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RESUMO

Eventos de hibridizacdo em tartarugas marinhas geralmente sdo esporadicos e envolvem
relatos de um ou poucos individuos. No entanto, as populacOes brasileiras apresentam
indices elevados, o que pode ser preocupante devido ao estado de ameaca mundial
destes animais. Na area de desova da Bahia foi reportado que 42% das fémeas de
tartarugas-de-pente Eretmochelys imbricata eram hibridas com cabecudas Caretta
caretta, e 2% hibridas com olivas Lepidochelys olivacea. Os hibridos imaturos
originados desta area ja foram registrados no Ceara e Rio Grande do Sul, assim como
Uruguai e Argentina. O presente trabalho investigou a hibridizacdo em tartarugas-de-
pente imaturas no Atlantico Sul Ocidental (ASO) permitindo estudar a populacdo
independente de género ao contrario dos estudos anteriores que eram voltados apenas a
fémeas em area de desova. Através de marcadores do mtDNA (regido controle — D-
Loop) e nDNA (RAG1, RAG2 e CMOS) foram analisadas amostras de 270 tartarugas
imaturas, do nordeste do Brasil ao Uruguai. Foi possivel identificar 22 tartarugas
hibridas em 270 analisadas (~8%), sendo que onze delas (50%) ocorreram na Praia do
Cassino (RS), no extremo sul do Brasil. Esta area apresenta a maior frequéncia de
hibridos ao longo do ASO (~30%), seguida pelo Uruguai com 25%. Estas areas sao
comuns para tartarugas-cabecudas, porém incomuns para tartarugas-de-pente. Desta
forma, os hibridos Ei x Cc podem estar adotando comportamento caracteristico de C.
caretta apesar de possuirem morfologia predominante de E. imbricata. Através de
analises de agrupamento dos trés marcadores do nDNA foi possivel inferir que 50%
destes hibridos pertencem a geracdo F1 e 36% sdo resultado de retrocruzamentos entre
hibridos e E. imbricata puras (>F1). Além disso este trabalho reporta, pela primeira vez,
hibridos imaturos de E. imbricata com L. olivacea na regido, observados no Ceara (n=2)
e Espirito Santo (n=1). Considerando o a elevada frequéncia de hibridos observada no
ASO, um monitoramento continuo deve ser realizado para avaliar a aptidao, integridade
genética e detectar a extensdo das mudangas nos patriménios genéticos das populacdes

envolvidas, para garantir sua conservacao.

Palavras-chave: Hibridizagdo, Cheloniidae, Marcadores genéticos, Atlantico Sul
Ocidental, Distribuicéo de hibridos, Conservagao.



ABSTRACT

Marine turtle hybridization events are usually sporadic and involve reports of
few individuals; however, Brazilian populations have high hybrid rates, which
could be concerning due to the endangered status of these animals. At the
Bahia state rookery, it was reported that 42% of nesting hawksbill turtles
(Eretmochelys imbricata) were actually hybridized with loggerheads (Caretta
caretta), and 2% with olive ridleys (Lepidochelys olivacea). Immature hybrids
originating from this area have been registered in Ceara and Rio Grande do Sul
states, as well as Uruguay and Argentina. The present work investigated
hybridization in immature hawksbills along the South Western Atlantic (SWA).
Through mitochondrial DNA (control-D-Loop) and nuclear DNA (RAG1, RAG2
and CMOS) markers. Immature turtles (n = 270) from the northeastern Brazilian
to Uruguay were sampled and analysed. Based on mitochondrial and nuclear
DNA, we identified 22 hybrid turtles (~ 8%) with 11 (50%) of them occurring at
the extreme South of Brazil. This area presented highest hybrid frequency at
the SWA (~30%) followed by Uruguay with 25%. These are common areas for
loggerheads but uncommon for hawksbills; therefore, EixCc hybrids may be
adopting the behavior of C. caretta despite having predominant morphology of
E. imbricata. By analyzing three nuclear markers, it was possible to infer that
50% of these hybrids are first generation (F1) and 36% are the result of
backcrosses between hybrids and pure E. imbricata (> F1). In addition, we
report for the first time immature E. imbricata x L. olivacea hybrids at the region,
observed in Ceard (n = 2) and Espirito Santo (n = 1). Considering the high
frequency of hybrids at the SWA, continuous monitoring should be performed to
assess the fitness, genetic integrity and the extent of changes in the gene pools
of involved populations. This is fundamental to evaluate if hybrid management
should be considered, and ensure the conservation of SWA marine turtles.

Keywords: Hybridization, Sea turtle, Cheloniidae, Genetic markers, South Western

Atlantic, Hybrid distribution, Conservation.



1.  INTRODUCAO

Das sete espécies existentes de tartarugas marinhas, cinco estdo presentes no
Brasil: a tartaruga-de-couro (Dermochelys coriacea), tartaruga-de-pente (Eretmochelys
imbricata), tartaruga-cabecuda (Caretta caretta), tartaruga-verde (Chelonia mydas) e
tartaruga-oliva (Lepidochelys olivacea). Estas espécies utilizam a costa brasileira para
reproducéo, alimentacdo e desenvolvimento (Santos et al., 2011). De modo geral, o ciclo
de vida destes animais envolve extensas migracdes e mudancas ontogenéticas de habitat e
alimentacgo: ap6s entrarem no mar, os filhotes iniciam uma fase oceénica, seguida por
uma fase neritica quando recrutam para areas de alimentagdo costeiras. Com a maturidade
sexual, as tartarugas geralmente realizam migracdes de larga-escala entre areas de
alimentacéo e reproducéo (Bolten, 2003).

Considerada a mais tropical das espécies, E. imbricata se distribui em regides
costeiras de todos os oceanos, associada principalmente a recifes de coral (Le6n &
Bjorndal, 2002; Proietti et al., 2012). No Brasil as tartarugas-de-pente imaturas distribuem-
se em todo o litoral Norte-Nordeste e, com menor frequéncia, no Sul-Sudeste (Marcovaldi
et al., 2011). A tartaruga-cabecuda, por outro lado, apresenta distribuicdo mais ampla,
utilizando &reas costeiras ou oceénicas desde zonas equatoriais a temperadas (Witzell,
2002). No Brasil, a distribuicdo de C. caretta imaturas ao longo da costa ndo € bem
conhecida, mas esta espécie é frequente em aguas temperadas da plataforma continental do
Rio Grande do Sul (Monteiro et al., 2016), com registros também no litoral do Ceara
(Santos et al., 2011).

As areas de reproducdo de E. imbricata tém sobreposicdo espacial e temporal
com as de C. caretta: nas principais areas de desova das duas espécies — norte da Bahia e
Sergipe — a época reprodutiva de C. caretta tem inicio em setembro e termina em fevereiro
(Santos et al., 2011), e a de E. imbricata inicia em novembro e se estende até margo
(Marcovaldi et al., 2011). Nesta regido sdo reportados altos indices de hibridizacéo entre
estas duas espeécies (Vilaga et al., 2012). A hibridizacdo é a producéo de descendentes pelo
cruzamento entre populacbes ou especies geneticamente diferentes (Harrison, 1990).
Considerado um processo natural na evolucdo, também pode ser gerada por fatores
antropogénicos como diminui¢do de tamanhos populacionais, modificacdo de habitats e

introducdo de espécies ndo-nativas, e pode resultar na extin¢do de espécies, subespécies e



populacdes locais (Allendorf et al., 2001). A hibridizacdo natural entre tartarugas marinhas
da familia Cheloniidae ja foi relatada entre diferentes espécies (Tabela 1), e a inexisténcia
de barreiras reprodutivas (Seminoff et al., 2003), juntamente com a compatibilidade
cromossdmica entre elas, € uma possivel causa para este intercruzamento (Karl et al.,
1995).

Tabela 1- Trabalhos que reportam hibridizacdo entre tartarugas marinhas da familia Cheloniidae, e as

respectivas espécies envolvidas.

Espécie A Espécie B Referéncias
Eretmochelys imbricata Chelonia mydas Wood et al.,1983; Seminoff et al., 2003
Eretmochelys imbricata Caretta caretta Karletal, 1_995_3; Vilaga etal., 2012

Proietti et al.,2014a
Eretmochelys imbricata  Lepidochelys olivacea Vilaca et al., 2012
Chelonia mydas Caretta caretta Karl et al., 1995; James et al., 2004
Caretta caretta Lepidochelys olivacea Vilaca et al., 2012
Caretta caretta Lepidochelys kempii Karl etal., 1995

Eventos de hibridizacdo em tartarugas marinhas geralmente sdo esporadicos e
envolvem relatos de um ou poucos individuos; no entanto, as populacGes brasileiras
apresentam indices elevados, o que pode ser preocupante devido ao estado de ameaca
mundial destes animais (IUCN, 2018). Na area de desova da Bahia, Lara-Ruiz et al. (2006)
observou que, das fémeas de E. imbricata analisadas (n = 119), 42% eram na realidade
hibridas com C. caretta e 2% hibridas com L. olivacea. Ja em estudo realizado por Reis et
al. (2010) com 204 fémeas de C. caretta em quatro locais de desova (Rio de Janeiro,
Espirito Santo, Bahia e Sergipe), foi observado que das 51 fémeas amostradas no Sergipe
14 eram hibridas de C. caretta e L. olivacea, enquanto nas demais areas nenhum hibrido
foi encontrado. A avaliacdo de hibridos imaturos é mais desafiadora devido a logistica
envolvida para a amostragem de individuos nesta fase de vida, mas é de extrema
importancia para verificar a sobrevivéncia e caracteristicas da prole resultante deste
processo. Além da costa brasileira, no Atlantico Sul Ocidental ja foram reportadas
ocorréncias de C. caretta e E. imbricata no Uruguai e Argentina (Alvarez-Varas et al.,
2016; Prosdocimi et al., 2014). A ocorréncia de E. imbricata no litoral do Uruguai é baixa,

com registro de apenas trés individuos durante doze anos de monitoramento realizado pela



ONG Karumbé (Vélez-Rubio et al., 2013). No entanto, ao longo destes monitoramentos
diversas tartarugas com morfologia inconclusiva na determinacdo da espécie tém sido
observadas (A. Fallabrino, comunicagdo pessoal).

A causa desta elevada hibridizagdo ainda ndo é bem compreendida, e seu efeito
sobre as populagdes brasileiras sdo desconhecidos. Com base nisso, sd0 necessarias
maiores investigacdes quanto a ocorréncia de tartarugas hibridas no Brasil, para avaliar se
esta hibridizacdo afeta sua distribuicdo, sobrevivéncia, e ecologia. Estas informacdes sdo
essenciais para identificar possiveis efeitos deletérios para as populagdes, e definir se
medidas de manejo tartarugas hibridas sdo requeridas. O uso de ferramentas moleculares
facilita a identificacdo e caracterizacdo do processo de hibridizacdo, e marcadores do DNA
mitocondrial (MtDNA) e nuclear (nDNA) tém sido crescentemente utilizados para detectar
e estudar tartarugas marinhas hibridas (ver Tabela 1). O mtDNA é herdado apenas
maternalmente, e a analise somente deste marcador produz informagdes limitadas; por
exemplo, se um hibrido F1 ou >F1 for morfologicamente similar a espécie representada
pelo mtDNA, este marcador ndo identificara a hibridizacdo. Ja o nDNA sofre
recombinacdo dos dois progenitores, e permite identificar a ocorréncia de genes de
diferentes espécies mesmo quando o hibrido apresenta caracteristicas morfologicas de
apenas uma delas (Vilaca and Santos, 2013). Desta forma, a combinacdo do uso de
marcadores do mtDNA e nDNA auxilia no reconhecimento de individuos hibridos,
permitindo melhor avaliar sua distribuicdo, nimero de geragdes (hibridos F1, >F1), e
ocorréncia de introgressdao com espécies parentais puras (Sunnucks, 2000). Identificar o
grau de introgressao entre as espécies é de suma importancia para avaliar possiveis perdas
de adaptacdes locais e aptiddo das populacées envolvidas (Allendorf et al., 2001).

Considerando a elevada ocorréncia de hibridos na costa do Brasil, e o potencial
impacto desta hibridizacdo nas populacdes brasileiras de tartarugas marinhas, este estudo
objetivou melhor entender este fenbmeno através da analise da frequéncia, padrdes de
hibridizacdo, e distribuicdo espacial de E. imbricata x C. caretta hibridas imaturas no
Brasil. Através da analise combinada de marcadores do mtDNA (regi&o controle) e nNDNA
(RAG1, RAG2 e CMOS), avaliamos se: 1) o uso de multiplos marcadores aumenta a
deteccdo de hibridos imaturos; 2) as tartarugas hibridas possuem tendéncia espacial na sua

distribuicdo; e 3) os hibridos imaturos identificados sdo de primeira geragdo (F1), resultado



do cruzamento entre hibridos (F2), ou de introgresséo entre hibridos e espécies parentais
puras (>F1).

2. OBJETIVOS

2.1. Objetivo Geral
Avaliar a frequéncia de ocorréncia, distribuicdo, espécies parentais e nimero
de geracGes dos hibridos imaturos de tartarugas-de-pente (Eretmochelys imbricata) no
Atlantico Sul Ocidental.

