non-spatialized analysis was
congruent, recovering the same clusters (Fig. S5).
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Figure 3. Bayesian phylogeny of species in the order Sirenia using calibration by fossils and
mtDNA (CR) and five nuDNA (APOB, APP, BMI1, CREM, and RAG1). The node dates refer
to millions of years (MA) and the green bar represents the 95% highest posterior density of
the model. All nodes have posterior probability (PP) equal to 1, except the one signalized

with an asterisk (0.4237).

The species tree (Fig. 3) recovers almost all nodes totally supported (PP = 1).
Nevertheless, the relationship between the Trichechus branches was weakly supported (PP =
0.4237). The mean time of the most recent common ancestor (TMRCA) of H. gigas and D.
dugon was 32.18 MYA, while the mean TMRCA of the sirenian ancestor was 36.50 MYA. Our
results recovered the TMRCA of T. inunguis and T. manatus in the Messinian Age of Neogene
(6.26 MYA). The time of the ancestor of all trichechids was estimated at 7.48 MYA, at the end

of the Tortonian Age of Neogene. The intraspecific lineages of T. manatus share a recent
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ancestor dated around 0.26 MYA, in the Late Pleistocene. The substitution rate estimated for
each fragment was (mean + standard deviation): APOB (1.766 x 10* + 1.7473 x 10°), APP
(2.105x10* +5.3075 x 10°), BMI1 (2.821 x 10 + 7.9405 x 10°), CREM (2.141 x 10* £ 5.8317
x 10%®), CR (1.064 x 102 + 3.2226 x 10%), and RAG1 (3.2548 x 10* + 6.8261 x 10%).

In the IMa analysis including hybrids, the best model ranked by the AIC was the one
with bidirectional migration and all 6 equal (6A = 6A = 8A, m1, m2; AAADE). On the other hand,
the second-best model only considers migration to marine population and independent 6
values (BA, 81, 62, m2; ABCOD), as shown in Table S1. In the analysis without hybrids, the
best model also includes unidirectional migration 6A, 61, 62, m1 (ABCDO0), but the second
(ABAOQO) and third bests models (AACO00), both showing Ai < 2.00, indicate isolation between
T. inunguis and T. manatus (Table S2). In short, the analysis to a better estimate of parameters
kept a low migration to fluvial population, what may indicate a whilom introgression that
currently cannot be identified (2Nem = 0.07, Table S4), there is evidence of multiple
hybridization events between the American manatees. Finally, the SpeciesNetwork shows that
both, T. inunguis and the two lineages of T. manatus, contributed with the hybrid zone
formation, being the inheritance probability from Amazonian manatee (y = 0.583) bigger than
from T. manatus (y = 0.296), besides being older (Fig. 4). In addition, the MSNC indicates an

ancient event of gene flow between the lineages of T. manatus (y = 0.512).
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Figure 4. The best-supported species network (PP = 87.27%). The numbers in dotted

reticulations indicate inheritance probabilities of the hybridization event.
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DISCUSSION

Few algorithms were developed to identify hybrids of F1, F2 and further generations
due to backcrossing (Anderson, 2003; Gompert & Buerkle, 2010), but those analyses do not
consider additional genomic information. Because of this, there are limitations in cases of deep
introgression and these are especially sensitive to missing data. As shown in our results, the
use at least two integrative methods of identification as geography and DNA (mitochondrial
and/or nuclear) analyses was very important to an efficient diagnostic of hybrids. For example,
some hybrids with missing data were identified by show diagnostic haplotypes from one
species typical environment from another. Furthermore, despite the increasing number of
genomic tools and the application of high throughput sequencing to the identification of hybrids
(Vilaca et al. 2018), the Sanger sequencing of six loci has shown to be reliable and less
expensive, being applicable to both population and inter-individual analyses for diagnosis of
genome composition of hybrids, population structure, and gene flow estimates that can be

used in a conservation plan for both American manatees.

The genetic admixture found only in individuals from the hybrid zone is probably caused
by the backcrossing events occurred between hybrids of this area and the West Indian
manatee population. Additionally, the gene flow model demonstrates a more important number
of effective migrants from fluvial to marine environment than the opposite flow (Tables S3 and
S4). As confirmed by the spatial clustering analysis, the genetic mosaicism observed only in
the hybrid zone individuals makes them a distinct population (or aggregation) from both
parental species. The establishment of this supposedly locally-adapted population, likely
reinforced the barrier between the ESUs Caribbean and Atlantic (Brazilian) of T. manatus
(Vianna et al., 2006; Santos et al., 2016; Lima et al., 2018), leading to isolation and
differentiation of Brazilian manatees (Santos et al., 2016; Barros et al., 2017). In addition to
the gene flow barrier in the hybrid zone, the Amazon River plume flow in the Atlantic coastline
of the Guianas Shield may also be considered a biogeographic barrier to manatees, as it is to
different marine species (Spalding et al., 2007; Luiz et al., 2012) because of changes in salinity
and carried sediments, interfering in the incidence of sunlight and forming a physic obstacle
by the westward water flow of the plume, guided by the North Brazil current (Geyer et al.,
1996). Another relevant fact is that the maternal lineage (mtDNA) of individuals from the hybrid
zone is mostly originating from female of Amazonian manatees which indices that in the F1

offspring the males are often sterile, as expected by Haldane's rule (Haldane, 1922).

The past population dynamics of manatees was likely influenced by climate changes
and the sea level fluctuations (Edwards, 2013), and our multilocus analysis with fossil

calibration provided a reliable dating in the Pleistocene. A low gene flow to T. inunguis
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population was identified, which indicates that the hybridization process may be cyclical and
more ancient, difficult to identify currently. The current state of Amazon basin was reached
about 2.5 MYA, and before that, the amount and the force of water were lower (Hoorn et al.,
2010), which could facilitate the entrance of manatees in the Amazon River. In our species
tree, only the node between T. inunguis and T. manatus was low supported, probably caused
by the absence of nuclear sequences of T. senegalensis. This phylogenetic uncertainty is also
found in other researches. For example, Santos et al. (2016) found a distinct topology using
only the Cyt-b fragment, with T. manatus more related to T. senegalensis than to T. inunguis,
a topology that was recovered with a good support using morphological data (Springer et al.,
2015). So, we concluded that this phylogeny should be better investigated using more
independent markers, especially for T. senegalensis. The dating was also quite different when
comparing those works. Although Santos et al. (2016) showed a more recent divergence
between the trichechid species, between trichechids and dugongids, and a more ancient
divergence between lineages of T. manatus when compared with our results, they used only
mtDNA and one fossil calibration point. Thus, we conclude that our dating using more markers
and calibration points should be more precise. On the other side, Springer et al. (2015) showed
more ancient divergence times than our dated phylogeny. This could be attributed to the
distinct sampling made by these authors. They used many outgroups, including several
Afrotheria, while we used only Sirenians. Rull (2011) demonstrates that the sampling design
can affect the dating and modify the resolution. In this interim, deep lineages sampling (i.e.,
crown dating) results in more ancient nodes, while shallow sampling (i.e., species dating)
results in more recent ones (Rull, 2011). The species dating is more adequate to investigate
recent paleontological events and its effects on the diversification of the studied group (Rull,
2011), which proved to be adequate in our case. Nevertheless, it is important to note that our

HPD intervals included the means obtained by Spriger et al. (2015).

Despite a long time of divergence between Amazon and West Indian manatees, dating
to the Late Miocene and Early Pleistocene, all analysis suggests a high gene flow and
introgression between them. The SpeciesNetwork (Fig. 4) evidence that the T. inunguis (y =
0.583) contribution was larger and older than two lineages of T. manatus together (y = 0.296),
what is unexpected, once most of the hybrids were found in the Guianas coastline and usually
they are morphologically identified as West Indian manatees (Vianna et al., 2018). Some points
have to be considered to the interpretation of that result. Firstly, the absence of samples in
Amazon River close to the mouth (as Para and Amapa) can be forcing an ancient contribution
of T. manatus to hybrid zone.This is because the unsampled region could be individuals with
genomes more related . Moreover, the connections between the branches of Brazil and Florida

+ Puerto Rico may also represent a ghost lineage, probably of Caribbean region. Taking into
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consideration these facts, the results show that both species and all lineages contributed to

the formation of the hybrid population.

Analyzing only the West Indian manatees, it was possible to distinguish two groups
(Fig. 2C and S5), corresponding to geographic separation of two ESUs proposed by Vianna et
al. (2006) and confirmed by Santos et al., (2016) and Lima et al. (2018): The first ESU
(Caribbean) is composed by populations from the Caribbean, Florida, and Gulf of Mexico, from
Venezuela to Florida (USA) and the Antilles, and the second ESU (Atlantic) composed by only
populations from Guianas to Brazil. In all our tests, the populations of Florida and Puerto Rico
appear together, even though studies with microsatellite markers suggest a small
differentiation between them (Hunter et al., 2012). Our results reinforce the importance of a
special management strategy for the Brazilian manatee population, with suggestions to review
its status to endemic subspecies because of morphological and karyotypic differences (Barros
et al., 2017), and highly differentiated and exclusive mtDNA lineage, forming an independent
ESU (Lima et al., 2018).

As T. manatus and T. inunguis are two threatened species with a reduced population,
the Ne calculated for each one of them is an important parameter for conservation. Our analysis
calculated a Ne similar to T. manatus and T. inunguis (43,962 and 44,196, respectively). The
effective female population size was estimated to Amazonian manatees by Vianna et al. (2006)
using mtDNA in three estimation methods, obtaining the numbers of 133,200, 479,558 and
510,823 females. As interpreted by the Vianna et al. (2006), our evaluation also seems to have
been overestimated and may have suffered a bias caused by the type of fragment analyzed,

which can be reflecting a most ancestral number, not representing the current populations.

The use of diagnostic markers, more conserved within species, allows reconstructing
an older story of the dynamic intra- and interspecific (Meredith et al., 2011; Springer et al.,
2015). Thus this study reconstructs the formation of the hybrid zone by secondary contact
between two deeply divergent species of manatees, indicates that this hybrid zone deserves
a special attention, once the conservation of hybrids is much discussed and few efforts are put
into practice (Dong et al., 2003; Grobler et al., 2011; Fitzpatrick et al., 2015). The dynamics of
that population revealed to be old and complex, serving as a genetic sink between neighboring
populations. Since the populations of Brazil and Florida + Puerto Rico are separated by at least
0.25 MYA and form distinct populations, as suggested in previous studies (Vianna et al., 2006;
Barros et al., 2017; Lima et al., 2018), our reconstruction analyses corroborates the hypothesis
of that hybrid zone also preclude the gene flow between the Caribbean and Atlantic

populations, which further highlights the isolation and differentiation of the Brazilian manatees.
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SUPPLEMENTARY INFORMATION
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Figure S1. Median-joining networks of CR showing the relationships between new and
previously published haplotypes of T. inunguis. The small traces in the branches indicate the

mutations points.

