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RESUMO

TESE DE DOUTORADO EM BIOLOGIA COMPUTACIONAL E SISTEMAS

Daniel Andrade Moreira

A biodiversidade é uma entidade multidimensional, que se refere a diferentes elementos e
niveis de variabilidade da vida na Terra. As tecnologias de sequenciamento de acidos
nucleicos de alto desempenho, aliadas a biologia computacional, tém permitido uma
caracterizacdo mais ampla e profunda da biodiversidade e de suas complexas interagoes
entre a integridade dos ecossistemas, o bem-estar humano e a saude dos outros seres
vivos. De toda a diversidade de vertebrados, aproximadamente 50% das espécies sao
peixes e destas, 50% sao espécies de agua doce. A regidao Neotropical possui a maior
riqueza de espécies de peixes do mundo e alto grau de endemismo. Entre as familias
endémicas, destaca-se a familia Loricariidae por ser a quinta familia mais diversa entre os
vertebrados, com mais de 900 espécies validas. Os métodos gendmicos permitiram que
varias espécies de peixes saissem da ignorancia genémica, transformando-as em um novo
exército de espécies modelo possibilitando uma analise abrangente das bases genéticas da
evolucdo. Essa tese tem como propdsito maior usar a biologia computacional para a
integracdo da ciéncia por descoberta e da ciéncia orientada por hipoteses na investigagcéo
da biodiversidade da subordem Loricarioidei (Siluriformes), com énfase na familia
Loricariidae. Através do uso do sequenciamento de alto desempenho, geramos e
analisamos 40 transcriptomas de 34 espécies, incluindo 31 espécies de loricarideos. A
mineragao desses transcriptomas possibilitou novos usos para as sequéncias provenientes
de RNA-Seq, como a montagem de genomas mitocondriais, descrita e discutida no Capitulo
Um desta tese. Tal abordagem possibilitou ainda a medida dos niveis de expressédo de
transcritos mitocondriais, o padréo de pontuagdo da edicdo pés-transcricional e a detecc¢éo
de heteroplasmias. Essa metodologia permitiu montar os genomas mitocondriais descritos
nos Capitulos Dois e Trés. Aliar essa metodologia a uma perspectiva evolutiva possibilitou
testar hipéteses filogenéticas e investigar a evolugédo estrutural desses genomas, como
descrito no Capitulo Quatro. No Capitulo Cinco, ampliamos o objeto de pesquisa dos
transcritos mitocondriais para todo o transcriptoma da espécie Pterygoplichthys anisitsi,
onde foi encontrada uma grande diversidade de transcritos que codificam enzimas
envolvidas na desintoxicagdo de xenobidticos, o que pode contribuir para a resisténcia desta
espécie a xenobidticos organicos. Esta tese é o primeiro trabalho a fazer uso do
sequenciamento de acidos nucléicos de alto desempenho para o estudo de espécies de
Loricarioidei, promovendo a ampliacdo do conhecimento sobre a diversidade geneética,
taxondmica, filogenética, estrutural, funcional e fenotipica da fauna de peixes neotropicais.
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ABSTRACT

PHD THESIS IN COMPUTATIONAL AND SYSTEMS BIOLOGY

Daniel Andrade Moreira

Biodiversity is a multidimensional entity, which refers to different elements and levels of
variability of life on Earth. Nucleic acids high-throughput sequencing technologies, coupled
with computational biology, have enabled a broader and deeper characterization of
biodiversity and its complex interactions among ecosystem integrity, human well-being and
the health of other living beings. Of all the vertebrate diversity, approximately 50% of the
species are fish, 50% of which are freshwater species. The Neotropical region has the
greatest richness of fish species in the world and a high degree of endemism. Among the
endemic families, the Loricariidae family stands out as the fifth most diverse family among
vertebrates, with more than 900 valid species. Genomic methods allowed several fish
species to emerge from genomic ignorance, turning them into a new army of species models
making possible a comprehensive analysis of the genetic basis of evolution. This thesis has
as its main purpose to use computational biology for the integration of discovery science and
hypothesis guided science in the investigation of the biodiversity of the suborder Loricarioidei
(Siluriformes), with emphasis on the Loricariidae family. Using high-throughput sequencing,
we generated and analyzed 40 transcriptomes of 34 species, including 31 loricariids species.
The mining of these transcriptomes made possible new uses for RNA-Seq sequences, such
as the assembly of mitochondrial genomes, described and discussed in Chapter One of this
thesis. This approach also enabled the measurement of mitochondrial transcripts expression
levels, the punctuation pattern of post-transcriptional editing and detection of heteroplasmies.
The developed methodology allowed assembling the mitochondrial genomes described in
Chapters Two and Three. Combining this methodology to an evolutionary perspective made
it possible to test phylogenetic hypotheses and to investigate the structural evolution of these
genomes, as described in Chapter Four. In Chapter Five, we extended the research object of
mitochondrial transcripts to the whole transcriptome of the species Pterygoplichthys anisitsi,
where a great diversity of transcripts was found that encode enzymes involved in the
detoxification of xenobiotics, which may contribute to the resistance of this species to organic
xenobiotics. This thesis is the first work to make use of high-throughput nucleic acid
sequencing for the study of Loricarioidei species, increasing the knowledge about the
genetic, taxonomic, phylogenetic, structural, functional and phenotypic diversity of
Neotropical fish fauna.
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1 INTRODUGAO

Os impactos das atividades humanas sobre o0 ambiente sdo responsaveis por
mover a Terra para uma nova época geoldgica, o Antropoceno (1). Essa nova época
€ caracterizada pela mudanca nas relagdes entre homem e meio ambiente, onde o
primeiro ja transgrediu muitas fronteiras de sustentabilidade de uso do segundo. Os
exemplos sdo muitos, mas entre os de maior impacto, pode-se citar a alteracédo da
composi¢do quimica da atmosfera resultando em mudangas climaticas e a rapida
diminuigdo no numero de espécies devido a sobre-exploragdo, destruicdo de
habitats e impactos decorrentes da introducdo de espécies invasoras (2,3). Em
conjunto, esses impactos nos conduzem ao que ja € considerado o sexto evento de
extingdo em massa (4,5).

Embora a extingdo seja um grande impacto em nosso planeta e um poderoso
motivador da conservagao, a defaunacdo é muito mais do que a perda de espécies.
O termo defaunacdo € usado para caracterizar tanto a perda de espécies e
populagdes animais, como um declinio na abundancia de determinada espécie (6).
Nesse contexto de defaunagdo, a biodiversidade vai muito além da riqueza de
espécies, devendo ser vista como uma entidade multidimensional, que se refere aos
diferentes elementos e niveis de variabilidade da vida na Terra, seja taxonémico,
genético, funcional, filogenético, tréfico, espacial, temporal, comportamental e tantas
outras dimensdes da diversidade da vida em um ecossistema (7,8). A redugédo da
biodiversidade, além de promover mudangas na composi¢ao de espécies, também
altera fungbes e servigos ecossistémicos, como qualidade da agua, ciclagem de
nutrientes e controle de parasitos, vetores e doencgas (9), afetando, dessa forma, o
bem-estar humano (2,10).

Essa compreensdo de que o bem-estar humano esta intrinsicamente

associado a biodiversidade e ao meio ambiente contribuiu para a ampliacdo do
1



préprio conceito de saude. A abordagem “One Health” estabelece que a saude dos
seres humanos, dos outros seres vivos e do meio ambiente estdo conectadas e
cada uma delas precisa de igual atengdo para assegurar a saude de todos (11). A
exemplo dessa conexdo, observa-se que doengas podem ser a causa ou a
consequéncia da perda da biodiversidade (11). Nessa abordagem, existe uma maior
demanda pelo conhecimento da saude dos seres vivos e ambiental, para melhor
compreensao da dinamica de doengas. A malaria, as febres hemorragicas (p.e.
dengue, zika, chikungunya e amarela) e a raiva s&o casos bem conhecidos com
fortes ligagcOes a saude animal e aos fatores ambientais (11).

A reducdo da taxa de perda de biodiversidade e a promo¢ao do uso
sustentavel dos ecossistemas s&do objetivos internacionais desde a ECO-92.
Atualmente, esses objetivos integram as metas da Agenda 2030 da Organizagao
das Nagdes Unidas (ONU), estabelecidas apds a incapacidade de atingir as metas
para 2010 da Convencgédo sobre Diversidade Biolégica (CBD) (12) e frente ao
iminente fracasso para cumprir as Metas de Aichi para 2020 (13). No entanto, novas
metas n&o seréo eficazes se ndo houver melhorias nos sistemas de monitoramento
da biodiversidade em todo o mundo, padronizando o uso de indicadores, seu
compartilhamento e elevando o nivel de compreensao da biodiversidade para uma
escala multidimensional (2,14,15). Para a compreensao dos mecanismos que unem
o bem-estar humano, a saude dos seres vivos e a integridade dos ecossistemas, é
preciso agregar a maior quantidade de informacgéo de varios niveis e dimensdes da
biodiversidade. Entretanto, apesar do reconhecimento de que a biodiversidade é
multidimensional, os trabalhos na area tém sido predominantemente
unidimensionais em sua abordagem, sendo a diversidade taxonémica a dimensao

dominante sob investigagao (7).



E evidente que uma pesquisa multidimensional da biodiversidade é mais dificil
e desafiadora. A busca pela maior densidade de informagao envolve a definicido de
um conjunto de métricas que melhor modelem a biodiversidade (15,16). Para tanto,
€ necessario o desenvolvimento de novas abordagens metodolégicas. Codificados
no DNA, diversas dimensdes da biodiversidade podem ser reveladas, ndo somente
variagdes genéticas, mas também inferéncias taxonémical/filogenéticas e funcionais.
Aumentar a capacidade de acessar e interpretar essas informagdes € o primeiro
desafio de novas abordagens em potencial. As tecnologias de sequenciamento de
nova geracgao (sigla do inglés, “NGS”), ou sequenciamento de alto desempenho,
aliadas a biologia computacional, evoluiram rapidamente na ultima década e tém
permitido uma caracterizagao, tanto mais ampla quanto mais profunda, de muitas
dimensdes da biodiversidade, como variagdes genéticas adaptativas, identificacdo
taxondmica, relagbes filogenéticas, inferéncias demograficas e em diferentes
sistemas, como células, tecidos, individuos, populagdes, comunidades e
ecossistemas (17).

A medida que essas recentes tecnologias de sequenciamento evoluem, um
numero crescente de métodos de preparagcdo de amostras, novos equipamentos e,
principalmente, ferramentas de analise de dados geram uma imensa diversidade de
aplicacdes cientificas. A empresa lllumina, atualmente, oferece o maior rendimento
por rodada de sequenciamento e o menor custo por base (18). O seu novo sistema
“‘HiSeq X Ten” tem a capacidade surpreendente de gerar até 1,8Tb de dados brutos
por corrida’. Essa quantidade de dados é maior do que aquela armazenada até
marco de 2018 nos bancos de dados do GenBank? (desconsiderando os bancos de
dados de NGS). Com o desenvolvimento desse sistema, a lllumina afirma ter

rompido a barreira de sequenciar um genoma humano pelo custo de US$1.000.

1Im‘ormag(")es disponiveis em: http://www.illumina.com
’Informacdes disponiveis em: https://www.ncbi.nlm.nih.gov/genbank/statistics/
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Essa redugédo de custo tém permitido que as tecnologias de NGS sejam utilizadas
em estudos de genbmica em qualquer sistema bioldgico, sem a necessidade de um
organismo modelo estreitamente relacionado ao objeto de estudo e em niveis nunca
antes possiveis (19,20).

A geracdo de informacdo genética em larga escala esta pavimentando o
caminho para a expans&o da biologia de sistemas, ampliando seu volume de estudo
de alguns genes e proteinas para o estudo de centenas de milhares de genes e
possibilitando, dessa forma, uma visdo mais ampla e capaz de compreender a
estrutura e a dindmica de um sistema biolégico como um todo, em suas varias
dimensdes. Contudo, mesmo o todo sendo mais do que a soma de suas partes,
como afirmou Aristoteles em sua obra Metafisica, para todo trabalho de biologia de
sistemas sdo necessarios dados sobre trés aspectos do sistema: a lista de suas
partes, a conectividade entre as partes e o contexto, espacial e temporal, dessas
conexoes (21,22).

Os objetivos da biologia de sistemas s&o reunir de forma abrangente as
informagdes de cada um dos distintos niveis dos sistemas biolégicos individuais e
integrar esses dados para gerar modelos matematicos preditivos do sistema (23).
Entretanto, a descoberta de componentes novos e essenciais para processos
biolégicos e seu funcionamento dificilmente resultardo de abordagens meramente
intuitivas, como abordagens “bottom-up”. Devido a complexidade intrinseca dos
sistemas Dbiolégicos, uma combinagcdo de abordagens experimentais e,
principalmente, novas abordagens computacionais serdo necessarias para a
interpretacéo e integracédo desses dados.

Segundo Kitano (2002b), a biologia computacional tem dois ramos distintos: a
descoberta de conhecimento ou mineracdo de dados, que extrai os padrbdes ocultos

de enormes quantidades de dados experimentais, formando hipoteses como



resultado; e a analise baseada em simulacdo, que testa hipoteses com modelos in
silico, fornecendo previsdes passiveis de serem testadas por estudos experimentais
tanto in vitro, como in vivo. O objetivo da biologia computacional guiada por
descoberta é definir todos os elementos em um sistema e criar um banco de dados
que contenha essa informacao (23). A integragdo dessas duas abordagens, guiada
por dados e orientada por hipoteses, € uma das responsabilidades da biologia de
sistemas (23).

Atualmente, a biologia computacional tem um papel fundamental na
interpretacdo da avalanche de novas sequéncias de acidos nucleicos geradas. O
numero de espécies com genomas sequenciados esta crescendo continuamente,
sem sinais de desaceleracdo (25,26). Essa explosdo no volume de dados
genOmicos aliados a ciéncia guiada por descoberta representam uma fonte
fundamental de dados relevantes para a pesquisa bioldégica multidimensional em
diversas areas, como genbmica comparativa, filogenia e evolugdo, biologia da
conservagao e ciéncias biomédicas (19,26-29).

Antes do sequenciamento de alto desempenho, uma estratégia comum e
ainda em uso da biologia celular e molecular é fazer uso de organismos modelo que
servem como representantes para melhor compreensdo da biologia humana. Os
esforgos de sequenciamento dos genomas desses modelos, pelo método de
Sanger, sao focados em algumas espécies filogeneticamente isoladas, sem levar em
conta a grande diversidade de vertebrados, onde aproximadamente 50% dessas
espécies sado peixes (30,31). Como exemplo, o sequenciamento do genoma do
peixe-zebra (Danio rerio) mostrou que aproximadamente 70% dos seus genes tém,
pelo menos, um ortélogo em humanos, além de facilitar a identificacédo e a
caracterizagdo de mutagbes causadoras de doengas (32). O conhecimento

acumulado em decorréncia do sequenciamento do genoma de D. rerio, fortaleceu o



uso dessa espécie como modelo vertebrado para estudo de desenvolvimento,
toxicologia e para diversas doengas humanas (33,34). Esse modelo demonstrou
convincentemente a utilidade de se usar uma espécie de peixe para melhorar nossa
compreensao dos mecanismos moleculares e celulares que levam a condi¢coes
patolégicas e para o desenvolvimento de novas ferramentas diagndsticas e
terapéuticas.

Apesar da utilidade do peixe-zebra na investigacdo de um amplo espectro de
atributos da sua biologia, ha evidéncias que sugerem que outras espécies de peixes
podem ser mais adequadas para questdes mais especificas (35). Na ultima década,
o crescimento no nimero de genomas de teledsteos® disponiveis (Figura 1) fez
emergir um verdadeiro exército de novas espécies modelo para ajudar a responder
questdes sobre as bases genéticas de importantes adaptagdes, incluindo modelos

de doencgas humanas (30,35).
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Figura 1: Namero de genomas de espécies de peixes teledsteos depositados no GenBank por
ano. O numero absoluto de genomas de teledsteos € mostrado por ano, desde 2002, em barras
sélidas. A linha pontilhada representa a média mével de dois anos consecutivos (Fonte: NCBI,
https://www.ncbi.nim.nih.gov/).
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% Teledsteos s&o organismos pertencentes a infra-classe Teleostei, a mais abundante entre
os peixes de nadadeiras raiadas, Actinopterygii.
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O conceito de modelos mutantes evolutivos, introduzido por Albertson et al.
(2009) e revisado por Schartl (2014), se baseia em explorar nos organismos um
fendtipo adaptativo, moldado pela evolugao, que se assemelhe a doencas humanas.
Dessa forma, espera-se obter uma melhor compreensdo dos mecanismos de
desenvolvimento dessa caracteristica, com o objetivo final de aprimorar o
diagndstico e a terapia da doenga humana. Os fen6tipos que modelam no animal a
doenca humana podem ser divididos em duas classes, a primeira onde o estado da
doenga é adaptativo para a espécie modelo e a segunda onde os animais s&o
acometidos pela mesma doencga que os humanos (35). Como exemplo pode-se citar
0s peixes antarticos, da subordem Notothenioidei, que sdo modelos de osteoporose
e anemia (35). Esses peixes possuem consideravel desmineralizacdo dos 0ssos
para aumentar sua flutuabilidade e seu fendtipo € fruto de selegdo positiva que
confere vantagens adaptativas a espécie. O peixe de caverna Astyanax mexicanus,
€ outro exemplo de espécie modelo (p.ex. degeneragdo de retina, albinismo e
desordens do sono) cujo fendtipo similar a patologia humana é adaptativa para a
espécie (35). Nesse caso, todavia, a origem dos fenotipos deu-se por regresséo
evolutiva. Essa espécie coexiste tanto em locais com luz, como em cavernas e s&o
otimos alvos para estudos comparativos. Como exemplos de fenétipos que levam os
individuos a desenvolverem a patologia similar a humana podem ser citados: o
género Xiphophorus e a espécie Oncorhynchus mykiss, (truta arco-iris) que s&o
modelos de melanoma e cancer de figado, respectivamente (35).

Ainda ha outros fenotipos onde alguns peixes que sdo acometidos pelas
mesmas condigdes patologicas que o0s seres humanos desenvolveram
caracteristicas que os tornam resistentes a tais condi¢gdes, em particular aquelas
causadas por xenobidticos, substancias ndo nutrientes estranhas ao organismo

provenientes da industria ou da natureza. Como exemplo, temos o Fundulus



heteroclitus, este peixe tem uma enorme plasticidade, ocupa diversos nichos
ecologicos e possui alta tolerdncia a poluicdo proveniente de fontes industriais,
agricolas e municipais (35). Essas caracteristicas tornam o F. heteroclitus um
modelo mutante evolutivo para estudos toxicogendmicos.

