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A tragédia ndo € quando um homem morre.
A tragédia é aquilo que morre dentro de um
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RESUMO

FOXL2 representa um importante gene, membro da familia do dominio forkhead, responsavel
principalmente pelo desenvolvimento de ovérios durante a determinagdo e diferenciagdo
sexual de fémeas. Os estudos evolutivos realizados anteriormente foram limitados
considerando o nimero de copias génicas e unidades taxonémicas analisadas. Para analisar
um grande ndmero de sequéncias de FOXL2 e contribuir para um cenario mais claro da
historia evolutiva do gene, uma ampla andlise evolutiva do dominio forkhead e do gene
FOXL2 foi realizada. Um total de 2.464 sequéncias para o dominio forkhead foram
recuperadas e, subsequentemente, 62 sequéncias representativas para o0 FOXL2 foram
utilizadas na analise evolutiva do gene. A contribuicdo mais importante deste estudo foi a
descoberta de um novo subgrupo de ortélogos de FOXL2 (parélogos para outros FOXL2)
presente no celacanto Latimeria chalumnae (celacanto do Oeste do Oceano indico), na ave
Taeniopygia guttata (tentilhdo) e no marsupial Monodelphis domestica (gambd). Este novo
cenario indica um evento de duplicacdo génica em um ancestral de vertebrados 0sseos
(Euteleostomi). Com base nas analises das regifes sinténicas de ambas as copias de FOXL2, o
evento de duplicagdo ndo ocorreu em um unico gene, mas em um bloco de genes. Além disso,
a distribuicdo da copia duplicada se mostrou complexa entre os vertebrados, especialmente
em tetrapodas, e os resultados apoiam fortemente uma perda desta cdpia nas espécies de
euterianos. Finalmente, o cenario observado no presente estudo sugere uma atualizacéo para a
nomenclatura do gene FOXL2, estendendo a nomenclatura de FOXL2A e FOXL2B, sugerida
para teledsteos, para todas as sequéncias de vertebrados, contribuindo, portanto, para o

estabelecimento de um novo contexto evolutivo para o gene FOXL2.

Palavras-chave: Forkhead box L2, genoma de vertebrados, copias paralogas, duplicacéo
génica



ABSTRACT

The FOXL2 gene is an important member of the forkhead domain family, primarily
responsible for the development of ovaries during female sex determination and
differentiation. The evolutionary studies conducted previously were limited considering the
number of gene copies and taxonomic units analyzed. To analyze a large number of sequences
for FOXL2 and contribute to a clearer picture of the evolutionary history of the gene, a broad
evolutionary analysis of the forkhead domain and FOXL2 was performed. A total of 2,464
sequences for the forkhead domain were recovered, and subsequently, 62 representative
sequences for FOXL2 were used in the evolutionary analysis of this gene. The most important
contribution of this study was the discovery of a new subgroup of FOXL2 orthologs (paralogs
to other FOXL2 genes) observed in the coelacanth Latimeria chalumnae (West Indian Ocean
coelacanth), in the avian Taeniopygia guttata (zebra finch) and in the marsupial Monodelphis
domestica (opossum). This new scenario indicates a gene duplication event in an ancestor of
bony vertebrates (Euteleostomi). Furthermore, based on the analysis of the syntenic regions of
both FOXL2 copies, the duplication event did not occur in a single gene but in a block of
genes. Moreover, the duplicated copy distribution was shown to be complex across
vertebrates, especially in tetrapods, and the results strongly support a loss of this copy in
eutherian species. Finally, the scenario observed in this study suggests an update for FOXL2
gene nomenclature, extending the actual suggested teleost naming of FOXL2A and FOXL2B
to all vertebrate sequences and contributing to the establishment of a new evolutionary

context for the FOXL2 gene.

Key words: Forkhead box L2, vertebrate genome, paralog copies, gene duplication
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1. INTRODUCAO GERAL

1.1. Evolucdo molecular e reconstrucéo filogenética

A evolucdo molecular é uma area de estudos que surgiu e avangou muito a partir do
acumulo e disponibilidade de dados genéticos de sequéncias de nucleotideos e proteinas, dos
avangcos computacionais e ainda do desenvolvimento de métodos estatisticos sofisticados
(Yang 2006). Os estudos de evolugdo molecular tm como principal objetivo a reconstrucéo
das relagdes evolutivas entre genes e espécies, além da investigacdo das forcas e mecanismos

do processo evolutivo (Yang 2006).

A filogenia é a histdria evolutiva de um grupo de genes ou organismos e o principal
objetivo de sua inferéncia € descrever as relacfes evolutivas em termos de uma relacdo de
ancestralidade comum, sendo normalmente representada por um diagrama de ramos (arvore
filogenética) (Felsenstein 2004). Dentro de uma arvore filogenética podem ser observados trés
tipos de relacGes, definidas por Hennig (1966): monofilia, parafilia e polifilia. Os grupos
considerados como monofiléticos e parafiléticos sdo aqueles que possuem uma Unica origem
evolutiva, e neste contexto, os grupos monofiléticos incluem todos os descendentes de um
unico ancestral. No entanto, se um desses descendentes é retirado, 0s grupos restantes sdo
denominados como parafiléticos. Ja os grupos polifiléticos representam aqueles considerados
como resultado de evolugdo convergente, e 0s caracteres que apoiam 0 grupo estdo ausentes

no ancestral comum mais recente.

Durante a reconstrugéo filogenética com base em dados moleculares, um pressuposto
basico é de que as sequéncias utilizadas sejam homdlogas, podendo ser sequéncias tanto de
nucleotideos como de aminoacidos, porém, a escolha do tipo de grupo de dados ndo é
consensual. Em alguns casos, a utilizacdo de dados de aminoacidos é preferida para inferir

filogenia principalmente porque existem mais estados possiveis para os caracteres (20
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estados), em oposicdo aos nucleotideos (4 estados) (revisado por Simmons, Ochoterena,
Freudenstein 2002). Contudo, isto é contraposto com o fato de que o aumento no nimero de
caracteres em sequéncias de nucleotideos pode conduzir a uma melhor resolucdo da arvore.
Um exemplo disso é quando a familia de genes de interesse tem apenas um dominio
altamente conservado e pouco divergente nas sequéncias de aminoacidos (revisado por

Harrison e Langdale 2006).

Para a reconstrucdo filogenética, independentemente do tipo de sequéncia utilizada, é
preferivel buscar o maior nimero possivel de sequéncias similares, a fim de reduzir ou evitar
associagcfes imprecisas entre grupos terminais (Hillis 1996). Esta busca pode ser realizada
acessando bancos de dados genéticos privados ou publicos. No caso dos bancos pablicos, um
dos mais conhecidos é o GenBank, alocado no NCBI — National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov). Dentre as ferramentas de busca por sequéncias
similares, uma das mais (sendo a mais) utilizada € o programa BLAST (Basic Local
Alignment Search Tool), desenvolvido por Altschul et al. (1990). O BLAST compde um
conjunto de programas que foram derivados do algoritmo original, entre eles: BLASTN,
BLASTP, BLASTX, TBLASTN e TBLASTX. Desses programas, a amostragem de
sequéncias pode ser otimizada usando as op¢oes TBLASTN e TBLASTX, ja que em ambos
0s casos, as sequéncias de nucleotideos recuperadas sdo traduzidas nas seis matrizes de
leitura, maximizando, portanto, o potencial para a recuperacdo de sequéncias similares ao
gene ou proteina de interesse. Um parametro importante para ser analisado ao se recuperar
sequéncias por meio de BLAST, é o valor E (Valor Esperado), que € uma indica¢do do grau
de similaridade entre a sequéncia inicial usada nas pesquisas e a sequéncia recuperada, sendo
gue, quanto mais proximo o valor E é de zero, maior o grau de similaridade entre as duas

sequéncias (revisado por Lemey, Salemi, Vandamme 2009).
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Depois que os dados de sequéncias foram recuperados e cuidadosamente alinhados,

existem tipos diferentes de andlises filogenéticas que podem ser implementadas. De forma

simplificada, os principais métodos de inferéncia filogenética, com base na revisdo de