Legend

@ GenBank
@ New HL

Figure S2. Median-joining networks of CR showing the relationships between new and
previously published haplotypes of T. manatus. The small traces in the branches indicate the

mutations points.
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Figure S3. Median-joining networks showing the relationships between haplotypes to each
gene. The diameter of the circles is proportional to the number of individuals. The small

traces in the branches indicate the mutations points.
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Figure S4. GENELAND' results for American Trichechus populations, with uncorrelated alleles
and a spatial model. A is the result of the first analysis, to estimate the numbers of populations.

B, C, and D are the results of three populations fixed.

64



Number of clusters

A B along the chain

after burnin

30
|

10
|

Number of dlasses
Density

04

02

-10

T — T — T
g Oe+00 4ev06 Be~08 1 2 3 ] 5

Estimated cluster membership indes of MGG teration MU, of clusters along the ehain
Whote chain (after a burnin of 100x10000i 1)

Figure S5. GENELAND' results for T. manatus populations, excluding the hybrid zone, with
uncorrelated alleles and no spacial model. The A and B are the results of estimate the numbers

of populations.

Table S1. All models considered by IMa to populations of analysis 1 (fluvial and marine
manatees with hybrids), the number of parameters for each model, its AIC score, AIC
differences (Ai), model likelihoods and model probabilities (wi) and the evidence ratio based in

the best model. All values were calculated following Burnham & Anderson (2002).

Model K log(P) AlC Al . M?del wi Evidence Ratio
Likelihoods (best model)

0,060,060, m; m, AAADE 3 2.3352 1.3296 0 1 0.2590688
6,6,8,m, ABCOD 4  3.0539 1.8922 0.5626  0.754801861  0.1955456 1.324851
0,0,8,m m, AACDE 4 2.891 2.218 0.8884  0.641337141  0.1661505 1.559242303
0,6/6, m; m, ABBDE 4  2.6833 2.6334 1.3038  0.521054831  0.1349891 1.919183816
6,6/6, m;m, ABADE 4 2.5879 2.8242 1.4946 0.473643666 0.1227063 2111291826
0,6/0,m; m, FULL 5 3.1468 3.7064 2.3768  0.304708408  0.0789404 3.281826083
8,6/0, m m; ABADD 3  -0.5505 7.101 5.7714  0.055815705  0.0144601 17.91610448
0,6/6, m; m; ABBDD 3  -0.8437 7.6874 6.3578  0.041631425 0.0107854 24.02031667
0,6/, m; m,; ABCDD 4 -0.255 8.51 7.1804  0.027592811  0.0071484 36.24132347
6,0,0,m m, AAADD 2 -2.4547 8.9094 7.5798  0.022597862  0.0058544 44,25197486
6,6,6,m, m, AACDD 3  -1.7515 9.503 8.1734  0.016794564  0.0043509 59.54307499
0,6,0, ABBOO 2 -54.5761 113.1522 111.8226 5.22433.10° 1.353.10%% 1.91412.10%*
6,06,6, ABC00 3 -54.2516  114.5032 113.1736 2.65867.10%° 6.888.10%° 3.76127.10%
6,6,06,m, ABCDO 4 -54.2534  116.5068 115.1772 9.76312.10%°  2.529.10%° 1.02426.10%
6,6,6, ABAOO 2 -57.7494  119.4988 118.1692 2.18718.10%  5.666.10% 4.5721.10%°
6,6,6, AACO0 2 -66.9263  137.8526  136.523 2.26156.103°  5.859.103! 4.42174.10%
6,6,6, AAAOD 1 -73.0194  148.0388 146.7092 1.38836.102  3.597.10 7.20274.10%

Z Model Likelihoods = 3.859978273

Population 1: Fluvial manatees; Population 2: Marine manatees
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Table S2. All models considered by IMa to populations from analysis 2, the number of
parameters for each model, its AIC score, AIC differences (Ai), model likelihoods and model
probabilities (wi) and the evidence ratio based in the best model. All values were calculated
following Burnham & Anderson (2002).

_— i log(P) AlC A . Mf:)del wi Evidence Ratio
Likelihoods (best model)
0,6,06,m, ABCDO 4 6.7292 -5.4584 0 1 0.209141031
0,6,6, ABAOO 2 4.1254 -4.2508 1.2076 0.546730109  0.114343699  1.829056024
0,6,6, AACO00 2 4.0037 -4.0074 1.451 0.484082467 0.101241506 2.065763724
0,6,8,m; m, AAADD 2 3.6682 -3.3364 2.122 0.346109528  0.072385704  2.889258804
6,6/6, m; m, ABCDD 4 5.6182 -3.2364 2.222 0.329229567  0.068855411  3.037394271
0,6,06,m, ABCOD 4 5.4228 -2.8456 2.6128 0.270793159 0.056633961 3.692855474
0,6,6,m m, AAADE 3 4.4222 -2.8444 2.614 0.270630732 0.05659999 3.695071852
0,6/6,m; m; ABADD 3 4.1926 -2.3852 3.0732 0.215111238 0.044988586 4.648757595
6,6,6, ABCO0 3 4.1478 -2.2956 3.1628 0.205686935  0.043017578  4.861757509
6,6/6, m; m, ABBDD 3 4.1233 -2.2466 3.2118 0.200708836  0.041976453  4.982341693
0,6,8, m; m, AACDD 3 4.1192 -2.2384 3.22 0.199887614  0.041804702  5.002811228
0,6/86,m;m, ABADE 4 4.8732 -1.7464 3.712 0.156296568 0.032688025 6.398093146
0,6,6,m;m, AACDE 4 4.8509 -1.7018 3.7566 0.15284973 0.03196715 6.542373368
6,6/6, m; m, ABBDE 4 4.8137 -1.6274 3.831 0.14726818 0.030799819  6.790333115
0,6,6, AAAOO 1 1.6279 -1.2558 4.2026 0.122297338  0.025577391  8.176792837
0,6,6, ABBO00 2 2.2776 -0.5552 4.9032 0.086155627  0.018018677  11.60690291
6,6/6, m; m, FULL 5 4.6848 0.6304 6.0888 0.047624878  0.009960316  20.99742897

2 Model Likelihoods = 4.781462506

Population 1: T. inunguis; Population 2: T. manatus

Table S3. Parameter estimates from the empirical data using IMa to populations of analysis 1
and 2. The high point, mean, and boundaries of the highest posterior density are given for each

parameter, for two long runs.

DA 3, DA m, m, t

Analysis 1

HiPt 0.7444 0.9074 2.5042 0.0005 0.5193 2.1626
Mean 0.8101 1.0027 2.8874 0.0912 0.5992 1.4074
HPDggy0 0.4937 0.6767 0.5675 0.0005 0.2731 0.5808
HPDgoy;i 1.1167 1.3223 5.3390 0.2055 0.9219 2.1989
Analysis 2

HiPt 0.7280 0.5855 2.3833 0.0385 0.0006 2.1747
Mean 0.7819 0.6222 2.5247 0.1127 0.0833 1.4686
HPDgq 0 0.4786 0.3895 0.6827 0.0005 0.0006 0.4851
HPDgqyi 1.0714 0.8495 4.7059 0.2335 0.1881 2.1989

Analysis 1 - 1: Fluvial manatees; 2: Marine manatees; Analysis 2 - 1: T. inunguis; 2: T. manatus
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Table S4. Demographic parameter converted from model parameter estimates in analysis 1

and 2.
. Analysis 1 Analysis 2

Desmographic Farameten Fluvial Marine T. inunguis T. manatus
Mean of the mutation rates/year (U) 1.76 x 107 1.77 x 1077
Time since splitting (t) in units of years (U) 7,923,971 8,301,271.87
Generation time (G) 25 20 25 20
Rate per gene per generation between populations (m) 0.09 0.60 0.11 0.08
Effective population size (N,) 89,072.11 111,340.14 44,196.95 43,962.37
Time since splitting (t) in generations (G) 316,958.83 17,0261.28 332,050.87 415,063.59
Migration rate (m) per generation (G) 4,02 x 107 2.12x10% 4,98 x 107 2.95x 107
Migration rate (m) per year (U) 1.61x 10708 1.06 x 107 1.99x 108 1.47 x 10708
Effective migration rate (2N.m) 0.07 0.47 0.07 0.05
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CONSIDERAGOES FINAIS

O presente estudo contribuiu para a compreensao da formagao da zona hibrida entre
T. manatus e T. inunguis, destacando a relevancia dos 1500 km de area costeira das Guianas,
entre os rios Orinoco e Amazonas. A auséncia de hibridos de primeira geragao, a grande
prevaléncia de hibridos introgredidos e o relato do primeiro peixe-boi amazénico encontrado
no oceano atlantico, indicam a existéncia de uma populagdo distinta composta
majoritariamente por hibridos que possuem vantagens adaptativas a esse habitat. Assim
como em muitos casos de hibridizacao, € dificil avaliar a influéncia humana nesse processo,
porém os indicios apontam para uma populacdo bem adaptada a um ambiente peculiar, que

deve ser considerada uma area relevante para o desenvolvimento de politicas conservativas.

Além da zona hibrida, a populacdo brasileira de peixes-bois marinhos também merece
ser considerada prioritaria para politicas conservacionistas e revisao taxonémica. Apesar da
espécie nado ser mais considerada em risco eminente de extingdo pelo Service Fish and
Wildlife (2017) dos EUA por conta do aumento populacional na Flérida, essa estimativa nao
representa a realidade brasileira, ja que enquanto a populagao da Flérida € composta por
aproximadamente 6.350 animais, a do Brasil € composta por 700, distribuidos por 4.000 km
de costa. Além disso, a populagéo brasileira apresenta caracteristicas biolégicas unicas, &

composta por uma ESU exclusiva e parece ter seu isolamento reforcado pela zona hibrida.

Por conta das diferengas encontradas entre as populacbes de T. manatus, é
recomendado que as mesmas sejam manejadas separadamente (em especial a populagéo
brasileira) de modo a evitar uma depressao exogamica. Esse cuidado deve ser expandido aos
individuos da zona hibrida que, apesar de aparentemente ter se formado sem interferéncia

humana, nao deve ser estimulada nem extinguida, por conta de sua grande importancia.

A auséncia de amostras das areas de transi¢do da zona hibrida, tanto de T. inunguis
quanto de T. manatus impossibilitou um estudo ainda mais acurado de toda a dindmica
genética que envolve essas populagoes. Esse fato refor¢a ainda mais a importancia de agdes
conjuntas de todas as organizagdes (governamentais ou nao) envolvidas na conservagao dos
peixes-bois no Brasil, para que o manejo desses animais possam ser feito de maneira segura
e eficiente, levando-se em conta toda a histéria evolutiva e genética das populagbes

envolvidas.
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ABSTRACT

The West Indian (Trichechus manatus) and Amazonian ( Trichechus inunguis) manatees have
a sympatric occurrence at the mouth of the Amazon River. A result of this interspecific
encounter is the occurrence of hybrids, which are frequently found along the coasts of Amapa
state in Brazil, French Guiana and Guyana. Here we present new genetic evidence indicating
the occurrence of a hybrid swarm along the Guianas Shield coastline, which is an interspecific
hybrid zone that also separates T. manatus populations located east (Brazil) and west
(Caribbean, Gulf of Mexico, Florida and Antilles). Besides, we suggest that this hybrid
population occupies a peculiar mangrove-rich environment under strong influence of the
Amazon River plume, which requires an independent management and should be considered

a special conservation area.