Os métodos gendmicos permitiram que varios modelos de peixes saissem da
ignorancia gendmica, transformando-os em um novo exército de modelos para uma
analise abrangente das bases genéticas da evolugéo (30). O pouco que sabemos
sobre as adaptacdes dessas espécies de peixes deve nos motivar a buscar, em toda
a biodiversidade, novos modelos mutantes evolutivos que certamente existem.
Todavia, os 87 genomas sequenciados em um universo de mais de 33 mil espécies
de peixes ainda representam um numero insuficiente de dados para caracterizar a
biodiversidade em toda sua multidimensionalidade.

Outra abordagem, utilizada em estudos comparativos, € o sequenciamento e
montagem de novo de transcriptomas. Essa € uma maneira econbémica de obter
informagdes sobre o conteudo de genes de uma espécie ndo modelo, especialmente
quando o objetivo é comparar multiplas espécies e quando ndo se tem um genoma
de referéncia de uma espécie estreitamente relacionada. As abordagens
transcriptdmicas estdo ganhando impulso na biologia (Figura 2), como demonstrado
pelo maior crescimento percentual anual no GenBank do “Transcriptome Shotgun
Assembly (TSA) Database” (37). Entretanto esse crescimento ainda € focado em
espécies isoladas, sem uma perspectiva evolutiva e oportunidades emergentes
residem no uso criativo de métodos moleculares e/ou computacionais comparativos
para revelar os processos que influenciam a diversidade da vida selvagem. No
entanto, antes que espécies com interessantes adaptacbes possam se tornar

modelos e entrar em uma fase de investigacbes funcionais, é necessaria uma



caracterizagdo geneética, a lista das partes, seguindo os principios da biologia de

sistemas guiados por uma ciéncia de descoberta.
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Figura 2: Namero de trabalhos indexados no Pubmed na area de transcriptdomica. O numero
total de artigos que contém a palavra “transcriptome” € mostrado por ano, desde 1997, em barras
sélidas. A linha pontilhada representa a média mével de dois anos consecutivos (Fonte: NCBI,
https://www.ncbi.nlm.nih.gov/pubmed/?term=transcriptome).

Entre as mais de 33 mil espécies de peixes, aproximadamente 50% sao de
agua doce (38). A regido Neotropical possui a maior riqueza de espécies de peixes
do mundo (39) e alto grau de endemismo. Entre as familias endémicas, destaca-se a
Loricariidae por ser a quinta familia mais diversa entre os vertebrados, com mais de
900 espeécies validas (40). Contraditoriamente, essa diversidade vem junto com uma
grande lacuna sobre sua genética (41) e outras questdes basicas, mas relevantes
para compreensao de sua biologia e seus papéis na manutengdo de um ambiente
saudavel, como profundas incertezas filogenéticas. O uso recente de alguns
marcadores genéticos melhorou a filogenia proposta para esse grupo, mas nao
conseguiu resolver algumas questdes, como por exemplo a respeito da monofilia da
subfamilia Hypoptopomatinae (42—-44). O conhecimento prévio das relagdes
filogenéticas entre os organismos em estudo € essencial para se poder interpretar

corretamente a evolugao da fungdo dos genes. Essa grande diversidade taxonémica
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encontrada em Loricariidae também & acompanhada de uma grande diversidade
ecoloégica. Os loricarideos ocorrem em uma grande variedade de habitats, séo
predominantemente detritivoros e desempenham importante papel na ciclagem de
nutrientes no ambiente aquatico (45,46).

A importancia desses peixes estende-se através de diferentes areas do
conhecimento, da economia a saude ambiental e humana, exibindo inumeras
adaptacdes, como exemplo pode-se mencionar a elevada tolerancia a hipdxia e
variagbes de pH das espécies Pterygoplichthys anisitsi e Pterygoplichthys pardalis
que podem ser usados como potenciais modelos mutantes evolutivos (47,48). Além
disso, apresentam elevada resisténcia a toxicidade aguda por biodiesel (49),
tornando o Pterygoplichthys um apropriado modelo para estudos toxicogendmicos.
Além dessas adaptagdes, outras tém potencial biotecnolégico, como é o caso da
tripsina de Pterygoplichthys disjunctivus, que possui alta atividade em grandes
variagbes de temperatura, pH e salinidade (50) e vem despertando interesse da
industria como possivel fonte de uma protease adequada para aplicagdo em
produtos fermentados.

Algumas espécies, principalmente dos géneros Pterygoplichthys e
Hypostomus, possuem relevancia ecoldgica, ja que diversas populagdes invasoras
se estabeleceram em regides tropicais e subtropicais em todo o mundo e também
ameagam as espécies nativas, alcangando densidades até duas ordens de
magnitude maiores do que a biomassa de peixes nativos (51-56).

Na Amazobnia, os loricarideos estdo ameagados pela degradag&o do habitat e
exploracdo comercial. Muitas espécies de cascudos sdo vendidas no mercado
nacional e internacional de peixes ornamentais (57). O conhecimento das bases
genéticas das populagbes de cascudos tem grande valor conservacionista e

econdmico, como a preservagao do Hypancistrus zebra, espécie endémica de uma
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regidao de 100 Km de extens&do, chamada de volta grande do rio Xingu, que esta
ameacada de extingao e sofre com a implantagao da usina de Belo Monte e a sobre-
exploracdo para aquarismo. Essa espécie teve seu genoma mitocondrial
sequenciado recentemente, que pode ser usado como importante ferramenta
genética no seu monitoramento populacional (58).

Outra importante adaptacdo, presente em pelo menos dois géneros de
loricarideos, s&o substituicbes de aminoacidos na enzima citocromo P450 1A
(CYP1A) que alteram sua especificidade por substrato, resultando na auséncia de
atividade etoxiresorufina-O-desetilase (EROD) (59-61). A atividade de EROD €& um
importante marcador de poluicdo ambiental e muito utilizada em biomonitoramento
(62). A auséncia desse fendtipo é algo extremamente raro, pois o gene CYP1A
surgiu antes da radiagao dos vertebrados e € altamente conservado entre seus taxa
(63). Contudo, o significado dessas mudangas funcionais na especificidade do
substrato de CYP1A para a fisiologia dos peixes, respostas toxicologicas e
adaptagdo ao meio ambiente ainda ndo foram elucidados (61). Uma abordagem
“top-down”, como a gendmica, com a caracterizagdo de varios niveis biologicos
desse sistema (de genes a familias génicas, de espécies a familias taxonémicas, de
um rio a diferentes bacias), permitiia a descoberta de novos componentes
relacionados a essa e outras adaptacoes.

Tendo observado a grande diversidade da familia Loricariidae e seu potencial
uso em estudos de diversas areas da biologia, essa tese tem como propdsito maior
usar a biologia computacional para a integragdo da ciéncia por descoberta e da
ciéncia orientada por hipoteses na investigagdo da biodiversidade da subordem
Loricarioidei, com énfase na familia Loricariidae.

O objetivo do Capitulo Um foi desenvolver um método para recuperar

genomas mitocondriais a partir de dados de transcriptomas. Esse objetivo foi gerado
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apos uma simples observagcdo dos dados. Quando procuravamos pela sequéncia
que codifica a enzima citocromo ¢ oxidase subunidade | (COX1) encontramos um
transcrito com quase um tergo do tamanho esperado para toda a sequéncia do
genoma mitocondrial. Essa descoberta nos levou a corroborar a hipotese que seria
possivel montar e inferir genomas mitocondriais a partir de dados de RNA-Seq. Os
Capitulos Dois e Trés aplicam a nova abordagem desenvolvida com o objetivo de
montar os genomas mitocondriais, reduzindo a lacuna de informacg&o genética desse
grupo diverso. O Capitulo Quatro aliou essa metodologia a uma perspectiva
evolutiva com objetivo de testar hipoteses filogenéticas e investigar a evolugéo
estrutural desses genomas. No ultimo Capitulo, ampliamos o objeto de pesquisa dos
transcritos mitocondriais para todo o transcriptoma em uma determinada espécie,
com o objetivo de investigar a evolugédo de familias génicas relacionadas a defesa
quimica do organismo.

O conhecimento adquirido sobre as relagbes filogenéticas inter e intra-
subfamilias foi essencial para darmos continuidade as analises dos dados. No
Anexo A ampliamos a analise de todo o transcriptoma de uma para todas as
espécies deste trabalho, com o objetivo de investigar a evolugdo de familias génicas
e buscar evidéncias de selegao adaptativa que fomentaram a diversidade genética,

fenotipica e ecoldgica desse rico grupo de organismo.
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2 OBJETIVOS

2.1 Objetivo geral

Detectar e descrever a variagéo biologica acessando a dimens&o genética em
dados de 40 transcriptomas da subordem Loricarioidei, com énfase na familia

Loricariidae.

2.2 Objetivos especificos

* Desenvolver uma abordagem para montar genomas mitocondriais a partir de
dados transcriptémicos (Capitulo Um).

* Montar, anotar e analisar a estrutura de genomas mitocondriais (Capitulos
Dois e Trés).

* Testar hipdteses filogenéticas e investigar a evolugao estrutural dos genomas
mitocondriais montados (Capitulos Trés e Quatro).

* Investigar a evolugdo de familias génicas relacionadas a defesa quimica do
organismo no transcriptoma de Pterygoplichthys anisitsi (Capitulo Cinco).

* Testar hipéteses filogenéticas, investigar a evolugdo de familias génicas e
buscar evidéncias de selecdo adaptativa usando os transcritos nucleares dos

40 transcriptomas (Anexo A).
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3 CAPITULOS

3.1 CAPITULO UM: O uso de dados transcriptémicos de sequenciamento de
nova geragao para montar genomas mitocondriais de Ancistrus spp.

(Loricariidae)

Neste capitulo, o objetivo foi desenvolver uma abordagem inovadora para
montar genomas mitocondriais a partir de dados transcriptdmicos. Os resultados
aqui descritos foram publicados no artigo intitulado “The use of transcriptomic next-
generation sequencing data to assemble mitochondrial genomes of Ancistrus spp.
(Loricariidae)”, na revista Gene, ano 2015; vol.573(1):171-5.

Para alcangar nosso objetivo, utilizamos o RNA total extraido do figado e a
tecnologia lllumina HiSeq. A partir dos dados produzidos, recuperamos os transcritos
mitocondriais de trés peixes (Ancistrus spp.) e montamos 0s seus mitogenomas.
Com base na sequéncia de DNA de uma espécie proximamente relacionada,
estimamos ter sequenciado de 92% a 99% dos mitogenomas desses trés individuos.
Considerando as trés sequéncias juntas, sequenciamos todos os elementos padrdes
de mitogenomas de vertebrados, 13 genes codificadores de proteinas, dois RNAs
ribossdbmicos, 22 RNAs transportadores e a regido controle. O uso de dados
transcriptdmicos permitiu a observacdo do padrdo de pontuacdo da maturacdo do
mtRNA, a analise do perfil transcricional e a detecgcao de sitios heteroplasmaticos. A
montagem do mtDNA a partir de dados transcriptdbmicos supera algumas limitagbes
das estratégias tradicionais para o sequenciamento de mitogenomas. Essa
abordagem €, de fato, mais util para pesquisas que usam dados de RNA-Seq,
especialmente aquelas com espécies ndo modelo, sobre as quais pouco se sabe

sobre o0 organismo.
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1. Introduction

The many biological functions of mitochondria and the uses of
mitochondrial genes have created a huge interest in sequencing
mitogenomes (Huang, 2011). The initial approach to sequence mtDNA
was to isolate and fragment it with restriction enzymes, clone the frag-
ments in bacterial plasmids and expand the fragment-plasmid construct
in bacteria to obtain enough DNA to be sequenced by the Sanger meth-
od (Anderson et al., 1981). Although many different approaches have
been developed to isolate mtDNA, it is still a challenge to obtain this
molecule with enough quantity, quality and purity for sequencing pur-
poses (Jayaprakash et al., 2015). The sequencing of mitogenomes was
made a lot easier by the establishment of the Polymerase Chain Reaction
(PCR) as a powerful molecular biology technique. Using long range PCR,
overlapping regions of mtDNA could be amplified and sequenced, as be-
fore, by the Sanger method (Hu et al., 2002). The complete mtDNA
molecule could be assembled by joining the overlapping regions of
each PCR amplicon (Hu et al., 2007).

Abbreviations: mtDNA, mitochondrial DNA; rRNA, ribosomal RNA; tRNA, transfer
RNA; mRNA, messenger RNA; PCR, Polymerase Chain Reaction; ESTs, expressed
sequence tags; NGS, Next-generation Sequencing; CDS, coding sequence.
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First attempts to use mitochondrial transcripts to sequence
mitogenomes were based on Sanger sequencing of expressed sequence
tags (ESTs) (Gissi and Pesole, 2003; Samuels et al., 2005). Mitochondrial
genomes are transcribed as a single polycistronic transcript, which has
the coding sequence of all the 13 intron-less proteins, 22 tRNAs and
the two subunits of the ribosomal RNA coded by most metazoan
mitogenomes (Bernt et al., 2013a; Friedman and Nunnari, 2014). After
transcription, the polycistronic transcript is cleaved on “punctuation
marks”, giving origin to mature mitochondrial tRNA, rRNA and mRNA
(Ojala et al., 1981). Mature mitochondrial mRNAs are monocistronic
or bicistronic and polyadenilated (Bernt et al.,, 2013a).

More recently, Next-Generation Sequencing (NGS) technologies
are being used to study heteroplasmy in humans (Huang, 2011;
Jayaprakash et al., 2015) and to sequence mitogenomes from model
and non-model organisms (Besnard et al., 2014; Dames et al., 2015;
Hahn et al., 2013; Jex et al., 2010), including museum specimens
(Fabre et al., 2013). However, most descriptions of mitogenomes by
NGS uses mtDNA originated from long range PCR or directly isolated
from animal tissues (Dames et al., 2015; Payne et al., 2015;
Quispe-Tintaya et al., 2015), and hence, the challenge to isolate this
molecule with enough quantity, quality and purity, along with the
biases introduced by PCR reactions, remain largely unchanged.

Here, we used mitochondrial RNA (mtRNA), rather than mtDNA, to
sequence mitogenomes. The recent advances on RNA-Seq allowed the
generation of more than 40 millions 100 bp paired-end Illumina
HiSeq2500 reads per sample, using as start material total RNA extracted
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from liver by the simple phenol:chloroform extraction. Based on
transcriptomic NGS data, the mitogenomes of three Ancistrus spp. indi-
viduals were assembled. The use of mtRNA to sequence mitogenomes is
straightforward and overcomes some of the current challenges to iso-
late mtDNA and the biases introduced by PCR. More importantly, the
use of transcriptomic data enables the sequencing of mitogenomes,
while still sequence the complete coding region of thousands of nuclear
protein-coding genes, and is a valuable approach in face of the fast in-
creasing number of transcriptomic researches using non-model species.

2. Material and methods
2.1. RNA extraction

RNA samples were extracted from the liver of three individual fish
of the genus Ancistrus, promptly preserved in RNA later and kept
at —20°C. The fish were deposited at the Museu Nacional do Rio de
Janeiro under the voucher number MNRJ42890. RNA extractions were
performed using either TRIzol (Invitrogen) or TRI Reagent (Life technol-
ogies) following manufacturer's instructions. After extraction, the RNA
preparations were quantified using a BioDrop ulite spectrophotometer
(Biodrop). RNA quality was evaluated using the kit RNA 6000 Nano for
Bioanalyzer (Agilent).

2.2. Library preparation and sequencing

The complementary DNA (cDNA) libraries were prepared using
1000 ng of total RNA strictly following the instructions of the TrueSeq
RNA Sample kit v2 (Illumina). Each of the three libraries was uniquely
identified using specific barcodes. Quality of library preparations was
accessed using the DNA 1000 kit for Bioanalyzer (Agilent). Libraries
were quantified by qPCR using the Library quantification kit for [llumina
(Kapa Biosystems). The three libraries were clustered, using the
TrueSeq PE Cluster kit v3 for cBot (Illumina), in the same lane together
with six other samples used in other projects. A 100 bp single-end and
another 100 bp paired-end sequencing reactions were performed in a
HiSeq2500 using the TrueSeq SBS kit v3 (Illumina). The library prepara-
tion and sequencing reaction were performed at the Divisdo de Genética
of the Instituto Nacional do Cancer (INCA) in Rio de Janeiro, Brazil.

2.3. Bioinformatic processing

Raw Illumina data were demultiplexed using the BCL2FASTQ
software (Illumina). Reads were trimmed for Illumina adaptors by
Trimmomatic (Bolger et al., 2014) and its quality were evaluated
using FastQC (Babraham Bioinformatics). Only reads with PHRED
score > 30 were used for the transcriptome assembly, which was per-
formed using the concatenated reads from the single and paired-ends
reactions and the default parameters of Trinity v. 2.0.2 (Grabherr et al.,
2011; Haas et al,, 2013). Although Trinity was used to assemble the
transcriptomes, many de novo assemblers are available and should
have similar performances.

Each transcriptome was subjected to BLASTX searches against two
databases, the Uniprot entries of humans (Homo sapiens), and the Uniprot
entries of zebrafish (Danio rerio) (Altschul et al.,, 1990; Consortium, 2015).
An additional BLASTN was performed against the complete mitogenome
of the closest related species, whose mitogenome is publically available,
Pterygoplichthys disjunctivus (GI: 339506171) (Nakatani et al., 2011).
The transcripts aligned with the reference mitogenome were used for
mitogenomes assembly. Selected transcripts were edited according to
the information of strand orientation given by the BLASTN result, and
aligned by SeaView using the built-in CLUSTAL alignment algorithm to
the reference mitogenome (Gouy et al., 2010). A CONTIG sequence was
generated using the sequence information of just the transcripts of each
individual fish. The CONTIG sequence was then manually checked for
inconsistencies and gaps. The mitogenomes were annotated using the

web-based services MitoFish and MITOS (Bernt et al., 2013b; Iwasaki
et al.,, 2013). In order to estimate the support of each base of the
mitogenomes, Bowtie v. 1.0.0 was used to align the reads of each fish
on its own assembled mitogenome, and this mapping was viewed using
the Integrated Genome Viewer (IGV) or the Tablet (Langmead et al.,
2009; Milne et al., 2009; Robinson et al., 2011; Thorvaldsdottir et al.,
2013). Heteroplasmic sites were detected using IGV, setting the software
to show positions in which the frequency of the second most frequent
base was equal to or higher than 10% and the total reads number were
higher than 100.