Harrison e Langdale (2006), sdo:

a)

b)

Métodos de distancia (e.g. agrupamento de vizinhos e evolucdo minima):
calculam as distancias entre os pares de sequéncias e agrupam aquelas que séo
mais similares. Computacionalmente, esta abordagem requer baixo nivel de
processamento, devido a uma maior simplicidade para realizar os calculos e,
portanto, a andlise é conduzida com alta rapidez. Entretanto, os métodos de
distdncia ndo permitem analisar quais caracteres contribuiram para grupos
particulares. Tal como acontece com outros métodos, o resultado pode depender
da ordem em que as entidades sdo adicionadas a arvore gerada inicialmente.
Maéaxima parcimdnia: assume que a melhor arvore para explicar a evolucéo do
conjunto de dados é aquela em que ha menor numero de alteracbes possiveis
(maior parciménia). Um problema neste método surge quando arvores com
agrupamentos diferentes sdo igualmente consideradas como plausiveis,
dificultando, ou até mesmo, impedindo a geracdo de uma arvore-consenso final.
Maéxima verossimilhanca: calcula a probabilidade de uma determinada arvore se
encaixar no conjunto de dados, levando em consideracdo, um modelo especifico
de evolucdo. A anéalise comeca com uma arvore inicial, que pode ser gerada por
algum método de distdncia, como agrupamento de vizinhos. Posteriormente,
ocorrem trocas nos ramos até que a arvore com o maior valor de verossimilhanca
e, portanto, com maior probabilidade de ajuste aos dados, é adquirida. Este valor
é uma funcdo tanto da topologia da arvore como dos comprimentos dos ramos

(nimero de mudancas de estado dos caracteres). Métodos de méxima
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verossimilhanca sé@o as técnicas mais exigentes computacionalmente para analise

filogenética, porém, permitem uma analise mais explicita das suposicdes feitas
sobre a evolucdo das sequéncias.

d) Inferéncia Bayesiana: é outro método de verossimilhanca, no entanto, a diferenca é

que um conjunto distinto de pressupostos (priors) € introduzido no modelo

original. A reconstrucdo filogenética por inferéncia Bayesiana € baseada na
distribuicdo da verossimilhanca e da probabilidade posterior das arvores,

utilizando algoritmos MCMC (Markov Chain Monte Carlo) (revisado por Lemey,
Salemi, Vandamme 2009). Neste método, o tempo computacional requerido é bem
maior que dos outros métodos em virtude da geragdo de um conjunto extenso de

arvores.

1.2. Duplicacéo génica

A grande diversidade morfolégica e de espécies presente nos eucariotos tem sido
atribuida, frequentemente, aos eventos de duplicacdo de genes, cromossomos ou genomas,
pois sdo considerados como as principais fontes para o surgimento de novos genes (Ohno
1970; Holland et al. 1994; Long et al. 2003; Semon e Wolfe 2007; Conant e Wolfe 2008). De
forma simplificada, a duplicagdo génica pode ocorrer a partir de trés processos principais: (a)
crossing-over desigual, (b) retrotransposi¢do, ou (c) ndo disjungdo dos cromossomos ou

cromatides-irmas durante a meiose (revisado por Freeman e Herron 2009).

A duplicacdo génica por crossing-over desigual ocorre quando 0S cromossomos nao se
pareiam adequadamente e, consequentemente, 0 crossing-over ocorre em porgdes nado-
homologas dos cromossomos pareados. Agora, durante a retrotransposicdo, um RNA-

mensageiro (MRNA) ¢ retrotranscrito, gerando um DNA complementar (cDNA) que
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posteriormente € inserido em algum ponto do genoma (revisado por Zhang 2003). Dessa
forma, se a regido retrotranscrita continha algum gene, esse serd duplicado, total ou

parcialmente, dependendo da cobertura da regiao retrotranscrita.

Por ultimo, as duplicacGes cromossémicas e genémicas ocorrem possivelmente pela
ndo-disjuncdo cromossémica na meiose | ou pela ndo-disjuncdo das cromatides-irmas na

meiose Il (revisado por Freeman e Herron 2009).

A importéncia evolutiva da duplicacdo em larga-escala esta atrelada ao aumento
significativo do material genético, aumentando a chance de que novos genes surjam e
adquiram novas funcdes (revisado por Freeman e Herron 2009). Dessas duplica¢fes em larga-
escala, a duplicacdo de um genoma como um todo tem sido reportada em animais e fungos, e
é particularmente frequente nas plantas (Wolfe e Shields 1997; Bowers et al. 2003; Kellis,
Birren, Lander 2004; Dehal e Boore 2005; Jaillon, Aury, Wincker 2009). Mesmo considerada
menos frequente em animais, a duplicacdo do genoma tem sido normalmente associada com
importantes transicdes, especialmente em cordados, em que estudos reportam a ocorréncia de
duplicacdo de todo o genoma coincidindo com o surgimento dos grupos de vertebrados,
gnatostomados e teledsteos (Holland et al. 1994; Meyer e Schartl 1999; Postlethwait et al.

2000; Hoegg et al. 2004; Crow et al. 2006).

Apesar da importancia associada as duplicacfes génicas, ainda existe um grande
debate sobre os detalhes evolutivos de como novos genes surgem a partir de uma duplicacao

(Zhang 2003; He e Zhang 2005; Li, Yang, Gu 2005).

Evidéncia de duplicacdo génica foi reportada ja no inicio do século passado, em 1911,
em um trabalho de Kuwada com milho (Zea mays), em que 0 pesquisador sugeriu a existéncia
de cromossomos originados de um evento de duplicagdo e prop6s que a geracdo de diferentes

linhagens pode ser atribuida ao referido evento (revisado por Taylor e Raes 2004).
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Posteriormente, Bridges (1935) atribuiu as duplicacdes como um processo capaz de gerar
Cromossomos maiores compostos por genes iguais, 0 que possibilitaria padrées de mutacéo
diferenciada entre esses genes e, consequentemente, podendo gerar efeitos funcionais
distintos. Além disso, Serebrowsky (1938) prop06s que a selecdo negativa pode estar reduzida
em genes que se apresentem duplicados. O autor também concluiu, ao caracterizar achaete e
scute (genes ligados ao cromossomo X de Drosophila melanogaster), que ambas as copias
podem ser alteradas, pois um gene pode influenciar diferentes aspectos do fenotipo e, por
conseguinte, apo6s a duplicacdo poderia ocorrer uma distribuicdo de funcdes entre as copias

duplicadas.