2.2. Objetivos especificos

e Identificar os haplotipos da regido controle do mtDNA (D-Loop) e de trés
genes autossomais (RAG1, RAG2 e CMOS) das amostras;

e Reavaliar a frequéncia de ocorréncia de hibridos imaturos na costa brasileira
com base no uso combinado de marcadores do mtDNA e nDNA;

¢ Identificar os padrbes de cruzamento entre hibridos e espécies puras;

e Comparar a distribuicdo espacial dos animais hibridos em relacdo aos

padrdes de distribui¢do das espécies puras.

3. MATERIAL E METODOS

3.1. Amostragem

Neste trabalho foram utilizadas 270 amostras de epiderme e/ou musculo obtidas
da nadadeira anterior de tartarugas-de-pente imaturas (comprimento curvilineo de carapaca
— CCC — de 13 a 111 cm) acidentalmente capturadas na pesca, encalhadas na praia ou
capturadas intencionalmente em mergulho ou rede, ao longo da costa brasileira e Uruguai.
No Brasil, as amostragens ocorreram nos Arquipélagos de Sdo Pedro e Séo Paulo (ASP) e
Abrolhos (AB), no litoral dos estados de Alagoas (AL), Bahia (BA), Ceara (CE), Espirito
Santo (ES), Rio de Janeiro (RJ), Santa Catarina (SC), Sergipe (SE), e na praia do
Cassino/RS (CA) (Figura 1). Amostras adicionais do litoral do Uruguai (UY) foram

cedidas pela ONG Karumbé. Todas as amostras tiveram seu mtDNA caracterizado (sendo



158 descritas em Proietti et al., 2014b). Para 0 nDNA foram analisadas 141 amostras,

priorizando os locais onde os hibridos haviam sido identificados através do mtDNA.

ASP (12/0)
0°0* E
— CE (56/26)
10°0's |- “AL (6/3) .
—SE (1/0)
— BA (61/37)
AB (75/36)
.
20°0's b
30°0'S B
Uy (7/8)
1 1 1 1 1
T0°0W 60°0'W 50°0W 40°0W 30°0W

Figura 1. Locais de coleta das amostras no Atlantico Sul Ocidental, indicando o nimero de individuos
analisados para mtDNA/nDNA. ASP — Arquipélago de Sdo Pedro e Sédo Paulo, AB — Arquipélago de Abrolhos,
AL — Alagoas, CA — praia do Cassino, CE — Ceard, BA — Bahia, ES — Espirito Santo, RJ — Rio de Janeiro, SC —
Santa Catarina, SE — Sergipe, UY — Uruguai.

3.2. Analise molecular

O DNA genbmico foi extraido através de kits de extracdo (Qiagen DNEasy
Extraction Kit), segundo protocolo do fabricante. Fragmentos da regido controle do
mtDNA (~850 pb) foram amplificados atraves de Reacdo em Cadeia da Polimerase (PCR)
utilizando os iniciadores LCM15382 e H950 (Abreu-Grobois et al., 2006), sob as seguintes
condicOes: 5° de desnaturagdo a 94°C; 36 ciclos de 30°” a 94°C, 30°* a 50°C, 1’ a 72°C;
extensdo final de 10’ a 72°C. Fragmentos de nDNA foram amplificados usando
iniciadores previamente descritos por Vilaca et al. (2012) para trés diferentes genes: o fator
de maturag&o do oocito (CMOS — 601 pb e 13 sitios polimérficos), e dois genes ativadores
da recombinacdo somatica (RAG1 — 368 pb e dez sitios polimorficos; RAG2 — 620 pb e
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oito sitios polimorficos). Estes marcadores foram selecionados por apresentarem melhor
diferenciacdo entre hibridos e ndo-hibridos entre os ja descritos para estudos de
hibridizacdo em tartarugas marinhas (Vilaga et al., 2012). As condi¢6es da PCR para estes
marcadores foram: 5° de desnaturagdao a 94°C; 35 ciclos de 30>’ a 94°C, 1’ sob
temperatura de anelamento especifica (62,5°C para RAG1 e 67°C para RAG2 e
CMOS), 1’ a 72°C; e uma extensdo final de 10’ a 72°C. Cada marcador utilizado nas
analises de nDNA apresentou um numero de amostras distinto, uma vez que nem sempre
foi possivel amplificar os trés marcadores para os individuos analisados devido a qualidade
do DNA extraido.

Apo6s a amplificacdo, os produtos foram purificados com Kits de Purificacdo (GE
Healthcare) e quantificados através de espectrofotometria utilizando um quantificador
molecular (BioDrop uLITE). Os produtos purificados foram sequenciados utilizando os
servicos da empresa Macrogen (http://dna.macrogen.com/eng/). A anélise de qualidade das
sequéncias obtidas, tanto para 0 nDNA quanto para 0 mtDNA, foi realizada com o
software Chromas 2.6.5 (https://technelysium.com.au). Os fragmentos de mtDNA (740 pb)
foram alinhados utilizando a ferramenta Clustal W (Larkin et al., 2007), implementada no
programa BioEdit 7.0.9 (Hall, 1999). As sequéncias obtidas foram classificadas de acordo
com o GenBank (https://www.ncbi.nlm.nih.gov/) e banco de dados do Archie Carr Center
for Sea Turtle Research (http://accstr.ufl.edu/resources/mtdna-sequences/). Todos 0s
individuos foram identificados morfologicamente como E. Imbricata (de acordo com
Mortimer e Donnelly (2008); os que possuiam mtDNA de outra espécie foram
considerados hibridos com base neste marcador. Para 0 nDNA, a analise das sequéncias foi
feita utilizando a ferramenta PHASE do software DNAsp (Librado and Rozas, 2009), para
a identificacdo do haplétipo de cada alelo dos marcadores analisados. Os hapl6tipos de
nDNA, previamente descritos por Vilaca et al. (2012; Material Suplementar 1) sdo em sua
maioria espécie-especificos, exceto dois hapldtipos do RAG1 compartilhados entre E.
imbricata e L. olivacea.

Para caracterizar a hibridizacao e introgressao, foram utilizadas as consideracdes
apresentadas por Vilaga et al. (2012): “hibridos F1 exibem, para todos os loci, dois alelos
derivados de diferentes espécies (e.g. um hibrido F1 de C. caretta x E. imbricata mostra
para todos os loci um alelo de C. caretta e um de E. imbricata), enquanto a introgresséo

(>F1) e inferida quando, para uma amostra, um ou mais loci exibem os dois alelos da
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mesma espécie (e.g. para 0 RAG1 o individuo apresenta os dois alelos de C. caretta, sendo
dois alelos do mesmo hapl6tipo ou hapl6tipos distintos, desde que ambos sejam exclusivos
de C. caretta).

3.3. Analise de dados

Para atualizar a frequéncia de ocorréncia e distribuicdo de hibridos imaturos ao
longo da costa brasileira com base no mtDNA, reunimos as sequéncias do D-Loop das 112
amostras analisadas neste trabalho com os 158 apresentados por Proietti et al. (2014b).
Com base no hapldtipo caracteristico identificado para cada amostra, foi construida uma
rede haplotipica utilizando o software PopArt (Leigh and Bryant, 2015), baseada no
método Median-Joining (Bandelt et al., 1999).

Métodos de agrupamento com abordagem Bayesiana foram utilizados para
detectar o nivel de introgressdo atraves dos softwares STRUCTURE (Pritchard et al.,
2000) e NewHybrids (Anderson and Thompson, 2002), com base nos marcadores do
nDNA. Foi utilizada a base de dados gerada por Vilaga et al. (2012), pois estes programas
requerem as informacdes sobre os haplotipos caracteristicos de cada espécie para inferir
sobre os individuos analisados. A analise no STRUCTURE foi realizada assumindo
frequéncias alélicas ndo-correlacionadas no modelo que prevé mistura (admixture
model), com burn-in de 100.000 e 1.000.000 randomizac@es coletadas via Cadeia de
Markov (MCMC), e valor de K variando de 1 a 10, com 5 iteracdes independentes. A
variavel K equivale ao possivel nimero de populagdes geneticamente distintas que
melhor explica o conjunto de dados, e a escolha do melhor K foi realizada usando a
ferramenta online CLUMPAK (Kopelman et al., 2015), segundo o método Evanno
(Evanno et al., 2005). Esta ferramenta também fornece uma saida grafica para cada um dos
valores de K obtidos.

A anélise no NewHybrids foi implementada considerando seis classes para
identificacdo: duas classes para espécies puras (Ei e Cc), e quatro para os hibridos —
primeira geragdo (F1), segunda geracdo (F2) e retrocruzamento com espécies puras (F1XEi
e F1xCc) — uma vez que nenhum hibrido acima de F2 poderia ser estatisticamente
detectado por este metodo (Anderson and Thompson, 2002). Esta anélise foi realizada com
burn-in de 10.000 e 1.000.000 randomizagdes coletadas via Cadeia de Markov (MCMC).

Para inferir sobre hibridizacdo, o NewHybrids utiliza um modelo que considera apenas
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duas espécies parentais puras envolvidas, portanto neste caso utilizamos as amostras
identificadas por Vilaca et al. (2012) como sendo de E. imbricata e C. caretta, sendo
excluida da andlise as demais espécies do banco de dados utilizado. Desta forma, as
amostras “CE32” e “CE43” ndo foram consideradas nesta analise, por possuirem mtDNA

de L. olivacea.

4.  SINTESE DOS RESULTADOS

4.1. mtDNA

Nos analisamos 0 mtDNA de um total de 270 individuos distribuidos ao longo
dos 11 locais de coleta, com base nos fragmentos de 740 pb da regido controle (D-
Loop). Foram identificados 15 haplétipos, sendo onze tipicos de E. imbricata e quatro
de outras espécies. Dos haplétipos de outras espécies, trés sdo especificos de C. caretta
(CCA4.2 - 5.6%, CCA4.1 — 0.7% e CCA24.1 — 0.4%), e um de L. olivacea (Haplétipo
F — 1.1%), sendo todos endémicos de areas de desova do Brasil (Bowen et al., 1998;
Shamblin et al., 2014).

Observamos um predominio do haplotipo EiA0L, encontrado em todas as areas
amostradas, com frequéncia de ocorréncia total de 78%. Haplétipos puros menos
frequentes foram EiA62 (6%), EiA32 (4%), EIAQ9 (1%), e haplétipos raros — com
apenas um registro de ocorréncia cada — foram EiAll, EiA23, EiA24, EiA28, EiA61,
EiA76 e EiA92. Duas tartarugas-de-pente hibridas com L. olivacea foram encontradas
no Espirito Santo e uma no Ceara, todas apresentando o haplétipo F. Ao todo 17
hibridas com C. caretta foram observadas em cinco locais, sendo dez no Cassino, uma
em Alagoas e duas em cada um dos demais locais — Bahia, Ceard, e Uruguai. Os
registros apresentam predominio do hapl6tipo CCA4.2, sendo um em Alagoas (n total =
6), dois na Bahia (n total = 61), dois no Ceara (n total = 56). O Cassino se mostra como
um caso particular, com uma elevada frequéncia de hibridos com trés haplotipos de C.
caretta distintos — CCA4.2 (21%), CCA4.1 (6%) e CCA24.1 (3%) — e a presenca
apenas dos haplotipos mais frequentes em E. imbricata — EiA01 (64%) e EiA62 (6%) (n

total = 33). O Uruguai também apresentou somente dois haplétipos frequentes de E.
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imbricata — EiA01 (50%) e EiA32 (12.5%) — mas apenas um haplotipo de C. caretta, o
CCA4.2 (37.5%) (n total = 8).

4.2. nDNA

Foram encontrados seis hapl6tipos para o marcador RAG1 (n = 126): Hap3,
espécie-especifico de E. imbricata; Hapl e Hap4, compartilhados entre E. imbricata e L.
olivacea; Hap2, caracteristico de C. caretta; Hap8, caracteristico de C. mydas; e um
haplétipo ndo identificado anteriormente (denominado Hapl0O, Apéndice 1 - Material
Suplementar 1). Para 0 RAG2 (n = 89) foram encontrados quatro haplétipos: Hap5,
espécie-especifico de E. imbricata; Hap2, caracteristico de C. caretta; Hap6, caracteristico
de C. mydas; e um haplétipo ndo identificado anteriormente (denominado Hap7, Apéndice
1 - Material Suplementar 1). Para 0 CMOS (n = 35) foram encontrados seis haplotipos:
Hap3, Hap5, Hap9 e HaplO, espécie-especifico de E. imbricata; e Hapl e Hap2,
caracteristicos de C. caretta.

Na analise de agrupamento do STRUCTURE, o melhor K obtido (K = 4) separou
as espécies E. imbricata (Ei), C. caretta (Cc), L. olivacea (Lo) e C. mydas (Cm) em
diferentes grupos, identificando os hibridos que possuem alelos de duas ou mais espécies
distintas. Observando os grupos, todos os hibridos L. olivacea x C. caretta (Lo x Cc)
possuem componentes proporcionais de cada uma das espécies parentais, indicando serem
hibridos F1. Os hibridos de E. imbricata x C. caretta (Ei x Cc) apresentaram diferentes
graus de hibridizacdo. Dentre as amostras analisadas, dois individuos (CA23 e PF06),
classificados como E. imbricata através da analise morfolégica e mtDNA, apresentaram
alelos de C. caretta e por isso aparecem no grupo ‘Ei’ com componentes de ‘Cc’.