SHORT COMMUNICATION

Conservation genetics provides important evidence for management of threatened
species in nature and captivity (Frankel, 1974; Caughley, 1994). Currently, genetic data are
used to understand the evolutionary dynamics of natural populations, which can be applied in
conservation strategies to mitigate anthropogenic effects, allowing the persistence of species
and their ecosystems in the medium and long term (Allendorf et al., 2010; Arif et al., 2011;
Stronen and Paquet, 2013). However, the conservation of interspecific hybrid populations is a
matter of controversy, with the origin and context of hybridization (e.g., natural or
anthropogenic) having to be considered in conservation policies (Jackiw et al., 2015). This
conservation controversy is mostly due to association of hybrids with outbreeding depression
(OD) and possible deleterious effects on both parental species (Allendorf et al., 2001),
especially in cases of direct or indirect anthropogenic influence, causing human-mediated
population decline of endangered species under sympatry due to intrinsic OD (e.g., Pinto et
al., 2016).

In some cases, hybrids are at least partially fertile and may cross with one of the parent
species, resulting in introgression (Turner and Harr, 2014; Balcova et al., 2016). These hybrids
can compete for resources and reproductive priority, which may reduce the adaptive value of
local populations of parental species and eventually lead to local or global extinction
(Brumfield, 2010; Wayne and Shaffer, 2016). However, some hybrid populations may be more
well adapted for survival in peculiar environments as compared to their non-hybrid parents
(Allendorf et al., 2001; Fitzpatrick and Shaffer, 2007), and may deserve particular protection
(Jackiw et al., 2015). This is the case of hybrid zones with intermediate environments between
the parental ones, where the hybrids possess ideal combinations of genes to live and thrive
(Dong et al., 2003).
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A case of interspecific hybridization in animals is found in South American manatees,
aquatic mammals represented by three species of the Trichechus genus (Mammalia, Sirenia,
Trichechidae). In the Americas there are two species, the West Indian manatee (Trichechus
manatus) inhabiting the tropical Caribbean and Atlantic coastlines, estuaries and adjacent
riverine and lake systems; and the Amazonian manatee (T. inunguis), restricted to the Amazon
River basin. Previous genetic studies have identified the occurrence of interspecific hybrids
between these two manatee species close to the Amazon River mouth and along the Guianas
Shield coastline, from Amapa state in Brazil to Guyana (Garcia-Rodriguez et al., 1998; Vianna
et al., 2006; Santos et al., 2016). This area is found separating two largely differentiated
populations (or ESUs) of T. manatus, one along the Brazilian coast, and the other distributed

from Venezuela to Florida (EUA) and the Antilles (Figure 1).

lexico

West Indian manatee
Trichechus manatus

D o

S

Hybrid zone

1. Individuals from Guyana, French Guiana, and Brazil
(Amapa and Amazon River mouth) were shown to be
hybrids with likely introgression.

2. Separates two differentiated populations (ESUs) of

Atlantic Trichechus manatus.
3. Coastal zone with an estuarine-like mangrove-rich
4 environment.
Tt ?/P/O 4. Areaunder direct influence of the Amazon River

' éoly plume.
€ 5, Limited north by the Amazon mouth coral reefs

Amazon basin

Amazonian manatee
T. inunguis

Figure 1. Map representing the distribution of Trichechus inunguis and T. manatus populations
and the interspecific hybrid zone along the Guianas Shield coastline. The west and eastern
distribution of both T. manatus evolutionary significant units (ESUs) is represented, according
to genetics, cytogenetics and skull morphology evidence (Vianna et al., 2006; Santos et al.,
2016; Barros et al., 2017).

To illustrate this hybridization event, we sequenced one nuclear (Recombination
activating gene 1; RAG1) and one mitochondrial DNA (control region; CR) gene fragments of

T. inunguis (Amazonas, Brazil) and T. manatus (Rio Grande do Norte, Brazil) as references,
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plus one hybrid previously identified by Vianna et al. (2006) from Amapa (Brazil), and five
samples from Iracoubo, Awala, Mana, Kourou and an unknown locality (French Guiana). We
amplified the gene fragments using primers previously reported (Murphy et al., 2001). For each
locus, the PCR mix was prepared with final volume of 25 L, containing: 20 ng of genomic
DNA; 1x buffer; 1.5 mM MgClI2; 0.5 uM each primer, 200 uM dNTPs, and 0.5 U Platinum™
Taq DNA polymerase (Thermo Fisher Scientific). The cycles of amplification followed the
conditions described by Vianna et al. (2006), with the annealing temperature of 58°C to RAG1.
PCR products were purified by the polyethylene glycol (PEG) method (20% PEG 8000, 2.5M
NaCl) (Santos-Junior et al., 2015) and sequenced on the ABI 3130xI Genetic Analysis (Applied
Biosystems) using the BigDye Termination v3.1 Cycle Sequencing kit, with the same primers
used for amplification. Chromatograms were analyzed in SeqScape v2.6 and consensus
sequences were aligned using the Clustal W algorithm (Larkin et al., 2007) in the software
MEGA7 (Tamura et al, 2013). A total of 767 bp and 410 bp were sequenced for RAG1 and
CR, respectively.

We made a phylogenetic analysis to show the relationship of the individuals from the
hybrid zone and the parental species, using the CR and RAG-1 concatenated. We selected
the best partition scheme and nucleotide substitution models using model selection
implemented in PartitionFinder v.2.1.1 (Lanfear et al., 2016), taking the codon positions of
RAG-1 into account. For this, we used the linked model of branch lengths and an exact search.
The model selection was made using a corrected-Akaike Information Criterion. We
reconstructed the phylogeny in MrBayes v3.2 (Ronquist et al., 2012), setting the best partition
scheme and its optimal models (i.e., HKY+I for CR, HKY for 1st and 2nd codon positions of
RAG1, and K80+l for the 3rd position). We made this analysis with two replicates, 1 x 106
generations, thinning 5000 and a burn-in of 20% of first generations. The stationarity and

convergence were checked using the Tracer v1.6 (Rambaut et al., 2018).

The topology of the consensus tree reveals a polytomy between the individuals, with a
clade constituted by all T. manatus, other clade formed by T. inunguis and individuals from the
hybrid zone, and one individual from the hybrid zone alone (Figure 2). The absence of
monophyly of T. inunguis in relation to individuals from the hybrid zone is an expected pattern
observed in many studies that include introgression or backcross hybrids (Haines et al., 2014;
Halas and Simons, 2014; Lecaudey et al., 2018). Although our data suggest that introgressed
individuals are more related to T. inunguis than to T. manatus, this may be an artefact from
our limited data, especially because the concatenation results generally are biased towards
the fragment with more variation (Liu et al., 2015), in our case the mtDNA CR. For mtDNA, the

greatest relatedness between hybrids and T. inunguis had already been reported for French
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Guiana populations (Vianna et al., 2006). For this reason, this phylogenetic positioning should

be better investigated using more independent markers.

GFMA423 - Hybrid zone

01Tl - T. inunguis

02Tl - T. inunguis
03Tl - T. inunguis

GFM297 - Hybrid zone
0.58

0.007 substitutions/site MO035 - Hybrid zone

MO066 - Hybrid zone

|:GFM524 - Hybrid zone
MO65 - Hybrid zone

03TM - T. manatus
0.97

04TM -T. manatus

0.99
06TM - T. manatus

Dugong dugon

Figure 2. Phylogenetic consensus tree of T. manatus, T. inunguis and hybrid zone's sample
(bold) to CR and RAG-1 loci, using Dugong dugon as the outgroup. On the node labels are the
posterior probability (PP) of each clade.

The biogeographic patterns of the western Atlantic Ocean have a direct influence on
distribution and fitness of local marine biota, showing the Guianas coastline as a barrier
between many species and populations (Spalding et al., 2007). The presence of hybrid
manatees in this area under Amazon plume influence seems to be associated to the isolation
of the western and eastern West Indian manatees (Figure 1) and the sympatric area between
Amazonian and West Indian manatees (Vianna et al., 2006; Santos et al., 2016; Barros et al.,
2017). The region between the mouths of the Amazon and Orinoco rivers (extension of 1500
km of coastal South America) is known by peculiar characteristics caused by the Amazon River
plume along this oceanic coast (Anthony et al., 2013). The unique coastal dynamics is largely
influenced by the massive suspended-sediment discharge, causing a mega-turbidity on the
shelf, a growth of a subaqueous delta and an intermediary salinity (Anthony et al., 2013;
Anthony et al., 2014). All these factors have a direct influence on oceanic biodiversity, including
commercial marine species, coral reef endemics and threatened species completely
dependent on ecosystems such as estuaries, mudflats, sandy beaches and, particularly, littoral

mangroves (Artigas et al., 2003).

The wild population of manatees on the Guianas coastline is composed by an
introgressed population derived from interspecific crossings between T. manatus and T.

inunguis (Vianna et al., 2006; Santos et al., 2016), likely happened on the sympatric area at
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the Amazon River mouth. Even though the recent collapse of the population of both parental
species may be associated with some hybridization level, the hybrid zone appears to have
existed for many generations in this area, with an intermediate coastal habitat under influence
of the Amazon River plume. Indeed, because of this peculiar estuarine-like habitat in a 1500
km of coastal area between the mouths of the Orinoco and Amazon rivers, hybrids may have
some advantages over the parental species, probably due to a singular combination of adapted
genes to these intermediate conditions. The large predominance of hybrids of a large aquatic
mammal in an area shown to be a vicariant zone for many marine species, and a distinctive
habitat for many estuary-associated animals, emphasizes the independent management of the

Guianas coastline as a special protection area with a peculiar environment and biota.
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ANEXO 2

Capitulo escrito no livro West Indian Manatee: biology and conservation in Brazil / Peixe-

boi marinho: biologia e conservagao no Brasil (eds A.C. Meirelles & V.L. Carvalho), pp.

63-75, 1° edicdo. Bambu Editora e Artes
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Genética da conservacao e marcadores moleculares

Conservation genetics and molecular markers

genéllu da :onserva;&o éuma dlmplma demﬂ' ica que mcorpou o eswdo
da

de
da conserva;lo, com afi nalkiadc de gerar conhedmemo sobre a d)verddade
populacional para a elaboragio de égias que visem a conservagio de
espécies e ecossistemas.