3. Results
3.1. Library construction, Illumina sequencing and transcriptome assemble

High quality RNA (RIN > 7.0) was extracted from the three fishes
(Table 1). The size of the three libraries ranged from 230 to 800 base
pairs (bp), and the total number of HiSeq reads from 43.5 to 60.1 million
(Table 1). Each of the three transcriptomes is composed by more than
60 thousand transcripts (Table 1). In all cases, around 50% of the assem-
bled transcripts have a BLASTX hit (Table 1).

3.2. Mitogenome assembling and annotation

In order to assemble the mitogenomes, 7 to 13 transcripts of each
fish were used (Table 1 and see Table 1 in (Daniel et al., submitted for
publication)). In comparison to the complete mitogenome of
Pterygoplichthys disjunctivus, which is the closest relative of Ancistrus
spp. with the complete mitogenome available, we sequenced 99.2%
of the mtDNA of Ancistrus sp. #1, 92.5% of the mtDNA of Ancistrus
sp. #2a, and 94.7% of the mtDNA of Ancistrus sp. #2b (Table 1). The
mitogenomes are deposited in GenBank under the GIs: KP960569,
KP960568, KP960567, respectively. Ancistrus sp. #2a and Ancistrus
sp. #2b are from the same species, as they share 99.8% identical nucle-
otides at their mitogenomes. Ancistrus sp. #1 is probably a different
species, as its mitogenome differs from the other two fish on 6% of the
nucleotide positions.

In terms of features number, the mitogenome of Ancistrus sp. #2b is
the most complete of three Ancistrus spp. Having a single gap, which
prevented its circularization, we sequenced the 13 protein-coding
genes, the two ribosomal RNAs and 21 of the 22 tRNAs in Ancistrus sp.
#2b (Fig. 1). Its single gap contains the sequence of the displacement
loop (D-loop) and the tRNAp.. In the mitogenome of Ancistrus sp. #1
just three tRNAs are missing: tRNAjey2, tRNA;s, tRNAser1 (Fig. 1). The
mtDNA of Ancistrus sp. #2a has the lowest coverage, missing the D-
loop, and four tRNAS; tRNAphe, tRNAey2, tRNAp 6, tRNAw, (Fig. 1). Sup-
plemental information about the mitogenome features are provided
elsewhere (see Table 3 (Daniel et al., submitted for publication)).

Interestingly, the number of supporting reads of each nucleotide
varied greatly according to the position in the mitogenome (Fig. 1).
More than 84,000 reads were found to support the sequences of

Table 1
Summary of the transcriptome and mitogenome data for the three fish (Ancistrus spp.).

Ancistrus sp. Ancistrus sp. Ancistrus sp.

#1 #2a #2b
RNA Integrity Number — RIN 8.2 7.4 >7.00
Library insert size (bp) 230-800 268-792 285-370
Reads after QC 43,502,597 53,961,751 60,170,745
Transcripts
Total 67,098 63,847 67,883
With BLASTX hit 35,710 31,886 33,953
For mitogenome 13 12 7
mtRNA reads (%) 2.6 1.8 0.8
Mitogenome coverage (%) 99.2 925 94.7
Heteroplasmic sites 10 8 6
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Fig. 1. The assembled mitogenomes of Ancistrus sp.#1 (A), Ancistrus sp.#2a (B) and Ancistrus sp.#2b (C). The number of supporting reads along the sequence is shown in a logarithm scale
and below the schematic view of each mitogenome. Heteroplasmic sites are highlighted with different colors on the graphic of supporting reads. Each mitogenomes feature is named at the
top of the figure. The tRNAs are named using the one-letter code of the amino acid they transport.

protein-coding genes, especially the Cytochrome Oxidase genes (see
Table 1 in (Daniel et al., submitted for publication)). Much less support
was found for the sequences of tRNAs. Ancistrus sp. #1 was the sample
with the highest rate of lllumina reads mapped against its mitogenome,
2.6% of the reads were aligned against its mtDNA, while Ancistrus sp.
#2b had the lowest, 0.83% (Table 1). This percentage is an approximate
value of mitochondrial transcripts representation in the transcriptome
(mitochondrial + nuclear).

Finally, using the approach to assemble mitogenomes from tran-
scriptome data, 13 unique heteroplasmic sites were detected in the
three mitogenomes (Fig. 1 and see Table 2 in (Daniel et al., submitted
for publication)). The heteroplasmies are distributed among intergenic
region (one), rRNAs (three), tRNAs (two) and protein-coding(seven)
genes. Among the seven heteroplasmic sites in protein-coding genes,
four are located in the first codon position, two in the second and one
in the third. The eight heteroplasmies found in Ancistrus sp. #2a, as
well as the six found in Ancistrus sp. 2b are shared with at least another
fish. Ten heteroplasmatic sites were found in Ancistrus sp. #1, six are
shared and four are exclusive.

4. Discussion

Reports on the use of transcriptome NGS data to assemble vertebrate
mitochondrial genomes are yet very scarce and recent in the literature
(Dilly et al., 2015; Fabre et al., 2013; Mercer et al.,, 2011). Mercer et al.
(2011) have studied the human mitochondrial transcriptome using
strand specific [llumina GAIl NGS platform and were able to assemble
99.9% of the mitochondrial heavy strand, which harbor most of mito-
chondrial coding sequences (CDS), and 94.6% of the light strand,
which encodes ND6 gene and eight tRNAs (Mercer et al., 2011). Howev-
er, in order to study the human transcriptome specifically from the mi-
tochondria, Mercer et al. used a refined protocol to extract RNA from
purified fractions of this organelle derived from a stable cell line. In con-
trast, we have used total RNA extracted by the straightforward method
of phenol:chloroform from liver preserved in RNALater at — 20 °C, and
yet obtained up to 99.2% of the complete mitogenome.

Our report resembles more the ones from Fabre et al. (2013)) and
Dilly et al. (2015). However, while those authors used Roche 454 pyro-
sequencing, we used the Illumina Hi-Seq2500 platform. Fabre et al.
(2013) assembled the mitochondrial protein-coding genes, but were
unable to assemble any of the 22 tRNAs. They attributed this inability
to the punctuation pattern of mitochondrial gene transcription and
the rapid elimination of tRNA sequences; to the differential expression
of mitochondrial transcripts; but also to the relative low coverage
power of 454 sequencing approach. Indeed, those authors foresaw
ultra deep NGS approaches, like the one we used, would better detect
transient tRNA molecules.

More recently Dilly et al.(2015) detected some tRNA molecules
using 454 platform. However, using the Illumina platform, we were
able to sequence more tRNAs; 21 out of the 22 tRNAs present in
mitogenomes. In fact, if the three fishes were from the same species,
it would have been possible to construct a contig sequence with the
complete circular mitogenome, as the tRNAp. and D-loop region
missing in Ancistrus sp. #2b are present in Ancistrus sp. #1. The
three specimens used in this work were donated as if they were
the same species, but unfortunately, the differences on the mtDNA
between Ancistrus sp. #1 and the other two fish made evident that
they are different species.

[llumina transcriptomic data also made possible the study of tran-
scription patterns and maturation of mitochondrial genes, and the de-
tection of heteroplasmic sites. Similarly to Mercer et al. (2011), the
expression of different mitochondrial transcripts varied widely in our
analysis. Given their common polycistronic source, our data corrobo-
rates the existence of posttranscriptional regulatory mechanisms in
fish species. In contrast, however, the mitochondrial contribution to
the pool of cellular poly-A RNA was lower in this study than the one re-
ported by Mercer et al. (2011) for human liver. In addition, our findings
show the three Cytochrome Oxidases as the most abundant mitochon-
drial transcripts, rather than the two ribosomal RNAs indicated by
Mercer et al. (2011). This can be a species-specific difference, but is
most likely due to the different source of extracted RNA; total cellular
RNA in our case, and long and short preparations of RNA from isolated
mitochondria used by Mercer et al. (2011).
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Despite the wide variation of supporting read counts in the assem-
bled mitogenomes, high support was obtained for most regions of pro-
tein and rRNA coding genes. The exceptions were usually located at
both ends of every transcript, and more notably, at the D-loop region.
The D-loop region was sequenced with high number of supporting
reads in Ancistrus sp. #1, but is missing in Ancistrus sp. #2a and #2b.
This is more likely to be a species-specific difference, as the D-loop
was sequenced in one species of Ancistrus, but not in the other. The D-
loop region controls both the replication and the transcription of
mtDNA (Bernt et al., 2013a) and is generally not polyadenylated or
present on mature transcripts. Therefore, it is expected that the D-
loop will be among the regions with the lowest numbers of supporting
reads, if any, when using transcriptome data to assemble mitogenomes.
The D-loop region and other gaps in mitogenomes constructed from
transcriptome data can be filled by regular short-range PCR reactions
with species-specific primers.

In mammals, the transcription of mitogenomes starts at three sites
located in the D-loop region (Bernt et al., 2013a). The primary polycis-
tronic transcripts are matured according to the RNA punctuation
model (Ojala et al., 1981). It has been shown that this RNA maturation
step cause the isolation into monocistronic mRNA of every protein-
coding gene, rRNA and tRNA of the mitogenome, except two bicistronic
mRNA coding for nad4/nad4L and atp8/atp6 (Bernt et al., 2013a). The
punctuation positions are evident on our assembly of Ancistrus spp.
mitogenomes from transcriptome data; as the number of supporting
reads drops dramatically between almost all genes in the mitogenome,
frequently co-localized with the position of the tRNAs. The two excep-
tions are exactly the two pairs, nad4/nad4L and atp8/atp6, known to
code for bicistronic transcripts. The data indicate mitochondrial tran-
scripts maturation in fish species follows a similar pattern from the
mammals.

A mitochondrion may harbor many copies of its genome and each
cell may possess up to thousands mitochondria. This makes possible
the occurrence of many different mtDNA haplotypes in a single speci-
men and even in a single cell, an event called heteroplasmy (Huang,
2011; Jayaprakash et al., 2015; Sosa et al., 2012). The accurate determi-
nation of heteroplasmic sites is challenging because it is very sensitive
to the errors introduced by PCR, and to the unpredictable inaccuracies
introduced by nuclear mitochondrial DNA (Numts) (Jayaprakash et al.,
2015). The use of transcriptome data to assemble mitogenomes detects
heteroplasmatic sites in an accurate, reliable and straightforward man-
ner. The number of heteroplasmatic sites found in Ancistrus spp. is
higher than the 1 to 3 most frequently found in humans (Sosa et al.,
2012). It is possible, however, that at least some of the polymorphic
sites are due to the presence of functional nuclear copies of mitochon-
drial DNA (recently integrated in the nuclear genome) or to partial mat-
uration of the transcripts.

The assembly of mtDNA from Illumina transcriptomic data
overcomes some limitations of traditional strategies for sequencing
mitogenomes and to detect heteroplasmy. Specifically, this strategy
use straightforward method of total cellular RNA extraction surpassing
the need to obtain high quantity of high quality mtDNA; it does not suf-
fer from the difficulties and biases overlapping long range PCR can rep-
resent and introduce; and hardly is compromised by Numts. [llumina
platform yields are higher than 454 approach used by other reports
and, thus, enabled the sequence of a higher percentage of mitogenomes.
Moreover, the use of lllumina transcriptome data also allowed to study
the expression and maturation of mitochondrial transcription, and to
detect heteroplasmatic sites. Few small gaps in the assembled mtDNA
from Illumina transcriptome data are still expected, especially at the
D-loop and tRNAs regions. Those gaps can be easily filled by regular
PCR reactions with species-specific primers and sequencing by Sanger
or NGS techniques. This approach allows a fast and straightforward an-
notation of mitochondrial genes, especially tRNA and rRNA, which pre-
diction is ineffective in some taxonomic groups (Besnard et al., 2014),
while still sequences thousands of nuclear genes. This approach is in

fact most useful to transcriptomic-oriented researches, especially
those with non-model species.Despite the fast increasing number of
transcriptomes of non-model species, almost none has assembled
mitogenomes and, therefore, losses the opportunity to molecular char-
acterize the species being used, and more importantly, to contribute to
foster barcode initiatives.

Acknowledgments

We are grateful to the Divisdo de Genética of the Instituto Nacional
do Cancer (INCA) at Rio de Janeiro, Brazil for library preparation and se-
quencing, namely to Dr. Miguel Moreira and Dr. Héctor Abreu; and to
the Setor de Ictiologia of the Museu Nacional, Universidade Federal do
Rio de Janeiro, namely to Dr. Paulo A. Buckup and MSc. Emanuel
Neuhaus. We acknowledge the use of Woods Hole Oceanographic Insti-
tute (WHOI) computer cluster, where TP holds a guest investigator ap-
pointment at the Biology Department. This work was supported by the
Partnerships for Enhanced Engagement in Science (PEER) initiative
from the United States Agency for International Development [grant
number: PGA-2000003446] to TP.

References

Altschul, S.F,, Gish, W., Miller, W., Myers, EW., Lipman, D,J., 1990. Basic local alignment
search tool. J. Mol. Biol. 215, 403-410.

Anderson, S., Bankier, a.T., Barrell, B.G., de Bruijn, M.H., Coulson, a.R., Drouin, J., Eperon,
1.C., Nierlich, D.P., Roe, B.a., Sanger, F,, et al., 1981. Sequence and organization of the
human mitochondrial genome. Nature 290, 457-465.

Bernt, M., Braband, A., Schierwater, B., Stadler, P.F., 2013a. Genetic aspects of mitochondri-
al genome evolution. Mol. Phylogenet. Evol. 69, 328-338.

Bernt, M., Donath, A., Jithling, F., Externbrink, F., Florentz, C., Fritzsch, G., Piitz, ].,
Middendorf, M., Stadler, P.F., 2013b. MITOS: improved de novo metazoan mitochon-
drial genome annotation. Mol. Phylogenet. Evol. 69, 313-319.

Besnard, G., Jiihling, F.,, Chapuis, E., Zedane, L., Lhuillier, E., Mateille, T., Bellafiore, S., 2014.
Fast assembly of the mitochondrial genome of a plant parasitic nematode
(Meloidogyne graminicola) using next generation sequencing. C. R. Biol. 337, 295-301.

Bolger, AM., Lohse, M., Usadel, B., 2014. Trimmomatic: a flexible trimmer for [llumina se-
quence data. Bioinformatics 30, 2114-2120.

Consortium, T.U., 2015. UniProt: a hub for protein information. Nucleic Acids Res. 43,
D204-D212.

Dames, S., Eilbeck, K., Mao, R., 2015. A high-throughput next-generation sequencing assay
for the mitochondrial genome. Methods Mol. Biol. 1264, 77-88.

Daniel, A.,.M., Carolina, F,, Parente, T.E.M., 2015. Mitochondrial transcripts and associated
heteroplasmies of Ancistrus spp. (Siluriformes: Loricariidae). Data Br. (submitted for
publication).

Dilly, G.F., Gaitan-Espitia, J.D., Hofmann, G.E., 2015. Characterization of the Antarctic sea
urchin (Sterechinus neumayeri) transcriptome and mitogenome: a molecular re-
source for phylogenetics, ecophysiology and global change biology. Mol. Ecol. Resour.
15, 425-436.

Fabre, P.H., Jensson, K.a., Douzery, E.J.P., 2013. Jumping and gliding rodents: mitogenomic
affinities of Pedetidae and Anomaluridae deduced from an RNA-Seq approach. Gene
531, 388-397.

Friedman, J.R., Nunnari, J., 2014. Mitochondrial form and function. Nature 505, 335-343.

Gissi, C,, Pesole, G., 2003. Transcript mapping and genome annotation of ascidian mtDNA
using Est data. Genome Res. 13, 2203-2212.

Gouy, M., Guindon, S., Gascuel, 0., 2010. SeaView version 4: amultiplatform graphical user
interface for sequence alignment and phylogenetic tree building. Mol. Biol. Evol. 27,
221-224.

Grabherr, M.G., Haas, BJ., Yassour, M., Levin, ].Z., Thompson, D.a., Amit, ., Adiconis, X., Fan,
L., Raychowdhury, R,, Zeng, Q., et al., 2011. Full-length transcriptome assembly from
RNA-Seq data without a reference genome. Nat. Biotechnol. 29, 644-652.

Haas, BJ., Papanicolaou, A, Yassour, M., Grabherr, M., Blood, P.D., Bowden, J., Couger, M.B.,
Eccles, D., Li, B., Lieber, M., et al., 2013. De novo transcript sequence reconstruction
from RNA-seq using the Trinity platform for reference generation and analysis. Nat.
Protoc. 8, 1494-1512.

Hahn, C,, Bachmann, L., Chevreux, B., 2013. Reconstructing mitochondrial genomes direct-
ly from genomic next-generation sequencing reads — a baiting and iterative mapping
approach. Nucleic Acids Res. 41.

Hu, M., Chilton, N.B., Gasser, R.B., 2002. Long PCR-based amplification of the entire mito-
chondrial genome from single parasitic nematodes. Mol. Cell. Probes 16, 261-267.

Hu, M,, Jex, A.R., Campbell, B.E., Gasser, R.B., 2007. Long PCR amplification of the entire mi-
tochondrial genome from individual helminths for direct sequencing. Nat. Protoc. 2,
2339-2344,

Huang, T., 2011. Next generation sequencing to characterize mitochondrial genomic DNA
heteroplasmy. Curr. Protoc. Hum. Genet. 19, 8.

Iwasaki, W., Fukunaga, T., Isagozawa, R., Yamada, K., Maeda, Y., Satoh, T.P., Sado, T.,
Mabuchi, K., Takeshima, H., Miya, M., et al,, 2013. Mitofish and mitoannotator: a mi-
tochondrial genome database of fish with an accurate and automatic annotation
pipeline. Mol. Biol. Evol. 30, 2531-2540.


http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0005
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0005
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0010
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0010
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0015
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0015
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0020
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0020
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0025
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0025
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0030
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0030
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0035
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0035
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0040
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0040
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0045
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0045
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0045
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0050
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0050
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0050
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0050
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0055
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0055
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0055
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0060
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0065
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0065
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0070
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0070
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0070
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0075
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0075
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0080
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0080
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0080
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0085
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0085
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0085
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0090
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0090
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0095
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0095
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0095
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0100
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0100
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0105
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0105
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0105

D.A. Moreira et al. / Gene 573 (2015) 171-175 175

Jayaprakash, a.D., Benson, E.K., Gone, S., Liang, R., Shim, J., Lambertini, L., Toloue, M.M.,,
Wigler, M., Aaronson, S.a., Sachidanandam, R., 2015. Stable heteroplasmy at the
single-cell level is facilitated by intercellular exchange of mtDNA. Nucleic Acids Res.
43,2177-2187.

Jex, AR, Littlewood, D.T.J., Gasser, R.B., 2010. Toward next-generation sequencing of
mitochondrial genomes — focus on parasitic worms of animals and biotechnological
implications. Biotechnol. Adv. 28, 151-159.