Dos trés individuos previamente identificados como hibridos com L. olivacea (Ei
x Lo) atraveés do mtDNA, somente em dois foi possivel amplificar um marcador do nDNA
(RAG1) sendo observado em ambos o hapl6tipo Hapl, compartilhado entre E. imbricata e
L. olivacea. Portanto, ndo foi possivel inferir sobre o grau de hibridizacdo destes
individuos, sendo categorizados apenas como hibridos com base na analise do mtDNA.
Além dos hibridos de E. imbricata x C. caretta identificados previamente pelo mtDNA, foi
possivel identificar dois adicionais (CA23 e PF06), que apresentaram mtDNA de E.
imbricata e NDNA com um alelo de cada uma das espécies parentais puras, para todos 0s

marcadores amplificados. Estes hibridos tém, portanto, a particularidade de possuirem
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mtDNA e morfologia de E. imbricata, fato observado em baixa frequéncia (1%) por
Vilaca et al. (2012). Desta forma, estes dois individuos podem ser: 1) o resultado do
cruzamento entre uma fémea de E. imbricata e um macho de C. caretta (ocorréncia pouco
comum), e portanto geragdo F1; ou 2) o cruzamento de uma fémea E. imbricata com um
macho hibrido Ei x Cc, portanto geracdo >F1. Com base apenas nos dados disponiveis,
ndo foi possivel distinguir entre estas categorias.

Na analise do NewHybrids, todos os individuos ‘puros’ foram corretamente
classificados (P > 0.98) como E. imbricata. Dos 18 hibridos E. imbricata x C. caretta
identificados através do mtDNA, para cinco ndo foi possivel amplificar os marcadores
nucleares utilizados neste trabalho. Sete (AP56, CA24, CA25, CA31, CA36, CE04, CE51)
foram incluidos na categoria F1 (p > 0.90) apresentando em cada alelo um haplétipo
espécie-especifico das espécies parentais e ndo havendo para estas amostras indicio de
introgressdo. Outros cinco hibridos ndo foram detectados nesta analise (CA12, CAl4,
CA22, UY01, UY05) uma vez que possuiam haplotipos espécie-especificos de E.
imbricata para os dois alelos, apesar de possuirem mtDNA de C. caretta, demonstrando

assim indicios de introgressdo com E. imbricata.

5.  CONCLUSAO

Nosso estudo demonstrou a importancia do uso conjunto de marcadores do
mtDNA e nDNA na avaliacdo da hibridizacéo entre tartarugas marinhas. Embora a anélise
do mtDNA seja de suma importancia no estudo de hibridos, a analise também do nDNA é
fundamental para identificar geracGes/espécies parentais, assim como para detectar
hibridos nos casos em que ndo é possivel apenas pelo mtDNA (e.g. retrocruzamento entre
hibridas e fémeas puras). Isto é confirmado pela nossa observacdo de dois hibridos que
possuiam morfologia e mtDNA de E. imbricata, que s6 puderam ser identificados como Ei
x Cc através da anélise de nDNA. Esta observacdo pode ter sido subestimada devido a
limitacdo de ndo ter sido possivel amplificar os trés marcadores de nDNA para todas as
amostras. Outra limitagcdo foi que o Unico marcador nuclear amplificado para todos os
individuos (RAGL1) tem a particularidade de possuir dois haplétipos compartilhados entre

E. imbricata e L. olivacea, ndo sendo possivel inferir conclusivamente sobre a espécie com
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a analise do nDNA. Os eventos de hibridizacao entre E. imbricata e L. olivacea parecem
ser raros, mas estudos adicionais seriam necessarios para a identificacdo de haplétipos
espécie-especificos, permitindo determinar a que geracdo pertencem as tartarugas hibridas
resultantes destes cruzamentos, assim como inferir quanto as espécies.

Levando em conta a elevada frequéncia de hibridos encontrados no Atlantico Sul
Ocidental, estudos de comportamento, distribuicdo, estratégia alimentar, migracoes e
demografia devem ser realizados para tartarugas hibridas. Para isso, rastreamento por
satélite, analise de is6topos estaveis e analises moleculares mais abrangentes como a
gendmica (e. g. andlise de SNPs), sdo técnicas que auxiliariam no entendimento do
processo e permitiriam melhor determinar o papel ecoldgico destes hibridos e sua
influéncia sobre as populacdes de tartarugas marinhas. Segundo Bohling (2016), a maior
preocupacdo quanto aos eventos de hibridizacdo é a extingdo de unidades genéticas,
fenotipicas e/ou evolutivas. Schwartz et al. (2007) sugerem que este processo seja
monitorado bioldgica e ecologicamente, fornecendo uma estrutura para determinar e
acompanhar a extensao da hibridizacao, as tendéncias ao longo do tempo e as respostas ao
manejo.

Atualmente ndo existem diretrizes para 0 manejo de zonas hibridas, e 0s
programas de gestdo realizados tem como foco éareas onde o evento tem causas
antropogénicas como, por exemplo, a alteracdo de habitats (Crispo et al., 2011) e sobre-
exploracdo (Bohling and Waits, 2015). Para evitar a extingdo genética de espécies puras,
animais hibridos podem ser eliminados do estoque reprodutivo através de erradicacdo ou
esterilizacdo; este tipo de manejo ja foi realizado no controle da hibridizacdo entre os
peixes Cyprinodon variegatus e Cyprinodon bovinus, cujo sucesso foi facilitado pela
limitada extensdo geografica do grupo hibrido (Echelle and Echelle, 1997). Considerando
o atual estado de ameaca das tartarugas marinhas e a elevada frequéncia de hibridos na
costa do Brasil, este tipo de manejo deve ser avaliado, embora com cautela. De toda forma,
um monitoramento continuo deve ser realizado para avaliar a aptiddo, integridade genética
e detectar a extensdo das mudangas nos patrimodnios genéticos das populagdes envolvidas,

para garantir sua conservagao.
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Abstract

Marine turtle hybridization is usually sporadic and involves reports of few
individuals; however, Brazilian populations have high hybrid rates, which could
be concerning due to the endangered status of these animals. The present work
investigated hybridization in immature hawksbills along the South Western
Atlantic (SWA) through mitochondrial (D-Loop) and nuclear DNA (RAG1, RAG2
and CMOS) markers, allowing us to better understand the patterns and
characteristics of hybrid offspring. Immature turtles (n = 270) from northeastern
Brazil to Uruguay were sampled and analysed; we identified 22 hybrids (~ 8%),
with eleven of them occurring at the extreme South of Brazil. This area
presented highest hybrid frequency at the SWA (~30%) followed by Uruguay
with 25%. These are common areas for loggerheads but uncommon for

hawksbills, and we believe Ei x Cc hybrids may be adopting the behavior of
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Caretta caretta. By analyzing nuclear markers, it was possible to infer that 50%
of the sampled hybrids are first generation (F1) and 36% are the result of
backcrosses between hybrids and pure Eretmochelys imbricata (> F1). We also
report for the first time immature E. imbricata x Lepidochelys olivacea hybrids at
the Brazilian coast, observed in Cearéd and Espirito Santo states. Considering
the high frequency of hybrids at the SWA, continuous monitoring should be
performed to assess the fitness, genetic integrity and the extent of changes in
the gene pools of involved populations. This is fundamental to evaluate if hybrid
management should be considered, and ensure the conservation of SWA marine
turtles.

Keywords: Hybridization, Sea turtle, Cheloniidae, Genetic markers, South

Western Atlantic, Hybrid distribution, Conservation.

Introduction

Hybridization is the production of offspring by the crossbreeding between
genetically different populations or species (Harrison, 1990), and at least 25% of
plant species and 10% of animal species are involved in hybridization processes
and potential introgression (Mallet 2005). According to Rieseberg and Wendell
(1993), introgression can be defined as "the incorporation of genes from one set
of different populations into another, i.e. the incorporation of external alleles into a
new, reproductively integrated population system". These processes are
considered natural in evolution, and continuous events of interspecific and
intergeneric hybridization may lead to the appearance of new species (e.g. 50-
70% of angiosperms; Whitham et al. 1991). However, hybridization can also be
generated by anthropogenic factors such as decreasing population sizes,
introduction of non-native species and modification of habitats, which may result in
the extinction of local species, subspecies and populations (Allendorf et al. 2001).

Hybridization is common in different vertebrate groups, such as birds
(Crochet et al. 2003), fish (Rosenfield et al. 2004), and marine mammals — the
order Cetacea, for example, has records of hybrids in 20% of species that make

up the group (Crossman et al. 2016). In marine turtles, the occurrence of hybrids
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has already been reported between several species of the Cheloniidae family,
especially the closely related species Lepidochelys olivacea, Caretta caretta and
Eretmochelys imbricata (Bowen and Karl 2007; Naro-Maciel et al. 2008). It is
possible that this interbreeding occurs due to the lack of reproductive barriers
(Seminoff et al. 2003) and a chromosomal compatibility between the different
species (Karl et al. 1995).

Table 1. Hybridization events reported between Cheloniidae marine turtles, the respective

species, number of observed hybrids and country.

Species A Species B #hybrids  Country References
Caretta caretta Lepidochelys kempii 1 USA Karl et al. 1995
Caretta caretta Chelonia mydas 1 USA Garman 1880

4 Brazil Karl et al. 1995

1 Canada James et al. 2004
Eretmochelys imbricata  Caretta caretta 2 USA Karl et al. 1995
Eretmochelys imbricata  Chelonia mydas 1 Suriname  Karl et al. 1995

1 Mexico Seminoff et al. 2003
Eretmochelys imbricata  Lepidochelys olivacea 2 Brazil Lara-Ruiz et al. 2006

Most data on hybridization in nature comes from morphological evaluation
of organisms (Mallet 2005); however, this alone is insufficient to adequately
identify and characterize hybrids, since some hybrids do not present mixed
morphology. In marine turtles, the first signs of hybridization were observed in
animals with intermediate diagnostic characteristics between two species (Wood
et al. 1983), and the first molecular observation of hybrids was done in Brazil by
Conceicao et al. (1990), using isozymes. With the advance of molecular tools,
genetic analyses have been increasingly used to increase the detection and
understanding of this hybridization process (e.g. Vilaga et al. 2012). Mitochondrial
(mtDNA) and nuclear (nDNA) markers may therefore aid in the identification of
hybrids even when individuals do not have evidence of hybridization observable
through morphology.

In most species, mtDNA is maternally inherited, therefore, relying only on

mitochondrial information may be misleading when validating morphological
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observations; for example, if a first-generation (F1) or any subsequent generation
(>F1) hybrid shows similar morphological characteristics to the species
determined through mtDNA, hybridization cannot be detected. In contrast, nDNA
is inherited from the two progenitors, allowing the identification of genes of
different species even when the hybrid has morphological characteristics and the
MtDNA of only one (Vilaga and Santos 2013). Thus, the combined use of mMtDNA
and nDNA markers assists in hybrid identification, allowing a better evaluating of
their distribution and frequency of occurrence. In addition, it is possible to evaluate
the number of generations the hybridization has been occurring, as well as the
occurrence of introgression (i.e., whether the individual is the result of cross
between pure parent species (F1 generation), hybrids (F2) or a backcross
between a hybrid and one of the pure parent species) (Sunnucks 2000).
Identifying the degree of introgression between species is important in assessing
possible losses of local adaptations and fitness of the populations involved
(Allendorf et al. 2001). In addition, according to Payseur and Rieseberg (2016),
understanding the connection between geographic distribution/gene flow of
hybrids and the emergence of new species is fundamental. Considering the
hybridization events and species involved, the decision of which individuals and
populations should be protected is complex Wayne and Shaffer (2016), and
caution is needed when establishing conservation strategies.

Hybridization events in marine turtles are usually sporadic and involve
reports of one or a few individuals (see Table 1); however, Brazilian populations
have high rates, which may be concerning due to the endangered status of these
animals (IUCN 2018). At the Bahia state rookery, Lara-Ruiz et al. (2006) observed
through mtDNA that, among E. imbricata females analyzed (n = 119), 42% were
actually hybrid with C. caretta and 2% hybrid with L. olivacea. When analysing
204 C. caretta females at four rookeries (Rio de Janeiro, Espirito Santo, Bahia
and Sergipe states), Reis et al. (2010) observed that 14 out of 51 females from
Sergipe were hybrids with L. olivacea, with no record for the other rookeries.
Occurrences of C. caretta and E. imbricata immature hybrids have also been
reported in Uruguay and Argentina (Alvarez-Varas et al. 2016; Prosdocimi et al.

2014). . Os estudos anteriores foram realizados amostrando fémeas em areas de
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desova, ao contrario disto a metodologia empregada neste estudo permite
analisar a populacdo independente. The occurrence of E. imbricata along the
coast of Uruguay is low, with only three individuals registered during twelve years
of monitoring by the NGO Karumbé (Vélez-Rubio et al. 2013). However, during
these surveys several turtles with inconclusive morphology have been observed
(A. Fallabrino, personal communication).