Atualmente, estudos de histéria natural de espécies e suas populagdes nativas
fornecem alguns dos principais subsidios que s3o utilizados para determinar
pricridades e estratégias de conservagio da biodiversidade. Os dados genéticos
de espécies ameagadas permitem compreender a dindmica evolutiva de suas
populagdes naturais, a qual deve ser mantida ou restaurada para mitigar os
efeitos génicos e g a persisténcia destas popul na
em médio e longo puzo Por exemplo. dados sobre parentesco, diversidade
genética remanescente, tamanho efetivo e niveis de endogamh sdo par&me!ms
importantes para esnmar a vuabuhdade das populagdes na e

onservation genetics is @ scientific discipline that incorporotes the study of
mmymgemwaﬂrmxwmnwmm
the purpose of @ g Aation diversity for the elaboration of
mmgsamawmofspmwmm
Currently, studfies of the natural history of spedies and their native popuictions
provide mgor subsidies to determine priorities and strotegies for biodiversity
wmemmmmwmmmmmmm
of ther restored
tomxhgo:e hropogenic effects ond ¢ the persi of these fotions in
mnnnnﬂma\dblrgmmmw:dwmmmw remaining genetic
diversity, efkmw size and inb g levels are imp p to emm!uhe
vichility of| lons in nature and minimize pe dueto i
Other inter-poputation dato, such os gene flow, wemmvmnnbnglhespecm
mmmmmnpwﬁmwwwmmmwmu

I devido 3 depr Qmos dados interpopulacionais,
como fluxo génico, estrutura genélka ac Iongo da distribuicio espadial da
espécie, padrdes filogeograficos e adaptagdes génicas locais permitem planejar
estulégsas apropriadas de translocagdo de individuos de acordo com a dinamica

pulagdes, as quais a diversidade genética

local e minimizar outros efeitos ga como a depressa ami
Nos estudos de genética da conservagio da biodnmsldade. o DNA
mitocondrial (DNAmY) tem sido muito utilizado desde o final da década de
1980. Por ser uma molécula dircular simples, porudora de virios genes em um

gppropr ) of i
d X ot Madlmw:mmwsedbaigamcdmwy
andnwmrodmmgwwrﬂku,wdrmmbm&ngdf
In studies of genetics for biodiversity conservation, the mizochondrial DNA
(mtDNA) has been widely used since the end of the eighties. Forbcwgamv(tcvw{ar
molecule, carrier of several genes in @ stobie arrangement, without repetitive DNA,
introns or pseudogenes, of ropid evolution, inherited uriparentatly (matemaily), without
recombination and virtually hoploid, the mtDNA offers several odvontages in the study
of the natural history of species and their poputations (AVISE et al, 1987; FRANKHAM;
BALLOU; BRISCOE et al, 2005). In addition, different coding and non-coding regions
ombedmno#mmeevdmvymmadmmmddmmk
L&WmWMwuuH&ﬂsmm therefore,

arranjo esﬁvcl sem DNA repetitivo, introns ou p de rapida evolugio,
herdad: (via ), sem rec -n e vil \!
haploide, o DNAmt oferece diversas vantagens no estudo “da histéria natural

usefl to igote recent events P , while protein coding genss, such as
the gytochrome ¢ oxidase subunit | (COY, are u.(eM-'n interspecific studies. For these
dummmnmmsdsobemmidyl&dnmwwm

das espécies e de suas populagdes (AVISE et al, 1987, FRANKHAM; BALLOU; through phytogeogrophic and popuiation genetics analysis. The phylogeographic results

BRISCOE et ol 2008). Além disto, dlferemes regides codificadoras ¢ nio m!thuwﬂmwryaymwma!wm: lineages {whoo(ows) in time and space,

cod-!ludoras podem ser '“‘a quando a taxa evolut querida a which is associ gence events, demogroph ions and the
z 1 areglao lad inter-pop i gcmﬂwmundhmshoptdmms current genetic dvarsity

ou HVS| do DNAMt é de evolu(ao rap|da, portanto, Gtil para ig

recentes (intraespecificos), enquante genes codificadores de pro!e&nas. como o C"";‘yﬂ;m dmn%vemm mw;‘@“@m

Citocrome ¢ Oxidase Subunidade | (COI), sdo Gteis em di pecificos. , ond refine the analysis of MIDNA bn different time-scafes, Among these

Por essas caracteristicas, o DNAmt tem sido também muito utilizado em estudos
de biogeografia histérica por meio de andlises ﬂlogeogviﬂcas e de genética

populacional. Os Itados filogeograficos p preender a dinamica
evolutiva de |inhagens genéhcas (ou haploupos), no lempo ¢ no espago, a
qual esta associada aos géncia pop | as flutuagdes
demogrifcas e a0 padrdo de ﬂuxo gémco terpopulacional que mold a

ibuigdo da diversidade genéti atual de cada espécie.

Awsalmente, virias abordag em genética sdo possiveis com
oawnmdooonhecmmdes Isto permite o G vi de
novos marcad I que - | e refinam as andlises feitas

com DNAmt nas diferentes escalas tempofals. Entre estes marcadores, os mais

mnmmaeﬂrmpqxda These are biparental nudiear repetitive
segments (inkerited from both mother and father), which are very useful in recent scole
analysis (last decades ond centuries), as in studies of patemily, kinship, interpoputation
gene flow and inbreeding estimates, In longer time scoles (thousonds to millions of
years), the association of vorious mariers representative of the entire genome cllows
one to generate move robust intra and interspedlfic phylogenetic trees that con clarify
doubts in the systematics and naturol history of some taxonomic groups (FRANKRAM
dd_MlThee{uemwmmﬁyo{gawr&mﬁstpm

g the mangtee mup Cnlm.nih.gov/bicprofect/68243), new nucleor
n-nartmbasedon Q 9 org ing of point (SNPs) con be developed
and used to complement genetic data obtained with mtDNA and microsatellzes.
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populares sio os microssatélites, seq repetitivos nucleares bip tai;
(herdados do pai e da mie) gue se mostram muito Gteis nas andlises em escalas
recentes (Gltimas dxadas e seculos), tal como nos estudos de paternidade,

parcntcs:o. fluxo génico interpopulacional e esti de endogamia. Nas
ten'poms antigas (milhares a milhdes de anos), a associagio de vérios
m ivos de todo 0 g permite gerar filogenias intra e

Imerespedﬁtas mais robustas, que podem esclarecer dividas em “sistemética e
histéria natural de alguns grupos taxondmicos (FRANKHAM et o, 2008). Ponamo.

com a disponibilizagdo crescente de dados dmicos de varios
inclusive do peixe-boi-marinho (hitpy/fwaw. nebi. nlmmhgov/bmpro)ecvwzﬂ)
novos marcadores nucleares b em

de mutagdes de ponto (SNPs) podem ser desenvolvidos e unhzados para
complementar os dados genéticos obtidos com DNAmt e microssatélites.

Fundamentos genéticos para a pratica da conservagao

Genetic fundamentals for conservation practice

No nivel intraespecifico, a genética lida com toda a variagdo hereditdria
genotipica e fenotipica que é necessdria para a continuidade evolutiva
das populan;écs ameagadas Quando esta vamgao é quanllf :ada dentro de
pop goes, ela p der aspectos relad

ini: liandri i extra-par, nivel de parentesco. m)ea
dvvcrs;dade genética que ainda existe (FRANKHAM et oL, 2008). Normalmente,
esta diversidade é quantificada com marcadores neutros (ndo influenciados
pela Sele;&o Natural), mas com os novos dados gendmicos e a identificago de

d At

genes 1 relac ap ou rep s, 2 quantificagio da
variagdo diretamente hgada a adaptagao populacional poden ser fi

utilizada. Com este hpo de evidéncia genética intrapopulacional é possivel, por
exemplo, sugerir manejos para o aumento da diversidad ética e diminuicdo

da homoz:gosodade (nos casos de endogamia) das populaqoes naturans. ou nos
casos de cativeil ac Gue evitem, por a

t the introspecific level, genetics deols with the entire genotypic and phenotypic

heredizary vorigtion that is required for the evolutionary continuily of thregtened
populations. 'When this voriation i guantified within papulations, it clorifies aspects
related to reproductive biclogy (polygymy. polyandry, extro-pair paternity, level of
kinghip, etc) ond to remaining genetic diversity (FRANKHAM et al, 2008). Normolly, this
diversity is quantified with newtro! markers (not influenced by natural selection), but with
new genamic data ond the identificotion of genes related to adaptive or reproductive
processes, the quantifcation of vanction directly nked to the papulotion adaptation
may be used in the future. With this type of intra-populction genetic evidence 2 is
possible, for example, o suggest mancgement measures t increose genetic civersity
and decrease homozygosis (in coses of inbreeding) of notural pepulatians, cr, in captivity
cases, to plan matings which Gvoid, for example, inbreeding and the manifestation of
recessive disorders (FRANKHAM e al, 2006, Figure 7).

Oeher analyses olso estimae the diversity between populctions, which can be more
or less differentioled, depending on the degree of issiotion of eoch one of them, (e
the ?re! of gene fiow Letvreen them. These results aliow us o infer the populotion-

e amanifestagio de desordens recessivas (FRANKHAM et al, 2008, Figura 1).
Outras andlises estimam também a diversidade que existe entre populagdes,
as quais podem ser mais ou menos diferenciadas, cependendo do grau de
isolamento de cada uma delas, ou seja, o nivel de fluxo génico entre elas. Estes
resultados permitem inferir o padrio de 3o populacional, gue na maior
parte dos casos estd relaaonado com a distribuicdc geografica das populagdes.
de

Estas medidas de gdo populacional permi revelar agrup

individuos ou populagdes muito diverg que, em certos casos, podem ser
consideradas subespécies ou quasi-espécies (especlcs Inupwnlcs) Na prahu
da conservagdo, estas andlises de cio | e filogeog

p identificar unidad |ut sxgmﬁcatlvas(ESUs) que sio populagdes

com relativa independéncia evolutiva e s3o g
diferentes de 2jo ou < jorita
a |mplanlagio de melodos de manqo que visem perp a dinamica
das p d lmpacms Opicos recentes e futuros
problemas advmdos do mancjo madequado (FRANKHAM et al, 2008).

A aguela de longo prazo (varios
milhares de anos) dm ser senamenu oor\sderada nos casos de manejo

como
para conservagio. Isto permite

a 30 de entre p
o aumento da diversidade genética seja um dos obJellvos do mancjo na natureza
e um critério tnpor(ante para reverter e!ellos negativos da endogamia, o

entre individuos de popul. dtferen;as

pacemnhd\mmrasemmummmmmofm
These o

cfind»-&:ac:sorpopub:’om which may, in certain cases, be considered subspecies or
Guasmspecies fincipient species). In conservation proctice, these anclyses of population
structuning and phylogeogrophy ollow the identification of Evolutionary Significont
Units (ESUs), which ore populations with reigtive evolutionary independence thot are
generally trected os different mancgement units or pogulations of coaservaticn priority.
This encbles the development of mancgement methods cimed ot perpetuating the
evolutionary Gynamics of naturd! populations, minimizing recent arthropic impocts and
future problems evelvng from inodequate management (FRANKHAM et af, 2008)

The papulotion structuning, especially in the long term fsevrra- thowsands of, years),
should be seriously X in cases of
of individuals between diverg ot A.hag’!msnggumdwmy

is cne of the mancgement objectives in nature and an important ariterion to revert
the negotive effects of inbroeding, the mating Eetween individuols from geneticolly
different populations, because of either odapiations unique to each locality or odapted
combingtions of genes (epistosy), may result in lower viakility ar reproductive problems
in the offspring (FRANIKHAM et ol, 2008). This deleterious effect is known os cutbreeding
depression, @ decrease in the population cdaptive value due to the reictive unvichilty
of the offspring from these matings that can feod to the lozol extinction of smoll
populations (Figure 1). This is because the individuals born from these matings are not
as odapted as their parerts for the survival in their respective origina! environments
(FRANKHAM et al, 2008).