Langmead, B., Trapnell, C., Pop, M., Salzberg, S.L., 2009. Ultrafast and memory-efficient
alignment of short DNA sequences to the human genome. Genome Biol. 10 (R25).

Mercer, T.R., Neph, S., Dinger, M.E., Crawford, J., Smith, M.a., Shearwood, A.M.J., Haugen, E.,
Bracken, C.P., Rackham, O., Stamatoyannopoulos, ].a., et al., 2011. The human mito-
chondrial transcriptome. Cell 146, 645-658.

Milne, 1., Bayer, M., Cardle, L., Shaw, P., Stephen, G., Wright, F., Marshall, D., 2009.
Tablet—next generation sequence assembly visualization. Bioinformatics 26,
401-402.

Nakatani, M., Miya, M., Mabuchi, K., Saitoh, K., Nishida, M., 2011. Evolutionary history of
Otophysi (Teleostei), a major clade of the modern freshwater fishes: pangaean origin
and Mesozoic radiation. BMC Evol. Biol. 11, 177.

Qjala, D., Montoya, J., Attardi, G., 1981. TRNA punctuation model of RNA processing in
human mitochondria. Nature 290, 470-474.

Payne, B.AL, Gardner, K., Coxhead, J., Chinnery, P.F., 2015. Deep resequencing of mito-
chondrial DNA. Methods Mol. Biol. 1264, 59-66.

Quispe-Tintaya, W., White, RR., Popov, V.N,, Vijg, ], Maslov, A.Y., 2015. Rapid mitochon-
drial DNA isolation method for direct sequencing. Methods Mol. Biol. 1264, 89-95.

Robinson, J.T., Thorvaldsdoéttir, H., Winckler, W., Guttman, M., Lander, E.S., Getz, G.,
Mesirov, ].P., 2011. Integrative genomics viewer. Nat. Biotechnol. 29, 24-26.

Samuels, AK., Weisrock, D.W., Smith, ., France, K., Walker, ].a,, Putta, S., Voss, S.R., 2005.
Transcriptional and phylogenetic analysis of five complete ambystomatid salamander
mitochondrial genomes. Gene 349, 43-53.

Sosa, M.X,, Sivakumar, I.K.A., Maragh, S., Veeramachaneni, V., Hariharan, R., Parulekar, M.,
Fredrikson, K.M., Harkins, T.T., Lin, ], Feldman, A.B., et al., 2012. Next-generation se-
quencing of human mitochondrial reference genomes uncovers high heteroplasmy
frequency. PLoS Comput. Biol. 8.

Thorvaldsdattir, H., Robinson, J.T., Mesirov, ].P., 2013. Integrative Genomics Viewer (IGV):
high-performance genomics data visualization and exploration. Brief. Bioinform. 14,
178-192.


http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0110
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0110
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0110
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0115
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0115
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0115
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0120
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0120
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0125
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0125
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0130
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0130
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0135
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0135
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0135
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0140
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0140
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0145
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0145
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0150
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0150
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0155
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0160
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0160
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0165
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0165
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0165
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0170
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0170
http://refhub.elsevier.com/S0378-1119(15)01055-0/rf0170

3.2 CAPITULO DOIS: Uma abordagem baseada em RNA para sequenciar o
mitogenoma de Hypoptopoma incognitum (Siluriformes: Loricariidae)

Neste capitulo utilizamos a técnica descrita no capitulo anterior com o objetivo
de montar e anotar o genoma mitocondrial completo de Hypoptopoma incognitum.
Os resultados aqui descritos foram publicados no artigo intitulado “An RNA-based
approach to sequence the mitogenome of Hypoptopoma incognitum (Siluriformes:
Loricariidae)”, na revista Mitochondrial DNA Part A, ano 2016; vol.27(5):3784—6.

Hypoptopoma incognitum é um peixe da quinta familia mais rica de
vertebrados e abundante em rios da Amazénia brasileira. Na data da publicagao,
apenas duas espécies de peixe da familia Loricariidae tinham sua sequéncia do
genoma mitocondrial completa depositada no GenBank, mas este foi o primeiro
registro cujo espécime foi depositado em colegdo ictiologica e coletado em seu
habitat nativo. A metodologia baseada em RNA foi utilizada para montar o
mitogenoma completo de H. incognitum com uma profundidade de sequenciamento
meédia de 5.292 vezes. As caracteristicas mitocondriais tipicas dos vertebrados
foram encontradas; 22 genes de tRNA, dois genes de rRNA, 13 genes codificadores
de proteinas e uma regido controle ndo codificante. Além disso, 0 uso dessa
abordagem permitiu a medicdo dos niveis de expressdao do mtRNA, o padréo de

pontuacao da edicdo pos-transcricional e a deteccéo de heteroplasmias.
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Abstract

Hypoptopoma incognitum is a fish of the fifth most species-rich family of vertebrates and
abundant in rivers from the Brazilian Amazon. Only two species of Loricariidae fish have their

Keywords
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complete mitogenomes sequence deposited in the Genbank. An innovative RNA-based

approach was used to assemble the complete mitogenome of H. incognitum with an average

History

coverage depth of 5292. The typical vertebrate mitochondrial features were found; 22 tRNA

genes, two rRNA genes, 13 protein-coding genes, and a non-coding control region. Moreover,
the use of this approach allowed the measurement of mtRNA expression levels, the

punctuation pattern of editing, and the detection of heteroplasmies.

Introduction

Loricariidae catfishes comprise the fifth most speciose vertebrate
family (Lujan et al., 2015). Hypoptopoma is a genus within the
Hypoptomatinae sub-family of Loricariidae, with 15 valid species
distributed over the Neotropics, especially in the Amazon region
(Aquino & Schaefer, 2010). Despite the diversity of loricariids,
only two complete mitochondrial genomes of this family have
been deposited in the Genbank to date, none of those from a
Hypoptomatinae specie.

The next-generation sequencing (NGS) technologies promise
to be a breakthrough on diverse areas of the biological sciences,
generating unprecedented volume of sequence data. NGS tech-
niques are already in use to sequence the mtDNA of several
organisms (Hahn et al., 2013), including non-model species (Cui
et al., 2009; Hu et al., 2007; Kocher et al., 2014; Jex et al., 2010),
and to study heteroplasmy in humans (Dames et al., 2015; Huang,
2011; Seo et al., 2014; Sosa et al., 2012). Nonetheless, the current
approaches to sequence mitogenomes by NGS technologies still
rely on mtDNA originated from long range PCR or directly
isolated from animal tissues (Dames et al., 2015; Payne et al.,
2015; Quispe-Tintaya et al., 2015). Here, we present a RNA-based
approach to sequence the complete mitochondrial genome of
Hypoptopoma incognitum.

Methods

A single specimen of Hypoptopoma incognitum was collected in
Rio Negro around the vicinities of the Instituto Nacional de
Pesquisas da Amazonia (INPA) floating base of Cataldo (03.16S
59.92W) in Manaus, Brazil. The fish is deposited at the Museu
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Nacional, UFRJ (MNRJ43412) and the identification was con-
firmed by ichthyologists. Total RNA was extracted from the liver
tissue following conventional phenol—chloroform extraction. RNA
quality was accessed using the RNA Nano kit for Bioanalyzer
(Agilent, Santa Clara, CA). The cDNA library was constructed
using the TruSeq RNA Sample kit v.2 (Illumina, San Diego, CA).
Library was accessed for quality (Bioanalyzer, DNA100O Kkit,
Agilent, Santa Clara, CA) and quantity (Kapa Biosystems,
Wilmington, MA). The run was performed in an Illumina HiSeq
2500 using the TrueSeq SBS kit v.3 (Illumina, San Diego, CA). A
total of 32570486 100bp paired-end reads were generated.
The raw reads were trimmed for adaptor contamination
(Trimmomatic) and its quality was evaluated using FastQC
(Babraham Bioinformatics, Cambridge, UK). Only reads with
Phred score over 30 were used for the transcriptome assembly,
which was performed using the default parameters of Trinity
(v. 2.0.6) (Haas et al., 2013). The transcriptome was subjected to a
BLASTRn search against the P. disjunctivus (GI: 339506171) and
the H. plecostomus mitogenomes (GI: 722490383). The sequen-
cing depth of each base was verified using Bowtie v. 1.0.0 to align
the reads to the mitogenome. This mapping was visualized using
the Integrated Genome Viewer (IGV) (Langmead et al., 2009;
Milne et al., 2009; Robinson et al., 2011; Thorvaldsdottir et al.,
2013). Heteroplasmic sites were detected using IGV by setting the
software to show positions in which more than one nucleotide was
sequenced, and that the frequency of the second most frequent
base was equal to or higher than 5%. Mitogenome annotation was
performed using MitoFish and MITOS (Bernt et al., 2013;
Iwasaki et al., 2013).

Results

In total, five transcripts aligned to the reference mitogenomes and
were used to assembly the mitogenome of H. incognitum with an
average coverage depth of 5292x and a total of 895 189 aligned
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Figure 1. Annotation of the mitochondrial genome of Hypoptopoma incognitum (Siluriformes:Loricariidae). Protein-coding genes are colored in red,
ribosomal genes in green, and tRNA in blue. The control region is not represented in the upper panel of the figure. The amino acid of each tRNA is
shown using the one letter code. The lower panel shows the sequencing depth over the complete mitogenome (log scale). Sharp decreases in read counts
represent the punctuation model of mitochondrial transcription. The 33 heteroplasmic sites are colored in the lower panel. Figure was generated by
MITOS (upper panel) and by the Integrative Genome Viewer (IGV, lower panel) (Bernt et al., 2013; Thorvaldsdéttir et al., 2013).

reads (Figure 1). The complete mitochondrial genome sequence
of H. incognitum is 16630bp long (GenBank accession no.
KT033767), containing the typical vertebrate features: 22 tRNA
genes, two rRNA genes, 13 protein-coding genes, and a non-
coding control region (D-loop). The majority of genes are
encoded on the heavy strand, whereas ND6 and eight tRNAs
are found on the light strand. All protein-coding genes used ATG
start codon except for COI that used GTG. Seven protein-coding
genes are terminated with the complete stop codon, of which four
ended with TAA (COI, ATP8, ND4L, and ND5) and three with
TAG (ND1, ND2, and ND6). The remaining protein-coding genes
are ended by incomplete stop codons, TA (ATP6) or T (COII,
COIII, ND3, ND4, and Cytb), which are completed by post-
transcriptional polyadenylation. The 12S and the 16S rRNA genes
are separated by tRNA-Val gene and their lengths are 957 and
1677 bp, respectively. The 22 tRNA genes had sizes ranging from
67 to 75 nucleotides and the control region, located between
tRNAPro and tRNAPhe genes, is 985bp long. The nucleotide
composition for the heavy strand was 29.3% A, 23.3%T, 16.3% G,
and 31.3% C. The sequencing depth varied greatly along the
mitogenome sequence, from as low as of three reads, to as high as
42195 reads. Cytochrome oxidases I and II were the protein-
coding genes with the highest number of reads. Regions with
lower sequencing depth tend to code for tRNA. A total of 33
heteroplasmatic sites were detected: five on protein-coding genes,
seven on the 16S rRNA, 14 on sequences coding for tRNAs, two
in the D-loop region, and five in intergenic sequences
(Supplementary material 1).

Discussion

The mitogenome of H. incognitum presented here is just the third
complete mitochondrial genome of a Loricariidae fish, a family
with more than 800 valid species (Lujan et al., 2015). In fact, this
is the first mitogenome of loricariid that the fish specimen was
sampled in its native habitat and deposited in an ichthyological
collection. These are crucial steps when assigning molecular
information to Loricariidae species due to their complex
taxonomy and still controversial phylogeny. The fish native
origin is crucial for its correct identification at the species level
and often cryptic species are resolved.

The RNA-based approach to assembly of mtDNA overcomes
some limitations of traditional DNA-based strategies for sequen-
cing mitogenomes and to detect heteroplasmy. Specifically, this
RNA-based strategy use straightforward method of total cellular
RNA extraction that surpass the need to obtain high quantity of
high-quality mtDNA; it does not suffer from the difficulties and
biases that overlapping long range PCR can represent and
introduce; and it is not compromised by Nuclear copies of
mitochondrial DNA (Numts). As the number of transcriptomes
available in public repositories is growing fast, this approach can

be especially advantageous to assembly new mitogenomes from
non-model species.

Conclusions

In summary, an innovative RNA-based approach was used to
assembly the third complete mitochondrial genome of a species
from the speciose family Loricariidae. Moreover, the use of this
approach allows the measure of mtRNA expression levels, the
punctuation pattern of editing, and the detection of
heteroplasmies.
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3.3 CAPITULO TRES: O genoma mitocondrial completo de Corydoras
nattereri (Callichthyidae: Corydoradinae)

Neste capitulo aplicamos o método de montagem de genomas mitocondriais
em trés individuos coletados da mesma populacdo. Dessa forma, ampliamos os
objetivos da simples descricdo da estrutura do mitogenoma de um individuo para
uma analise da variagdo genética intra-especifica. Os resultados aqui descritos
foram publicados no artigo intitulado “The complete mitochondrial genome of
Corydoras nattereri (Callichthyidae: Corydoradinae)’, na revista Neotropical
Ichthyology, ano 2016; vol.14(1):e150167.

Corydoras nattereri € uma espécie de bagre encouragado do sudeste do
Brasil. Os mitogenomas produzidos a partir dos transcriptomas hepaticos de trés
individuos resultaram numa sequéncia de DNA circular de 16.557 nucleotideos
abrangendo 22 genes de tRNA, dois genes de rRNA, 13 genes codificadores de
proteinas, a origem de replicagdo da fita leve (OriL) e a regido controle (D-loop). A
analise filogenética de sequéncias proximamente relacionadas da subunidade | do
gene citocromo c¢ oxidase (COl) demonstrou a existéncia de elevada diversidade
entre populagdes morfologicamente similares de C. nattereri. Corydoras nattereri
esta inserida num complexo de populagbes atualmente identificadas como C.
paleatus e C. ehrhardti. A analise da estrutura do mitogenoma demonstra que a
insercao de uma sequéncia de 21 nucleotideos entre os genes da subunidade 6 da
ATPase e do COIll representa um carater filogeneticamente informativo associado a

evolugéo de Corydoradinae.

24



Neotropical Ichthyology, 14(1): e150167, 2016
DOI: 10.1590/1982-0224-20150167

Journal homepage: www.scielo.br/ni
Published online: 07 April 2016 (ISSN 1982-0224)

The complete mitochondrial genome of Corydoras nattereri
(Callichthyidae: Corydoradinae)

Daniel A. Moreira', Paulo A. Buckup?, Marcelo R. Britto?, Maithé G. P. Magalhaes',
Paula C. C. de Andrade', Carolina Furtado® and Thiago E. Parente'

The complete mitogenome of Corydoras nattereri, a species of mailed catfishes from southeastern Brazil, was reconstructed
using next-generation sequencing techniques. The mitogenome was assembled using mitochondrial transcripts from the liver
transcriptomes of three individuals, and produced a circular DNA sequence of 16,557 nucleotides encoding 22 tRNA genes, two
rRNA genes, 13 protein-coding genes and two noncoding control regions (D-loop, Origl). Phylogeographic analysis of closely
related sequences of Cytochrome Oxydase C subunit I (COI) demonstrates high diversity among morphologically similar
populations of C. nattereri. Corydoras nattereri is nested within a complex of populations currently assigned to C. paleatus and
C. ehrhardti. Analysis of mitogenome structure demonstrated that an insertion of 21 nucleotides between the ATPase subunit-6
and COIII genes may represent a phylogenetically informative character associated with the evolution of the Corydoradinae.

O mitogenoma completo de Corydoras nattereri, uma espécie de bagres encouragados do sudeste do Brasil, foi reconstruido
através de técnicas de sequencimento de DNA de proxima geragdo. O mitogenoma foi produzido a partir de produtos de
transcrigdo mitocondrial dos transcriptomas hepaticos de trés individuos, resultando numa sequéncia de DNA circular de
16.557 nucleotideos abrangendo 22 genes de tRNA, dois genes de rRNA, 13 genes codificadores de proteinas e duas regides de
controle ndo codificadoras (D-loop, OrigL). A analise filogenética de sequéncias proximamente relacionadas da subunidade I do
gene Citocrome Oxidase C (COI) demonstrou a existéncia de elevada diversidade entre popula¢cdes morfologicamente similares
de C. nattereri. Corydoras nattereri esta inserida num complexo de populagdes atualmente identificadas como C. paleatus e
C. ehrhardti. A andlise da estrutura do mitogenoma demonstra que a inser¢ao de uma sequéncia de 21 nucleotideos entre os
genes da subunidade 6 da ATPase e do COIII representa um carater filogeneticamente informativo associado a evolucao de
Corydoradinae.

Keywords: Barcode, DNA, Mitogenome, Molecular diversity, mtRNA.

Introduction

Corydoradinae are a species-rich group of armored
freshwater catfishes that inhabit streams, rivers and
floodplains throughout South America (Alexandrou et al.,
2011). Together with the Callichthyinae, they comprise
the Callichthyidae, a family of catfishes diagnosed by the
presence of two series of bony plates on the sides of the
body and one pair of barbels at lips junction (Reis, 1998).
The Corydoradinae comprises 227 nominal taxa and 188
valid species (Eschmeyer & Fong, 2015), assigned to the
Aspidoras Thering, 1907, Corydoras Lacépede, 1803, and
Scleromystax Gunther, 1864 (Britto, 2003). Corydoras is the
most species-rich genus of catfishes with over 160 described
and nearly as many undescribed species (Alexandrou et al.,

2011; Eschmeyer & Fong, 2015;). According to Reis (2003)
about two new species of Corydoras are described each year.
While the Callichthyinae is relatively well-known based
on morphological (Reis, 1997, 1998, 2003) and molecular
studies (Mariguela ef al., 2013), the Corydoradinae remains
poorly known, despite their great interest to the aquarium
hobby. Phylogenetic studies that included species of
Corydoras have been performed, primarily by Britto (2003)
based on morphological characters, and more recently by
Alexandrou et al. (2011), based on molecular data. In the
later study, however, a large proportion of the 52 taxa
recognized could not be associated to a valid name, with
many species being referenced to informal “C-Numbers”
(Fuller & Evers, 2005) available from the aquarium industry
or to their geographic origin.
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Mitogenome of Corydoras nattereri

Corydoras nattereri Steindachner, 1876, is a widespread
species of Corydoras in southeastern Brazil, ranging from
rio Mucuri, in Bahia, to the Paranagud Bay, in Parana
(Britto, 2007; Shimabukuro-Dias et al., 2004a). Corydoras
nattereri and Scleromystax prionotos (Nijssen & Isbriicker,
1980) form a pair of color mimics where their distribution
overlaps (Alexandrou et al., 2011). The geographic range
of C. nattereri represents a distributional range of about
1,350 km, encompassing numerous isolated coastal river
drainages. With such widespread distribution it is not
surprising that significant variability has been found among
various populations of C. nattereri. Oliveira et al. (1990)
identified three different cytotypes among these populations,
that differ in number of chromosomes (2n numbers of 40, 43
and 44), suggesting that more than one species is represented
by the taxon. That cytogenetic variation among populations
was later correlated with variation in DNA sequence data
(Simabukuro-Dias et al., 2004b).