The hybridization pattern involving the three species with high occurrence
of hybridization in Brazil — E. imbricata, C. caretta and L. olivacea — was
investigated by Vilaca et al. (2012) in samples obtained along the coast using 12
nuclear markers. These authors identified the L. olivacea hybrids with C. caretta
and E. imbricata as being first generation (F1). In contrast, some C. caretta and E.
imbricata hybrids showed evidence of backcrosses with pure parent species (i.e.,
introgression), indicating a longer process or longer survival of offspring. This
study also suggested that hybridization events at the region has been occurring
for at least 40 years (i.e., around two generations), and may be a result of the
historical population decline experienced by both species due to exploitation of
eggs and female turtles (Santos et al. 2011).

In Brazil, E. imbricata reproductive areas overlap spatially and temporally
with those of C. caretta, with both species reproducing at the Northeast coast
and presenting highest nesting concentrations at Bahia and Sergipe states
(Marcovaldi et al. 2007; Marcovaldi and Chaloupka 2007). The C. caretta
reproductive season begins in September and ends in February (Santana et al.
2011), and E. imbricata breeding begins in November and extends until March
(Marcovaldi et al. 2011). This overlap, together with the population depletion
suffered by the species, may contribute to the occurrence of hybridization
events. Proietti et al. (2014a) and Vilaga et al. (2012) also indicate that
hybridization at the region has a gender bias, and that the encounter of male E.
imbricata with female C. caretta would be favored by the larger population size
of loggerhead turtles, in conjunction with a temporal overlap at the peak of
reproductive season. E. imbricata begin to reproduce near the C. caretta
reproductive peak (November-December), leading to the encounter of male E.
imbricata with females of both species. In contrast, since the reproductive peak
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of E. imbricata is after C. caretta, most C. caretta have probably left the area
when it presents higher numbers of E. imbricata females, reducing the
probability of their reproduction (Soares et al. 2018).

Immature animals resulting from the hybridization process in Brazil were
reported for the first time by Proietti et al. (2014a 2014b), who analyzed 157 E.
imbricata along the Brazilian coast and identified four individuals at Cassino
(Rio Grande do Sul state) with a C. caretta haplotype (CCA4.2). This is an
unusual area for E. imbricata, which occupies preferentially tropical regions of
the oceans, associated with coral reefs (Leon and Bjorndal 2002; Mortimer and
Donnelly 2008); on the other hand, C. caretta is common at temperate latitudes,
occurring frequently at the region (Monteiro et al. 2016). The high frequency of
immature hybrids found at Cassino shows that the distribution of these animals
may present a spatial tendency, with preference for areas used more by C.
caretta, despite the predominant E. imbricata morphology. Adult hybrids also
show differential habitat use: (Marcovaldi et al. 2012) tracked pure and hybrid E.
imbricata x C. caretta females after nesting in Bahia, and observed that they
used distinct areas to feeding. Pure females used areas along the eastern coast
of Brazil, while hybrids migrated to the northeast Brazilian coast, including
Ceard, which is a feeding area for C. caretta (Lima et al. 2013).

The effect of hybridization on marine turtles was investigated for the first
time by Soares et al. (2017), who compared factors associated with
reproductive success of hybrid and pure E. imbricata and C. caretta females
nesting at Bahia. There was low occurrence of hybrids in females identified as
C. caretta (1%), while more than half of the females identified as E. imbricata
presented a C. caretta haplotype, reaffirming the prevalence of crosses
between E. imbricata males and C. caretta females. Hybrid females used the
same reproductive areas of pure parent species, but with an intermediate peak
between C. caretta and E. imbricata. Based on the analysed reproductive
parameters (number of eggs, emergence success, incubation period, number of
hatchlings per nest, number of nests per year), hybrid females apparently do

not have different reproductive outputs when compared to pure parent species.
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Considering the high occurrence of hybrids at the South Western Atlantic
(SWA), the potential impacts of this phenomenon on marine turtle populations,
and the paucity of studies on the characteristics of hybrid offspring originating
from Brazilian populations, the goal of this study was to investigate hybridization
in immature turtles at the South Western Atlantic, using molecular methods.
Through the combined analysis of mtDNA (control region — D-Loop) and nDNA
(RAG1, RAG2 and CMOS) markers, we evaluated if: 1) the use of multiple
markers enhances the detection of immature hybrids; 2) immature hybrid turtles
present a spatial tendency in their distribution; and (3) the identified immature
hybrid turtles are first generation (F1), the result of crossing between hybrids

(F2), or of introgression between hybrids and pure parent species (>F1).

Methods

Sampling

A total of 270 skin and/or muscle samples were obtained from the anterior
flippers or inguinal area of immature hawksbills (Curved Carapace Length — CCL
—from 13 to 111 cm) incidentally captured by fisheries, stranded on the beach, or
intentionally caught in dives along the Brazilian coast and Uruguay. In Brazil,
sampling was done at the Sdo Pedro and Sdo Paulo (ASP) and Abrolhos (AB)
Archipelagos, along the coast of Alagoas (AL), Bahia (BA), Ceara (CE), Espirito
Santo (ES), Santa Catarina (SC) and Sergipe (SE) states, and Cassino beach
(Rio Grande do Sul state (Figure 1). Projeto Tamar — Fundacdo Tamar and
Centro Tamar-ICMBIo, provided samples from BA, CE, ES and SE; Instituto Biota
de Conservacdo provided samples from AL; and Nucleo de Educacdo e
Monitoramento Ambiental (NEMA) provided samples from Cassino beach. The
NGO Karumbé provided samples from the coast of Uruguay (UY). All samples
had their mtDNA characterized (of which 158 were previously described in Proietti
et al. 2014b); for nDNA 141 samples were analyzed, prioritizing sites where
hybrids had been identified through mtDNA.
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Figure 1. Sampling sites in the South Western Atlantic, indicating the number of
individuals analyzed for mtDNA/nDNA. ASP - S&o Pedro and S&o Paulo Archipelago; AB
- Abrolhos Archipelago; AL - Alagoas; CA - Cassino; CE - Ceara, BA - Bahia; ES —
Espirito Santo; RJ - Rio de Janeiro; SC - Santa Catarina; SE - Sergipe; UY - Uruguay.

Molecular analyses

Genomic DNA was extracted using commercial extraction kit (Qiagen
DNEasy Extraction Kit), according to the manufacturer's protocol. Fragments of
the mtDNA control region (-850 bp) were amplified via Polymerase Chain
Reaction (PCR) using primers LCM15382 and H950 (Abreu-Grobois et al. 2006),
under the following conditions: 5 ' at 94°C; 36 cycles of 30" at 94°C, 30" at 50°C 1'
at 72°C; and a final extension of 10" at 72°C. Fragments of nDNA were amplified
using primers previously described by Vilaga et al. (2012), for three different
genes: oocyte maturation factor (CMOS — 601 bp and 13 polymorphic sites), and
two somatic recombination activating genes (RAG1 — 368 bp and 10 polymorphic
sites; RAG2 — 620 bp and 8 polymorphic sites). These markers were chosen due
to their ability to differentiate hybrids from non-hybrid turtles, as noted in previous
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studies (Vilaga et al. 2012). The PCR conditions for these markers were: 5'
denaturation at 94°C; 35 cycles of 30" at 94°C 1' under specific annealing
temperatures (62.5°C for RAG1 and 67°C for RAG2 and CMOS) 1' at 72°C; and a
final extension of 10" at 72°C. Each nDNA marker was amplified for a distinct
number of samples, since it was not possible to amplify the three markers for all
analysed individuals.

Amplified products were purified with purification kits (GE Healthcare
lllustra GFX Purification kit) and quantified by spectrophotometry using a BioDrop
MLITE. The purified products were then sequenced at Macrogen
(http://dna.macrogen.com/eng/). Quality analysis of the sequences obtained for
both- mtDNA and nDNA was performed with Chromas 2.6.5 software
(https:/itechnelysium.com.au). The mtDNA fragments were aligned using the
Clustal W tool (Larkin et al. 2007) implemented in BioEdit 7.0.9 (Hall 1999). The
sequences were cropped to 740bp and classified according to GenBank
(https:/iwww.ncbi.nlim.nih.gov/) and the Archie Carr Center for Sea Turtle
Research database (http://accstr.ufl.edu/resources/mtdna-sequences/). Since all
individuals were morphologically identified as E. imbricata, those that had mtDNA
of another species were considered hybrids based on this marker. For nDNA,
sequence analysis was performed using the PHASE tool of DNAsp software
(Librado and Rozas 2009) to identify the haplotype of each allele of the analyzed
markers. The nDNA haplotypes, previously described by Vilaga et al. (2012;
Supplementary Material 1) are mostly species-specific, except for two RAG1
haplotypes shared between E. imbricata and L. olivacea.

To characterize hybridization and introgression, we followed the
considerations presented by Vilaca et al. (2012): F1 hybrids exhibit for all loci
alleles derived from different species, e.g., a C. caretta x E. imbricata F1 hybrid
shows for all loci one C. caretta and one E. imbricata allele; introgressed animals
(>F1) show for one or more loci two alleles of the same species, e.g. for RAG1 the

hybrid individual presents two alleles exclusive to C. caretta.
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Data analyses

To update the frequency of occurrence and distribution of immature hybrids
based on mtDNA, we grouped the sequences of the 112 samples analyzed in this
work with the 158 presented by Proietti et al. (2014b). Based on the characteristic
haplotype identified for each sample, a haplotype network was built using PopArt
(Leigh and Bryant 2015), based on the Median-Joining method (Bandelt et al.
1999).

Bayesian clustering methods were used to detect the level of introgression
through STRUCTURE(Pritchard et al. 2000) and NewHybrids (Anderson and
Thompson 2002), based on the nDNA markers. These programs require
information on the characteristic haplotypes of each species (coded as bi-allelic
genotypes) to infer the ancestry/admixture of the individuals analyzed, and we
therefore used as input the database generated by Vilaga et al. (2012).
STRUCTURE analysis was performed assuming non-correlated allele frequencies
in the admixture model, with a burn-in of 100,000 and 1,000,000 randomizations
collected via Markov Chain Monte Carlo (MCMC), with a K value ranging from 1 to
10, with 5 independent iterations. K is equivalent to the possible number of
genetically distinct populations that best explains the data set, and the choice of
the best K was performed using the online tool CLUMPAK (Kopelman et al. 2015),
according to the Evanno method (Evanno et al. 2005). This tool also provides a
graphical output for each of the obtained K values.

The NewHybrids analysis was implemented considering six classes for
identification: two classes for pure species (Ei and Cc), and four for hybrids — first
generation (F1), second generation (F2), and backcrosses with pure species
(F1xEi and F1xCc) — since no hybrid above F2 could be statistically detected by
this method (Anderson and Thompson 2002). This analysis was performed with a
burn-in of 10,000 and 1,000,000 randomizations collected via the Markov Chain
(MCMC). NewHybrids uses a model that considers only two pure parent species,
so in this case we used samples identified by Vilaca et al. (2012) as being of E.
imbricata and C. caretta, excluding from the analysis the other species of the
database. Thus, samples "CE32" and "CE43" were not considered in this

analysis, since they possessed mtDNA of L. olivacea.
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Results

MtDNA

We analysed mtDNA from a total of 270 individuals distributed along the
11 collection sites, based on the 740pb fragments of the control (D-Loop)
region. Fifteen haplotypes were identified (Figure 2), with eleven being
characteristic of E. imbricata and four of other species. Of the haplotypes of
other species, three are specific to C. caretta (CC-A4.2 — 5.6%, CC-A4.1 —
0.7% and CC-A24.1 — 0.4%), and one to L. olivacea (Haplotype F — 1.1%), all of
which are endemic to Brazil's nesting grounds (Bowen et al. 1998; Shamblin et
al. 2014).
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Figure 2. mtDNA (D-Loop) haplotype network constructed based on the Median-
Joining method. Circles represent each of the identified haplotypes, size corresponds
to the frequency of occurrence of the haplotype, and color represents the sampling
location. Dashes between haplotypes represent the number of distinct bases between

them.
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The haplotype distribution (Figure 3) showed a predominance of
haplotype EiAO1, found in all areas and with a total frequency of 78%. Less
frequent pure haplotypes were EiA62 (6%), EiA32 (4%), EIA09 (1%), and rare
haplotypes, with only one occurrence each, were EiAll, EiA23, EiA24, EiA28,
EiA61, EiIA76 and EiA92. Two hybrid turtles with L. olivacea were found in
Espirito Santo and one in Cear4, all of which presented the F haplotype. Of the
17 hybrids with C. caretta, observed at five sites, ten were found in Cassino,
one in Alagoas and two in Bahia, Ceara and Uruguay. These hybrids showed a
predominance of the CC-A4.2 haplotype, with one occurring in Alagoas (out of a
total of 6), two in Bahia (total n = 61) and two in Ceard (total n = 56). Cassino
was a different case, with a high frequency of hybrids with three distinct C.
caretta haplotypes — CC-A4.2 (21%), CC-A4.1 (6%) and CC-A24.1 (3%) — and
the presence of the most frequent E. imbricata haplotypes — EiA01 (64%) and
EiA62 (6%) (total n = 33). Uruguay presented two E. imbricata haplotypes —
EiAO1 (50%) and EiA32 (12.5%) — and displayed only one haplotype of C.
caretta, CCA4.2 (37.5%) (total n = 8).
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Figure 3. Geographic distribution of D-Loop haplotypes found in the mtDNA analysis
along the South Western Atlantic. ASP - S&o Pedro and Sdo Paulo Archipelago; (n =
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12); AB - Abrolhos Archipelago (n = 75); AL — Alagoas (n = 6); CA — Cassino (n = 33);
CE - Ceara (n = 56), BA — Bahia (n = 61); ES — Espirito Santo (n = 11); RJ - Rio de
Janeiro (n = 2); SC - Santa Catarina (n = 6); SE — Sergipe (n = 1); UY — Uruguay (n =
7).