Claramente, estes trabalhos iniciais forneceram os primeiros indicios do que
atualmente é conhecido como os processos de neofuncionalizacdo e subfuncionalizacdo para
as copias génicas duplicadas. No entanto, o tema duplicacdo génica somente comegou a ser
intensamente debatido a partir do trabalho de Ohno (1970) publicado no livro Evolution by
gene duplication. Neste trabalho, Ohno definiu 0 modelo de neofuncionalizacdo, apesar do
termo propriamente dito ter sido cunhado posteriormente por Force et al. (1999). Segundo
Ohno, apds a duplicacdo de um gene, uma das copias manteria a funcdo original do gene
ancestral, enquanto a copia adicional seria redundante e, se fixada por deriva genética, estaria
livre de selecdo negativa. Posteriormente, a copia adicional poderia se tornar um pseudogene,
ou entdo, ser perdida pela acumulacdo de mutacdes neutras com perda de funcdo génica. Em
casos menos frequentes, durante a acumulacdo de mutacdes, a copia génica adicional poderia
adquirir uma nova funcdo, que seria mantida por selecdo. Um exemplo muito referido na
literatura é o caso das glicoproteinas antifreeze dos peixes antarticos originadas por
duplicacdo do gene do tripsinogénio, em que a copia duplicada se neofuncionalizou, e a
proteina resultante se tornou capaz de se ligar a cristais de gelo, prevenindo o peixe do

congelamento (Deng et al. 2010).
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A subfuncionalizacdo, por sua vez, mesmo depois do trabalho de Serebrowsky (1938),
somente teve sua definicdo melhor compreendida com o trabalho de Force et al. (1999), em
que o modelo proposto de subfuncionalizacdo foi denominado de Duplicacdo-Degeneracéo-
Complementacdo (DDC). Este modelo, da mesma forma que a neofuncionalizacdo proposta
por Ohno, é baseado na redundancia das copias duplicadas. Desta forma, no modelo DDC,
haveria o acimulo de mutacdes em ambas as copias (mutacbes neutras com degeneracdo da
funcdo génica) conduzindo a uma reducao na eficacia funcional das cdpias duplicadas. Assim,
caso ocorra a manutencao de ambas as cdpias por deriva genética, nenhuma delas seria capaz
de desempenhar a funcdo génica original de forma independente, portanto, ambas as copias

necessariamente seriam preservadas por selecdo a fim da manutencao do fitness.

E importante mencionar que os processos de neofuncionalizacio e subfuncionalizagdo
ndo sdao mutuamente excludentes. Como exemplo, as formas duplicadas podem evoluir por
subfuncionalizacdo em termos de estrutura de proteina, mas por neofuncionalizacdo em
termos de perfis de expressdo (Tirosh e Barkai 2007). Dessa forma, é possivel perceber que
as estratégias evolutivas desempenhadas pelas cdpias duplicadas séo diversificadas, em que
diferentes modelos de evolucdo podem ser sugeridos e agrupados, como pode ser observado
na revisdo de Innan e Kondrashov (2010). Por exemplo, ha modelos em que a duplicagdo em
si é vantajosa, como no caso em que o fitness é incrementado pelo aumento na dosagem
génica. Neste caso, se esse aumento for vantajoso, entdo o gene duplicado pode ser fixado por
selecdo positiva e a manutencdo desse gene serd condicionada com a conservacao das

condigdes que favoreceram a sua selecao.

Dentro do contexto da evolucdo génica, diferentes relagcdes de homologia podem ser
definidas de acordo com o evento de geracdo das coOpias a partir de um ancestral comum
(Figura 1). Quanto a origem, a homologia entre genes pode ser diferenciada quando cdpias

sdo originadas por um evento de especiacdo (ortologia, orto = igual, preciso) ou por um
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evento de duplicacdo (paralogia, para = em paralelo) (Fitch 1970). Posteriormente, outras
relacGes de homologia surgiram para referenciar casos especificos: onologia (em homenagem
a Susumu Ohno) no caso de genes paralogos que se originaram de um evento de duplicacdo
do genoma (Wolfe 2000) e xenologia para genes homologos resultantes de transferéncia

horizontal (Gray e Fitch 1983).

Figura 1: Esquema da caracterizacdo da paralogia e ortologia, com base nos respectivos eventos de geracao das
sequéncias (duplicacdo e especiacdo). Sequéncias originadas de um evento de duplicacdo (e.g. gene a da espécie
A e gene 3 da espécie A = genes paralogos) e sequéncias originadas de um evento de especiagéo (e.g. gene o da

espécie A e gene a da espécie B = genes ortdlogos).

1.3. Gene FOXL2: aspectos funcionais e evolutivos

O gene FOXL2 foi identificado pela primeira vez em 1998 ao se buscar genes
envolvidos com o desenvolvimento da glandula pituitaria em camundongos (Treier et al.
1998), sendo considerado membro da familia de fatores de transcri¢cdo de ligagdo ao DNA

10
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compostos pelo dominio denominado forkhead ou winged helix (Weigel et al. 1989;
Mahlapuu et al. 2001; Lehmann et al. 2003). O dominio, que segundo a determinacdo no
banco de dados Pfam apresenta tamanho de 96 aminoacidos (Finn et al. 2010), foi
identificado a partir da determinacdo da estrutura cristalografica da familia HNF-3y/FOXA,
envolvida no desenvolvimento dos tecidos de pancreas e figado (Clark et al. 1993). Muitas
proteinas da familia forkhead sdo consideradas como reguladores do desenvolvimento
(Bravieri et al. 1997), como desenvolvimento cranio-faringeal — FOXE1 (Lehmann et al.
2003), crescimento celular e resposta a insulina — FOXO1 (Gross, van den Heuvel, Birnbaum
2008), formacado de pélo e diferenciacdo dos queratindcitos — FOXN1 (Nehls et al. 1994), e
formacdo e funcionamento do ovario — FOXL2 (Cocquet et al. 2003; Baron et al. 2004;
Uhlenhaut e Treier 2006; Veitia 2010; Jaubert et al. 2011). A descoberta dos papéis de cada
membro da familia de proteinas foi realizada por meio de estudos envolvendo defeitos
congénitos associados com mutacdes, normalmente observadas na regido do dominio

forkhead (Carlsson e Mahlapuu 2002).

O gene FOXL2 estd presente em diferentes grupos de metazoarios, porém, sua
funcionalidade e expressdo se encontram melhor compreendidos em vertebrados. O papel do
gene FOXL2 em vertebrados é fundamental tanto para o desenvolvimento como para a
maturacdo e posterior funcionamento ovariano (Uhlenhaut et al. 2009). A expressdo de
FOXL2 é fémea-especifica e pode ser detectada em estagios iniciais do desenvolvimento
gonadal (Cocquet et al. 2002). Este padrdo de expressdo dimorfico entre os sexos €
conservado entre os diferentes grupos de vertebrados, atuando na formagdo do ovario,
particularmente, com a diferenciacdo em ceélulas granulosas (Guerrero-Estévez e Moreno-
Mendoza 2009). Dessa forma, o gene FOXL2 (Forkhead box L2) se encontra como um dos
importantes candidatos a determinagdo e diferenciacdo sexual de vertebrados (Baron et al.

2004).
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Estudos mais recentes em mamiferos associam determinadas mutacfes em FOXL2
com a Sindrome Blefarofimose-Ptose-Epicanto Inverso (BPES), caracterizada pela ma-
formacéo das palpebras (BPES tipo Il) ou, em alguns casos, associada a faléncia prematura do
ovario (BPES-tipo 1) (Crisponi et al. 2001; De Baere et al. 2001). A ocorréncia de algumas
dessas mutacdes foram descritas numa regido exclusiva do gene de mamiferos caracterizada
por ser rica em alaninas (14 alaninas) (Figura 2). Moumne et al. (2008) observou que
expansdes de 10 alaninas (total de 24 alaninas) foram identificadas em aproximadamente 30%

dos pacientes com BPES e sédo a principal causa da BPES tipo II.

Figura 2: Representacdo da sequéncia tipo selvagem da proteina FOXL2 de humanos (nimero de acesso
NP_075555). Em destaque o dominio forkhead (vermelho), determinado segundo o banco de dados Pfam (Finn
et al. 2010) e a regido rica em poli-alaninas (azul) exclusiva de mamiferos. Figura gerada pelo software Geneious

4.8.5 (Drummond et al. 2009).