The effects of outbreeding depression are even move drostic when there is
hybvidizotion between different species, possibly leading to a marked reduction of the

k viobility (ALLENDORF et al, 2601). In rare coses, sorme hybrids are fertile

genebcas. sejaporad aptacées exdusnvas pan cada Iocal idade ou por combinagde
ptadas de genes (epi ). pode resultar na menor viabilidade ou ptoblanas
reprodutivos na prole (FRANKHAM eral. 2008). Este efeito deleténo é conhedido

wmmqummm:dspemmwmmogmm These hybrids
can compete for ond e priory, g the odgptive value of
mmmqumrmswm/komwugbwm

como a, uma d ¢3o do valor adap lacional The intra and interspecific outbreeding depression (Figure 1) appecrs, normolly, a5 @
devido a mwabchdade relzuva da ptole destes cruzamentos que pode levar 3 resuit of to types of anthrapagenic effects: indirect, when the population decline results
ingd lw' de pop ,' com duzid (F'gm 1). Isto se da in increcsed hybﬂJmmcﬂ {moinly between species); or direct, when the inodequate
porque os indivi i destes ndo s3o tdo ad: dos para xgement of X brings into contoct individuols from geneticolly divergent
2 sobrevivéncia quanto Os seus pais, NOS Seus respectivos i iginai popuiations or species.
(FRANKHAM et al, 2008).
Os efeitos da depressdo exogamica s3o ainda mais drasticos quando
hi hibridizagdo entre espécies diferentes, podendo ocorrer uma acentuada
diminuigdo da viabilidade populacional (ALLENDORF et gL, 2001). Em raros casos,
alguns hx'bndos sao lénels e podem cruzar com uma das espccu:s parentais,
em g Estes hibridos podem P por e
d i o valor adaptativo das slagdes locais i
das espécies pavenws e, eventualmente, levar & extingdo local cu global. A 60 - ",&:ﬁ“’:’:‘;"& &‘S’:;

depressio exogimica intra e interespecifica (Figura l) aparece, normalmente,
por consequéncia de dois tipos de efeitos pog o
declinio populacional resuita em da hibridi: O entre
espécies); ou diretos, quando o mangjo i das umsloméa pde em
contato individuos de populagées ou espécies muito divergentes geneticamente.

Figura 1. Grifico que mostra a associaqdo entre viabilidade e/ou sucesso reprodutive da prole
¢ a diferenciscio genética entre os pais. A parte intema da curva revela a “zona 6tima* de
enas ap aswnsmefe«nsmgnvos (depress3o)
o’ a4
Figure 1. Mmmmmmnmmmb&wmﬂh’m
of the oﬂ:pnngmdthegerdx differentiation between the parents. The centre of the curve
revedls the opnmdbnaﬁngmmdmthtm«appmrmmmmve
effects (dep ion) from extreme ir 9 ond cuth Q
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Estudos genéticos com peixes-bois
Genetic studies with manatees

s primei dos de ci ética indicaram composi¢des cromossdmicas
diferentes entre a espéue marinha (Trichechus manctus) ¢ a espécie
amazonica (T inunguis) (ASSIS et al, 1988; GRAY et al, 2002; WHITE et al, 1976).
(o] pclxrbol-marlnho apresenta. numera diploide (2n) de 48 cromossomos,

com cariétipo ¢ por C de dois bra;os
éntri b éntricos e ). que o peixe-
boi-amazonico possui 56 sendo varios pares

cromossdmicos acrocéntricos (um brago). A espécie do ocidente africano (T
senegalensis) ndo tem dados cariotipicos e o dugongo (Dugong dugon), sirénio
do oriente africano, sul da Asia e Oceania, possui 50 cromossomos (SHORT, 1984).

Recentemente, uma andlise citogenética comparativa (BARROS, 2014)

¢ first oytogenctic studies indicated different chromasoma! compositions between
the marine species (Tnichechus and the A ian species (T. Inunguis)
{ASSIS et al, 1328; GRAY et ol, 2002 WHITE et al, 1576). The Viest Indian manatee
has a digioid number 2n) of 48 chvamosomes, vith a korystype consisting primanly
of chromasomes with two arms (metacentric, submetocentric and subtelocentng), while
the Amezonian manatee hos 56 chromosomes and several poirs of acrecentnic (one
arm) chromaosomes can be found. The African spedies (T. senegaiensis) kas no koryotypic
dota and the Dugong (Dugong dugon), the Eost Africon, South Asian and Oceorio
sirenian, has 50 chromasomes (SHORT, 1954).
Recently, o comparalive gytogenetic anolysis (BARROS, 2014) between T. manatus
and . ininguis, mth the technique of fluovescence in situ hyﬁud.zv'.m (FISH) ond
rdomem:p’bbes, showed signs of hybridizction in the telomeric regions only, but no

telomere were obsened in their chromosomes, which would be

entre T manatus e T inunguis com a técnica de hibridizagao in situ fl
(FISH) e sondas teloméricas revelou sinais de hibridizagio apenas nas regides
teloméricas, mas nie foram observados remanescentes de teldémeros intersticiais
Nos seus Cromossomos, Os quais seriam indicativos de inversdes e fusdes
cromossdmicas durante a diferenciacio cariotipica. Este resultado esta de
acordo com a proposta de Gray et al (2002), que indica que a evolugio das
diferengas cariotipicas observadas entre estas duas espécies poderia ser melhor
expiada pela ocorréncia de uma variedade de mecani de intra
e interc dmicos e ndo por do tipo fusdo ou fissdo
o como sugerido por Assis et al (1988). Andlises cariotipicas
detalhadas (BARROS, 2014) também revelaram algumas diferengas no nivel
intraespeifico entre a populagio de T manatus do Brasil e as populagdes de T.
manatus que habitam Porto Rico e Florida (EUA). Os pares cromossomicos 4 ¢ 10
se mostraram metacéntrico e sub éntrico, respecti lacs

q nas,,'-—‘doCznbeedaFlonda.esmpamssrao
é btel d pect (GRAY et gL, 2002; HUNTER

et al, 2012). Ass&m. embora os peixes-bois que ocorrem em Porto Rico sejam

tradicionalmente classificados como parte da subespécie Trichechus manatus
estes um idtipo similar ao observado em T m

latirostris (HUNTERetaL 2012) e diferente da populagdo brasileira que també

é classificada como T. m. manatus.

O primeiro estudo de variagio molecular com o peixe-boi-marinho (GARCIA-
RODRIGUEZ et gL, 1998) identificou baixa d idade nos dois ext da
duslnb\ngao da cspcme. nas popula{bes da Flérida (EUA) e do Brasil, assim como

iidades na ibuido, que influenciam o padrio de fluxo
gcmco |ntcrpopu|mor\a| Es!e csludo mmal também mostrou a existéncia de trés

dt of ch Gl i ond fusions dunng the karyotypic diferentiation
This result is in agraement with Groy et ol 2002), which propesed that the evolution
of the koryotype differences cbserad between these two species could Ee better
explainad by the cacurrence of 6 variety of intra and inter-chromasomic rearrangement
mechonisms and not only by chromosomal fusicn or fission-type recrrangements,
as suggested by Assis et ol (1588). Detoiled korystypic onolyses (BARRCS, 2014} aiso
reveaied some differences ot the intraspecific leve! between the population of T. manatus
from Brezil ond the populations of T. manatus ‘na!..-xh:bxl Puerto Rico aNf"ﬂda r‘uw

The chromasomal pairs 4 and 10 ore metocentric ond subr ly, in
the Brazlion iation, while in the ot MNCmbmwaondcm
pours are ntnc and spectively (GRAY et al, 2002, Hunter et
al, 2012). Thaus, while the manatees that occur in P.m’o Rico are traditionolly classified

s part of the Trichechus mangtus mangtus subspecies, these presented ¢ koryotype
simiior to thot cbserved in T. m. lotirostrss (HUNTER et ol, 2072) and different from the
Braztian populaton that is also classyfied os T. m. monotus.

The fust moleculor vanance study with the West Indian monatee (GARCIA-
RODRIGUEZ et of, 1935) identified low diversity ot the two extremes of the species
distnibution, in populations of FHorido (USA) and Brazi{ as well ¢s some discontinuities
in the distribution, which infivence the pattern of interpopulation gene flow: This initiol
study olso showed the existence of three haplogroups, or mitcchondriol lineages (Figure
2), that were nat consistert with the subspecies division by morphalogical
analysis with o limited number of samples (DOMNING, HAYEK, 1585), These first
genetic evidences were corroborated by ¢ later study wth nuciear and mitochondricl
markers in a lorge sample size (VIANNA et al. 20052.b) of 189 individuals of T. manatus,
83 of T. inunguis and six of T. seneg . This first P genetics study
betwreen the three species of manatees showed different evolutionary dynamics between
them, as can be seen in the aaﬂwedph/ogeagmphynxybermnmkr\m':m
species (Figure 2). The African menatee (T. senegalensis) presented divergent fineages
i with different river basins in v-vs' Africo, while the Amazonion monotee (T.

oul is (Figura 2) que ndo eram com
a dmséo de subespeaes sugerida por andlises morfolégicas com um nimero
limitado de amostras (DOMNING; HAYEK, 1986). Essas primeiras evidéncias
genéticas foram corroboradas por um estudo posterior com marcadores
mitocondriais e nucleares em uma grande amostragem (VIANNA et al, 2006a,b).
de 189 individuos de T. 93 de T i is e seis de T senegalensis. Este
primeiro estudo de genélica comparada entre as lrés espécies de peixe-boi
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inunguis) configured a3 0 species of more recent ovigin than T. menolus (Figure 2),
whaose populction began to expond ¢ little move than 100 thousand years ago, probably
from ancestors with unique cdaptations to the Amazon river environment.