NnDNA

Six haplotypes were found for marker RAG1 (n = 126): Hap3, species-
specific for E. imbricata; Hapl and Hap4, shared between E. imbricata and L.
olivacea; Hap2, species-specific of C. caretta; Hap8, species-specific of C.
mydas; and a previously unidentified haplotype (named Hapl10, Supplementary
Material 1). For RAG2 (n = 89) four haplotypes were found: Hap5, species-
specific for E. imbricata; Hap2, species-specific of C. caretta; Hap6, species-
specific of C. mydas; and a previously unidentified haplotype (named Hap7,
Supplementary Material 1). For CMOS (n = 35) six haplotypes were found:
Hap3, Hap5, Hap9 and Hap10, species-specific for E. imbricata; and Hapl and
Hap2, species-specific of C. caretta.

In general, homozygotes (RAG1 = 83%, RAG2 = 94%, CMOS = 63%)
predominated, with heterozygotes represented in most cases by individuals that
had alleles of different species (hybrids). The exception was RAG1, in which 11
of the 21 heterozygotes had a haplotype that can be found in both E. imbricata
and L. olivacea, and therefore it was not possible to determine if they were
hybrids or pure. The CMOS marker was the only one to identify eleven
heterozygotes among the pure individuals, i.e., individuals that presented two
distinct but species-specific E. imbricata haplotypes in each of the alleles.

In STRUCTURE, the best K obtained (K = 4) separated E. imbricata (Ei),
C. caretta (Cc), L. olivacea (Lo) and C. mydas (Cm) in different groups (Figure
4), identifying the hybrids that had alleles of two or more distinct species.
Observing the clusters, all L. olivacea x C. caretta (Cc x Lo) hybrids have
proportional components of each parent species, indicating that they are F1
hybrids. E. imbricata x C. caretta (Ei x Cc) hybrids presented different degrees
of hybridization. Among the analyzed samples, two individuals (CA23 and

PFO06), classified as E. imbricata through morphological analysis and mtDNA,
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presented alleles of C. caretta and therefore appear in the 'Ei' group with 'Cc’

components.

Ei EixCc EixLo Cc CcxLo Lo Cm
Figure 4. Cluster analysis performed in STRUCTURE for three nDNA markers (RAG1,

RAG2 and CMOS). X-axis represents each of the individuals analysed, y-axis is the

estimated mixture ratio of each of the parent species in the composition of these
individuals. Species abbreviation and colors: blue, E. imbricata (Ei); orange, C. caretta

(Cc); purple, L. olivacea (Lo); green, C. mydas (Cm).

For the three individuals previously identified as hybrids with L. olivacea (Ei
x Lo) through mtDNA, it was possible to amplify only one nDNA marker (RAG1) in
two individuals, and both presented Hapl, shared between E. imbricata and L.
olivacea. Therefore, it was not possible to infer on the degree of hybridization of
these individuals, which were therefore categorized as hybrids based only on
MtDNA analysis. In addition to the E. imbricata x C. caretta hybrids previously
identified by mtDNA, it was possible to find two additional hybrids (CA23 and
PF06) that presented mtDNA of E. imbricata and nDNA with one allele of each of
the pure parent species, for all amplified markers. These hybrids have, therefore,
the particularity of having mtDNA and morphology of E. imbricata, a fact observed
at low frequency (1%) by Vilaca et al. (2012). Thus, these two individuals may be:
1) the result of the cross between a female E. imbricata and a male C. caretta
(rare occurrence), and are therefore F1; or 2) a cross between a female E.
imbricata female and a male Ei x Cc hybrid, hence generation >F1. Based only on
the available data, it was not possible to distinguish between these categories.

NewHybrids correctly identified all pure individuals as E. imbricata (P >
0.98, Figure 5). Of the 17 E. imbricata x C. caretta hybrids identified through
MtDNA, for five samples it was not possible to amplify any of the nuclear markers
used in this work. Seven hybrids (AP56, CA24, CA25, CA31, CA36, CE04, CE51)

were classified as F1 (p > 0.90) presenting for each allele a species-specific
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haplotype of the parent species with no evidence of introgression for these
samples. Five other hybrids (CA12, CA14, CA22, UY01, and UY05) were not
detected in this analysis since they had species-specific E. imbricata haplotypes
for both alleles, despite having C. caretta mtDNA, thus demonstrating signs of
introgression with E. imbricata. Data on all hybrids identified at the South Western
Atlantic, with mtDNA haplotype, parental species involved, and inference on

generations, can be seen in Table 2.
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Figure 5. Assignment probability model for the 12 E. imbricata x C. caretta hybrids
identified by mtDNA analysis (AP56 - UY05) and two additional hybrids identified only
through nDNA (CA23 and PFO06). The y-axis represents the probability that each
individual belongs to each of the six categories presented (Ei, Cc, F1, F2, F1xEi e
F1xCc).

Table 2. Hybrids identified at the South Western Atlantic, with sampling area, mtDNA
haplotype, species involved, and inference on hybrid classes. AL — Alagoas, BA —
Bahia, CA — Cassino, CE — Ceard, ES - Espirito Santo, UY — Uruguay.

Sample Area  Haplotype mtDNA nDNA -4 Classes
ALO2 AL CCA4.2 EixCc - Cc-Ei -
AP56 BA CCA4.2 EixCc  EixCc Cc-Ei F1

PFO6 BA EiAO1 Ei EixCc Ei - Ccor Ei - EixCc F1 or F1xEi
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SA10 BA CCA4.2 EixCc - Cc - Ei -
CA04 CA CCA4.2 EixCc - Cc - Ei -
CAl12 CA CCA4.2 EixCc Ei EixCc - Ei F1xEi
CAl14 CA CCA4.2 EixCc Ei EixCc - Ei F1xEi
CA22 CA CCA4.2 EixCc Ei EixCc - Ei F1xEi
CA23 CA EiAO1 Ei EixCc Ei - Cc or Ei - EixCc F1 or F1xEi
CA24 CA CCA4.2 EixCc  EixCc Cc-Ei F1
CA25 CA CCA4.2 EixCc  EixCc Cc - Ei F1
CA31 CA CCA4.2 EixCc  EixCc Cc - Ei F1
CA32 CA CCA24.1 EixCc - Cc - Ei -
CA33 CA CCA4.1 EixCc - Cc - Ei -
CA36 CA CCA4.1 EixCc  EixCc Cc - Ei F1
CEO4 CE CCA4.2 EixCc  EixCc Cc - Ei F1
CE32 CE Hap F EixLo Ei/Lo Lo - Ei -
CE43 CE Hap F EixLo Ei/Lo Lo - Ei -
CE51 CE CCA4.2 EixCc  EixCc Cc-Ei F1
ESO05 ES Hap F EixLo - Lo - Ei -
uyo1 uy CCA4.2 EixCc Ei EixCc - Ei F1xEi
uYO05 uy CCA4.2 EixCc Ei EixCc - Ei F1xEi
Discussion

In this work, we used mtDNA (D-Loop) and nDNA (RAG1, RAG2 and
CMOS) markers to investigate hybridization in immature marine turtles in the
South Western Atlantic, and identified 22 hybrid turtles in 270 samples (~ 8%),
with 60% of them occurring at the extreme south of their distribution (South
Brazil and Uruguay). A previous study conducted along the Brazilian coast with
immature turtles identified as E. imbricata found four hybrids with C. caretta
through mtDNA analysis (Proietti et al. 2014b). With the increase in
geographical coverage and sample number, we identified 17 hybrid Ei x Cc at
the coast of the South Western Atlantic, based on this marker. The highest
frequency of these hybrids occurred at Cassino, where 10 out of the 33 turtles
analysed (~30%) had C. caretta haplotypes, followed by Uruguay, which
presented two hybrids in eight samples (25%). Proietti et al. (2014a)
hypothesized that the high occurrence of hybrid turtles in temperate areas could
be due to the adoption of the behavior of C. caretta, which occupies colder

regions (Wallace et al. 2010), and not the tropical E. imbricata (Leon and
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Bjorndal 2002; Mortimer and Donnelly 2008). Our results corroborate this
hypothesis, and we suggest that other methods such as telemetry or diet
analysis be used to confirm the differential behavior of hybrids.

Previous Ei x Cc records reported only the occurrence of mtDNA haplotype
CCA4.2, the most common haplotype of females at Brazilian nesting grounds
(Shamblin et al. 2014). In the present work, two other haplotypes (CCA4.1 and
CCA24.1) were identified for the first time in hybrids; these haplotypes are also
present only at nesting grounds in Brazil, but at lower frequency (Reis et al. 2010).
Based on haplotype frequencies, Shamblin et al. (2014) suggested a possible
regionalization of C. caretta populations at the Brazilian coast, into two Regional
Management Units (RUMs): 1) Sergipe and Bahia 2) and Espirito Santo and Rio
de Janeiro. The hybrids we identified presented haplotypes most frequently found
in the first RMU, and therefore we can consider that they most likely originate from
the Bahia/Sergipe rookeries, reinforcing the observation that this is the main
region where loggerheads and hawksbills crossbreed.

We observed three hawksbill x olive ridley hybrids, a type of cross that had
not yet been reported for immature marine turtles along the South Western
Atlantic. These hybrids presented the F haplotype, described by Bowen et al.
(1998) as characteristic of L. olivacea and originating from nesting areas of the
Atlantic Ocean (in descending order of frequency: Suriname, Brazil and Guinea
Bissau). Rookeries for this species in Brazil are concentrated between Bahia and
Alagoas, with higher density in Sergipe state (Castilhos et al. 2011). Lara-Ruiz et
al. (2006) observed two hybrids with haplotype F when analyzing the mtDNA of
119 adult E. imbricata samples from the north coast of Bahia. Vilaga et al. (2012)
reported two occurrences of Ei x Lo at the coast of Bahia among 121 female E.
imbricata, and concluded that all were the result of the crossing between a male
E. imbricata and a female L. olivacea (F1). In addition, the authors state that these
individuals showed no signs of introgression; therefore, they may be infertile or
generated from rare hybridization events. The rarity of hawksbill and olive ridley
hybrids can be explained by both species presenting highest reproductive
population densities at different areas: olive ridleys nest mostly at Sergipe state,

reducing the probability of crossings between them. Sanches and Bellini (1999)
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observed that morphology may also influence this reproduction, since adult L.
olivacea are smaller (mean CCL 73 cm; Silva et al. 2007) than E. imbricata (mean
CCL 97 cm; Marcovaldi et al. 1999), which is in turn more similar to C. caretta
(mean CCL 103 cm; Marcovaldi and Chaloupka 2007).

The analysis of both mtDNA and nDNA increased the number of hybrid
turtle detections on the South Western Atlantic coast. Based on mtDNA alone 20
hybrids were identified, and nDNA analysis revealed two additional hybrids not
identified by morphology or mtDNA. In addition, with the analysis of three nDNA
markers, it was possible to infer that 50% of these hybrids were first generation
and 36% were backcrossed between hybrids and pure E. imbricata (>F1). The
generations of two hybrids (CA23 and PF06) could not be directly determined,
since they had morphology and mtDNA of the same species (E. imbricata) but
NDNA with alleles of two different species (Ei x Cc). With these characteristics the
individuals could be: F1, result of the unusual crossing between female E.
imbricata and male C. caretta; or >F1, the result of a backcross between a hybrid
male (Ei x Cc) and an E. imbricata female.

As mentioned above, most first generation hybrids (F1) are a product of
the mating between C. caretta females and E. imbricata males (Vilaca et al.
2012). Crossings between F1 females and both pure parent species also occur,
but crossings of pure females and hybrid males are apparently less frequent.
Female E. imbricata, C. caretta and Ei x Cc hybrids have different nesting peaks,
with pure C. caretta nesting earlier than hybrids, which nest earlier than pure E.
imbricata (Soares et al. 2017). Considering this, along with the gender bias of the
reproductive groups, it is unlikely that the CA23 and PF06 individuals are the
result of a cross between a female E. imbricata (pure) and a male C. caretta (F1).
Since the E. imbricata nesting peak occurs when most C. caretta males have
already left the area, the likelihood of them reproducing is reduced. Indeed, this
type of hybrid cross was observed in only one of the 82 females analysed by
Soares et al. (2017) at Bahia. This hybrid was also identified as C. caretta through
morphological analysis, which did not occur in the individuals found in this study.
Hybrid males (Ei x Cc) may show an intermediate reproductive period between

pure parent species, as observed for hybrid females. In this case, they would
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encounter more E. imbricata females than the C. caretta males. Additionally,
considering that backcrosses between Ei x Cc and pure E. imbricata have been
observed more frequently than introgression with C. caretta, it is likely that CA23

and PFO6 are a result of the cross between E. imbricata and hybrid males.