12



Introdugdo Geral

Uhlenhaut et al. (2009) mostraram, em camundongos, que FOXL2 é requerido para
prevenir a transdiferenciacdo das células foliculares de um ovario adulto em células
semelhantes as testiculares. Segundo os autores, a perda somente de FOXL2 parece ser
suficiente para iniciar a conversdo completa do ovario em um testiculo. Além disso, estudos
da cinética da transdiferenciacdo sugerem que FOXL2 e outro gene chamado SOX9 (SRY-box
9), envolvido na via de formacéo de testiculos, sdo mutuamente excludentes em mamiferos. A
possivel exclusdo mutua entre esses genes pode representar um modelo ativo de alternancia,
na qual dois genes centrais inibem um ao outro, direta ou indiretamente, conduzindo a dois
estados ou destinos alternativos. Consequentemente, FOXL2 representaria um repressor na via

de masculinizacdo durante o desenvolvimento gonadal feminino (Uhlenhaut et al. 2009).

Sobre o aspecto evolutivo do gene FOXL2, os trabalhos se limitam a poucas espécies
de vertebrados, portanto, num contexto filogenético bem mais restrito, e os resultados mais
interessantes até o momento se referem a descricdo de coOpias paralogas em teledsteos. O
primeiro trabalho a relatar tais copias foi o de Baron et al. (2004) ao identificar a presenca de
uma cépia extra com similaridade ao FOXL2 nas espécies de peixes Oncorhynchus mykiss
(truta-arco-iris), Takifugu rubripes (fugu) e Tetraodon nigroviridis (baiacu-verde-pintado). A
filogenia dessas sequéncias demonstrou uma topologia com dois grupos monofiléticos bem
estabelecidos: um clado com a copia duplicada de teledsteos (denominada de FOXL2B) e
outro com a cépia original (FOXL2 de tetrapodas e FOXL2A de teledsteos), sendo esta
topologia tipica de copias duplicadas. Outro trabalho também identificou cdpias duplicadas
nos peixes Danio rerio (paulistinha), Gasterosteus aculeatus (esgana-gata) e Oryzias latipes
(medaka) (Jiang et al. 2011). A filogenia destas copias também resultou em dois clados
distintos para as copias FOXL2A e FOXL2B. Para os autores, a identificacdo de coOpias
parélogas nessas espécies estaria em concordancia com o evento de duplicacdo de genoma

ocorrido exclusivamente em teledsteos. No entanto, nenhum destes trabalhos realizou uma
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busca minuciosa e extensa de possiveis copias duplicadas de FOXL2 em outros grupos de

vertebrados.

Até o momento, muito pouco se sabe sobre a funcdo da copia FOXL2B em teledsteos.
Em um estudo de expressdo envolvendo a espécie de teledsteo Oncorhynchus mykiss, ambas
as copias pardlogas se expressaram em ovario, no entanto, FOXL2B se expressou mais
tardiamente, e essa diferenca combinada com divergéncias nas sequéncias entre FOXL2A e
FOXL2B indica, segundo os autores, uma possivel neofuncionalizacdo, que possibilitou a
manutencdo da copia duplicada em teledsteos (Baron et al. 2004). Em outro trabalho, neste
caso envolvendo a espécie de teledsteo Salmo salar (salméo) (von Schalburg et al. 2011)
relatou-se que ambas as copias sdo expressas bem no inicio do desenvolvimento, sendo que
em machos a expressao de FOXL2A se mostrou restrita em comparacdo a FOXL2B, que ao
contrario, se mostrou presente na maioria dos tecidos extra-gonadais analisados. Em
contraste, a expressdo de FOXL2B foi restrita aos tecidos de fémeas adultas, essencialmente

confinada em pele, branquias e ovario.

Devido aos poucos estudos evolutivos envolvendo FOXL2, associado a importancia
desse gene nos processos de determinacdo e diferenciacdo sexual de vertebrados e, em face do
recente contexto com a presenca de cépias duplicadas de FOXL2 em teledsteos, o presente
estudo buscou proporcionar um melhor entendimento em relacdo ao cenario evolutivo do

gene FOXL2 em diferentes grupos de vertebrados.
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2. OBJETIVO

O objetivo do presente estudo foi compreender a evolucdo e organizacdo genémica do
gene FOXL2, com enfoque na distribuicdo e origem das copias duplicadas no contexto

evolutivo de vertebrados.
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3. MATERIAIS E METODOS

Os materiais e métodos adotados nesta dissertagdo encontram-se reunidos no

manuscrito apresentado no topico Resultados e Discussdo, pagina 23.
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4., RESULTADOS E DISCUSSAO

Os resultados e as discussdes desta dissertacdo sdo apresentados na forma de

manuscrito submetido a revista Molecular Biology and Evolution.
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The discovery of FOXL2 paralogs in coelacanth and tetrapod genomes reveals an

ancient duplication in vertebrates
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Abstract

The FOXL2 gene is an important member of the forkhead domain family, primarily
responsible for the development of ovaries during female sex determination and
differentiation. The evolutionary studies conducted previously were limited considering the
number of gene copies and taxonomic units analyzed. To analyze a large number of sequences
for FOXL2 and contribute to a clearer picture of the evolutionary history of the gene, a broad
evolutionary analysis of the forkhead domain and FOXL2 was performed. A total of 2,464
sequences for the forkhead domain were recovered, and subsequently, 62 representative
sequences for FOXL2 were used in the evolutionary analysis of this gene. The most important
contribution of this study was the discovery of a new subgroup of FOXL2 orthologs (paralogs
to other FOXL2 genes) observed in the coelacanth Latimeria chalumnae (West Indian Ocean
coelacanth), in the avian Taeniopygia guttata (zebra finch) and in the marsupial Monodelphis
domestica (opossum). This new scenario indicates a gene duplication event in an ancestor of
bony vertebrates (Euteleostomi). Furthermore, based on the analysis of the syntenic regions of
both FOXL2 copies, the duplication event did not occur in a single gene but in a block of
genes. Moreover, the duplicated copy distribution was shown to be complex across
vertebrates, especially in tetrapods, and the results strongly support a loss of this copy in
eutherian species. Finally, the scenario observed in this study suggests an update for FOXL2
gene nomenclature, extending the actual suggested teleost naming of FOXL2A and FOXL2B
to all vertebrate sequences and contributing to the establishment of a new evolutionary

context for the FOXL2 gene.
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Introduction

The forkhead domain, also called the winged helix domain, is present in a large
number of proteins that constitute a family of transcription factors that activate important
pathways of embryogenesis (Weigel et al. 1989; Mahlapuu et al. 2001; Lehmann et al. 2003)
and cell differentiation (Brissette et al. 1996; Dottori et al. 2001; Nakae et al. 2003). This
domain, determined by the Pfam database (Finn et al. 2010) as including 96 amino acids, was
named after the description of the crystal structure of the HNF-3y/FOXA family, which is
involved in pancreas and liver tissue development (Clark et al. 1993). Many proteins of the
forkhead family are considered to be tissue-specific regulators of development (Bravieri et al.
1997). Examples include craniopharyngeal development — FOXE1 (Lehmann et al. 2003), cell
growth and insulin responsiveness — FOXO1 (Gross, van den Heuvel, Birnbaum 2008), hair
formation and keratinocyte differentiation — FOXN1 (Nehls et al. 1994), and ovarian
formation and function — FOXL2 (Cocquet et al. 2002; Baron et al. 2004; Uhlenhaut and
Treier 2006; Veitia 2010; Jaubert et al. 2011). The role of each protein member of the domain
family was discovered primarily by studies of congenital defects associated with mutations,
often observed within the forkhead domain (Carlsson and Mahlapuu 2002).

The FOXL2 (Forkhead box L2) gene is an important member of this extensive family
and is primarily responsible for sex determination and differentiation, specifically ovarian
development and maturation (Uhlenhaut et al. 2009). The majority of studies involving
FOXL2 describe functional differences of mutations associated with Blepharophimosis Ptosis
Epicanthus Inversus Syndrome (BPES), which is characterized by eyelid malformations
(BPES type II) or, in some cases, premature ovarian failure (BPES type I) (Crisponi et al.
2001; De Baere et al. 2001). An exclusive feature of the protein, observed only in mammals,

is a tract of 14 alanines, which has been suggested to be a region with strong functional
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constraints (Cocquet et al. 2003). For instance, expansions of 10 alanines represent
approximately 30% of the causes of BPES type Il (Moumne et al. 2008).