Currently partial sequences of the Cytochrome Oxydase
C subunit I (COI) of Corydoras nattereri, a widely used
DNA barcode marker, are available publicly from only two
localities (Pereira et al., 2011, 2013). Sequences of additional
mitochondrial genes have been made available by Alexandrou
et al. (2011), but only specimens with imprecise locality data
have been listed in that study. Within the Corydoradinae,
complete mitochondrial sequence data is only available
for C. rabauti from a specimen without associated locality
data (Saitoh et al., 2003). Herein, we present the complete
mitochondrial genome for C. nattereri based on three
specimens with precise geographic provenance, thus
providing a significant increment in DNA data available for
phylogenetic studies of the Corydoradinae.

Material and Methods

Specimens of Corydoras nattereri were collected in the
rio Surui (22.600556 S, -43.091667 W) at the Santo Aleixo
district, Magé, Rio de Janeiro, Brazil. The fish were deposited
at the Museu Nacional, Rio de Janeiro, UFRJ (MNRJ
41520) and tissues from tree individuals (MNTI 8664-8666)
were preserved in ethanol and RNALater. Total RNA was
extracted from the liver tissue following conventional phenol-
chloroform extraction. RNA quality was accessed using the
RNA Nano kit for Bioanalyzer (Agilent). Three individual
cDNA libraries were constructed using the TruSeq RNA
Sample kit v.2 (Illumina). Libraries were accessed for quality
(Bioanalyzer, DNA1000 kit, Agilent) and quantity (Kapa
Biosystems). Two separated runs (single-end and paired-end)
were performed in an [llumina HiSeq 2500 using the TrueSeq
SBS kit v.3 (Illumina). Raw Illumina data were demultiplexed
using the BCL2FASTQ software (Illumina). Reads were
trimmed for [llumina adaptors by Trimmomatic (Bolger ez al.,
2014) and its quality was evaluated using FastQC (Babraham
Bioinformatics). Only reads with Phred score over 30 were
used for the transcriptome assembly. Cleaned reads from
the three individual fish were used for the de novo assembly

of transcriptomes using the default parameters of Trinity
(v. 2.0.2) (Haas et al., 2013). Mitochondrial genomes were
assembled using the mitochondrial transcripts from the liver
transcriptome, following the approach described by Moreira
et al. (2015a, 2015b). Briefly, mitochondrial transcripts were
retrieved running a BLASTN search against the mitogenome
of the closest related species with a complete mitogenome
available, Corydoras rabauti (GI: 29501080) (Saitoh et al.,
2003). Mitochondrial transcripts were edited according to
the information of strand orientation given by the BLASTN
result, and aligned with SeaView using the built-in CLUSTAL
alignment algorithm and the mitogenome of C. rabauti
(Gouy et al., 2010). The sequence of each CONTIG was
manually checked for inconsistencies and gaps. Small gaps at
mitogenomes, which code for transfer RNAs, were completed
with Sanger sequencing data from PCR with specific
designed primers. As the identity of the three assembled
mitogenomes was higher than 99.8%, the three sequences
were concatenated in one consensus sequence. The consensus
mitogenome was annotated using the web-based services
MitoFish and MITOS (Iwasaki et al., 2013; Bernt et al., 2013),
and the origin of the L-strand replication was identified based
on Wong et al. (1983). In order to determine sequencing depth
of each base in the mitogenome, Bowtie v. 1.0.0 was used to
align the reads on the assembled mitogenome. The aligned
reads were viewed using Integrated Genome Viewer (IGV),
Tablet (Langmead et al., 2009; Milne et al., 2010; Robinson et
al., 2011; Thorvaldsdoéttir et al., 2012), and Geneious version 6
(http://www.geneious.com, Kearse et al., 2012).

A Maximum Likelihood (ML) analysis of relationships was
performed to position the mitogenomes within a taxonomic
and phylogenetic context. All publicly available sequences of
COI that exhibited nucleotide identity greater than 90% in a
BLAST search of the GenBank Nucleotide Database and Bold
Systems were included in the analysis, as well as additional
sequences of Corydoras nattereri, Callichthys callichthys,
Scleromystax barbatus, and Aspidoras lakoi (the latter three
used as outgroups) produced in the Museu Nacional (MNLM)
laboratory (Table 1) using Sanger sequencing methods, and
the corresponding COI sequence extracted from the C. rabauti
mitochondrial genome (GenBank Accession AB054128). To
ensure uniformity of coverage, only nucleotides from positions
5810 699, and only sequences with full coverage of that segment
were included in the analysis, producing a matrix of nucleotide
sequences from 35 fish. The ML analysis was performed using
Mega 6.06 (Tamura ef al., 2013) under the Hasegawa-Kishino-
Yano model (Hasegawa et al., 1985), selected by the corrected
Akaike information criterion using jModeltest v.2.1.7 (Darriba
etal., 2012). Initial tree(s) for the heuristic search were obtained
by Neighbor-Join and BioNJ algorithms applied to a matrix of
pairwise distances estimated using the Maximum Composite
Likelihood (MCL) approach. The discrete Gamma distribution
was used to model evolutionary differences among sites, with
5 categories (+G, parameter = 0.1563). Branch support was
estimated with the Bootstrap method, using 350 replications.
The tree was rooted using Callichthys callichthys as outgroup.
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(Table 1: Cont.)

GenBank Accession BOLD ProcessID Sample Voucher Species Publication/Source Latitude Longitude Locality

KT874579 MNRJ531-15 m\_\_zzmm%_om MNRJ41901 Callichthys callichthys ~ This study [199753  -40,5478 M° <MMMM@.NMM=M_mwwwﬁmww%wwﬂﬂmwmw HM ﬁmmmwmww_mgs
KT874580 MNRJ533-15 Mﬂﬁwﬁ MNRI31639  Aspidoras lakoi Thisstudy ~ -20,7500 -462122 “CTt cwmw%mwwm mm_owm“mwohmmwwwoowwm%m: M\_mmo%mmmm__ Serra
KT874581 MNRJ538-15 ﬁzzmmmm_ow“ MNRJ41520  Corydoras nattereri Thisstudy ~ -22,6006 -43,0917 Lnoutary ofrio mcmww%mm amﬁ%owwmmww_ of Piabeta - Santo
KT874582 MNRJ532-15 Zzwmmuwwm MNRJ40948  Scleromystax barbatus  This study 26,1972 -49,0219 RioLindo Emwowwﬁmwﬂ:%w%wm,mhm,m_%mmmww%o-w 01, bairro
KT874583 MNRJ534-15 %ﬂwwm@ww\ MNRJ37470  Corydoras nattereri This study 224675 42,2975 Wﬁ%wﬁ%ﬂ Mm_wwhsmwmw%ﬁ%w%asmmm%@wmﬁ% /Mgw,wm__ﬁ

KT874584 MNRJ539-15 ﬁzzmmmo_@mk\_ MNRJ41520  Corydoras nattereri Thisstudy ~ -22,6006 -43,0917 Lnoutary ofrio msmwwwahm %ﬁ%oﬁammm of Piabeta - Santo
KT874585 MNRJ537-15 QMMMMMMM MNRI41520  Corydoras nattereri Thisstudy ~ -22,6006 -43,0917 Lnoutary of rio mcmww:oaﬂ% amﬁwmwmmmmmm of Piabeta - Santo
KT874586 MNRJ536-15 RMMMMMMW MNRJ41030  Corydoras ehrhardti This study 262803 -493244 1° <m§@_rom_wmw%mwmmm_www moﬁm:mmwmﬁwmww%, upstream of

rio do Sul under bridge of ES-130 between Vinhatico and
KT874587 MNRJ535-15 MNTI3832 MNRIJ37693  Corydoras nattereri This study -18,3106  -40,2411  Pinheiros, on municipal border between Montanha and Pinheiros,

ES, Brazil
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Results

Sequencing depth. The complete mitochondrial genome
sequence of C. nattereri is 16,557 bp long (GenBank
Accessions No. KT239008, KT239009, KT239010, Fig. 1).
A total of 152,877,464 100bp reads were used to assemble
the transcriptomes. On average, 12 transcripts were aligned
to the reference mitogenome. These aligned transcripts
were used to assembly the mitogenome of Corydoras

nattereri, which was sequenced with an average coverage
depth of 8,194 and a total of 1,378,370 aligned reads (Fig. 2).
The sequencing depth varied greatly along the mitogenome
sequence, from as low as of | read, to as high as 69,778 reads.
Cytochrome oxidase subunits I, IT and III were the protein-
coding genes with the highest number of reads. Regions
with lower sequencing depth tend to code for tRNA. Five
small gaps, varying from 21 to 183 nucleotides, were filled
by conventional PCR and Sanger sequencing (Table 2).

Table 2. Positions and lengths of the five gaps in the mitogenome assembled using mitochondrial transcripts sequenced
using [llumina HiSeq2500. These gaps were filled using conventional PCR and Sanger sequencing with the species-specific

primers listed.

o . Primers
Gap position  Length (nucleotides)
Forward Reverse
1-81 81 CAGATTAGGCTCGACCGACG  GGCGTATGACGGCTTGGTAA
995 - 1085 91 CCCAAAACGTCAGGTCGAGG TTTGCCACAGAGACGGGTTG
7836 - 7910 75 AAATCTGCGGTGCAAACCAC  GGCGGTTATTTTGTCAGCGG
9558 - 9579 22 GAGCCCACCACAGCATCATA  GCAGTCGTGCAGATCCTAGT
11720 - 11903 184 CCCCCGCTACCCAACTTAAT  TGCTTTCTGTTCCCTGGTCT
& <
o
< g
2 = 3
= & =D
1 ~ g
= ! &
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Fig. 1. Circular representation of the mitochondrial genome of Corydoras nattereri. Genes encoded in the heavy strand are
shown in the outer circle and genes encoded in the light strand are offset inwards. The inner circle represents the CG-content.
Figure was generated by the online server MitoFish, http://mitofish.aori.u-tokyo.ac.jp (Iwasaki et al., 2012).
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A g ooy | I |||II I 1 I 1 1

: dkb  2kb 3kb 4kb 5kb  6kb ,7kb 8kb Okb  ,10kb 11kb 12kb 13kb 14kb 15kb 16Kb

Fig. 2. Sequencing depth over the complete mitogenomes of the three individuals of Corydoras nattereri: KT239008 (A),
KT239009 (B), and KT239010 (C). Read counts (y-axis) are shown in logarithmic scale and sharp decreases correspond to the
punctuation model of mitochondrial transcription (positions correspond to those shown in Fig. 1 and Table 3). Black vertical
bars indicate position of gaps that were filled with Sanger sequencing (Table 2). Reads were mapped to the mitogenomes using
Bowtie and visualized at the Integrative Genome Viewer (IGV, Bernt ef al., 2013; Thorvaldsdoéttir ef al., 2013).

Table 3. Positioning of genes in the mitochondrial genome of Corydoras nattereri. Negative gap values indicate overlap.

Gene Start End Length Gap Direction Start Codon Stop Codon
tRNA-Phe 1 68 68 0
12S rRNA 69 1013 945 0
tRNA-Val 1014 1085 72 0
16S rRNA 1086 2752 1667 0
tRNA-Leu 2753 2827 75 0
ND1 2828 3799 972 8 ATG TAG
tRNA-Ile 3808 3879 72 -2
tRNA-GIn 3878 3948 71 -1 complement
tRNA-Met 3948 4017 70 0
ND2 4018 5062 1045 0 ATG T--
tRNA-Trp 5063 5133 71 1
tRNA-Ala 5135 5203 69 1 complement
tRNA-Asn 5205 5277 73 0 complement
origin-L 5278 5312 35 -3 complement
tRNA-Cys 5310 5377 68 -1 complement
tRNA-Tyr 5377 5446 70 1 complement
COI 5448 7007 1560 -13 GTG AGG
tRNA-Ser 6995 7065 71 4 complement
tRNA-Asp 7070 7138 69 6
con 7145 7835 691 0 ATG T--
tRNA-Lys 7836 7909 74 1
ATPase 8 7911 8078 168 -10 ATG TAA
ATPase 6 8069 8752 684 21 ATG TAA
Ccoll 8774 9557 784 0 ATG T--
tRNA-Gly 9558 9629 72 0
ND3 9630 9978 349 0 ATG T--
tRNA-Arg 9979 10048 70 0
ND4L 10049 10345 297 -7 ATG TAA
ND4 10339 11719 1381 0 ATG T--
tRNA-His 11720 11789 70 0
tRNA-Ser 11790 11856 67
tRNA-Leu 11858 11930 73 0
ND5 11931 13757 1827 -4 ATG TAA
ND6 13754 14269 516 0 complement ATG TAA
tRNA-Glu 14270 14337 68 3 complement
Cytb 14341 15478 1138 0 ATG T--
tRNA-Thr 15479 15550 72 -2
tRNA-Pro 15549 15618 70 0 complement

D-loop 15619 16557 939
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Genome organization. The complete mitochondrial
genome sequence of Corydoras nattereri contains the
typical vertebrate features: 22 tRNA genes, 2 rRNA genes,
13 protein-coding genes and two noncoding control regions
(D-loop, OrigL) (Table 3, Fig. 2). The majority of genes
are encoded on the heavy strand, whereas ND6 and eight
tRNAs are found on the light strand. All protein-coding
genes used ATG start codons, except for COI that used
GTG. Seven protein-coding genes are terminated with the
complete stop codon, of which five ended with TAA (ATPS,
ATP6, ND4L, ND5 and ND6), one with TAG (NDI) and
one with AGG (COI). The remaining protein-coding genes
are ended by incomplete stop codons, T (COII, COIII,
ND2, ND3, ND4 and Cytb), which are completed by post-
transcriptional polyadenylation. The 128 and the 16S rRNA
genes are separated by tRNA-Val gene and their lengths
are 945 and 1,667 bp, respectively. The 22 tRNA genes
had sizes ranging from 67 to 75 nucleotides and the control
region, located between tRNAPro and tRNAPhe genes, is
939 bp long. A 21-nucleotide insertion sequence between
the ATPase subunit-6 and COIII genes was found in C.
nattereri. The nucleotide composition for the heavy strand
was 32.3% A, 25.7%T, 15.1% G, and 27.0% C.

Phylogenetic context. The phylogeographic analysis of
publically available COI together with additional COI
sequences generated by our research group confirmed our

0,37

identification of the samples of the rio Surui as Corydoras
nattereri (Fig. 3). Our three samples form a monophyletic
group with specimens of C. nattereri from the Paraiba do
Sul and the Paraitinguinha rivers (upper Tieté drainage,
upper Parand basin) (Pereira et al., 2011, 2013). Contrasting
with the high similarity of the samples from these three
basins, our samples from the rio Aldeia Velha (rio Sao Jodo
coastal basin), and rio Itatinas are considerably different.
The latter are morphologically similar to C. nattereri, but
their sequences are 2.5%-3.6% divergent in relation to the
rio Surui samples. Such high divergence suggests that the
populations of Corydoras from the Sdo Jodo and Itaunas
river basins represent cryptic species.

Our phylogenetic analysis also demonstrates that the
C. nattereri clade is nested within a large clade of samples
identified in the literature (Pereira et al., 2011, 2013; Rosso
et al., 2012) as C. paleatus and C. ehrhardti. Samples of C.
ehrhardti (including new sequences produced here) form a
monophyletic clade also included among this larger clade,
but samples of Corydoras paleatus form a complex of
non-monophyletic populations. Within this large complex,
samples of C. paleatus GU701809, GU701810, GU701812,
GU701813, and GU701871, from the upper rio Parana basin,
form the monophyletic subunit most closely related to
C. nattereri, but the bootstrap value for this sister group
relationship is low, indicating that further study of C.
paleatus species complex is still necessary.

JN988821Paraitinguinha
JN988822Paraitinguinha
JN988819Paraitinguinha
JN988818Paraitinguinha
MNLM5103Surui
MNLM5102Surui
GU702213ParaibaDoSul
MNLM5104Surui
MNLM935AldeiaVelha
MNLM2241Itaunas
7GU70181 Opaleatus
GU701813paleatus
GU701809paleatus
GU701812paleatus
GU701871paleatus
JX111734paleatus

JX111731paleatus
JX111733paleatus
0,89 sx111735paleatus

JX111736paleatus
0,98

0,98

Corydoras nattereri

JX111737paleatus
MNLM5000ehrhardti
GU701814ehrhardti
GU701815ehrhardti
GU701816ehrhardti
GU701817ehrhardti
GU701818ehrhardti
GU701819ehrhardti

JX111738pal

JX111730paleatus

JX111732paleatus

AB54128rabauti

MNLM4992Scleromystax

0.73

0.58

_I |

MNLM1354Aspidoras

0.1

MNLMS5114cCallichthys

Fig. 3. Maximum likelihood tree (log likelihood = -2410.0522) of Corydoras samples with at least 90% similarity to the
mitochondrial cytochrome oxidase I sequences of C. nattereri from the rio Surui. The tree is drawn to scale, with branch
lengths measured in the number of substitutions per site. Bootstrap robustness is indicated next to selected branches.
Samples of C. nattereri have the locality name appended to the sample ID (those for which mitogenomes were produced
are from de rio “Surui”), outgroups have the genus name and other samples of Corydoras have the species epithet name

appended to the ID code (Table 1).
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Discussion

Despite the great diversity of Corydoras, this is the
first mitogenome with voucher specimens sampled in their
native habitat and deposited in a permanent collection. A
mitogenome of C. rabauti has been reported by Saitoh et
al. (2003), but that study was based on a specimen without
locality data obtained from the aquarium trade, and the
study does not mention a registration number of a voucher
specimen in any biological collection.

Our analysis of COI sequences revealed high levels
of genetic divergence and taxonomic complexity among
samples closely related to C. nattereri. Specimens from
the S3o Jodo and Itatinas river basins may represent cryptic
species, that are currently undistinguishable from topotype
specimens of C. nattereri. Their level of divergency (2.5%
- 3.6%) far exceeds the maximum intraspecific divergence
(1.6%) reported among six species of Corydoras from the
upper Parana basin (Pereira et al, 2013). The analysis
also demonstrated the complexity of relationships among
populations of C. nattereri, C. paleatus, and C. ehrhardti.
Within this context, our newly produced mitogenome
C. nattereri is likely to provide a solid base to identify
additional mitochondrial markers to be used in future
studies designed to clarify the relationships among these
and other callichthyid taxa.