Conclusions

Our study shows the importance of the combined use of mMtDNA and nDNA
markers in the evaluation of hybridization among marine turtles. Although mtDNA
analysis is of paramount importance in the study of hybrids, nDNA analysis is also
crucial for identifying generations/parental species, as well as for detecting hybrids
in cases where mtDNA cannot (e.g. hybrid backcrosses with pure E. imbricata).
This is confirmed by our observation of two hybrids that presented E. imbricata
morphology and mtDNA, which could only be identified as Ei x Cc through nDNA.
This observation may have been underestimated since we were not able to
amplify the three nDNA markers for all samples. Another limitation was that the
only nuclear marker amplified for all animals (RAG1) presents two shared
haplotypes between E. imbricata and L. olivacea, and therefore it is not possible to
infer conclusively about Ei x Lo hybrids with nDNA analysis. The hybridization
events between E. imbricata and L. olivacea seems to be rare, but additional
studies are necessary to identify species-specific haplotypes, allowing us to infer
on the generation and parental species of these hybrids.

Considering the high frequency of hybrids found in the South Western
Atlantic, studies on the behavior, distribution, feeding strategy, migration and
demography of hybrid turtles should be performed. Satellite tracking, stable
isotope analysis and more comprehensive molecular tools such as genomics (e.qg.
SNP analysis), are techniques that would aid in understanding the process and
better determine the ecological role of these hybrids, as well as their influence on
marine turtle populations. According to Bohling (2016), the greatest concern
regarding hybridization events is the extinction of genetic, phenotypic and/or
evolutionary units due to a continuous hybridization process or hybrid vigor.

Schwartz et al. (2007) suggest that this process be biologically and ecologically
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monitored continuously, providing a framework for determining and tracking the
extent of hybridization, trends over time, and results of management strategies.
There are currently no guidelines for the management of hybrids and
hybrid zones in Brazil, and most existing programs are focused on areas where
the event has anthropogenic causes such as habitat change (Crispo et al. 2011)
and overexploitation (Bohling and Waits 2015). To avoid the genetic extinction of
pure species, hybrid animals can be eliminated from the reproductive stock by
eradication or sterilization; this type of action has already been carried out to
control the hybridization between Cyprinodon variegatus and Cyprinodon bovinus,
which was successful due to the limited geographic extension of the hybrid group
(Echelle and Echelle 1997). Considering the current endangered status of marine
turtles and the high frequency of hybrids along the South Western Atlantic coast,
continuous monitoring should be carried out to assess the fithess, genetic integrity
and detect the extent of changes in the gene pools of the involved populations.
This is fundamental to evaluate if management of hybrid individuals should be

considered, and ensure the conservation of SWA marine turtle populations.
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Supplementary material
S1. Nuclear DNA marker haplotypes, as described by Vilaca et al. (2012), and two
previously undescribed haplotype (Hap10 — RAG1 and Hap7 — RAG2).

Haplotypes — RAG 1:

>Hapl- GenBank accession n° JF415126
TGTGACCATATTCTGGCAGACCCAGTGGAAACGACATGTAGCCACTTATTC
TGTAGAACCTGCATCCTTAAGTGCCTCAAAGTTATGGGCAGCTATTGTCCc
GCCTGCCaATACCCTTGCTTCCCTACCGACCTGGTGAGTCCAGTGAAATCC
TTCCTGAACATCCTCAATTCCCcTGGCTGTGCGATGCCCAGTGAAAGAATGT
GATGAGGAGGTTTTGCTGGGCAAATACTGCCATCATTTGTCCAGTCACAAA
GAGGTGAAAAGGAAAGAGATTTACACGCACGTAAATAAAGGTGGCCGACC
GAGGCAACACTTACTCTCATTGACCAGGAGAGCGCAAAAGCATCGTCTGA
GAGAACTTAAGCTTCAAGTCAAAQCTTTTGCTGAGAAAGAAGAAGGAGGTG
ATATAAAGGCTGTGTGCCTAACTTTGTTCCTGCTGGCTCTGAGAGCAAGAA
ATGAACACAGAACTTTGTTCCTGCTGGCTCTGAGAGCAAGAAATGAACACA
GA

>Hap2- GenBank accession n° JF415120

TGTGACCATATTCTGGCAGACCCAGTGGAAACGACATGTAGCCACTTATTC
TGTAGAACCTGCATCCTTAAGTGCCTCAAAGTTATGGGCAGCTATTGTCCT
GCCTGCCGATACCCTTGCTTCCCTACCGACCTGGTGAGTCCAGTGAAATC
CTTCCTGAACATCCTCAATTCCTTGGCTGTGCGATGCCCAGTGAAAGAATG
TGATGAGGAGGTTTTGCTGGGCAAATACTGCCATCATTTGTCCAGTCACAA
AGAGGTGAAAAGGAAAGAGATTTACACGCACGTAAATAAAGGTGGCCGAC
CGAGGCAACACTTACTCTCATTGACCAGGAGAGCGCAAAAGCATCGTCTG
AGAGAACTTAAGCTTCAAGTCAAAACTTTTGCTGAGAAAGAAGAAGGAGGT
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GATATAAAGGCTGTGTGCCTAACTTTGTTCCTGCTGGCTCTGAGAGCAAGA
AATGAACACAGA

>Hap3- GenBank accession n° JF415128
TGTGACCATATTCTGGCAGACCCAGTGGAAACAACATGTAGCCACTTATTC
TGTAGAACCTGCATCCTTAAGTGCCTCAAAGTTITGGGCAGCTATTGTCCcG
CCTGCCGATACCCTTGCTTCCCTACCGACCTGGTGAGTCCAGTGAAATCC
TTCCTGAACATCCTCAATTCCCTGGCTGTGCGATGCCCAGTGAAAGAATGT
GATGAGGAGGTTTTGCTGGGCAAATACTGCCATCATTTGTCCAGTCACAAA
GAGGTGAAAAGGAAAGAGATTTACACGCACGTAAATAAAGGTGGCCGACC
GAGGCAACACTTACTCTCATTGACCAGGAGAGCGCAAAAGCATCGTCTGA
GAGAACTTAAGCTTCAAGTCAAAQCTTTTGCTGAGAAAGAAGAAGGAGGTG
ATATAAAGGCTGTGTGCCTAACTTTGTTCCTGCTGGCTCTGAGAGCAAGAA
ATGAACACAGA

>Hap4- GenBank accession n°® JF415123
TGTGACCATATTCTGGCAGACCCAGTGGAAACGACATGTAGCCACTTATTC
TGTAGAACCTGCATCCTTAAGTGCCTCAAAGTTATGGGCAGCTATTGTCCc
GCCTGCCGATACCCTTGCTTCCCTACCGACCTGGTGAGTCCAGTGAAATC
CTTCCTGAACATCCTCAATTCCCcTGGCTGTGCGATGCCCAGTGAAAGAATG
TGATGAGGAGGTTTTGCTGGGCAAATACTGCCATCATTTGTCCAGTCACAA
AGAGGTGAAAAGGAAAGAGATTTACACGCACGTAAATAAAGGTGGCCGAC
CGAGGCAACACTTACTCTCATTGACCAGGAGAGCGCAAAAGCATCGTCTG
AGAGAACTTAAGCTTCAAGTCAAAGCTTTTGCTGAGAAAGAAGAAGGAGGT
GATATAAAGGCTGTGTGCCTAACTTTGTTCCTGCTGGCTCTGAGAGCAAGA
AATGAACACAGA

>Hap5-GenBank accession n° JF415124
TGTGACCATATTCTGGCAGACCCAGTGGAAACGACATGTAGCCACTTATTC
TGTAGAACCTGCATCCTTAAGTGCCTCAAAGTTATGGGCAGCTATTGTCCc
GCCTGCCGATACCCTTGCTTCCCTACCGACCTGGTGAGTCCAGTGAAATC
CTTCCTGAACATCCTCAATTCCCcTGGCTGTGCGATGCCCAGTGAAAGAATG
TGATGAGGAGGTTTTGCTGGGCAAATACTGCCATCATTTGTCCAGTCACAA
AGAGGTGAAAAGGAAAGAGATTTACACGCACGTAAATAAAGGTGGCCGAg
CGAGGCAACACTTACTCTCATTGACCAGGAGAGCGCAAAAGCATCGTCTG
AGAGAACTTAAGCTTCAAGTCAAAGCTTTTGCTGAGAAAGAAGAAGGAGGT
GATATAAAGGCTGTGTGCCTAACTTTGTTCCTGCTGGCTCTGAGAGCAAGA
AATGAACACAGA

>Hap6-GenBank accession n°® JF415121
TGTGACCATATTCTGGCAGACCCAGTGGAAACGACATGTAGCCACTTATTC
TGTAGAACCTGCATCCTTAAGTGCCTCAAAGTTATGGGCAGCTATTGTCCT
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GCCTGCCGATACCCTTGCTTCCCTACCGACCTGGTGAGTCCAGTGAAATC
CTTCCTGAACATCCTCAATTCCTTGGCTGTGCGATGCCCAGTGAAAGAATG
TGATGAGGAGGTTTTGCTGGGCAAATACTGCCATCATTTGTCCAGTCACAA
AGAGGTGAAAAGGAAAGAGATTTACACGCACGTAAATAAAGGTGGCCGAg
CGAGGCAACACTTACTCTCATTGACCAGGAGAGCGCAAAAGCATCGTCTG
AGAGAACTTAAGCTTCAAGTCAAAACTTTTGCTGAGAAAGAAGAAGGAGGT
GATATAAAGGCTGTGTGCCTAACTTTGTTCCTGCTGGCTCTGAGAGCAAGA
AATGAACACAGA

>Hap7-GenBank accession n° JF415122
TGTGACCATATTCTGGCAGACCCAGTGGAAACGACATGTAGCCACTTATTC
TGTAGAACCTGCATCCTTAAGTGCCTCAAAGTTATGGGCAGCTATTGTCCc
GCCTGCCGATACCCTTGCTTCCCTACCGACCTGGTGAGTCCAGTGAAATC
CTTCCTGAACATCCTCAATTCCTTGGCTGTGCGATGCCCAGTGAAAGAATG
TGATGAGGAGGTTTTGCTGGGCAAATACTGCCATCATTTGTCCAGTCACAA
AGAGGTGAAAAGGAAAGAGATTTACACGCACGTAAATAAAGGTGGCCGAg
CGAGGCAACACTTACTCTCATTGACCAGGAGAGCGCAAAAGCATCGTCTG
AGAGAACTTAAGCTTCAAGTCAAAGCTTTTGCTGAGAAAGAAGAAGGAGGT
GATATAAAGGCTGTGTGCCTAACTTTGTTCCTGCTGGCTCTGAGAGCAAGA
AATGAACACAGA

>Hap8- GenBank accession n° JF415125
TGTGACCATATTCTGGCAGACCCAGTGGAAACGACATGTAGCCACTTATTC
TGTAGAACCTGCATCCTTAAGTGCCTCAAAGTTATGGGCAGCTATTGTCCc
aCCTGCCGATACCCTTGCTTCCCTACCGACCTGGTGAGTCCAGTGAAATCC
TTCCTGAACATICTCAATTCCCcTGGCTGTGCGATGCCCIGTGAAAGAATGTG
ATGAGGAGGTTTTGCTGGGCAAATACTGCCATCATTTGTCCAGTCACAAAG
AGGTGAAAAGGAAAGAGATTTACACGCACGTAAATAAAGGTGGCCGACCG
AGGCAACACTTACTCTCATTGACCAGGAGAGCGCAAAAGCATCGTCTGAG
AGAACTTAAGCTTCAAGTCAAAGCTTTTGCTGAGAAAGAAGAAGGAGGTGA
TATAAAGGCTGTGTGCCTAACTTTGTTCCTGCTGGCTCTGAGAGCAAGAAA
TGAACACAGA

>Hap9- GenBank accession n° JF415127
TGTGACCATATTCTGGCAGACCCAGTGGAAACGACATGTAGCCACTTATTC
TGTAGAACCTGCATCCTTAAGTGCCTCAAAGTTATGGGCAGCTATTGTCCc
GCCTGCCaATACCCTTGCTTCCCTACCGACCTGGTGAGTCCAGTGAAATCC
TTCCTGAACATCCTCAATTCCCcTGGCTGTGCGATGCCCAGTGAAAGAATGT
GATGAGGAGGTTTTGCTGGGCAAATACTGCCATCATTTGTCCAGTCACAAA
GAGGTGAAAAGGAAAGAGATTTACACGCACGTAAATAAAGGTGGCCGAGC
GAGGCAACACTTACTCTCATTGACCAGGAGAGCGCAAAAGCATCGTCTGA
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GAGAACTTAAGCTTCAAGTCAAAGCTTTTGCTGAGAAAGAAGAAGGAGGTG
ATATAAAGGCTGTGTGCCTA