Even though there are vast amounts of data available from clinical and expression
analysis of FOXL2, only a few studies, restricted to a reduced set of vertebrate species from
teleosts to mammals, are focused on the evolution of the gene. To date, the most interesting
observation in the evolutionary analysis is the presence of paralogs in the fish group, the
origin of which was suggested to be in accordance with the additional fish-specific whole
genome duplication (Jiang et al. 2011). An extra copy of the FOXL2 gene has only been
reported in Onchorrynchus mykiss (rainbow trout), Takifugu rubripes (fugu), Tetraodon
nigroviridis (pufferfish) (Baron et al. 2004), Danio rerio (zebrafish), Gasterosteus aculeatus
(stickleback), Oryzias latipes (medaka) (Jiang et al. 2011) and Salmo salar (Atlantic salmon)
(von Schalburg et al. 2011).

Motivated by the previous evolutionary context of FOXL2, the present work was
conducted to improve the robustness of FOXL2 evolutionary history and reconstruct a global
domain phylogeny in an attempt to orient the posterior gene phylogeny, which, for the first
time, includes a large number of species. Evolutionary descriptions of new FOXL2 single and
duplicated copies were obtained for different groups of vertebrates, including the coelacanth
(L. chalumnae), the bird (T. guttata) and the marsupial (M. domestica). Moreover, single
copies of FOXL2 from the neotropical cichlid species Cichla monoculus (peacock bass), and
the chondrichthyan species Rhizoprionodon lalandei (Brazilian sharpnose shark) and
Callorhinchus callorynchus (Plownose chimaera) were sequenced. The inclusion of
sequences from the basal vertebrates, shark and chimaera, was important for developing a
broader evolutionary analysis for FOXL2. Furthermore, the syntenic region analyses of both
FOXL2 copies in different vertebrate species were discussed together with the phylogenetic

results to support the present conclusions about the duplication event of FOXL2.
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Contrary to the previous report on the origin of paralog copies of FOXL2, this work
shows an ancient and nonspecific teleostei origin of the paralog copies in ancestors of bony
vertebrates, leading to a suggestion for a new nomenclature for those genes, namely, FOXL2A
(the most studied gene form, generally known as FOXL2) and FOXL2B (for the diverged
duplicated form) in vertebrates. Finally, it is suggested that FOXL2B probably could have

undergone a neofunctionalization process.

Materials and Methods

The methodology adopted in the present work is summarized in Figure 1.

Sequence acquisition and alignment procedures

Forkhead domain sequences

To build an overview of the evolutionary history of the FOXL2 gene, protein
sequences of the forkhead family were collected from a large number of eukaryotes including
fungi, plants and animals. A complete list of GenBank accession numbers, available in the
Pfam database (Finn et al. 2010) for the forkhead family, was used to retrieve the
corresponding nucleotide and amino acid sequences by means of gbreader software (Braz
ASK et al. unpublished data). This procedure allowed for the acquisition of 2,464 sequences
of all available forkhead family proteins in GenBank (Supplementary Material 1).

To avoid redundancy related to highly similar sequences, and thus the use of only a set
of representative data, a clustering methodology was performed using the CD-HIT software
(Li W and Godzik 2006). This program clustered proteins with identity > 90% (the threshold
used in the present work) and retrieved only one representative protein from each cluster. This
threshold value was applied because the forkhead family exhibits a high conservation level in

the domain region, and thus, lower values would indicate the loss of important representative
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data. The previous analysis resulted in a set of sequences (1,022 sequences relative to 370
eukaryotic species) available in the Pfam database (Finn et al. 2010) that were aligned with
the HMMER v. 3 software (Finn, Clements, Eddy 2011) using a Hidden Markov Model
(HMM) profile of the forkhead domain. The final alignment was edited in GeneDoc
(Nicholas, Nicholas Jr, Deerfield 1997) and Seaview (Gouy, Guindon, Gascuel 2010)
software to select only the conserved regions of the domain and avoid poorly aligned portions

(Supplementary Material 2).

FOXL2 sequences

Because our focus is on FOXL2, in addition to the sequences presented in the
aforementioned dataset, other FOXL2 sequences were obtained from the Ensembl (Flicek et
al. 2011), BouillaBase (http://BouillaBase.org) and JGI (http://genome.jgi.doe.gov/) databases
(access from December/2011 to March/2012). Only full sequences annotated as FOXL2 were
retrieved in the first search; however, deep searches were also conducted in all metazoan
genomes available in these databases to detect additional, unreported duplicated copies. A
tblastn search was performed using FOXL2 sequences from species closely related to the
target species as queries. Because the resulting hits were centered only in the forkhead
domain, the retrieval was expanded across the hit to obtain the complete FOXL2 coding
sequence (CDS). These sequences were submitted to an ORF (open reading frame) search and
protein translation using Geneious 4.8.5 software (Drummond et al. 2009). Moreover, other
FOXL2 sequences were retrieved by a blastp search directly from the GenBank database,
available at NCBI (http://www.ncbi.nlm.nih.gov/). The sequences with the description
annotation of FOXL2 that were not included in the list of accession numbers of the Pfam

database were selected to be incorporated into the evolutionary analysis. A complete list of
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FOXL2 retrieved sequences and details of the database searches are shown in Supplementary
Material 3.

Experimental procedures were also employed to retrieve FOXL2 sequences for three
organisms, the chondrichthyan species R. lalandei and C. callorynchus, and the neotropical
cichlid C. monoculus. The tissue samples were available at the Laboratory of Integrative
Genomics of Sao Paulo State University, and the genomic DNA was extracted from muscle
and liver tissues using the phenol-chloroform method (Sambrook and Russel 2001). The
FOXL2 sequences were amplified by PCR (polymerase chain reaction) using degenerate
primers (F - 5> GTN GCN YTN ATH GCN ATG GC 3’ and R - 5> CCA RTA NSW RCA
RTG CAT CAT 3’) constructed with the Primer3Plus software (Untergasser et al. 2007). For
the construction of these primers, several FOXL2 protein sequences of vertebrates (data not
shown) were retrieved based on a blastp search in the Expasy Proteomic Server
(http://ca.expasy.org/) using a FOXL2 sequence from Oreochromis niloticus (accession
number Q6JAO5) as the query. These sequences were aligned using ClustalWw (Thompson,
Higgins, Gibson 1994), and the primers were constructed for the most conserved regions. The
amplicons were ~ 250 bp, and the full gene sequences were obtained by the genome walking
technique using Genome Walker™ kits (Clontech) according to the manufacturer's protocol.
All amplicons were cloned in p-GEM-T plasmid vectors (Promega), and the corresponding
clones were sequenced with an ABI Prism 3100 DNA sequencer (Perkin-Elmer) using ABI
Prism Big Dye Terminator Cycle Sequencing Ready Reaction kits (Perkin-Elmer). Both
strands from different clones were sequenced at least three times to ensure the sequencing
quality. Finally, each of these sequences had their amino acid sequences predicted by an ORF
search performed using the Geneious 4.8.5 program (Drummond et al. 2009). These

sequences were also included in the dataset for forkhead phylogeny.
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The full FOXL2 amino acid sequences present in the forkhead dataset used in the
domain phylogeny (Supplementary Material 4), and their clustered full sequences, were used
for the subsequent FOXL2 phylogeny reconstruction. The amino acid sequences were aligned
using the Muscle algorithm (Edgar 2004), and obviously misplaced aligned regions were
corrected manually. Poor-quality regions observed in the N-terminal portion were excluded
from the analysis using the Seaview software (Supplementary Material 5). At the end, the
reference dataset for FOXL2 phylogeny was composed of 62 amino acid sequences relevant

to 50 metazoan species.