Comparison of the mitogenome of Corydoras nattereri
with that of C. rabauti (Saitoh et al., 2003) reveals features
that are likely to be phylogenetically informative and
useful in future studies. A 21-nucleotide insertion sequence
between the ATPase subunit-6 and COIII genes was found
in C. nattereri. This insertion corresponds to a 17-nucleotide
insertion previously detected in C. rabauti (Saitoh et al.,
2003). Most vertebrate mitochondrial genomes have a head-
to-tail junction between the ATPase subunit-6 and COIII
genes, and this insertion was considered phylogenetically
uninformative in the study of Saitoh er al. (2003). Our
discovery of an insertion in the homologous position of C.
nattereri is interpreted as an apomorphic trait shared by the
two species. Further investigation about the distribution and
length of this insertion among Corydoradinae is likely to
yield significant insights about the phylogeny of the group.
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3.4 CAPITULO QUATRO: Reduzindo a lacuna de informacdo sobre a

gendémica mitocondrial de Loricarioidei (Siluriformes)

Neste capitulo, ampliamos o uso da metodologia desenvolvida para montar
genomas mitocondriais de espécies representantes da subordem Loricarioidei,
diminuindo a disparidade na quantidade de informagédo genética disponivel para
Loricariidae. Usamos essa informagdo com os objetivos de testar hipdteses
filogenéticas e estudar a evolugao estrutural desses genomas. Os resultados aqui
descritos foram publicados no artigo intitulado “Reducing the information gap on
Loricarioidei (Siluriformes) mitochondrial genomics”, na revista BMC Genomics, ano
2017; vol.18(1):345-57.

Conduzimos um estudo abrangente e comparativo entre 31 genomas
mitocondriais da subordem Loricarioidei, sendo 26 espécies de Loricariidae e uma
de Callichthyidae. As caracteristicas estruturais foram altamente conservadas.
Entretanto, uma delecdo parcial no final 3' do Bloco de Sequéncia Conservada
(CSB) D da regiao controle foi identificada em um clado monofilético. As espécies
que compdem esse clado sdo candidatas a modelos para estudar a replicagédo e a
transcricdo do genoma mitocondrial vertebrado. A filogenia recuperada corroborou
fortemente a arvore atualmente aceita, embora tenha discutido a proximidade da
relagdo entre duas espécies pertencentes a tribos distintas. O estudo filogenético
destacou, também, a baixa variabilidade genética no clado da Peckoltia, um grupo
eco-morfolégico diversificado e taxonomicamente problematico. Os novos recursos
gendmicos reduzem o hiato da informagao sobre a diversidade molecular da fauna
de peixes neotropicais, impactando a capacidade de investigar uma variedade de

aspectos da ecologia molecular e a evolugao desses peixes.
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Abstract

Background: The genetic diversity of Neotropical fish fauna is underrepresented in public databases. This distortion
is evident for the order Siluriformes, in which the suborders Siluroidei and Loricarioidei share equivalent proportion
of species, although far less is known about the genetics of the latter clade, endemic to the Neotropical Region.
Recently, this information gap was evident in a study about the structural diversity of fish mitochondrial genomes,
and hampered a precise chronological resolution of Siluriformes. It has also prevented molecular ecology
investigations about these catfishes, their interactions with the environment, responses to anthropogenic changes
and potential uses.

Results: Using high-throughput sequencing, we provide the nearly complete mitochondrial genomes for 26
Loricariidae and one Callichthyidae species. Structural features were highly conserved. A notable exception was
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accepted tree, although bringing to debate the relationship between Schizolecis guntheri and Pareiorhaphis garbei,
and highlighting the low genetic variability within the Peckoltia-clade, an eco-morphologically diverse and
taxonomically problematic group.
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Background

Representing around 5% of vertebrate biodiversity [1],
catfishes (Siluriformes) are classified in three suborders:
Diplomystoidei, with seven valid species distributed in
Andean areas of Argentina and Chile; Siluroidei, summing
2250 species distributed worldwide; and Loricarioidei, en-
demic to the Neotropical Region with 1538 valid species
[1-3]. As of March 2017, while one nuclear genome and
102 complete mitochondrial genomes from Siluroidei spe-
cies were deposited in GenBank, only four Loricarioidei
species had their mitochondrial genome sequence publicly
released (Table 1). This disproportion is even greater for
general nucleotide sequences; for which the number of
Siluroidei entries is almost 100 times the amount for
Loricarioidei (Table 1).

This information gap on the genetic diversity of
Loricarioidei fishes is evident in studies of Siluriformes
[3, 4] and Otophysi [5, 6] evolution. Recently, in a time-
calibrated mitogenome phylogeny of catfishes, the poor
taxonomic representation of the Loricarioidei suborder
was hypothesized as the most probable cause for the
paraphyletic arrangement of the Callichthyidae and
Loricariidae families [1]. According to those authors, al-
though this arrangement “does not represent a credible
topology”, it “may have implications for the chronology of
the basal siluriform nodes” [1], and therefore, may im-
pact studies on the historical biogeography of catfish dis-
persal throughout the globe.

The underrepresentation of Loricarioidei genetic in-
formation deposited in public databases has also pre-
vented a variety of studies about these species, from
molecular ecology, biogeography and phylogeny to
potential uses in aquaculture or as sentinels of envir-
onmental pollution. For instance, species delimitation
and phylogenetic analysis of highly speciose genera
such as Hypostomus, Peckoltia and Corydoras could
benefit from a larger volume of primary genetic re-
sources. Access to new gene sequences would stimu-
late work on the biogeography and speciation
processes of Loricarioidei fishes with wide distribution
(e.g: Hoplosternum littorale, Callichthys callichthys).
Likewise, the lack of genetic data is a key limitation
preventing studies about the molecular ecology of
those Neotropical fishes.

Herein, we focused on the Loricariidae, the most
species-rich family in the Loricarioidei and the fifth
most species-rich family among all vertebrates [2, 7].
The nearly complete mitochondrial genome sequences
from 26 species of Loricariidae and one of Callichthyidae
were generated, and their structural features were ana-
lyzed. Additionally, the sequences of the 13 protein-
coding genes and the two ribosomal RNAs were used
to test the currently accepted phylogenetic relation-
ships among Loricariidae subfamilies. These resources
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complement our recent efforts [8-12], augmenting
from four to 36 the number of nearly complete mito-
chondrial genomes available for Loricarioidei fishes.

Results

The mitochondrial genomes of Loricariidae

The mitochondrial genomes from 27 species, represent-
ing 21 Loricariidae genera and Corydoras schwartzi (Cal-
lichthyidae), were sequenced almost to their full length.
Detailed information regarding each mitogenome is
available in Table 2 and Additional files 1, 2 and 3.

Table 1 Disproportion of genetic information among
Siluriformes’ suborders. Different types of entries in NCBI database,
as well as the number of available, valid and new species
described in the last 10 years for Siluriformes according to the
Catalog of Fishes database

Siluriformes
Database Parameter  Diplomystoidei Loricarioidei Siluroidei
NCBI Nucleotide 547 8599 855963
Nucleotide - - 498206
EST
Nucleotide - - 63406
GSS
Protein 360 6082 76138
Structure - - 7
Genome 1 4 103
Popset 25 162 546
GEO - - 118
Datasets
UniGene - - 204837
PubMed 17 321 5513
Central
Gene 13 76 30421
SRA - 9 212
Experiments
Probe - - 5615
Assembly - - 1
Bio Project - 5 86
Bio Sample - 9 304
Clone DB - - 12
PubChem - - 1
BioAssay
Taxonomy 13 1433 1766
CAL - Catalog Available 12 1801 3481
of Fishes Valid 7 1538 2250
2008-2017 1 334 284

NCBI: https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?id=7995
and the Catalog of Fishes: http://researcharchive.calacademy.org/research/
ichthyology/catalog/SpeciesByFamily.asp, both accessed on March 24, 2017
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Coverage, annotation and depth

The new sequences covered from 91.2 to 99.2% the
complete Pterygoplichthys disjunctivus mitogenome
(Table 2), which was chosen as reference as it was one
of the four complete mitogenomes of a Loricarioidei
species previously available on public databases, not se-
quenced by our group. The few nucleotide-long gaps
verified in the assembled mitochondrial genomes were
located at transfer RNA (tRNA) genes. Despite these few
gaps, the analysis of the sequenced mitogenomes, along
with those available on GenBank, made it possible to
infer the mitochondrial gene composition and order for
all species, which was found to be identical to the usual
pattern for vertebrates (Fig. 1).

Sequences of the two ribosomal RNA (12S and 16S
rRNA) and the 13 protein-coding genes were obtained
to their full length in most species. Most genes are
encoded on the heavy strand, whereas NADH dehydro-
genase subunit 6 (nad6) and eight tRNA are found on
the light strand (Fig. 1). The majority of the 22 tRNA
were completely sequenced in all species, except for
Hypostomus affinis (Additional file 3). The complete se-
quence of the mitochondrial termination factor
(mTERF) binding site was obtained for 15 species, while
partial sequence was obtained for 10 species. The
mTERF is located inside the tRNA-Leu2, justifying the
highest frequency of partial sequences verified for this
tRNA. Nucleotide frequencies among species were simi-
lar (Additional file 1). Among the protein-coding genes,
cytochrome c oxidase subunit 1 (cox1) had the highest
percentage of invariable amino acids (90%) and ATPase
subunit 8 (atp8), the lowest (45%).

The origin of L-strand replication (Or) was sequenced,
except for Loricariichthys castaneus and for Hypostomus
affinis, and was conserved in most species. The mito-
chondrial control region (CR) was partially sequenced in
all species, except Schizolecis guntheri in which CR was
not sequenced (Fig. 1, Additional file 4). The sequence
length of the CR varied from zero in S. guntheri to 1083
in K heylandi, with a mean length of 792 nucleotides.
The three CR domains (I, II and III) were found. The
termination associated sequence (TAS) in the Domain I
was enriched with adenine (A) and thymine (T) nucleo-
tides, and indels were found among the species. Three
conserved sequence blocks (CSB-F, CSB-E and CSB-D)
were identified in Domain II.

CSB-F was the most conserved among Loricarioidei
species (Additional file 4). CSB-E was conserved among
16 species, but diverged in species of the Hemiancistrus,
Hypostomini and Peckoltia-clades. While the 3" end of
CSB-E is rich in AT in the Peckoltia-clade and in A in
the Hemiancistrus and Hypostomini clades, it is rich in
G in the other investigated species (Additional file 4). A
deletion of ~60 nucleotides, starting with the seven
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nucleotides at the 3" end of CSB-D and spanning over
other conserved blocks, follows the same phylogenetic
trend (Fig. 2). This deletion is supported by >50 reads in
each of the species sequenced herein and by the previ-
ously deposited sequence of Pterygoplichthys disjunctivus
(NC_015747.1). At the same region, a six nucleotide-
long insertion was noted in both species of Rineloricaria
(Fig. 2). In most species, the T-homopolymer region was
also found, which was followed by an AT-rich segment
that characterizes the third domain. CSB-1, CSB-2 and
CSB-3 were fully sequenced and highly conserved
among the analyzed genomes.

Sequencing depth is a direct reflection of mitochon-
drial transcript expression levels. Minimum median se-
quencing depth was 329 found for Parotocinclus
maculicauda, while the maximum median depth was
10,105 for Loricaria cataphracta (Fig. 1, Additional file
1). The variation among species is regarded as minimal
differences in the amount of sample submitted to high-
throughput sequencing rather than biological. On the
other hand, the variation among regions within a single
mitogenome is biologically significant, follows the clas-
sical mitochondrial RNA punctuation pattern and indi-
cates the activity of a post-transcriptional gene
expression mechanism. Genes coding for the three mito-
chondrial subunits of cytochrome c oxidase were se-
quenced at the greatest depth, while short intergenic
and tRNA sequences showed the lowest depth (Fig. 1).
Heteroplasmic positions were found in all species,
except one (Additional file 5). The number of hetero-
plasmies varied from zero in Neoplecostomini gen. n.
(TP065) to 21 in Loricariichthys castaneus, with median
and average frequencies of 8.0 and 8.9, respectively.

Annotation features
Detailed annotation features of the 13 protein-coding
genes of each species are summarized in Additional file 2.
The protein-coding genes cytochrome c¢ oxidase subunits
2 and 3 (cox2 and cox3), NADH dehydrogenase subunits
2, 3, 4, 41 and 5 (nad2, nad3, nad4, nad4l, and nad5) were
found to be highly conserved, both in total length and nu-
cleotide composition, among species of Loricariidae and
Callichthyidae. Cox2, cox3, nad2, nad3, nad4 genes were
terminated with an incomplete stop codon (T-), while a
complete stop codon (TAA) was found in nad4l and nad5
of all species, except for Hemipsilichthys nimius nad5
which is terminated by a TAG. In Kronichthys heylandi
nad5 a GTG aligned to the ATG start codon that is found
in the other species. However, the codon immediately be-
fore this GTG is an ATG. The other six protein-coding
mitochondrial genes showed taxon-specific features that
are addressed below.

The cytochrome b (cob) gene has 1138 bp and uses an
incomplete stop codon (T-) in most species. However, a
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Table 2 Geographical coordinates of sampled species and their field and voucher catalog numbers. Vouchers were deposited in the
Ichthyological collection of the National Museum belonging to the Federal University of Rio de Janeiro (MNRJ). Quasi-complete
mitochondrial genomes were deposited in GenBank and their accession numbers are provided, along with the percentage
coverage in comparison to NC015747 for Loricariidae or NC004698 for Corydoras

Species Field no.  Location Catalog no. Accession no.  Coverage  Reference
Hemipsilichthys nimius TP189 23°12'35.2"S 44°47'40.7"W (RJ)) ~ MNRJ43650 KT239011 95.50% This study

Rineloricaria cf. lanceolata sp16.3 Aquarium specimen (PA) MNRJ43638 KX087182 97.80% This study

Rineloricaria sp. TP144 22°31'06,3"S 42°53'55,5"W (RJ))  MNRJ42544 KX087183 95.40% This study
Loricariichthys platymetopon ~ TP179 3°10'50.9"S 59°54'09.3"W (AM)  MNRJ43627 KT239018 95.50% This study
Loricariichthys castaneus TP0O29 21°13'08.7"S 41°18'37.7"W (RJ))  MNRJ41545 KT239015 92.30% This study

Loricaria cataphracta TP181 3°10'50.9"S 59°54'09.3"W (AM)  MNRJ43629 KX087174 98.30% This study

Otocinclus cf. hoppei sp10.7 Aquarium specimen (PA) MNRJ43634 KX087176 99.00% This study
Hypoptopoma incognitum TP171 3°09'36.0"S 59°55'12.0"W (AM)  MNRJ43421 KT033767 100% Moreira et al. (2016b) [10]
Parotocinclus maculicauda TPO11 22°36'01.6"S 43°05'30.1"W (RJ))  MNRJ41523 KX087179 94.90% This study

Hisonotus thayeri TP128 21°32'14.6"S 42°06'54.8"W (RJ)  MNRJ42481 KX087173 96.00% This study

Kronichthys heylandi 8505 23°12'35.2"S 44°47'40.7"W (RJ))  MNRJ42082 KT239014 99.00% This study
Neoplecostomini gen. n. TPO65 20°01'35.3"S 40°36'33.3"W (ES)  MNRJ41921 KX087172 95.50% This study
Neoplecostomus microps TP088 22°20'01.7"S 44°32'343"W (RJ))  MNRJ41752 KX087175 96.40% This study
Pareiorhaphis garbei TPO09 22°32'034"S 43°02"18.7"W (RJ))  MNRJ41511 KX087178 96.80% This study

Schizolecis guntheri TPO06 22°32'03.4"S 43°02"18.7"W (RJ))  MNRJ41510 KT239017 91.20% This study

Ancistrus sp. 1 133 Aquarium specimen (PA) MNRJ42890 KP960569 99.20% Moreira et al. (2015) [8]
Ancistrus sp. 2 13.11 Aquarium specimen (PA) MNRJ42890 KP960567 94.70% Moreira et al. (2015) [8]
Ancistrus multispinis TP0OO3 22°32'03.4"S 43°02"18.7"W (RJ))  MNRJ41509 KT239006 96.30% This study

Dekeyseria amazonica TP165 3°09'36.0"S 59°55'12.0"W (AM)  MNRJ43618 KX087168 98.80% This study
Baryancistrus xanthellus sp11.19 Aquarium specimen (PA) Missing KX087167 99.10% This study
Pterygoplichthys sp. sp2 Aquarium specimen (RJ) MNRJ43652 KX087181 96.80% This study
Pterygoplichthys pardalis TP154 3°09'36.0"S 59°55'12.0"W (AM)  MNRJ43607 KT239016 97.10% This study
Pterygoplichthys disjunctivus Not informed Not informed ~ NC015747 100% Nakatani et al. (2011) [6]
Hypostomus sp. sp12.6 Agquarium specimen (PA) MNRJ43635 KX087171 95.40% This study

Hypostomus cf. plecostomus ~ TP164 3°09'36.0"S 59°55'12.0"W (AM)  MNRJ43617 KT239012 98.50% This study

Hypostomus affinis TP147 22°48'42.6"S 43°37'42.8"W (RJ))  MNRJ43256 KT239013 93.30% This study
Aphanotolurus emarginatus ~ TP184 3°10'50.9"S 59°54'09.3"W (AM)  MNRJ43631 KT239019 96.90% This study

Peckoltia furcata sp15.2 Aquarium specimen (PA) MNRJ43637 KX087180 96.30% This study

Ancistomus snethlageae sp17.2 Aquarium specimen (PA) MNRJ43639 KX087166 98.90% This study

Panagqolus sp. sp4 Aquarium specimen (RJ) MNRJ43654 KX087177 99.10% This study

Corydoras nattereri TP021 22°36'01.6"S 43°05'30.1"W (RJ))  MNRJ41520 KT239009 100% Moreira et al. (2016a) [9]
Corydoras schwartzi TP177 Aquarium specimen (AM) MNRJ43625 KT239007 98.10% This study

Corydoras rabauti Not informed Not informed ~ NC004698 100% Saitoh et al. (2003) [16]

premature stop codon was found in all Loricariinae spe-
cies, as well as in the four Ancistrinii clade species. This
premature stop codon is produced by the change from
TGA to either TAA or TAG and aligns with the penulti-
mate codon of the other sequences. Within the context
of the phylogenetic tree (see below) the presence of
this premature stop codon is most parsimoniously
interpreted as independent synapomorphies support-
ing the monophyly of the Loricariinae and Ancistrini.