>Hap10
TGTGACCATATTCTGGCAGACCCAGTGGAAACJGACATGTAGCCACTTATTC
TGTAGAACCTGCATCCTTAAGTGCCTCAAAGTTaTGGGCAGCTATTGTCCC
GCCTGCCGATACCCTTGCTTCCCTACCGACCTGGTGAGTCCAGTGAAATC
CTTCCTGAACATCCTCAATTCCITGGCTGTGCGATGCCCAGTGAAAGAATG
TGATGAGGAGGTTTTGCTGGGCAAATACTGCCATCATTTGTCCAGTCACAA
AGAGGTGAAAAGGAAAGAGATTTACACGCACGTAAATAAAGGTGGCCGAC
CGAGGCAACACTTACTCTCATTGACCAGGAGAGCGCAAAAGCATCGTCTG
AGAGAACTTAAGCTTCAAGTCAAAGCTTTTGCTGAGAAAGAAGAAGGAGGT
GATATAAAGGCTGTGTGCCT

Haplotypes — RAG 2:

>Hapl- GenBank accession n° JF415134
CTCCGTTACCCTGCTGTCTGCGCTGTCAGGGGCAGAACAGAGTCTGAGAA
ATGCCAGTATGTCATCCATGGTGGGAAAACGCCAAACAATGAACTATCTGA
TAAGATTTATGTTATGAGTATAGTATGCAAGCCTAGCAAGAAAATCACCTTT
AAATGCACTGAGAAAGAGTTAGTTGGGGATGTTCCTGAAGCCAGATATGGT
CATACCATTAACACAGTTCATAGCCGAGGTAAAAGCATGAGTGTTATATTT
GGGGGAAGGTCATATATCCCTCTTGGACAgAGAACCACAGAAAAATGGAAT
AGTGTAGTAGACTGTATGCCCCATGTGTTTTTGGTTGATTTTGAGTTTGGAT
GCTGTACCTCATACATCCTTCCAGAGCTTCAGGATGGACTTTCTTTCCATG
TCTCCATTGCCAGAAATGATACCATCTACATCCTAGGGGGTCATTCTCTTG
AAAATAACATCAGACCCCCCAACTTATACAGACTAAAAATTGACCTGCCAC
TAGGCAGCCCAGCTGTGAGCTGCACCATCTTGCCTGGGGGGATCTCTGTC
TCCAGTGCTCTTGTGACTCAGACTGGCGATAAAGAGTTTGTCATGGTTGGG
GGCTACCA

>Hap2- GenBank accession n° JF415129
CTCCGTTACCCTGCTGTCTGCGCTGTCAGGGGCAGAACAGAGTCTGAGAA
ATGCCAGTATGTCATCCATGGTGGGAAAACGCCAAACAATGAACTATCTGA
TAAGATTTATGTTATGAGTATAGTATGCAAGCCTAGCAAGAAAATCACCTTT
AAATGCACTGAGAAAGAGTTAGTTGGGGATGTTCCTGAAGCCAGATATGGT
CATACCATTAACACAGTTCATAGCCGAGGTAAAAGCATGAGTGTTATATTT
GGGGGAAGGTCATATATCCCTgTTGGACAAAGAACCACAGAAAAATGGAAT
AGTGTAGTAGACTGTATGCCCCATGTGTTTTTGGTTGATTTTGAGTTTGGAT
GCTGTACCTCATACATCCTTCCAGAGCTTCAGGATGGACTTTCTTTCCATG
TCTCCATTGCCAGAAATGATACCATCTACATCCTAGGGGGTCATTCTCTTG
AAAATAACATCAGACCCCCCAACTTATACAGACTAAAAATTGACCTGCCAC
TAGGCAGCCCAICTGTGAGCTGCACCATCTTGCCTGGGGGGATCTCTGTCT
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CCAGTGCTCTTGTGACTCAGACTGGCGATAAAGAGTTTGTCATGGTTGGG
GGCTACCA

>Hap3- GenBank accession n° JF415130
CTCCGTTACCCTGCTGTCTGCGCTGTCAGGGGCAGAACAGAGTCTGAGAA
ATGCCAGTATGTCATCCATGGTGGGAAAACGCCAAACAATGAACTATCTGA
TAAGATTTATGTTATGQGTATAGTATGCAAGCCTAGCAAGAAAATCACCTTT
AAATGCACTGAGAAAGAGTTAGTTGGGGATGTTCCTGAAGCCAGATATGGT
CATACCATTAACACAGTTCATAGCCGAGGTAAAAGCATGAGTGTTATATTT
GGGGGAAGGTCATATATCCCTCTTGGACAAAGAACCACAGAAAAATGGAA
TAGTGTAGTAGACTGTATGCCCCATGTGTTTTTGGTTGATTTTGAGTTTGGA
TGCTGTACCTCATACATCCTTCCAGAGCTTCAGGATGGACTTTCTTTCCAT
GTCTCCATTGCCAGAAATGATACCATCTACATCCTAGGGGGTCATTCTCTT
GAAAATAACATCAGACCCCCCAACTTATACAGACTAAAAATTGACCTGCCA
CTAGGCAGCCCAICTGTGAGCTGCACCATCTTGCCTGGGGGGATCTCTGT
CTCCAGTGCTCTTGTGACTCAGACTGGCGATAAAGAGTTTGTCATGGTTGG
GGGCTACCA

>Hap4- GenBank accession n° JF415133
CTCCGTTACCCTGCTGTCTGCGCTGTCAGGGGCAGAACAGAGTCTGAGAA
ATGCCAGTATGTCATCCATGGTGGGAAAACGCCAAACAATGAACTATCTGA
TAAGATTTATGTTATGQGTATAGTATGCAAGCCTAGCAAGAAAATCACCTTT
AAATGCACTGAGAAAGAGTTAGTTGGGGATGTTCCTGAAGCCAGATATGGT
CATACCATTAACACAGTTCATAGCCGAGGTAAAAGCATGAGTGTTATATTT
GGGGGAAGGTCATATATCCCTaTTGGACAAAGAACCACAGAAAAATGGAAT
AGTGTAGTAGACTGTATGCCCCATGTGTTTTTGGTTGATTTTGAGTTTGGAT
GCTGTACCTCATACATCCTTCCAGAGCTTCAGGATGGACTTTCTTTCCATG
TCTCCATTGCCAGAAATGATACCATCTACATCCTAGGGGGTCATTCTCTTG
AAAATAACATCAGACCCCCCAACTTATACAGACTAAAAATTGACCTGCCAC
TAGGCAGCCCAtCTGTGAGCTGCACCATCTTGCCTGGGGGGATCTCTGTCT
CCAGTGCTCTTGTGACTCAGACTGGCGATAAAGAGTTTGTCATGGTTGGG
GGCTACCA

>Hap5- GenBank accession n° JF415131
CTCCGTTACCCTGCTGTCTGCGCTGTCAGGGGCAGAACAGAGTCTGAGAA
ATGCCAGTATGTCATCCATGGTGGGAAAACGCCAAACAATGAACTATCTGA
TAAGATTTATGTTATGgGTATAGTATGCAAGCCTAGCAAGAAAATCACCTTT
AAATGCACTGAGAAAGAGTTAGTTGGGGATGTTCCTGAAGCCAGATATGGT
CATACCATTAACACAGTTCATAGCCGAGGTAAAAGCATGAGTGTTATATTT
GGGGGAAGGTCATATATCCCTCTTGGACAgAGAACCACAGAAAAATGGAAT
AGTGTAGTAGACTGTATGCCCCATGTGTTTTTGGTTGATTTTGAGTTTGGAT
GCTGTACCTCATACATCCTTCCAGAGCTTCAGGATGGACTTTCTTTCCATG
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TCTCCATTGCCAGAAATGATACCATCTACATCCTAGGGGGTCATTCTCTTG
AAAATAACATCAGACCCCCCAACTTATACAGACTAAAAATTGACCTGCCAC
TAGGCAGCCCAGCTGTGAGCTGCACCATCTTGCCTGGGGGGATCTCTGTC
TCCAGTGCTCTTGTGACTCAGACTGGCGATAAAGAGTTTGTCATGGTTGGG
GGCTACCA

>Hap6- GenBank accession n° JF415132
CTCCGTTACCCTGCTGTCTGCGCTGTCAGGGGCAGAACAGAGTCTGAGAA
ATGCCAGTATGTCATCCATGGTGGGAAAACGCCAAACAATGAACTATCTGA
TAAGATTTATGTTATGQGTATAGTATGCAAGCCTAGCAAGAAAATCACCTTT
AAATGCACTGAGAAAGAGTTAGTTGGGGATGTTCCTGAAGCCAGATATGGT
CATACCATTAACACOGTTCATAGCCGAGGTAAAAGIATGAGTGTTATATTTG
GGGGAAGGTCATATATCCCTCTTGGACAAAGAACCACAGAAAAATGGAATA
GTGTAGTAGACTGTATGCCCCATGTGTTTTTGGTTGATTTTGAGTTTGGAT
GCTGTACCTCATACATCCTTCCAGAGCTTCAGGATGGACTTTCTTTCCATG
TCTCCATTGCCAGAAATGATACCATCTACATCCTAGGGGGTCATTCTCTTG
AAAATAACATCAGACCCCCCAACTTATACAGACTAAAAATTGACCTGCCAC
TAGGCAGCCCAGCTGTGAGCTGCACCATCTTGCCTGGGGGGATCTCTGTC
TCCAGTGCTCTTGTGACTCAGACTGGCGATAAAGAGTTTGTCATGGTTGGG
GGCTACCA

>Hap7
CTCCGTTACCCTGCTGTCTGCGCTGTCAGGGGCAGAACAGAGTCTGAGAA
ATGCCAGTATGTCATCCATGGTGGGAAAACGCCAAACAATGAACTATCTGA
TAAGATTTATGTTATGGGTATAGTATGCAAGCCTAGCAAGAAAATCACCTTT
AAATGCACTGAGAAAGAGTTAGTTGGGGATGTTCCTGAAGCCAGATATGGT
CATACCATTAACACAGTTCATAGCCGAGGTAAAAGCATGAGTGTTATATTT
GGGGGAAGGTCATATATCCCTCTTGGACAGAGAACCACAGAAAAATGGAA
TAGTGTAGTAGACTGTATGCCCCATGTGTTTTTGGTTGATTTTGAGTTTGGA
TGCTGTACCTCATACATCCTTCCAGAGCTTCAGGATGGACTTTCTTTCCAT
GTCTCCATTGCCAGAAATGATACCATCTACATCCTAGGGGGTCATTCTCTT
GAAAATAACATCAGACCCCCCAACTTATACAGACTAAAAATTGACCTGCCA
CTAGGCAGCCCAGCTGTGAGCTGCACCATCTTGCCTGGGGGGATCTCTGT
CTCCAGTGCTCTTGTGACTCAAACTGGCGATAAAGAGTTTGTCATGGTTGG
GGGCTACCA

Haplotypes — CMOS:

>Hap1l- GenBank accession n°® JF415097
TCGACTGGGATCAATTGTGCCTACTACAGCCCCTGGGCTCTGGGGGCTTT
GGGTCCGTCTACAAGGCCACCTACCATGGGGAGACAGTGGCTGTGAAACA
GGTGAAGAAGTGCAGCAAGAACCGGCTGGCATCACGGCAAAGTTTCTGG
GCTGAGCTGAATGTGGCCCGCCTACACCATGACAATGTGGTACGTGTTGT
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AGCTGCCAGCACATGTGCTCCTGCCAGCCAAGACAGCCTGGGCAGCATAA
TAATGGAATATGCGGGCCGCACTACCCTGCACCATGTCATCTATGGCACTA
GCTGCCTGCAGGGAAAGGGAGAGGATGATGGGGGTGGATGTGGCAGAGA
ACCCCTAAGCATAGCTGAGTCCCTGGGTTATTGCTCTGACATTGTGACTGG
CTTAGCCTTCCTCCACTCACAGTGTATTGTGCACCTGGACCTGAAGCCTGC
TAATGTGTTAATCACCGAGCAGGGTGTGTGTAAGATTGGAGACTTTGGGTG
CTCCCAAAAGCTGGAAGATAGTGTGTCCCCAGGTCCCCAGCTTTACCAGC

AGGGGGGCACATATACCCACCGTGCCCCTGAGCTCCTCAAAGGGGAGAA

>Hap2- GenBank accession n°® JF415098
TCGACTGGGATCAATTGTGCCTACTACAGCCCCTGGGCTCTGGGGGCTTT
GGGTCCGTCTACAAGGCCACCTACCATGGGGAGACAGTGGCTGTGAAACA
GGTGAAGAAGTGCAGCAAGAACCGGCTGGCATCACGGCAAAGTTTCTGG
GCTGAGCTGAATGTGGCCCGCCTACACCATGACAATGTGGTACGTGTTGT
AGCTGCCAGCACATGTGCTCCTGCCAGCCAAGACAGCCTGGGCAGCATAA
TAATGGAATATGCGGGCCGCACTACCCTGCACCATGTCATCTATGGCACTA
GCTGCCTGCAGGGAAAGGGAGAGGATGATGGGGGTGGATGTGGCAGAGA
ACCCCTAAGCATAGCTGAGTCCCTGGGTTATTGCTCTGACATTGTGACTGG
CTTAGCCTTCCTCCACTCACAGTGTATTGTGCACCTGGACCTGAAGCCTGC
TAATGTGTTAATCACCGAGCAGGGTGTGTGTAAGATTGGAGACTTTGGGTG
CTCCCAAAAGCTGGAAGATAGTGTGTCtCCAGGTCCCCAGCTTTACCAGCA
GGGGGGCACATATACCCACCGTGCCCCTGAGCTCCTCAAAGGGGAGAA