Forkhead and FOXL2 phylogenetic analysis

The choice of the best-fit model of evolution was performed with ProtTest3 (Darriba
et al. 2011) for the forkhead and FOXL2 sequences using the Akaike Information Criterion
(AIC) (Akaike 1974) for the best model selection.

The phylogenetic reconstruction was determined by maximum likelihood and
Bayesian methods implemented in the Phyml v3.0.1 (Guindon and Gascuel 2003) and Beast
v1.7.0 (Drummond and Rambaut 2007) software programs, respectively. For maximum
likelihood analysis, the aLRT (SH-like) reliability test (Anisimova and Gascuel 2006) was
adopted, and the values were supported by posterior probabilities obtained by Bayesian
analysis. For Bayesian method generations, the burn-in was determined in Tracer (Rambaut
and Drummond 2007) through log likelihood scores, and data were summarized in
TreeAnnotator (Drummond and Rambaut 2007) after trees that were out of the convergence
area had been discarded. The visualization and the final tree edition were performed using
FigTree v1.3.1 (Drummond and Rambaut 2007) and the software package Mesquite
(Maddison and Maddison 2001). In all phylogenetic analyses, the proportion of invariable

sites and gamma-distributed rate variation across sites were estimated, and the substitution
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rate categories were set in four categories. The random local clock model for Bayesian
analysis was chosen because it allows for rate variation among lineages, and the model can
run a series of local molecular clocks as described in Drummond and Suchard (2010) (see

parameters in Table 1 and 2).

Evaluation of the FOXL2 syntenic region

In attempt to provide an additional statement of the orthology for most of the newly
described FOXL2 sequences, especially the coelacanth L. chalumnae, the avian T. guttata and
the marsupial M. domestica copies, and to understand the composition and organization of the
genes in the proximity of FOXL2, the syntenic regions were analyzed in D. rerio, G.
aculeatus, G. morhua, O. latipes, O. niloticus, T. nigroviridis, T. rubripes, L. chalumnae, T.
guttata and M. domestica. Furthermore, for comparison, some ortholog sequences from
representative species such as Xenopus tropicalis (frog) and Homo sapiens were included in
the analysis of the syntenic regions.

Most of the synteny analysis was conducted using Ensembl with the genes identified
using its genome browser. Because there were only partial transcript predictions for O.
niloticus and L. chalumnae, without gene identification, each partial transcript sequence in the
genomic region of FOXL2A and FOXL2B was retrieved and then queried by a blastp search
against the NCBI database, with the identities and the E-values annotated from the highest
similar hits from blast results (Supplementary Material 6). For each partial transcript, the
retrieval was expanded to 50 kb of the flanking regions. The sequences acquired were inserted
into the on-line program Softberry FGENESH (http://www.softberry.com/) using T. rubripes
as the reference genome to recover the whole gene transcriptional region and confirm the
identification of genes in these syntenic regions (Supplementary Material 6). However, for the

gene PIK3CD (Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit delta
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isoform), there was no transcript annotation in the L. chalumnae FOXL2B syntenic region in
Ensembl. Because this gene appeared in our analysis as an important marker for FOXL2B, a
tblastn search was conducted in Ensembl to identify the localization of PIK3CD in L.
chalumnae using a sequence of the PIK3CD protein from D. rerio (accession number
AAH54896) as the query. Because the resulting hit from the blast search was positioned to be
syntenic with FOXL2B, approximately 50 kb of the flanking region was retrieved, and gene
prediction was performed using Softberry FGENESH to exclude a possible pseudogene and to
confirm the correct identification of PIK3CD in L. chalumnae. For the final predicted gene,
its corresponding protein sequence (Supplementary Material 6) was used as the query for a

blastp search in NCBI to check the protein prediction reliability and integrity.

Exhaustive search for the FOXL2 duplicated copy

To assure that FOXL2 duplicated copies were not missed during the blast search, we
proceeded to perform an exhaustive search in the Ensembl genomes, isolating the flanking
regions in which FOXL2B was located and conducting a gene name search of important
FOXL2B vicinity markers identified in our work, including PIK3CD, TMEM201
(Transmembrane protein  201), CLSTN1 (Calsyntenin-1), CTNNBIP1 (Beta-catenin-
interacting protein 1) and LZIC (Leucine zipper and CTNNBIP1 domain-containing protein).
We restricted our searches to annotated genomes that exhibited at least one of those markers.
Once a syntenic region was identified, the nucleotide sequences of that region were retrieved.
These sequences ranged from 15 to 1,000 kb, depending upon the size of the available region.
A gene prediction was performed in Softberry FGENESH (http://www.softberry.com/) using
T. rubripes, X. tropicalis and H. sapiens as reference genomes. For all predicted genes, their
corresponding amino acid sequences were used as queries for a blastp search in NCBI to

identify results with similarity to the forkhead protein family. When any similarity was
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observed, the corresponding sequence was inserted in the domain phylogeny to verify the

homology with FOXL2.

Nomenclature reference to systematic relationships

All taxonomic groups and systematic relationships mentioned in this work were based

on the Interactive Tree of Life (iTOL) (Letunic and Bork 2011).

Results and Discussion

FOXL2 gene search and sequencing

During the genome searches of annotated sequences, blast and exhaustive searches for
FOXL2, diverged duplicated copies were found in the teleosts A. burtoni, G. morhua, M.
zebra and O. niloticus, in the coelacanth L. chalumnae, in the bird T. guttata and in the
mammal M. domestica (one copy ortholog to FOXL2A and the other to FOXL2B, as will be
discussed). In contrast, the FOXL2 sequences obtained by genome walking exhibited just one
copy of the gene in the chondrichthyans R. lalandei (accession number JX012129) and C.
callorynchus (accession number JX012130), and in the teleost C. monoculus (accession
number JX012131).

Interestingly, searches in the genome of another basal vertebrate, the agnathan
Petromyzon marinus (sea lamprey), did not reveal a duplicate copy of FOXL2. Unfortunately,
the retrieved sequence showed a partial protein (120 amino acids), and that sequence could
only be utilized in the dataset for the domain phylogeny reconstruction.

All the sequences obtained for FOXL2 from genome database searches and
experimental procedures, which were posteriorly used for phylogenetic analysis, exhibited a

single exon (as expected for the FOXL2 gene) and a translated protein with variable sizes
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(Supplementary Material 3). Furthermore, the present gene searches revealed the presence and

absence of FOXL2 copies.

Forkhead phylogeny

The domain phylogeny combined sequences from all forkhead family groups (A-R),
and each one was represented as a monophyletic group. The FOXL2 branch was clearly
identified from the rest of the forkhead proteins, and all the FOXL2 sequences obtained were
placed in a monophyletic group, thus characterizing them as members of the FOXL2
subfamily (Figure 2A, Supplementary Material 4). The goal of this approach was to develop a
more oriented FOXL2 phylogeny, supporting the use of sequences from the FOXL2
subfamily and also providing a precise way to establish the outgroup for the analysis. Thus,
the domain phylogeny showed the following: 1- the sponge Suberites domuncula seems to be
the proper outgroup for FOXL2 phylogeny and that 2- there is evidence of orthology among
the extra FOXL2 copies. For instance, all the new duplicated copies obtained in this study
(see the topic “FOXL2 gene search and sequencing”), as well as the paralogs reported in other
papers, were placed within the FOXL2 branch, including the diverged duplicated copies in the
tetrapods T. guttata and M. domestica within a clade with the duplicated copies in T.
nigroviridis and T. rubripes. Moreover, the sequence of the agnathan P. marinus that could
not be inserted in the posterior FOXL2 specific phylogeny exhibited FOXL2A orthology in

the domain approach (Supplementary Material 4).