igura 2. Fil das espécics i
rogida controlo do DNAmt (VIANNA et oL, mﬂ Cada
nucleotidica diferente de DNAmE. chamada de haplétipo, cuja drea & proporcional ao
nimero, de indsduos. O comprimento das llnh.n (ramios) & proporcional &s dlleven‘u

ertre os A cor dos arcdos indica origem mat
doDNAmbvma(Tmmns)eml(tmngml hapidtipos M3, Ri, T1.12=P|

de peixe-boi com dados da

alguns ind? hibridos nesta estudo e o hapltipo MA
foi desarito recentemente napqwlagao do Brasil (LUNA et at, 2012). Para a espécie T
manatus foram 1, Il e 1) de haplétipos que

sdo filegencticamente lnuno dmrgenln entre si
Figure 2 CorrpmrdWWupiyaf e American mangtee spedies with dato from the
lmDNA control rc;non (VIANNA et al, 20(.‘6a) Each circle represents o different mtONA
sequence, cal amo{vdxdmpmpomomlmmemmof

lndmdm The length of the lines i« o the nucl
among the haplotypes. Thembrc{mmlssmmmm origin of the
mtDNA: white (T. manctus) ond blue (T. inunguis). The hoplotypes M3, RY, T1, 72 and P1
some hybrid individuals in this and the

groupings were detected (- IlDd'Mp(atypsMaep-begenmly

very divergent.
Figura 3. Filogenia iana das_linhagens e espécies de pepes=bois
utlzando alibradas por féssets (software Beast v2.2, BOUCKAERT

et ol, 2014) a partir de dados de Citocromo B (GAROA-RODRIGUEZ et o,
1958, VIANNA et af, 20054). Os fosseis de siténios wt]zados definem datas

paraa divergéncia entre Trichechus @ Dugong entre 47,6 o 66 milhécs de anos
(DOMNING et of, 2010). Foi utifzado relogio molecular estrizo ou relaxado &

Canbe por Bugongo ou por outros
lefant .h",umhu«' I edatagoes
« Golfe Jo Menco muito simi As datas das separacdes dos ramos se referem a milhoes
ESUL deamsMHgtHgIleHgllIserefemnnshaphgmpos T manatus
praviamente identificados (Figura 2).
Figure 3. ion phylogeny dmam lineages andspeas using dating
mﬁbmedlyfmls(aeasrmm 2 BOUCKAERT et al, 2014) from
AMldtico Wﬂme datg (GARCIA-RODRIGUEZ et aof, 799& VMAMRGLW
Lt The sirenian fassils used define dates for the and
U2 Dugong between 7.6 and 66 milfion years rDOl\WMetaLZOIw FReloxed or

strct moleculor clocks and dyferent external groups composed by Dugong or by
other Afrotheria, such as elephants and hyrax, were used. All phylogenstic trees
presented very similar topologies ond datings. The branch separotion dates refer
o millions of yrors (MA) Hg!, Hg!f ond Halll reiote to the previously identified T
nmanatus haplogroups (Figure 2).

96



demonstrou diferentes dinamicas evolutivas entre elas, como pode ser visto no
estudo de filogeografia comparada entre as espécies americanas (Figura 2). O
- otk T AR 5

a diferentes bacias fluviais no oeste da Africa, mqu;n!o o pei;e-bo'ramazénico
(T inunguis) se configurou como uma espécie de origem mais recente que T
manatus (Figura 2), cup populagdo comegou a se expandir ha pouco mais de

100 mil anos, p a partirde is com Unicas para o
ambiente fluvial amazdnico.
Foram feitos estudos com uma grande gem do peixe-boi inh:

(T manatus) ao longo de sua distribuicdo nos litorais americanos do Caribe,
Golfo do México e do Atlantico, da Flérida (EUA) ao nordeste do Brasi| (GARC|A-
RODRIGUEZ et af, 1998; VIANNA et al, 2006a). A espécie marinha apresentou
uma separagio significativa entre populagdes e dreas geogréficas (Figura 2),
representadas por uma ESU (unidade evolutiva significativa) com haplogrupos
| &1l e que habita as costas do Caribe e Golfo do México, da Coldmbia i Flérida
(EUA) e Antilhas, e outra ESU com individuos do haplogrupo Il e que habita o
nordeste do Atlantico da América do Sul, das Guianas ao Brasil (VIANNA et of,
20062,b; PARR et oL, 2012). As primeiras anilises filogenéticas com métodos de
datagio baseados em “drvores linearizadas" implementadas no programa Mega
v3 (KUMAR et gL, 2004) indicavam uma separagie de pelo menes 130 mil anos
(VIANNA et ol, 2006a) entre as duas unidades evolutivas significativas (ESUs),
as populagdes do Atlintico (Guianas e Brasil) e do Canbe’GoIfo do México.
As duas ESUs gil por p i ocorridos
durante as glaciagdes do Plei o nivel do mar estava até 120 m
abaixo do rwd atual e as Antilhas fofmaram uma barreira (Arco das Antilhas),

Studies were conducted with o farge somple size of the West indian monatee (T
) giong their distribution in the. coasts of the Caribbean, Guff of Mexico
and the Atfantic, from Fiorida (USA} ta northeostern Branil (GARCIA-RODRIGUEZ et
al, 1938, VIANNA et al, 20060). The marine speaies presented o significant seporation
betwe ond geogrophical areos (Figure 2), represented by an fvaiutionanly
Unit (ESU) with hop 1 ond Ji, which inbabit the coas? of the Caribbean
and Gulf of Mexico, from Colombia to Flanda [USA) ond the Antilies, end ancther ESU
with incividuo’s from haplogroup B, that live in the Northeast Ationtic of South America,
from Guyara (o Brozd (VIANNA et ol, 20060k, PARR et ol, 2072). The frst phylegenetic
anclyses with doting methods based on * Enearised trees implemented in the program
Mega v3 (KUMAR et af, 2004; indicated o seporation of ot least T30 thousond yeors
{VIANNA 2t al, 20050) between the two ESUS, the populations of the Atlantic (Guyanes
mdBr:szdmCanbbem + Guvfa(Menm TNmoESLGa'ase cpparently, by
viggnant p xurming curing the f when the sec vel was up
to120m bebw the cumrent !enl ond the Andiles fbmed a barner (Antilles Arg), moling
the Coribbean S2a (ond Gulf of Mexico) refatively isolated from the North £ast Atlantic
{PELTIER: FAIRBANKS, 2006). These wicanant manine events are the (ikely couse of the
greot genetic differentiztion between the h lincages (haplogreups ), i ond
i and the fong period of separation between the popuictions of the Atiantic and the
Coribbean ond Guif of Mexica, which is rn‘mrﬂ! at 599 theusand years, obtained with
MtONA Bayesion plylog d oh i { caiiy with sirenian fossils (Figure 3)
The first genetic stucies with poav!af‘em of the Amorzonian manatee were
published by tac independent groups with different samplings (CANTANHEDE ef o,
2005; VIANNA et af, 200€0). The resuits of the phyfogeographic ond population geretics
anclyses from both studies indicated that this speces has G large remaining genetic
diversity, but that & hos g compact grouping of related genetsz lineages (Figure 2). This
indiosted ¢ more recernt origin for this spedies, which underwent o populction expansion
in the last 120 thousand years (VIANNA et ol 20060), and may be related to the recent

tomande o mar de Caribe (e Golfe do México) relativamente isclado do nordi
Atlantico (PELTIER; FAIRBANKS, 2006). Estes eventos de vicaridncia marinha sdo
a provivel causa da grande diferenciagio genética das linhagens mitocondriais
(haplogrupos |, Il e i) e do longo tempo de ¢3o entre as populagdes do
Atlantico e aquelas do Caribe e Golfo do México, que é estimada em 590 mil
anos, data obtida com filogenia bayesiana de DNAmt e calibragao cronolégica
com fosseis de sirénios (Figura 3).

Os primeiros estudos genéticos com populagdes de peixe-boi-amazdnico
foram publicados por dois grupos indep com gens diferentes
(CANTANHEDE et al, 2005; VIANNA et al, 2006a). Os resultados das andlises
filogeograficas ¢ de genética populaclonal dl: ambos os estudos indicaram que
esta espécie possui uma grande di ente, mas que
apresenta um agrupamento compacto de g
(Figura2). Isto indicou uma origem mais recente para esta espé«e que apresentou
uma expansdo populacional nos Gitimos 120 mil anos (VIANNA et al, 2006a),
podendo estar rehaomda 30 aparecimento recente e novas adaptagdes para

ivéncia no énico, permitindo a esta espédie colonizar virios
afluentes com diferentes carxtensucas. O pexe-boi-amazonico nio apresentou
uma difers do e ¢do geogrifica tio grande quanto o peixe-boi-

ho, mas esta divergénci i variou de 10 a 22 % (Fst),
dependendo de qual tipo de agmpamen!o geogrifico era utilizado (VIANNA et
al, 20063).

)
Iink it

Virios outros estudos genélicos foram feitos rec e com T
utilizando marcadores baseados em microssatélites e DNAmt. Tucker et 6L (2012)
utilizaram 18 mi élites e P individuos de quatro unidades de

manejo da Florida (EUA), das costas leste dos EUA e do Golfo. Os dados obtidos
demonstraram baixa diversidade genética nos peixes-bois-marinhos da Flérida
e pouca diferenciagdo entre elas. Hunter et al. (2010) utilizaram microssatélites e
sequéncias de DNAmted a baixa dive de genética na populagio
de Belize, com diferenciagdo significativa entre grupos localizados em City Cayes
e Southern Lagoon, que s3o habitats diferentes. Com os mesmos marcadores,
Hunter et al (2012) mostraram diferengas significativas entre as populagdes da
Flérida (EUA) e de Porto Rico, sugerindo que ndo ha mistura recente (Gltimos
séculos) entre as duas localidades.

Nourisson et ol (2011) utilizaram DNAmt e microssatélites para esmdar a
distribuicdo das populagdes do México que habi os sist c 3
zonas himidas do Golfo do México e da costa do Caribe. Os dados revelaram
um agrupamento diferenciado no Golfo do México e outro na Bafa de Quetumal
(Caribe), com uma zona de mistura entre elas na Bala de Ascencidn, Foi também
identificado um fluxo génico no sentido do Golfo do México para a costa do
Caribe, ¢ demonstrado que virios haplétipos de DNAmt encontrados no Caribe
estdo também presentes no Golfo do México, na Flérida (EUA) ¢ em Belize. Estes
dados de Nourisson et al (2011) demonstram daramente a conex3o destas
populagdes do Caribe, do Golfo do México e Flérida, ressaltando a mponéncla
de se manter esta rota natural de m-guqa indo uma maior di
genética e a dindmica evolutiva destas popula;ées.

Esludos genéticos com os peixes-bois-marinhos e amazdnicos nos nos da

Coldmbia (SATIZABAL eraL. 2012) bé

significativas e uma tendéncia de dispersa pecifica msmu a machos Os
dados de DNAmt e de mi élites indli a existéncia de duas pop lagd
diferenciadas de peixe-boi dnico, sep a A [: i
e peruana. Ja o peixe-boi inho ap diferenciagio populacional

significativa entre os rios colombianos com o DNAmE, mas nio com os dados de
microssatélites, indicando fluxe génico promovido por machos, provavelmente
através de migragdo pelo litoral.