>Hap3- GenBank accession n° JF415099
TCGACTGGGATCAATTGTGCCTACTACAGCCCCTGGGCTCTGGGGGCTTT
GGGTCCGTCTACAAGGCCACCTACCATGGGGAGACAGTGGCTGTGAAACA
GGTGAAGAAGTGCAGCAAGAACCGGCTGGCATCACGGCAAAGTTTCTGG
GCTGAGCTGAATGTGGCCCGCCTACACCATGACAATGTGGTACGTGTTGT
AGCTGCCAGCACATGTGCTCCTGCCAGCCAAGACAGCCTGGGCAGCATAA
TAATGGAATATGCGGGCCGCACTACCCTGCACCATGTCATCTATGGCACTA
GCTGCCTGCAGGGAAAGGGAGAGGATGATGGGGGTGGATGTGGCAGAGA
ACCCCTAAGCATAGCTGAGTCCCTGGGTTATTGCTCTGACATTGTGACTGG
CTTAGCCTTCCTCCACTCACAGTGTATTGTGCACCTGGACCTGAAGCCTGC
TAATGTGTTAATCACCGAGCAGGGTGTGTGTAAGATTGGAGACTTTGGGTG
CTCCCAAAAGCTGGAAGACAGTGTGTCCCCAGGTCCCCAGCTTTACCAGC
AGGGGGGCACATATACCCACCGTGCCCCTGAGCTCCTCAAAGGGGAGAA

>Hap4- GenBank accession n° JF415100
TCGACTGGGATCAATTGTGCCTACTACAGCCCCTGGGCTCTGGGGGCTTT
GGGTCCGTCTACAAGGCCACCTACCATGGGGAGACAGTGGCTGTGAAACA
GGTGAAGAAGTGCAGCAAGAACCGGCTGGCATCACGGCAAAGTTTCTGG
GCTGAGCTGAATGTGGCCCGCCTACACCATGACAATGTGGTACGTGTTGT
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AGCTGCCAGCACATGTGCTCCTGCCAGCCAAGACAGCCTGGGCAGCATAA
TAATGGAATATGCGGGCCGCACTACCCTGCACCATGTCATCTATGGCACTA
GCTGCCTGCAGGGAAAGGGAGAGGATGATGGGGGTGGATGTGGCAGAGA
ACCCCTAAGCATAGCTGAGTCCCTGaGTTATTGCTCTGACATTGTGACTGG
CTTAGCCTTCCTCCACTCACAGTGTATTGTGCACCTGGACCTGAAGCCTGC
TAATGTGTTAATCACCGAGCAGGGTGTGTGTAAGATTGGAGACTTTGGGTG
CTCCCAAAAGCTGGAAGATAGTGTGTCCCCAGGTCCCCAGCTTTACCAGC
AGGGGGGCACATATACCCACCGTGCCCCTGAGCTCCTCAAAGGGGAGAA

>Hap5- GenBank accession n° JF415101
TCGACTGGGATCAATTGTGCCTACTACAGCCCCTGGGCTCTGGGGGCTTT
GGGTCCGTCTACAAGGCCACCTACCATGGGGAGACAGTGGCTGTGAAACA
GGTGAAGAAGTGCAGCAAGAACCGGCTGGCATCACGGCAAAGTTTCTGG
GCTGAGCTGAATGTGGCCCGCCTACACCATGACAATGTGGTACGTGTTGT
AGCTGCCAGCACATGTGCTCCTGCCAGCCAAGACAGCCTGGGCAGCATAA
TAATGGAATATGCGGGCCGCACTACCCTGCACCATGTCATCTATGGCACTA
GCTGCCTGCAGGGAAAGGGAGAGGATGATGGGGGTGGATGTGGCAGAGA
ACCCCTAAGCATAGCaGAGTCCCTGGGTTATTGCTCTGACATTGTGACTGG
CTTAGCCTTCCTCCACTCACAGTGTATTGTGCACCTGGACCTGAAGCCTGC
TAATGTGTTAATCACCGAGCAGGGTGTGTGTAAGATTGGAGACTTTGGGTG
CTCCCAAAAGCTGGAAGACAGTGTGTCCCCAGGTCCCCAGCTTTACCAGC
AGGGGGGCACATATACCCACCGTGCCCCTGAGCTCCTCAAAGGGGAGAA

>Hap6- GenBank accession n°® JF415102
TCGACTGGGATCAATTGTGCCTACTACAGCCCCTGGGCTCTGGGGGCTTT
GGGTCCGTCTACAAGGCCACCTACCATGGGGAGACAGTGGCTGTGAAACA
GGTGAAGAAGTGCAGCAAGAACCGGCTGGCATCACGGCAAAGTTTCTGG
GCTGAGCTGAATGTGGCCCGCCTACACCATGACAATGTGGTACGTGTTGT
AGCTGCCAGCACATGTGCTCCTGCCAGCCAAGACAGCCTGGGCAGCATAA
TAATGGAATATGCGGGCCGCACTACCCTGCACCATGTCATCTATGGCACTA
GCTGCCTGCAGGGAAAGGGAGAGGATGATGGGGGTGGATGTGGCAGAGA
ACCCCTAAGCATAGCaGAGTCCCTGaGTTATTGCTCTGACATTGTGACTGG
CTTAGCCTTCCTCCACTCACAGTGTATTGTGCACCTGGACCTGAAGCCTGC
TAATGTGTTAATCACCGAGCAGGGTGTGTGTAAGATTGGAGACTTTGGGTG
CTCCCAAAAGCTGGAAGACAGTGTGTCCCCAGGTCCCCAGCTTTACCAGC
AGGGGGGCACATATACCCACCGTGCCCCTGAGCTCCTCAAAGGGGAGAA

>Hap7- GenBank accession n° JF415103

TCGACTGGGATCAATTGTGCCTACTACAGCCCCTGGGCTCTGGGGGCTTT
GGGTCTGTCTACAAGGCCACCTACCATGGGGAGACAGTGGCTGTGAAACA
GGTGAAGAAGTGCAGCAAGAACCGGCTGGCATCACGGCAAAGTTTCTGG
GCTGAGCTGAATGTGGCCCGCCTACACCATGACAATGTGGTACGTGTTGT



58

AGCTGCCAGCACATGTGCTCCTGCCAGCCAAGACAGCCTGGGCAGCATAA
TAATGGAATATGCGGGCCGCACTACCCTGCACCATGTCATCTATGGCACTA
GCTGCCTGCAGGGAAAGGGAGAGGGTGATGGGGGTGGATGTGGCAGAG
AACCCCTAAGCATAGCTGAGTCCCTGGGTTATTGCTCTGAIATTGTGACTG
GITTAGCCTTCCTCCACTCACAGTGTATTGTGCACCTGGACCTGAAGCCTG
CTAATGTCTTAATCACCGAGCAGGGTGTGTGTAAGATTGGAGACTTTGGGT
GCTCCCAAAAGCTGGAAGAIAGTGTGTCCCCAGGTCCCCAGCTTTACCAGC
AGGGGGGCACATATACCCACCGTGCCCCTGAGCTCCTCAAAGGGGAGAA

>Hap8- GenBank accession n° JF415104
TCGACTGGGATCAATTGTGCCTACTACAGCCCCTGGGCTCTGGGGGCTTT
GGGTCCGTCTACAAGGCCACCTACCATGGGGAGACAGTGGCTGTGAAACA
GGTGAAGAAGTGCAGCAAGAACCGGCTGGCATCACGGCAAAGTTTCTGG
GCTGAGCTGAATGTGGCCCGCCTACACCATGACAATGTGGTACGTGTTGT
AGCTGCCAGCACATGTGCTCCTGCCAGCCAAGACAGCCTGGGCAGCATAA
TAATaGAATATGCGGGCCGCACTACCCTGCACCATGTCATCTATGGCACTA
GCTGCCTGCAGGGAAAGGGAGAGGATGATGGGGGTGGATGTGGCAGAGA
ACCCCTAAGCATAGCTGAGTCCCTGGGTTATTGCTCTGACATTGTGACTGG
CTTAGCCTTCCTCCACTCACAGTGTATTGTGCACCTGGACCTGAAGCCTGC
TAATGTGTTAATCACCGAGCAGGGTGTGTGTAAGATTGGAGACTTTGGGTG
CTCCCAAAAGCTGGAAGAIAGTGTGTCICCAGGTCCCCAGCTTTACCAGCA
GGGGGGCACATATACCCACCGTGCCCCTGAGCTCCTCAAAGGGGAGAA

>Hap9- GenBank accession n° JF415105
TCGACTGGGATCAATTGTGCCTACTACAGCCCCTGGGCTCTGGGGGCTTT
GGGTCCGTCTACAAGGCCACCTACCATGGGGAGACAGTGGCTGTGAAACA
GGTGAAGAAGTGCAGCAAGAACCGGCTGGCATCACGGCAAAGTTTCTGG
GCTGAGCTGAATGTGGCCCGCCTACgCCATGACAATGTGGTACGTGTTGT
AGCTGCCAGCACATGTGCTCCTGCCAGCCAAGACAGCCTGGGCAGCATAA
TAATGGAATATGCGGGCCGCACTACCCTGCACCATGTCATCTATGGCACTA
GCTGCCTGCAGGGAAAGGGAGAGGATGATGGGGGTGGATGTGGCAGAGA
ACCCCTAAGCATAGCTGAGTCCCTGGGTTATTGCTCTGACATTGTGACTGG
CTTAGCCTTCCTCCACTCACAGTGTATTGTGCACCTGGACCTGAAGCCTGC
TAATGTGTTAATCACCGAGCAGGGTGTGTGTAAGATTGGAGACTTTGGGTG
CTCCCAAAAGCTGGAAGACAGTGTGTCCCCAGGTCCCCAGCTTTACCAGC
AGGGGGGCACATATACCCACCGTGCCCCTGAGCTCCTCAAAGGGGAGAA

>Hap10- GenBank accession n° JF415106
TCGACTGGGATCAATTGTGCCTACTACAGCCCCTGGGCTCTGGGGGCTTT
GGGTCCGTCTACAAGGCCACCTACCATGGGGAGACAGTGGCTGTGAAACA
GGTGAAGAAGTGCAGCAAGAACCGGCTGGCATCACGGCAAAGTTTCTGG
GCTGAGCTGAATGTGGCCCGCCTACgCCATGACAATGTGGTACGTGTTGT
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AGCTGCCAGCACATGTGCTtICTGCCAGCCAAGACAGCCTGGGCAGCATAA
TAATGGAATATGCGGGCCGCACTACCCTGCACCATGTCATCTATGGCACTA
GCTGCCTGCAGGGAAAGGGAGAGGATGATGGGGGTGGATGTGGCAGAGA
ACCCCTAAGCATAGCTGAGTCCCTGGGTTATTGCTCTGACATTGTGACTGG
CTTAGCCTTCCTCCACTCACAGTGTATTGTGCACCTGGACCTGAAGCCTGC
TAATGTGTTAATCACCGAGCAGGGTGTGTGTAAGATTGGAGACTTTGGGTG
CTCCCAAAAGCTGGAAGACAGTGTGTCCCCAGGTCCCCAGCTTTACCAGC
AGGGGGGCACATATACCCACCGTGCCCCTGAGCTCCTCAAAGGGGAGAA

>Hapl1l- GenBank accession n° JF415107
TCGACTGGGATCAATTGTGCCTACTACAGCCCCTGGGCTCTGGGGGCTTT
GGGTCTGTCTACAAGGCCACCTACTATGGGGAGACAGTGGCTGTGAAACA
GGTGAAGAAGTGCAGCAAGAACCGGCTGGCATCACGGCAAAGTTTCTGG
GCTGAGCTGAATGTGGCCCGCCTACACCATGACAATGTGGTACGTGTTGT
AGCTGCCAGCACATGTGCTCCTGCCAGCCAAGACAGCCTGGGCAGCATAA
TAATGGAATATGCGGGCCGCACTACCCTGCACCATGTCATCTATGGCACTA
GCTGCCTGCAGGGAAAGGGAGAGGOTGATGGGGGTGGATGTGGCAGAGA
ACCCCTAAGCATAGCTGAGTCCCTGGGTTATTGCTCTGAIATTGTGACTGGt
TTAGCCTTCCTCCACTCACAGTGTATTGTGCACCTGGACCTGAAGCCTGCT
AATGTCcTTAATCACCGAGCAGGGTGTGTGTAAGATTGGAGACTTTGGGTGC
TCCCAAAAGCTGGAAGAIAGTGTGTCCCCAGGTCCCCAGCTTTACCAGCAG
GGGGGCACATATACCCACCGTGCCCCTGAGCTCCTCAAAGGGGAGAA