This finding is supported by other cob sequences
from Loricariinae and Ancistrinii species available at
GenBank, and can be interpreted as an example of
convergent evolution.

The Loricariidae species possess a 1551 bp long cox1
gene, as opposed to Callichthyidae in which this gene
consists of 1560 bp. The Loricariidae and Callichthyidae
species sequenced herein use GTG as cox1 start codon.
All Loricariidae species use TAA as a stop codon for this



Moreira et al. BMC Genomics (2017) 18:345

Page 5 of 13

F v L
125 rRNA 16S rRNA

Hemipsilichthys nimius
Rineloricaria cf. lanceolata
Rineloricaria sp.
Loricariichthys platymetopon
Loricariichthys castaneus
Loricaria cataphracta
Otocinclus cf. hoppei
Hypoptopoma incognitum
Parotocinclus maculicauda
Hisonotus thayeri
Kronichthys heylandi
Neoplecostomini gen. n.
Neoplecostomus microps
Pareiorhaphis garbei
Schizolecis guntheri
Ancistrus sp. 1

Ancistrus sp. 2

Ancistrus multispinis
Dekeyseria amazonica
Baryancistrus xanthellus
Pterygoplichthys sp.
Pierygoplichthys pardalis
Hypostomus sp.

Hypostomus cf. plecostomus

Hypostomus affinis
Aphanotorulus emarginatus
Peckoltia furcata
Ancistomus snethlageae

Panaqolus sp.

Corydoras nattereri

Corydoras scpwatzi

K
cox2 atp8 atp6
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gene, except for two species, Kronichthys heylandi and
Schizolecis guntheri, which use an incomplete stop codon
(TA-). This exception cannot be confirmed in the litera-
ture as the nine cox1 genes sequences publicly available at
GenBank and the Barcode of Life Data (BOLD) Systems
for K. heylandi and the 12 for S. guntheri do not include
the start or stop codons. Callichthyidae species were
found to use AGG stop codon for cox1 termination.

The nadl gene of the Callichthyidae species and of
Hemipsilichthys nimius lack an amino acid at the sixth
amino acid position, when aligned to the gene sequence
of the remaining species. Another amino acid-long gap,
at the 257th amino acid position, was found to be exclu-
sive of Loricariinae representatives. In the case of Lori-
caria cataphracta, however, this gap consists of two
amino acids. Among the Hypostominae, Ancistrus sp. 1
and Ancistrus sp. 2 show an additional amino acid-long
gap at the penultimate position. These might be phylo-
genetically informative characters for further studies of
Loricariinae and Callichthyidae.

The nad6 is a small protein-coding gene encoded by
522 bp in the studied Loricariidae, except for the five

species of Loricariinae and Schizolecis guntheri. In these
six exceptions, there is an amino acid-long gap at the
116th position. This gap is shared with the three Cory-
doras species, which also present another gap at the pos-
ition 142nd.

The gene atp8 is coded by 168 bp in all studied species,
except for four of the five Loricariinae species. In the two
Rineloricaria species and in the two Loricarichthys spe-
cies, an amino acid-long gap was found at the 40th pos-
ition. As for the ATPase subunit 6 (atp6) gene,
Hemipsilichthys nimius was the only species with GTG,
instead of ATG, as the start codon. All Loricariidae species
have the incomplete stop codon TA- to terminate the atp6
gene, while species of Callichthyidae have the complete
stop codon TAA. Corydoras spp. (Callichthyidae) share an
apomorphic insertion between the atp6 and cox3 gene. In
the newly sequenced C. schwartzi mitogenome, this inser-
tion has 17 nucleotides.

Inferred phylogeny of Loricariidae subfamilies
Sequences from the two ribosomal RNA (12S and
16SrRNA) and the 13 protein-coding mitochondrial
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genes were concatenated generating a super-alignment
of 14116 nucleotides, for each of the 30 Loricariidae and
three Corydoras species, producing a fully resolved max-
imum likelihood (ML) phylogenetic tree (Fig. 3, Final
ML  Optimization Likelihood: -144076.08), with
branches showing high statistical support. The phylogen-
etic tree was rooted using sequences from Corydoras
schwartzi and two additional Corydoras species obtained
from GenBank (Table 2). Hemipsilichthys nimius (Delturi-
nae) appears as the sister taxon of the other Loricariidae
sub-families, except for Lithogeninae (not sampled in this
study). The remaining loricariids form three large clusters,
corresponding to the subfamily Loricariinae and a mono-
phyletic group comprised by two clades: the subfamily
Hypostominae and a clade formed by Neoplecostominae
surrounded by Hypoptopomatinae.

Notably, the retrieved phylogeny strongly supports
the position of Otothyrini, an Hypoptopomatinae
tribe, closer to Neoplecostominae species, rather than
to Hypoptopomatini species, the other traditional
Hypoptopomatinae tribe. Thus, Hypoptopomatinae is
considered monophyletic but, instead of two, it is
composed by three tribes, Hypoptopomatini, Otothyr-
ini and Neoplescostomini. Schizolecis guntheri is
currently classified as a member of Otothyrini, but
appeared clustered closer to Pareiorhaphis garbei and

other members of Neoplecostomini than to the other
Otothyrini.

It has been shown that for some lineages the phylogen-
etic tree topology retrieved using data from as few as three
mitochondrial genes is the same as the topology retrieved
using a concatenated alignment from the 13 protein-
coding and the two rRNA genes [13]. In order to evaluate
this in Neotropical catfishes, phylogenetic trees were gen-
erated using the three longest mitochondrial genes, which
also harbor the majority of informative sites (cox1, nad4
and nad5) and the three mitochondrial genes with the
highest performance (nad2, nad4 and nad5), as identified
by Havird & Santos [13]. Those trees did not recover the
same topology as encountered in the tree recovered using
information on the 15 mitochondrial genes (Additional
file 6). The position of Loricaria cataphracta was distinct
in the tree based on the three genes with the highest per-
formance, and the position of Dekeyseria amazonica was
different in the tree based on the three longest genes
(Fig. 3, Additional file 6).

Pairwise nucleotide identity (PNI)

Nucleotide identities between pairs of concatenated
mitochondrial genes were calculated for every combin-
ation of the 33 taxa, arranged according to their phylo-
genetic relationships and colored as a heat-map for
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visualization (Fig. 4). Four islands displaying higher pair-
wise nucleotide identities than their surroundings were
identified. Not surprisingly, each of these islands is
equivalent to major monophyletic clades. Pairwise nu-
cleotide identities (PNI) among congeneric species dis-
played a higher degree of similarity, ranging from 89.2%
between the two Rineloricaria to 95.4% between Hypos-
tomus sp. and H. cf. plecostomus. PNI inside each island
were most often above 85%, whereas nucleotide identity
outside the islands but contained in the Loricariidae
realm was most often below 85%, ranging down to 80%.
Outside the Loricariidae realm, nucleotide identity

between any Loricariidae species and any Corydoras
ranged from 78 to 80%.

Discussion

Mitochondrial genome structure

The structure of the newly sequenced mitochondrial ge-
nomes follows the general pattern described for ostario-
physian fish [14]. Among the identified differences, a
~60 nucleotide-long deletion at the control region
shared by Baryancistrus xanthellus and species of
Hypostomini and Peckoltia-clade highlights. In accord-
ance with findings based on 248 ray-finned fish [14],
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cox1 was the most conserved protein-coding gene in the
mitochondrial genomes of Loricarioidei species, while
atp8 was the most variable. Corroborating Satoh et al.
[14], the mitochondrial termination factor (mTERF)
binding site found in the species used in this study was
identical to the human sequence, implying functional
conservation. The mTERF binding site is located inside
the tRNA-Leu2 gene, which was the most frequent
tRNA gene with partial sequence, corroborating the
functional conservation.

The order of each gene in the mitogenome was in-
ferred as the same as in other ostariophysian fish [14],
which is the typical for metazoans [15]. An intriguing
difference is the disruption of the classical head-to-tail
junction between atp6 and cox3 among Corydoras spe-
cies. A 17 nucleotide-long insertion was initially noted
by Saitoh et al. [16] at the mitogenome of C. rabauti,
but this trait was considered phylogenetically uninforma-
tive as it was not shared by any other species evaluated
in that study [16]. Subsequently, Moreira et al. [9], ob-
served a homologous 21 nucleotide-long insertion in the
mitogenome of C. nattereri and hypothesized this apo-
morphic trait as relevant for the phylogeny of this spe-
ciose genus. The 17 nucleotide-long insertion found in
C. schwartzi corroborates and extends that hypothesis.
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Although having the same length as in C. rabauti, these
two 17 nucleotide-long insertions differ by six nucleotide
substitutions (one transition and five transversions).

The mitochondrial control region is composed by
three domains (I, I and III) containing several conserved
sequence blocks (CSB), each showing a taxon-specific
distribution in vertebrates [17-20]. Recently, it has been
demonstrated that CSB-D and CSB-1 are present in 250
fish species, although their functions are not yet clear
[14]. While the newly generated mitochondrial genomes
confirmed the presence of CSB-1 within the Loricarioi-
dei, more than one-third of the CSB-D was deleted in
species of the Hemiancistrus, Hypostomini and Peckol-
tia-clades. A complete CSB-D was found in the other
species, including the ones belonging to the subfamily
Ancistrini, which is closely related to those clades where
the partial CSB-D was identified. There are four mono-
phyletic clades closer to the Hemiancistrus, Hypostomini
and Peckoltia-clades than to Ancistrini [7], suggesting
that this partial CSB-D deletion is a synapomorphy for a
subset of Hypostominae species. It will be elucidative to
test the occurrence of this deletion in species belonging
to these four clades. Likewise, comparative studies using
species in which CSB-D is partially deleted and their
closest relatives with complete CSB-D might provide
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insights to the role played by this conserved sequence
block in replication and transcription of the genome.

Among the 250 fish species studied by Satoh et al. [14],
three Siluriformes species were used; two representatives
of Siluroidei and Corydoras rabauti, a Loricarioidei repre-
sentative. The sequence of Pterygoplichthys disjunctivus
(NC_015747.1) corroborates this deletion in the CSB-D,
and although it was available since 2011, it was not in-
cluded in the study of Satoh et al. [14]. Here, the mito-
chondrial genome of P. disjunctivus is used to confirm our
findings, as it was obtained using a combination of long
and short PCR from DNA and sequenced using the
Sanger method [6]. Additionally, this deletion is supported
by the recently released mitochondrial genomes of Hypan-
cistrus zebra (Peckoltia-clade; KX611143.1) [11] and Ptery-
goplichthys anisitsi (Hypostomini; KT239003, KT239004,
KT239005) [12].

Mitochondrial gene expression
The variation found in the expression of mitochondrial
genes is in accordance with the punctuation pattern, in
which the polycistronic RNA is cleaved at the tRNAs
genes [21, 22]. This pattern has been observed for other
Loricarioidei species [8—11], and suggests the fish mito-
chondria are transcribed as a polycistronic RNA which
is latter edited to monocistronic molecules and to two
bicistronic RNAs, coding for nad4/nad4L and atp8/atpé.
The high sequencing depth also allowed for the detec-
tion of heteroplasmic sites in all species, except in Neo-
plecostomini gen. n. (TP065), the species with the
lowest count of mapped reads. On the other hand, Lori-
cariichthys castaneus was the species with the highest
counts of both heteroplasmic sites and mapped reads
(Additional file 5). Recently, we reported similar fre-
quencies of heteroplasmic sites found in the mitogen-
ome of other fish species [8, 10, 11]. Mitochondrial
heteroplasmies are associated with several health disor-
ders in humans [23-25] and with insecticide resistance
in insects [26]. However, the consequences of hetero-
plasmies on fish physiology, if any, are unknown.

Phylogenetic analysis

Our phylogenetic analysis gives strong statistical sup-
port for most of the recently published Loricariidae
phylogenies, including branches with poor bootstrap
values [7, 27, 28]. Specifically, our data corroborate
previous studies on the positioning of Neoplecosto-
mini as a tribe embedded within the subfamily
Hypoptopomatinae. The mitochondrial genomic data
also supports the positioning of Neoplecostomini
closer to Otothyrini, with Hypoptopomatini as the sis-
ter taxon of Neoplecostomini and Otothyrini, as pro-
posed by Roxo et al. [27].
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Schizolecis guntheri was found to be a member of Neo-
plecostomini rather than Otothyrini, its current classifi-
cation based on morphological traits and limited
molecular evidence [27, 28]. Indeed, a sister-group rela-
tionship between S. guntheri and Pareiorhaphis garbei
was previously recovered by Cramer et al. [28], using a
matrix of 4678 nucleotides from partial sequences of
one mitochondrial (cox1) and three nuclear genes (re-
combination activating genes 1 and 2, and F-Reticulon
4). The S. guntheri and P. garbei specimens used by Cra-
mer et al. [28] were sampled from the same population
as in the present study. This finding is corroborated to
some extend by the molecular identification of our spec-
imens using the BOLD Systems (Additional file 7). Ac-
cording to the BOLD algorithm, our specimen of P.
garbei appears in a small cluster composed by a few
other P. garbei and unidentified Neoplecostomus species,
in a sister relationship to a larger S. guntheri clade, while
our S. guntheri appears embedded among other S.
guntheri specimens from other regions in Brazil.

Of note, the pairwise nucleotide identity (PNI) vari-
ation encountered among three genera of the Peckoltia-
clade (Peckoltia, Ancistomus and Panaqolus) is below
the range of variation encountered within each of the
two genera in its sister clade (Hypostomini), but above
the variation between these genera (Hypostomus and
Pterygoplichthys). This is also valid if we include the re-
cently described mitochondrial genome of Hypancistrus
zebra [11], another member of the Peckoltia-clade.
However, the morphological diversity within the Peckol-
tia-clade exceeds by far the variation found among
Hypostomini. Although the Hypostomini and Peckoltia-
clade are both species-rich, most Hypostomini species
are grouped into two large genera (Hypostomus and
Pterygoplichthys) while the Peckoltia-clade is the most
genus-rich Loricariidae tribe [7] and also harbors the
worst taxonomic problems within this family [29].

The low divergence found among the mitochondrial ge-
nomes from the four genera (H. zebra included) belonging
to the Peckoltia-clade is a piece of information that shall
assist in the explanation and resolution of these long
standing taxonomic problems. In addition, an intriguing
question emerges from our results: How is the tremen-
dous eco-morphological diversity characteristic of the
Peckoltia-clade achieved with such a low genetic
variation?

Conclusions

Herein we have launched the use of high-throughput
mitochondrial genomics in the studies of the Loricarioidei
species, advancing the knowledge on the genetic diversity
of Neotropical fish fauna. Nearly complete mitochon-
drial genomes were sequenced for 27 species, repre-
senting 21 Loricariidae and one Callichthyidae genera.
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These new resources greatly reduce the underrepre-
sentation of Loricarioidei among the Siluriformes
mitochondrial genomes deposited in GenBank and
other public databases. However, the proportion of gen-
etic data available for Siluroidei still outpaces that of
Loricarioidei, especially with regard to nuclear genes.

Methods

Taxonomic sampling and RNA extraction

Twenty-seven species from 21 Loricariidae genera
(representing six subfamilies) and one Callichthyidae
genus, were sampled in the Amazon basin, and in
coastal basins of southeastern Brazil, and acquired at
local ornamental fish suppliers in the cities of Rio de
Janeiro (Rio de Janeiro State) and Belém (Pard State), in
Brazil (Table 2). Samples from the Amazon basin were
collected near Manaus (Amazonas State); samples from
coastal streams were collected in the states of Rio de
Janeiro and Espirito Santo. Specimens were initially
identified by experienced taxonomists; identifications
were then confirmed by similarity searches using the
coxl Folmer region from each specimen against the
BOLD Systems database (Additional file 7). Additionally,
the complete and nearly complete mitochondrial ge-
nomes from Loricarioidei species available on GenBank
were downloaded and used for comparative and phylo-
genetic purposes. GenBank accession numbers of all
mitogenomes are displayed in Table 2. All voucher spec-
imens were deposited at a permanent ichthyological col-
lection (Museu Nacional, Universidade Federal do Rio
de Janeiro - MNR]) (Table 2). Fish sampling and hand-
ling were authorized by the appropriate Brazilian Gov-
ernment agency (Instituto Chico Mendes de
Conservacio da Biodiversidade, ICMBio), under the li-
cense number 21006-4.

Immediately after sampling, fish were killed, and liver
dissected and preserved in RNA Later solution (Thermo
Fisher Scientific) at 4 °C until arrival at the laboratory,
where samples were stored at —20 °C. Total RNA was
extracted from the liver tissue following the phenol-
choloroform method, according to manufacture’s in-
structions (TRIzol Reagent, Thermo Fisher Scientific).
After extraction, total RNA was initially quantified using
a BioDrop DUO (BioDrop) spectrophotometer, and
quality and quantity were further evaluated using the
Bioanalyzer RNA 6000 nano kit (Agilent). Only RNA
preparations with RNA Integrity Number (RIN) above
6.0 were used for the cDNA library preparation.

Library preparation and sequencing

Complementary DNA (cDNA) libraries were prepared
using the TruSeq RNA Sample Kit v.2 (Illumina), strictly
following the manufacturer’s recommendations. The
fragmentation time in the thermocycler was adjusted to
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45 s to ensure that most fragment lengths were in the
range of 300 to 500 base pairs. All libraries were
accessed for quality using the Bioanalyzer DNA 1000 kit
(Agilent). Library quantification was performed using
the Library Quantification Universal Kit for Illumina
with Revised Primers-SYBR (Kapa Biosystems) for real
time PCR for each library, and once more for each pool
of up to nine libraries, individually marked with specific
barcodes, destined to clusterization in Illumina
HiSeq2500 sequencing lanes. Library pools were clus-
tered using the TrueSeq PE Cluster Kit v3 for cBot (Illu-
mina) into different lanes. Paired-end sequencing of
100 bp were performed on a HiSeq2500 using the True-
Seq SBS Kit v.3 (Illumina). Raw data were demultiplexed
using the BCL2FASTQ software (Illumina). Reads were
trimmed for adaptors with Trimmomatic [30] and their
quality was evaluated using FastQC (Babraham Bioinfor-
matics). Reads with Phred score equal to or higher than
30 were used for de novo assembly of transcriptomes
using Trinity’s default parameters [31, 32].

Mitogenome assembly and annotation

The mitochondrial genomes were assembled using the
mitochondrial transcripts retrieved from the liver tran-
scriptome of each fish, following the approach described
by Moreira et al. [8]. Briefly, searches using the BLASTn
algorithm against the mitogenomes from the closest
related species available were performed to capture
mitochondrial transcripts among the entire transcrip-
tome. The retrieved mitochondrial transcripts were
aligned to the complete mitogenome available from the
closest related species (Pterygoplichthys disjunctivus
NCO015747, Hypoptopoma incognitum NC028072 or
Ancistrus sp. KP960567). The assembled mitochondrial
genomes were manually edited for removal of poorly
aligned bases at both ends. In most cases, some gaps
remained in intergenic and tRNA regions due to the
punctuation pattern of the mitochondrial transcript ex-
pression. These gaps were filled with Ns.