No Brasi, as populagdes de peixe-boi-marinho da costa nordeste (Alagoas,
Pernambuco, Paraiba, Rio Grande do Norte, Ceard, Piaui e Maranhdo) foram
analisadas com DNAmt (LUNA et oL, 2012) e foi encontrado um novo haplétipo
(M04) em dois individuos do Maranhio ¢ um do Piaui além dos haplétipos
previamente descritos (VIANNA et o, 2006a). Luna et al. (2012) sugeriram
que por terem um haplétipo diferente de DNAmL, individuos capturados ou
encalhados nesta drea ndo poderiam ser liberados em outros lugares como
Alagoas, por exemplo. No entanto, os autores n3o apresentaram a analise
filogenética. Uma reandlise dos dados realizada pelos autores deste capitulo
(Figura 2) demonstra gue MO4 se diferencia da principal haplétipo encontrado
na populagdo brasileira (M01) por apenas uma mutagio, que pode acontecer
spontaneamenm em uma gerago Entdo, i que o de
possvel do por Luna et al (2012) para nio liberagio
em dreas diferenws. nao procede.

& of new ions for sunfia! in the Amazonion environment, cliowing
this species to colonize severol tnbutaries vath different :hnfor.em’l'x The Amezonian
monatee did ot show a of k ond g \g Gs large as the West
Indion monctee, but this interspopulation dlvtr;en« ronged fmm 10 to 22 % (FST),
depending on which type of geogrophic grouping woas used (VIANNA et al. 2006¢).

Several other genetic studies were recently performed with T. manctus, using
markers bosed an nucmxc'a-.'.cf ond mtDNA. Tucker et al. 2012} used 18 microsatellites
and g from four management units in Flanda (USA), from the eost
coost and the Gulf The dato obeained showed low genetic diversity in mangtees from
Flenda and little differentiotion between them. Hunter et ol (2019) used microsateliites
and meDNA sequences and demanstrated the low genetic diversly in the popuigtion
of Belize, vath significant differentiction between groups bocated in City Cayes ond
Southern logoan, which are different hebitats, With the same markers, Hunter ¢! al
{2012) showed significant differences between the pepulotions of Flonda (USA) ond
Puerto Rico, suggesting thot there has been no recent miing (past few centunes)
between the two locations.

Nourisson et ol (2017) used mtONA and microsotelites o study the distnbution of
the populstions that inhabit the coastal systems and wetiands of the Gulf of Mexico and
the Coribbean coast The data revealed a differentioted grouping in the Gulf of Menco
and onother in the Boy of Chetumo! (Coribbean), with a mixing zone Letween them in
the Bay of Ascencibn. A gene flow wos olso identified in the diection from the Gulf of
Mexico to the Canbbean coost, and it was that severol meDNA hapioty
found in the Coribbean are also present in the Gulf of Mexico, in Flenda (USA) and in
Belize. The data fram Nounissan et al. (2011) clearly shaw the cannection between these
Caribbean populations, the Guif of Mexico and Fionida, emphasizing the importonce of
maintoining this natura! migration route, ensuring G greater genstic diversity and the
evolutionary dynomics of these popuictions.

Genetic stuches with West Indion ond Amazonion manctees in the rivers of
Colombia (SAY#]AAAI. et al, 2012) aise revecled significant population structures and
a speafic dispersion tendency ' ta males. The mtONA and micrezateliite
dato indicoted the existence cf two differsnticted Amazarion manatee papufotions,
separoting the Caom.'mn n'm:on am‘km The West indian manctee, on the other
hond, p fferent betaeen the C an rivers
with m(DNA but rof with the lite doto, indh 9 gene flow p by
malss, probably through coastol migration.

In Brozd, the manatee populotions from the noetheost coast (Alagoas, Pernambuco,
Parobe, Rio Grande do Nerte, Ceard, Picul and Moranhdo) were andlyzed with mtONA
(LUNA et ol 2012) ond g new hoplotype (MO4) was found in two individuols from
Maranhdo and Piou, in addition to the prenously descrided haplotypes (VIANNA et ol
200%0). Lunc et ol (2012) suggested the! becouse this wos g different miDNA hoplotype,
individuals coptured or stronded in this areg should not be released in cther plocss
such os Alogoas, for example. However, the cuthors did not present the phylogenstic
analysis A review of the gora held by the authors of this chopter (Figure 2) shows that
MO4 o s from the main hopi bvna in the Brazilicn "o'viﬁm (MOY) by
only one ion, which con occur yinoneg Thus, we believe
that the argument of possibic owtbreeding depression raised by Luna et al (2012} not to
release in different arecs, is unfounded,
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Hibridizacéo interespecifica entre Sirénios da América do Sul

Interspecific hybridization amongst South American Sirenians

formagdo de hibridos entre as espédies de peixe-bok dnico e marinho foi

demonstrada pela analise de diferentes marcadores mitocondriais, nucleares
e dados d(ogenétkos por Vianna et ol (2006a,b) e Parr et al (2012). Foram
identificados sete individuos hibridos entre T eT i is na zona
costeira do Atlantico norte da América do Sul, sendo trés na Guiana Francesa,
trés na Guiana e um no estado brasileiro do Amapa. Bhes hibridos meuros
foram h como peixe-b mas p
DNAmt de T inunguis, indicando uma origem materna da espécie amazdnica.
Também foi identificado um hibrido no No Amazonas. préximo a Belém (Par,
Brasil), identificado inicial como pede-bot ico, mas com DNAmt de
peixe-boi-marinho. Um hibrido macho que se encontra em cativeiro e de nome
Poque, oriundo da regido costeira do Amapd (préximo ao Rio Oiapogue). foi

dado também por citogenética e ap S0 um ni
intermedidrio entre a espécie marinha (2n=48) e a espécie amazénica (2n=56)
(VIANNA et oL, 20062; PARR et al. 2012). Esta conﬁgur«ao cromossdmica ¢ a
composi¢io de alelos de mi élites indicam que este individuo deve serum
hibrido de segunda geragio (F2), ﬁlho de um pai da espécie marinha com uma

mae hibrida F1 (que teria p S2¢ e DNAmt da espécie
amazdnica).

As evidéndias genéticas identificaram uma zona de hbnduza;&o 20 redor da
foz do Rio Amazonas (ﬂgum 4), com ocorré de h princip no

b o +.

litoral oeste da foz, na regido das Gui: p3). que mais
de 40% da populagio analisada (VIANNA et al, 2006a e dados ndo publicados).

T.inunguis

7‘ i between d Vst indi was d
by anaiysis of different mitochondrial and nuclear markers and cytogenctic doto by
Vianae et ol (2006a,k) and Porr et al. (2012}, Seven Fybnd indoviduals were identified
between

T. manatus and T. inunguis in the coastal zone of the north Aliorte of South
Aﬂmmtﬂrnmﬁenmﬁmmmmﬁwnmdwemw&mlnnmof
Amapd. These hybrids were ically os West Inclan

Mrmmmmgmmmwmﬁmmm
monotee. A hybeid was afso found in the Armazon River, close to Belém (Pard, Brozll),
Initioly identified as Amazonian manstes, but with Vest Indion mtDNA A hybrid male
coffed Pogue which is in coptivity and come rmn the coasto! /eym-» of Amapd (near th:
Oigpoque River) wos also studied by and

intermediary number between tre morine species (2n=45) ond ahe Amazonion sp«m
0=56) (VIANNA et of, 2006th; PARR et of, 2012). This chromosomal configuration
and microsatellize clisle composition indiaates this indhvidudl is probebly G second-
generation (F2) hybnid, the son of 0 West Indian father vath an FI hybrid mather (which
probably have 52 and Amazonian miDNA).

Genetic evdence identified a hybridization zone around the mouth of the Amozen
River (Figure 4), with the occurrence of hybrids meiniy an the west csost of the estuary,
in the Guyana region (indlucing Amopd), which make up move then 40% of the studied
population (VIANNA et af, 2005a and unpublished dota).
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Figura 4. Distribui as espéck L de peixe=boi @ a zona de hibridizacdo interespecifica (elipse azul. Também sio ap: das as dreas de distribuicao das
duas unidades evolmms sagnfu:mns de Trichechus mangtus. ESU=1 (Caribe e Golfo do México: Venezuela aos Ew\eAthn] @ ESU=2 (Atlantico: Brasil e Guianas).
Figure 4. A i species (b and interspecific hybridizotion zone (blue ellipse). The distribution areas of the two evolutionary significant units of
Tnchechus manatus are also shown: ESU-1 (Canibbean and Gulf of Mexica: Venezuela to the USA and the Antilles) and ESU-2 (Atlantic Brazil and the Guyanes).
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Implicagdes dos dados genéticos para a conservagao dos peixes-bois

Implications of genetic data for manatee conservation

unico estudo genético feito com a espécie de peixe-boiafricano (VIANNA

et of, 2006a) indica que ha estruturagdo populacional de acordo com as
bacias fluviais da Africa odidental. No entanto, esta espécie carece urgentemente
de estudos genéticos e ecoldgicos, sendo a menos conhecida e esta atualmente
muito ameagada, ndo apenas pela caga, mas também pela construcio de varias
barragens nos rios do oeste da Africa, que estdo isolando artificialmente as
popdaq&es que antes eram conectadas.

as de peixe-boi onico n3o tenham d

77: anly genctic study corried aut with the Africon manatee (VIANNA et o!, 26066)
indicates popuistion structuring Gecorsing to the West African river basins. However,
this species is in urgent need of genetic and ecological studiss, being the lesser knosn
manctee species and currently highly threatenad not only by poaching, but also by the
w—sl{ur.‘:on of severg! dﬂmx in the rivers of West Africo thot are artificiolly isclating the
that were pr fy

Mmmmmmmmmmmamw

pop.mon structuring as seen in the marnine spedes, the modercte inter-popuiction

uma estruturagio pcpulauonal mmada como vlslo para a espécie marinha,
a dnf!rencmgo |merpopulaooml moderada (Fst~0.20) indica que pode haver
poptbqoes amazoufas com um relativo isolamento das demais (VIANNA et of,
2006a; SAﬂZABAL etal, 2012). No emmn ainda falta um esmdo dﬁalhado das
de varias sub-badias para d dar a e i

populacional desta espécie, com finalidade de sugerir translocagdo de individuos
entre as diversas freas na Amazdnia. Com os dados existentes, o ideal & manter
os eventos de translocagdo de individuos, caso se fagam necessrios, restritos a
uma mesma sub-bacia (SATIZABAL et al, 2012).