A new view of FOXL2 evolution

The FOXL2 phylogeny based only on the amino acid sequences of the forkhead
domain did not exhibit a total resolute tree, probably due to the high conservation observed in

this region, and was thus characterized by a low phylogenetic signal. In this case, based only
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on an almost complete amino acid sequence alignment, a tree with well-supported branches
was generated (Figure 2B).

The first thing that is evident in the phylogeny of FOXL2 is that it is possible to split
the tree into three main clades (evidenced by a black bar in the right side of Figure 2B). Based
on this result, together with other findings of the present work, a new nomenclature for the
FOXL2 gene in vertebrates is proposed. In summary, one clade includes the FOXL2 gene of
non-vertebrate taxa; another includes the two distinct copies of FOXL2 from vertebrates,
which we propose have evolved from the same duplication event. One copy is known in
tetrapods as FOXL2 and is considered the most thoroughly studied form of the gene (here
named FOXL2A), and the other copy includes the duplicated diverged form (here named
FOXL2B).

The representative species of non-vertebrates included in the FOXL2 evolution
context were the following: Mollusca (Crassostrea gigas), Hemichordata (Saccoglossus
kowalevskii), Urochordata (Ciona intestinalis) and Cephalochordata (Branchiostoma
floridae). However, the phylogenetic placement of those groups could not be precisely
established, possibly due to an accelerated substitution pattern represented by the long
branches (Figure 2B).

The FOXL2A sequences obtained from genomes and experimental procedures,
together with other sequences already known, were grouped within the FOXL2A clade of
vertebrates, thus confirming their orthology. Moreover, the monophyly of major groups, such
as chondrichthyans, teleosts and tetrapods, was clearly identified in the FOXL2A clade.
However, the relationships among these groups were not accurately established, including the
coelacanth sequence (Figure 2B). The unsolved placement of those taxa probably is due to the
absence in the analysis of important intermediate vertebrate groups such as Dipnoi (lungfish),

which would help to create a broader context to improve the evolutionary analysis. The same
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observation (inaccurate topology) can be applied to some taxa within the teleost and tetrapod
groups. Interestingly, FOXL2B copies were placed in a monophyletic group, including the
newly described ones in this study (A. burtoni, G. morhua, M. zebra, O. niloticus, L.
chalumnae, T. guttata and M. domestica) (Figure 2B). The FOXL2B sequences were
represented as a separate clade from the FOXL2A sequences. The main point of this finding is
the fact that the L. chalumnae, T. guttata and M. domestica duplicated copies were positioned
within the FOXL2B clade, which refutes the hypothesis, proposed by Jiang et al. (2011), that
the paralog FOXL2 copies are a product of the duplication event exclusive of teleosts. Thus,
we hypothesized that the FOXL2B copies arose from an old duplication event; however, it
was necessary to perform an analysis in the syntenic region of the predicted paralog copies
and compare them to the teleost copies, to reinforce the orthology of the duplicated
sequences.

In some cases, orthology among sequences can be inferred from synteny analysis
because small syntenic blocks of the genome are frequently maintained and inherited
throughout distant lineages, such as the H. sapiens and D. rerio genomes (Postlethwait et al.
2000). The present synteny analysis clearly showed that the flanking gene composition for
FOXL2 copies was similar in the species analyzed. For a clearer presentation, only the
common syntenic genes among the analyzed species are shown in Figure 3.

In the FOXL2A synteny analysis (Figure 3A), a common general composition as well
as gene orientation was observed in all species analyzed with emphasis on MRPS22
(mitochondrial 28S ribosomal protein S22) and PIK3CB (beta isoform of the
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit) that were observed near the
FOXL2A copies (except MRPS22 for O. niloticus and T. nigroviridis; however, this result can

be related to the limited scaffold size in the case of O. niloticus). The FOXL2A syntenic
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region for the fish Oryzias latipes was not analyzed here because syntenic information for this
region is currently unavailable in Ensembl.

A conservation pattern was also displayed in the syntenic region of the FOXL2B copy
(Figure 3B). In this case, PIK3CD and TMEM201 were both close to FOXL2B in all analyzed
species, except for G. morhua, which does not show the copy of TMEM201; however, this
result can also be related to the limited scaffold size. It was possible to observe some
rearrangements in the orientation and repositioning of some genes. For instance, the
TMEM201 gene was located upstream to FOXL2B in D. rerio, L. chalumnae, T. guttata and
M. domestica, while it was downstream in all other analyzed species, suggesting the
occurrence of rearrangements in this genomic region. Another feature observed in the
FOXL2B cluster of L. chalumnae, T. guttata and M. domestica was the inversion
rearrangement involving the CLSTN1 and CTNNBIP1 genes.

The syntenic regions of all described FOXL2B copies, including the new ones in this
study, exhibited high composition conservation, which supports the hypothesis of the
orthology of these sequences, also shown by the phylogeny of FOXL2. Based on this scenario
of orthology among all FOXL2B genes, the hypotheses of the duplicated copies being
generated in an exclusive duplication event of teleosts (Jiang et al. (2011) can be discarded.
The duplication event must have occurred in an ancestor of bony vertebrates, for the FOXL2B
copy to appear in teleosts, coelacanth and tetrapods (Figure 4). Furthermore, the FOXL2A and
FOXL2B copies would have suffered, posteriorly, an additional duplication event exclusive of
teleosts. In this context, the generated copies were possibly lost, as the presence of new
duplicated copies, besides FOXL2A and FOXL2B, was not reported in teleosts. Indeed the
presence of a possible FOXL2A pseudogene described in S. salar, with short identity with the

forkhead domain, and exhibiting a divergent N and C terminal regions when compared to
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FOXL2A and FOXL2B (von Schalburg et al. 2011), may represents a remnant of the FOXL2
copies generated in the exclusive whole genome duplication occurred in teleosts.

More information involving genome sequencing and/or better assembly for agnathan
and chondrichthyan species (which exhibit just one copy of FOXL2) is required for the exact
placement of the FOXL2 duplication event. For one of the chondrichthyan species analyzed,
Scyliorhinus canicula, the sequence was obtained from an expression study involving FOXL2
(Wotton, French, Shimeld 2007), and only a copy similar to FOXL2A was observed.
Furthermore, the nucleotide sequencing analysis reported here for R. lalandei and C.
callorynchus also revealed only FOXL2A copies. However, in this case, there is a possibility
that the degenerate primers used could only anneal to FOXL2A sequences, precluding the
detection of paralog copies in chondrichthyans, which are the same as those observed in C.
monoculus and possibly in the other teleost species in which the FOXL2 sequences were
obtained by PCR procedures in previous studies.

Moreover, a significant observation was that the PIK3CB and PIK3CD genes in the
FOXL2A and FOXL2B syntenic regions, respectively, have been reported to have evolved
from a duplication that gave rise to the two forms (Brown and Auger 2011). Futhermore, the
same study verified that both PI3K copies remained in teleosts and tetrapods; therefore, the
duplication event also occurred at least in an ancestor of bony vertebrates. Taken together
with our present analysis, this scenario indicates that FOXL2A and FOXL2B were not
products of a single gene duplication. However, searches of other genes observed in the
syntenic region of FOXL2, such as CLSTN1 and CLSTN2 (Calsyntenin-2); RBP2 (Retinol-
binding protein 2) and RBP7 (Retinol-binding protein 7); and NMNATL1 (Nicotinamide
nucleotide adenylyltransferase 1) and NMNAT3 (Nicotinamide nucleotide adenylyltransferase
3), did not reveal any related evidence associating them with a duplication event. In this

context, it would be very informative to perform a phylogenetic analysis of those genes to
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understand their evolutionary history and their relationship to a FOXL2 and PI13K duplication
event.