O peixe-boi-marinho é a espécie de sirénio mais estudada cientificamente,
principalmente a populagio da Flérida, nos Estados Unidos. Também ¢ a espécie

{Fst-0.20] indicates there may be some Amazonion populations refatively
uah!:d from o(hers (VIANNA et ol, 20050, SATIZABAL et al, 2012). However, we still fack
o deralled study of the populations from several sub-basins to unvel the structure and
evolutionary dynamics of this spacies, with the purpose of ing the transiocction
of individuols among the various areas in the Amazon. With the exdsting data, the idecl
is to mointain the transiocation of individuals, whenever required, restriced to 6 same
sub-bosin (SATIZABAL et ot 2012,

The West Indian mangtee is the most scientificol) iy studied sirenian species, mainly
the popuiction from Fiorida in the United Stotes. It i Glso the species with most genetic
data generated from G representative sample of almost Gll i current distribution.
For this reason, T. manctus & the sirenian species with most genetic evidence that
w@n Mbewedmmmmmmmaﬂmpum of ex-situ and in-s2u

% As evidenced in several genetic stucies with mtDNA and

com mais dados genéticos geudos apartirde uma ivade
quase toda a sua distribuicdo atual. Por isto, T manotus é a espéde de sirénio com
mais evidéncias genéticas que ji podem ser utilizadas na pritica da conservagio
¢ elabom:ao de estratégias de mancjo ex-situ e in-situ. Como evidenciado em

m.uy, siations have low diversity and are endogamos, for exampie,
the popuiotions of the extreme of the distnbution, in Fiorido (USA) and Branl The
relzose of individuals in these Greos can be promoted with the intention of increcsing the
locol genetic diversity or even recolonizing an Grea where the species wes locally extinet.

For this, evidences of evolutionary dynamics in this species must be taken into occount,
varios eslud.os gcnem:os coJm qN:_Rm\ c mucrosulelulcs. mu:las populaqocs tém such as the identification of two ESUs (Figure 4), the two population groups that were
baixa e sdo ) por do long enough for the m‘ ampwe fre . These molecule
da distribuic3o, na Florida (EUA) e Brasil. A liberagio de lndhnduos nestas areas differences between the ESUS are ¢ d analy
pode ser promovida com a intengdo de tar a d ética local of skl geometric morphometnics (BARRCS, 2614,, demanstrat ing that the razilion T.

ou até mesmo recolonizar uma drea onde houve extingo local da espécie, Para
isto, temos de utilizar evidéncias da dindmica evolutiva nesta espéde, tal como
a identificagdo de duas ESUs (Figura 4), os dois grupos populacionais que foram
separados por tempo suficiente para o acimulo de diferengas adaptativas. Estas
diferencas moleculares entre as ESUs sdo corroboradas por anilises citogenéticas
e anilises de morfom etm geométrica dos cranios (BARROS, 2014) demonstrando
que a popul: de T possui caractenisticas diferentes das
popdaqoes do Caribe e da Florida (EUA). Portanto, as evidéncias moleculares,
citogenéticas e morfolégicas (VIANNA et al, 2006a,b; NOURISSON et ol, 2011;
PARR et of, 2012; BARROS, 2014) ndo estdo de acordo com a classificagdo
subespecifica reconhecida para T. manatus (DOMN|NG e HAYEK 1986), sugerindo
que deve ser feita uma revis3o taxondmica neste tixon.

No manejo de T os p de ¢do e
de peixes-bois devem considerar as duas ESUs como unidades mlmeme
independentes de manejo, isto ¢, as liberagdes de individuos ao ambi natural
ndo devem ocorrer entre diferentes ESUs, separadas ha varios milhares de anos
(Figura 3). Outras consideragdes podem ser feitas no nivel microgeografico para
tentar manter o padrao de fluxo génico de curto prazo, isto &, a preferéncia de

acasalamento filopatrico das populagées de peixe-b arinho coma g it
identificado por alguns estudos (HUNTER et al, 2010, 2012 NOURISSON etal,
2011; TUCKER ez al, 2012; SATIZABAL et of, 2012). No entanto, este tipo de manejo

It 4

menotus population has different choracteristics from the populations in the Ceribbean
and Florida (USA). Therefore, the malecular, gytogenetic and marmphologico! evidence
{VIANNA et cl, 200€0,b; NOURISSON et o, 2011; PARR et ol, 2012 BARROS, 2014)
Gre not in cecordanoe with the sub-specific classification recognized for T. manatus
(DOMNING and HAYEK, 1585), suggesting the need far a toxanamic revision of this
taxon.
in T. manatus of ion and

should consider the two ESUs csWMepefderﬂrmmgmm ie the release of
individuals to the natural v showld not cecur between different ESUs, which
have been separoted for several thousond years (Figure 3). Other considerotions can be
made ct the microgeographic level to attempt the maintenance of the short term gene
flow pattern, thot is, the preference for philopztnc mating of morotee populations oS
predously identified by some studies (HUNTER et al, 2010; 2012, NOURISSON et al,
2011, TUCKER et of, 2012, SATIZABAL €t oL, 20)2). However, this type of monagement
is only odviscble if the popuictions are reictively large or growing, ond the increase
of local genetic diversity or the reccionization of oreas ore not priority gools. in the
Brozian papulotion of T. monatus, even if there are genetic differences ond some
geogrophic structure a!m; the ceast, oll individuals bcrmg to the same ESU (Aticntic)
ond breeding between any individuals of this ESU, indluding the Guyanas, should

A0 reSULL D OLTBIPRGING CEPresSIan, EXCEC i INErPEGc yBncs are involved (see
below). Therefore, given that 6 low genetic civersity was demonstroted in the Brazilicn
population (VIANNA et af, 2006a; LUNA ct al, 2012), the transiocation of individuals
between different areas of the Brezilion coast may be o viable strategy o reduce the loss
of diversity from dnifting and increased local ink

However, another significant conservotion cancern arcse in South Americo with
the detection of interspecific hybnidizotion between the Amaronion and West indian
mangtees (VIANNA et ol, 20060). 1t is o known fact thet the process of interspecific

$6 é aconselhavel seas populaqaes forem g ouem

co to da genética |ocal ou Jonizagao de dreas nao forem
metas prioritarias. Na populagdo brasileira de T mesmo que existam
diferengas genéticas e alguma gdo geogréfica ao longo do litoral, todos
os individuos pertencem 3 mesma ESU (Atlantico) e ¢ entre g
individuos desta ESU, inclusive das Gunnas. n3o devem resultar em depnsao

exogamica, exceto se houver h specificos lvidos (ver abaixo).
Portanto, como foi demonstrada uma baixa diversidade genética na populagio
brasileira (VIANNA et of, 2006a; LUNA et al, 2012), a translocagdo de individuos
entre &reas diferentes do |itoral brasileiro pode ser uma estratégia vivel para
iminuir a perda de di por deriva e 0 aumento da endogamia local.

Entretanto, outra grande preocupagdo de conservagio apareceu na Ameérica

do Sul com a de(ccglo de hibridizagdo interespecifica entre os pebes-bois-
mamhos e amazomco (VIANNA et gl, 2006a). Sabe-se que o processo de
ifica ocorre | na evolugdo de virios grupos

taxonémltos (ALLENDORF etal, 2001), porém este fenémeno pode ser disparado
por agdes antropegénicas que promovem o declinio pepulacional das espécies
ameagadas, fazendo com que os individuos de sexos e espécies diferentes
possam cruzar mais frequentemente, @ que se tornam raros os encontros de
individuos de mesma espécie (VILACA et gL, 2012). A hibridizagdo pode gerar
individuos com menor sohmnvencn e/ou viabilidade reprodutiva e aumentar a
chance de extingdo das | aquelas que ja estio com uma
populagdo muito dxmlnmda (AllENDORF et of, 2001). Este resultado negativo
da hibridizacdo é conhecido como depressd imica, que também pode ser
vislo em alguns cruzamentos intraespecificos, quando este se dd entre individuos

il e com ad. locais diferentes, como entre as
duas ESUs dc pcn(e-bo»-mannho (Flgura A).
Por causa das varias diferengas citogenéti dmica: rfolégicas e

hybridizot eccurs naturally in the evolution of various taxencemic groups (ALLENDORF
etal, 2001). This phenomenon, however, may be triggered by anthropogenic octions
that promote the decline of endangered species popuictions, aousing individuals of
different sexes ond species to come atross move often, since the meetings of individuals
of the some species becane rarer (VILACA ef ol, 2012). Hybridzation can generole
individuals whlammmmd/onemdme vishity and increase the chance of
species extinction, moinly for those popuiations that are alreogy reduced (ALLE! "‘Ot?i
et al, 2001). This negative resuit of hybridization i known as
and can olso be obsenved In some Introspecific breeding, when this a':urs L\"w\'w
individuals of differing papuictions with different loce! adaptatians, such os between the
two V':hl Indicn mangtee ESUs (Figure 4)
Becouse of the multiple ¢/mg genomic, momhological and ecology

(cdoptations) differences betacen the tve Scuth American monotee species, these
hybrids should hove low vichility and fertility in noture. However, since ct least cne
second generolion hybeid has been feund (VIANNA ef of 20060; PARR ef ol, 2012, it
mﬂﬂmsmmpﬂnﬁrwmwwﬂr/wm encbling the genes
of o species to be transferred to another, resulting in the phenomenon of introgression.
Thus, some individuds of this hybricizction Grea on the coost cround the mouth of
the Amazon (Figure &) con be g animak of F2 g of mare, which
may ocaupy @ niche similor to thae of the porental species. in any case, the presence of
hybrids of reduced sunival stenle or with low fertility in this hybnidsction zone should
greatly reduce the populction’s cdgptive value, which, consequently, can lead o local
extinction.

Due to the occurrence of hybrids Ground the mouth of the Amazen and in the
coastol oreas of the Guyanas (and Amopd), besides FPord and Maranhde, as well as in
the fiuwsio! stretches near the mouth of the Amazon River (Figure 4), any reintroduction

ecolégicas (adaptagdes) entre as duas espécies sul—amenanas de peixe-boi, estes
hibridos devem possuir baixa viabdidade e fertilidade na natureza. No entanto,
visto que foi encontrado pelo menos um hibrido de segunda gerag3o (VIANNA
et al, 2006a; PARR et gL, 2012), parece ndo haver infertilidade completa entre
as fémeas hibridas F1, posslbllllando quc 0s genes de uma cspcuc possam ser
transferidos para a outra, no fi dai . Assim, alguns
individuos desta drea ce hlbndgao no litoral ao redor da foz do Amazonas
(Figura 4) podem ser animais mlrogremdos de geudo F2 ou mais, que podem

ocupar um nicho parecido ac das espé [2 De lquer forma, a
presenga de hibridos de sobrevivéncia reduzida, estéreis ou zom baixa leml»dade
nesta zona de hi 30 deve reduzir b ovalorad.

que consequentemente, pode levar 3 exting3o local.

Devido a ocorréncia de hibridos ao redor da foz do Amazonas e nas areas
costeiras das Guianas (e Amapa), além do Pard e Maranhio, assim como nos
trechos ﬂuwals pvanmos a foz do R|o Amazonas (Figura 4), qualquer translocagio
ou desta drea deve ser monitorada
gmmm Isto deve ser feito para evitar a depressio exogamica nas
areas onde estes animais forem Ilberados. tanto para as popubqoes cde peore—
boi inho quanto 0. caso os il
a reintrodugdo sejam identificados como hibridos, eles ndo deveriam ser
reintroduzidos na natureza.

or ion imolving individucls originating from this arec must be genetically
monitored. This must be done to o/0id exogamous depression in arecs where these
Grimals are relecsed, for both the West Indian and the Amazonion manatee populgtions.
Therefore, incividuals identified as hybrids should not be reintroduced to nature,
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