An additional important observation was that no duplicated copy of FOXL2 was
detected in any of the 23 eutherian genomes searched, even in the exhaustive search in 18 of
those species, thus suggesting that the FOXL2B copy was lost in this group (Figure 4,
Supplementary Material 7). FOXL2B was also not detected in the amphibian species X.
tropicalis, in the sauropsidian Anolis carolinensis (anole lizard), Gallus gallus (chicken) and
Meleagris gallopavo (turkey), in the monotreme Ornithorhynchus anatinus (platypus) or in
the methaterian species Sarcophilus harrisii. These results indicate an evolutionary process
characterized by events of independent losses of FOXL2 copies during the evolutionary
history of bony vertebrates. However, except for eutherians, few species were analyzed, and
because most of these genomes are still in an assembly process, this scenario of independent

losses will only be clearly understood and confirmed with future studies.

FOXL2B activity

The scenario described in the current work for paralog copies also raises an important
issue about the role of FOXL2B, especially with regard to sexual determination and
differentiation. In an expression study involving the fish O. mykiss (Baron et al. 2004),
FOXL2B was shown to be expressed later than FOXL2A in ovaries. The authors suggested
that this difference indicated a neofunctionalization process for FOXL2B. Furthermore, in
another study with the fish, S. salar (von Schalburg et al. 2011), FOXL2B exhibited a similar
but also very distinctive pattern of expression compared to FOXL2A. This difference was
observed especially in males, in which FOXL2B was expressed at higher levels in testes,

while in females, it was restricted to the gills, skin and ovary. Although the authors did not
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draw any conclusions about the roles of FOXL2B, the different patterns of expression in
different types of tissues could indicate a neofunctionalization process for FOXL2B.

Another interesting observation was based on the analysis of the polyalanine tract that
is exclusive to mammals. In M. domestica, the FOXL2A protein showed 16 alanines
(Supplementary Material 5), unlike the value of 14 alanines suggested by Cocquet et al.
(2003). In addition, the FOXL2B protein in M. domestica did not exhibit the polyalanine tract,
which may indicate a change in the protein function compared to the FOXL2A protein.
However, how FOXL2B adapted its function during the evolution of teleosts and tetrapods

remains unknown pending additional functional studies.

Conclusion

The broad study with the domain approach and the incorporation of new FOXL2
duplicated sequences in the inferred phylogeny provided the basis for a novel discussion of
evolutionary studies of FOXL2. The current study identified duplicated forms of FOXL2 in
different vertebrate groups, which suggests the need for a revision of the nomenclature for
FOXL2A and FOXL2B. Notably, the established phylogeny, combined with synteny analysis,
strongly supported the conclusion that the predicted FOXL2B copies in coelacanth and
tetrapods are indeed orthologous to all FOXL2B copies of teleosts. Furthermore, the
duplication event that gave rise to the paralog copies was not unique to teleosts and was a
common event that occurred in an ancestor of bony vertebrates. Our results also suggest that
this duplication was not exclusive to FOXL2. From the description of new FOXL2B copies in
more fish species, obtained by genome searches, it is reasonable to believe that there are more
teleost species, not yet reported, that carry a FOXL2B copy. In this context, it remains
unknown whether most species in this group carry this additional copy, while others have lost

it, or if all teleost species have the duplicated version of FOXL2. The distribution of FOXL2B
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was shown to be diversified in tetrapods, with a strong indication of loss of this copy in
eutherians. In addition to this newly reported scenario, more information is required for
understanding the role of the FOXL2B copy in vertebrates, especially in relation to sexual

determination and differentiation.
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Tables

Table 1. Maximum likelihood reconstruction tree parameters.

Data Substitution Tree searchlng Starting tree Branch support
model operations
. N aLRT
Forkhead LG Best of NNI Neighbor- joining (SH-like)
. . aLRT
FOXL2 Dayhoff Best of SPR Neighbor- joining (SH-like)

NNI: nearest neighbor interchange, SPR: subtree pruning and regrafting,

likelihood ratio test

Table 2. Bayesian method reconstruction tree parameters

aLRT: approximate

I Molecul . i
Data Substitution ?:Ii)cclliar Base Starting  Generations/  Sample Branch
model frequencies tree Burn-in frequency  support
model

Random . Randomly 50,000,000/ Posterior
Forkhead WAG local clock Estimated generated 17,000 1,000 probability
Random . Randomly 30,000,000/ Posterior

FOXL2 Dayhoff E B, 1 .
© ayno local clock stimated generated 5,000 000 probability
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Figures

Figure 1. Fluxogram of the methodology adopted in the present work. In (A), general steps
performed for the evolutionary analysis. In (B), details from the 2" step of (A): procedures

for forkhead domain and FOXL2 phylogenetic reconstruction.
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Figure 2. Phylogenetic relationship of the forkhead domain (A) and FOXL2 (B) sequences.
The letters in (A) represent each different member of the forkhead family (FOXA to FOXR).
The branch colors indicate the consensus statistical support from PhyML and BEAST
analysis: blue (<70%) and red (>70%). The scale bars indicate the average number of amino
acid substitutions per site. In (B), the first and second branch values represent the aLRT (SH-
like) and the posterior probability from the PhyML and BEAST programs, respectively. The
clades of each FOXL2 form are indicated by right side bars. The highlighted clades represent
chondrichthyans (blue), teleosts (green), coelacanth (yellow) and tetrapods (red). The
asterisks represent the procedure used to obtain each sequence in the phylogeny: accession
number from GenBank (*), genome search (**), and genome walking (***). The scale bars

indicate the average number of amino acid substitutions per site.
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Figure 3. Schematic representation of the syntenic regions using FOXL2A (A) and FOXL2B
(B) as reference genes. The transcriptional orientation of the genes is depicted by the direction
of the arrows. The observed genes represent only the common markers for the analyzed

species and not the complete syntenic block composition.
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Figure 4. Summary of the newest evolutionary scenario for FOXL2 copies in vertebrates. The
schematic representation of the phylogenetic relationships among the analyzed groups is
exhibited, according to the Interactive Tree of Life (iTOL) (Letunic and Bork 2011). Taxa are
labeled as carrying (blue) or missing (red) the FOXL2B copy. The asterisks (*) represent the
species in which an exhaustive search for the FOXL2B copy was performed. The length of

each branch is not scaled to any evolutionary distance measurement.
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Supplementary Material Captions

Os materiais suplementares se encontram reunidos no CD que acompanha esta
dissertacéo.

Supplementary Material 1. Information about each retrieved protein sequence from

Genbank using the Pfam list of accession numbers for the forkhead domain.

Supplementary Material 2. Forkhead alignment of the sequences used in the domain

phylogeny.

Supplementary Material 3. (A) Information about the acquisition of each FOXL2 sequence.
The nomenclature suggested by this work was used in this table to refer to each gene copy.
(B) The FOXL2 coding region and protein sequences obtained from genome searches. The
forkhead domain, the size and location of which was determined from the Pfam database, is

underlined.

Supplementary Material 4. The region comprehended by the FOXL2 branch in the domain
phylogeny. Thicker lines: statistical support > 70% in maximum likelihood and Bayesian
analysis. Blue color, the diverged duplicated copies (FOXL2B); red color, the sequence of

Petromyzon marinus.

Supplementary Material 5. FOXL2 multiple alignment: interleaved (A) and sequential (B)

formats.

Supplementary Material 6. Predicted genes from the FOXL2 syntenic region in L.
chalumnae and O. niloticus. (A) Table of the identified genes with their corresponding 1D
from Ensembl and identities or E-values from blast searches. (B) The sequences of each

predicted gene.
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Supplementary Material 7. Figures of the syntenic regions obtained from the Ensembl

browser (http://www.ensembl.org/) during the exhaustive search for FOXL2B copies.
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