The assembled mitochondrial genomes were anno-
tated using the web-based services MitoFish and MITOS
[33, 34], and manually curated for inconsistencies. To
estimate the sequencing depth of each base, Bowtie v.
1.0.0 was used to align Illumina reads onto the assem-
bled mitogenomes. Aligned reads were viewed using
IGV, Tablet, PysamStats (v. 0.84) and BAMStats (v. 1.25)
[35-37]. Heteroplasmic sites were identified using three
conditions: first, different nucleotides were sequenced in
the same position; second, that position must have more
than 100 supporting reads; and third, the frequency of
the second most frequent base must be higher than 10%.
Using these criteria, every polymorphic nucleotide is
supported by at least 10 reads.
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Phylogenetic analysis
The sequences for the two rRNA and for the 13 protein-
coding genes were recovered in the mitochondrial
genomes from all species. The sequences of the 15 mito-
chondrial genes were aligned using the built-in MUSCLE
algorithm from SeaView [38, 39]. Protein-coding gene se-
quences were aligned by their amino acid residues, and
phylogenetic analyses were performed using the nucleotide
information. Alignments of each gene were concatenated
to create a single super-alignment consisting of 14,116 nu-
cleotides. Pairwise nucleotide identity was calculated using
SeaView and tabulated in R (R Core Team [40]).
jModelTest2 (v. 2.1.6) available at the CIPRES Science
Gateway were used to select the best-fit model of nu-
cleotide substitution under the Bayesian information cri-
terion (BIC) [41-43]. The ML analysis was performed
using RAXML (v. 8.2.4) available at CIPRES under the
GTR + GAMMA + I model for all sites [44]. Branch sup-
port was evaluated with 1000 bootstrap replicates.

Additional files

Additional file 1: Summary data about mitochondrial genome
sequences produced in the study. Mitogenomes were assembled using
transcriptomic data. The number of transcripts used to assemble each
mitogenome is shown, as well as their lengths without gaps. The 100 bp
paired end lllumina Hi-Seq2500 reads were mapped against the assembled
mitochondrial genome. The number of total reads mapped, as well as the
average and median sequencing depth, which estimates the number each
nucleotide was sequenced, are also provided. The nucleotide usage for each
mitochondrial genome is shown. (PDF 59 kb)

Additional file 2: Summary data about mitochondrial genome
sequences produced in the study. Total length for each mitochondrial
gene is given. For the protein coding genes, the used start and stop
codons are shown. The complete 12S and 16S ribosomal RNA are
highlighted in bold. (PDF 104 kb)

Additional file 3: Completeness of transfer RNAs sequencing. It is shown
whether each of the 22 tRNA coded in the mitochondrial genome of 31
Loricarioidei species was sequenced to its complete length (complete),
partially sequenced (partial) or not sequenced (not seq.). (PDF 65 kb)

Additional file 4: The mitochondrial control region highlighting the
Conserved Sequence Blocks (CSB). Insertion/deletion mutations (indels) are
shown as hyphens (-). Background is colored according to the nucleotide
at each position, blue for T, red for A, yellow for G and green for C, or in
white for indels. The positions of the CSB are delimited at the right bottom
of the alignment. (PDF 376 kb)

Additional file 5: Heteroplasmic sites identified on the mitochondrial
genomes of Loricarioidei catfishes. This spreadsheet file is sub-divided in 32
independent sheets; one containing the legend, another with a summary
and one for each of the 31 Loricarioidei species, identified by their field
numbers as detailed on Table 2 in the main text. The sheets for each species
show every heteroplasmic position identified, the total number of support-
ing reads, as well as, for each nucleotide, the absolute count and its pro-
portion. On the Summary sheet, each column contains all the
heteroplasmic positions found for a single species (identified on the
column head). The first column on the left shows the gene where
this position is located. Genes coding for ribosomal RNAs are colored
in green, while genes coding for transfer RNAs are colored in blue
and protein coding genes are colored in orange. Lines represent homologous
positions among the mitochondrial genomes from the different species. Three
conditions were used to characterize a heteroplasmic site: first, different

nucleotides were sequenced in the same position; second, that position
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must have more than 100 supporting reads; and third, the frequency of the
second most frequent base must be higher than 10%. On the Summary
sheet, the positions with more than 1000 supporting reads are highlighted
in red. (XLSX 63 kb)

Additional file 6: Phylogenetic tree retrieved using the three longest
genes (A) and the three genes with the best performance (B). The three
longest genes, cox1, nad4 and nad5, also harbored most informative
characters. A - The position of Dekeyseria amazonica, highlighted in a red
box, changed in relation to the tree using the 15 mitochondrial genes. The
three genes with best performance as identified by Havird & Santos [13]
were nad2, nad4 and nad5. B - The position of Loricaria cataphracta,
highlighted in a red box, changed in relation to the tree using the 15
mitochondrial genes. Genes were aligned with built-in MUSCLE using SeaView
and used for phylogenetic tree reconstruction using RAXML under the GTR +
GAMMA + | model and 1000 bootstrap replica. (PDF 62 kb)

Additional file 7: Confirmation of species identification using cox1
barcode sequence and the BOLD Systems. The Folmer region of
Cytochrome ¢ oxidase subunit 1 of each species was used as queries for
similarity searches against the BOLD database. The resulting output is
presented as a phylogenetic tree generated online. The query species are
shown in red and indicated by a red arrow. For each tree, the species
name, as well as its field and voucher numbers are shown above the
arrow. (PDF 765 kb)

Abbreviations

12S rRNA and 16S rRNA: 12S and 16S ribosomal RNA; AM: State of
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3.5 CAPITULO CINCO: O transcriptoma de figado do cascudo
(Pterygoplichthys anisitsi, Loricariidae): ldentificagdo de expansées em

familias génicas do defensoma

Neste capitulo, ampliamos o objeto de pesquisa dos transcritos mitocondriais
para todo o transcriptoma em Pterygoplichthys anisitsi, com objetivo de investigar a
evolugdo de familias génicas relacionadas a defesa do organismo contra ameacas
quimicas. Os resultados aqui descritos foram publicados no artigo intitulado “The
liver transcriptome of suckermouth armoured catfish (Pterygoplichthys anisitsi,
Loricariidae): Identification of expansions in defensome gene families”, na revista
Marine Pollution Bulletin, ano 2017; vol.115(1-2):352—-61.

Pterygoplichthys é um género de peixes cascudos nativos da América do Sul,
que invadiu regides tropicais e subtropicais em todo o mundo. Suas espécies s&o
conhecidas por terem caracteristicas distintas que podem ter ajudado no rapido
estabelecimento em habitats n&o-nativos, como uma maior resisténcia aos
xenobidticos orgénicos e uma enzima do sistema de biotransformagdo com fendétipo
aberrante. O transcriptoma de figado de Pterygoplichthys anisitsi foi sequenciado e a
diversidade de genes candidatos envolvidos na resisténcia desta espécie a
contaminantes organicos foi analisada. No total, 66.642 transcritos foram montados.
Uma grande diversidade de transcritos que codificam enzimas envolvidas na
desintoxicacdo de xenobidticos, especialmente de citocromos P450 e
sulfotransferases, foi encontrada no figado de P. anisitsi, 0 que poderia contribuir

para a resisténcia desta espécie a xenobidticos organicos.

48
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vaded tropical and subtropical regions worldwide. Physiological features, including an augmented resistance to
organic xenobiotics, may have aided their settlement in foreign habitats. The liver transcriptome of
Pterygoplichthys anisitsi was sequenced and used to characterize the diversity of mRNAs potentially involved in
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RNYXSeq (SULT), nuclear receptors (NR) and ATP binding cassette transporters (ABC). A novel expansion in the CYP2Y sub-
P450 family was identified, as well as an independent expansion of the CYP2AAs. Two expansions were also observed
SULT among SULT1. Thirty-two transcripts were classified into twelve subfamilies of NR, while 21 encoded ABC trans-

ABC transporters porters. The diversity of defensome transcripts sequenced herein could contribute to this species' resistance to

Nuclear receptors organic xenobiotics.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Pterygoplichthys is a genus of suckermouth armoured catfish
(Siluriformes: Loricariidae) native to and abundant in rivers from
South America (Lujan et al.,, 2015). Due to its popularity in the interna-
tional aquarium trade, followed by intentional or accidental releases,
different Pterygoplichthys species (e.g.: P. anisitsi, P. pardalis and P.
disjunctivus) have established invasive populations in tropical and sub-
tropical regions throughout the globe (Bijukumar et al., 2015; Chavez et
al., 2006; Gibbs et al., 2013; Jumawan et al., 2011; Jumawan and
Herrera, 2015; Nico et al., 2009). These invasive populations date back
to the late 1950's, threaten endangered native species and reach densi-
ties two orders of magnitude greater than the native fish biomass
(Capps and Flecker, 2013; Courtenay et al., 1974; Nico et al., 2009).

Apart from the lack of natural predators, Pterygoplichthys spp. are
known to have several distinctive features that might aid their rapid es-
tablishment in non-native habitats (Douglas et al., 2002; Ebenstein et

* Corresponding author at: Laboratério de Toxicologia Ambiental, Escola Nacional de
Sadde Pdblica (ENSP), Fundagdo Oswaldo Cruz (FIOCRUZ), Rio de Janeiro 21040-900,
Brasil.

E-mail addresses: parente@ensp.fiocruz.br, tparente@whoi.edu (T.E. Parente).

http://dx.doi.org/10.1016/j.marpolbul.2016.12.012
0025-326X/© 2016 Elsevier Ltd. All rights reserved.

al.,, 2015; Geerinckx et al., 2011; German and Bittong, 2009; Harter et
al., 2014; Jumawan and Herrera, 2015; Villalba-Villalba et al., 2013).
Among these features, the modified stomach of loricariid catfishes al-
lows the absorption of oxygen through a well-documented air-breath-
ing behavior, making these species highly resistant to hypoxia (da
Cruz et al,, 2013). In fact, according to da Cruz et al.,, 2013 and CETESB,
2010, P. anisitsi is the only fish species able to survive in a river with ex-
tremely low O, concentration and poor water quality for sustaining
aquatic life (CETESB, 2010; da Cruz et al., 2013).

Moreover, Pterygoplichthys anisitsi has been shown to be more resis-
tant than other fish species (e.g. Tilapia, Oreochromis niloticus) to biodie-
sel, showing no mortality upon exposure to 6.0 mL-L™" during 15 days
(Felicio et al., 2015; Nogueira et al., 2011b). The molecular mechanisms
underlying P. anisitsi resistance to organic xenobiotics have not been
established. However, the cytochrome P450 1A (CYP1A) from
Pterygoplichthys spp. and some species of the closely related genus
Hypostomus has been shown to possess amino acid substitutions that
alter their substrate specificities, resulting in undetectable or extremely
low ethoxyresorufin-O-deethylase (EROD) activity in the liver of these
fishes (Felicio et al., 2015; Nogueira et al., 2011a; Parente et al., 2009,
2011, 2014, 2015). Among Vertebrates, this is an aberrant phenotype
of a crucial detoxification enzyme known to take part, for example, in
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the activation of pre-mutagenic toxins that could potentially be in-
volved in the elevated resistance of P. anisitsi to biodiesel.

The aim of this study is to obtain a genome-wide view of the capacity
of P. anisitsi to handle xenobiotic chemical exposure. This was made
possible by the generation of a valuable genetic resource through the se-
quencing, assembly, and annotation of this species' liver transcriptome.
The assembled transcripts were used to infer the mitochondrial genome
and the molecular biodiversity of candidate mRNAs for proteins poten-
tially involved in the resistance of this non-model and invasive species
to organic toxins.

2. Material and methods
2.1. Fish sampling

Liver tissue preserved in RNAlater (Life Technologies), from three in-
dividuals of suckermouth armoured catfish (Pterygoplichthys anisitsi,
Loricariidae) collected in the vicinities of Jaboticabal, Sdo Paulo, Brazil,
were kindly donated by Prof. Eduardo Almeida from the Sao Paulo
State University (UNESP). Fish handling was carried out in accordance
with relevant guidelines and approved by the Ethics Committee, as de-
scribed elsewhere (Felicio et al.,, 2015). RNA was extracted using either
Trizol (Invitrogen) or TRI Reagent (Life technologies) following manu-
facturer instructions. Briefly, small pieces of tissue were homogenized
in Trizol or TRI Reagent using a polytron (T10 Basic ULTRA TURREX,
IKA). The homogenate was incubated on ice for 5 min, and then centri-
fuged for 10 min at 12,000g at 4 °C. The supernatant was transferred to
another 1.5 mL RNase-free and DNase-free plastic tube, in which chloro-
form was added, vigorously mixed, kept on ice for 15 min, and centri-
fuged for 10 min at 12,000g at 4 °C. The aqueous phase was
transferred to another tube, mixed with isopropanol, kept on ice for at
least 10 min, and centrifuged for 10 min at 12,000g at 4 °C. The superna-
tant was removed and the RNA pellet was washed three times by
centrifuging for 2 min at 7500g at 4 °C with 75% ethanol, and dissolved
in ultrapure RNase-free water. After extraction, the RNA preparations
were quantified using a BioDrop ulite spectrophotometer (Biodrop).
RNA quality was evaluated using the kit RNA 6000 Nano for Bioanalyzer
(Agilent).

2.2. Library preparation and Illumina sequencing

Libraries of complementary DNA (cDNA) for each individual fish
were prepared using 1000 ng of total RNA strictly following the instruc-
tions of the TrueSeq RNA Sample kit v2 (Illumina). Each of the three li-
braries was uniquely identified using specific barcodes. The quality of
library preparations was accessed using the DNA 1000 kit for
Bioanalyzer (Agilent). Libraries were quantified by qPCR using the Li-
brary quantification kit for Illumina GA with revised primers-SYBR fast
universal (Kapa Biosystems). The three libraries were clustered, using
the TrueSeq PE Cluster kit v3 for cBot (Illumina), in the same lane to-
gether with six other samples used in other projects. The 100 bp
paired-end sequencing reaction was performed in a HiSeq2500 using
the TrueSeq SBS kit v3 (Illumina).

2.3. Transcriptome data analyses

Raw Illumina data were demultiplexed using the BCL2FASTQ soft-
ware (Illumina). Reads were trimmed for Illumina adaptors by
Trimmomatic (Bolger et al., 2014) and read quality was evaluated
using FastQC (Babraham Bioinformatics). Only reads with PHRED
score > 30 were used for the transcriptome assembly. Raw read data
of suckermouth catfish liver transcriptome was deposited at the Nation-
al Center for Biotechnology Information (NCBI) Short Read Archive
(SRA) under the accession number of SRR3664326 (single-end) and
SRR3664270 (paired-end). This Transcriptome Shotgun Assembly pro-
ject has been deposited at DDBJ/EMBL/GenBank under the accession

GETR00000000. The version described in this paper is the first version,
GETR01000000.

24. Transcriptome assembly and annotation

Cleaned reads from the three individual fish were combined and
used for the de novo assembly of Pterygoplichthys anisitsi transcriptome
using the default parameters of Trinity 120131110 (Grabherr et al.,
2011; Haas et al., 2013). During the analyses a new Trinity version
(2.0.6) was released. The total numbers of assembled transcripts,
BLAST hits, and defensome entries were similar using both versions.
The Trinotate pipeline was used to achieve a comprehensive functional
annotation and analysis (http://trinotate.github.io).

2.5. Mitochondrial genome assembly and annotation

Mitochondrial genome was assembled using the mitochondrial
transcripts sequenced in the liver transcriptome, following an approach
described elsewhere (Moreira et al., 2015). Briefly, mitochondrial tran-
scripts were retrieved by running a BLASTN search against the
mitogenome of the closest related species with a complete mitogenome
available, Pterygoplichthys disjunctivus (NC_015747.1) (Nakatani et al.,
2011). Mitochondrial transcripts were edited according to the informa-
tion of strand orientation given by the BLASTN result, and aligned with
SeaView using the built-in CLUSTAL alignment algorithm and the
mitogenome of P. disjunctivus (Gouy et al., 2010). The sequence of
each CONTIG was manually checked for inconsistencies and gaps. The
mitogenome was annotated using the web-based services MitoFish
and MITOS (Bernt et al., 2013; Iwasaki et al., 2013). In order to estimate
the support of each base in the mitogenome, Bowtie v. 1.0.0 was used to
align the reads on the assembled mitogenome. The aligned reads were
viewed using the Integrated Genome Viewer (IGV) or the Tablet
(Langmead et al., 2009; Milne et al., 2009; Robinson et al., 2011;
Thorvaldsdéttir et al., 2013).

2.6. Defensome gene curation

The assembled transcriptome was subjected to a BLASTX search (E-
value <1e~19) against two databases, the UniProt entries of humans
(Homo sapiens), and the Uniprot entries of zebrafish (Danio rerio). All
the transcripts that had a BLASTX hit with a gene related to the chemical
defensome (Goldstone et al., 2006) were retrieved for further analysis.

The retrieved transcripts were aligned to the sequence of their
BLASTX top hit with SeaView using the built-in CLUSTAL or MUSCLE
alignment algorithm and manually edited to infer the predicted coding
sequence (CDS) (Edgar, 2004). The full-length and the partial CDS tran-
scripts that covered >75% of their BLASTX top hit complete CDS were
used for phylogenetic analysis. Only defensome gene families with
>15 components were used to build phylogenetic trees. For the con-
struction of phylogenetic trees, the sequences were translated in
amino acid, aligned using Muscle and reconstructed using maximum
likelihood (PhyML or RAXML algorithm), using the LG model of amino
acid substitution optimized for invariable sites and across site rate var-
iation. Branch support was calculated by the approximate likelihood-
ratio test (aLRT), using a local computer, and after 1000 bootstrap rep-
licas, using CIPRES Supercomputer (Anisimova and Gascuel, 2006;
Felsenstein, 1985; Guindon and Gascuel, 2003). The phylogenetic trees
were viewed and edited using FigTree (v1.4.2) (http://tree.bio.ed.ac.
uk/software/figtree/).

3. Results and discussion
3.1. Transcriptome assembly and annotation

A total of 60,604,159,100-bp, paired-end reads and 58,617,873,100-
bp, single-end reads were generated using Illumina HiSeq2500
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Table 1
Summary of Pterygoplichthys anisitsi liver transcriptome sequencing and annotation.
Total sequencing reads 179,826,191
Reads after QC 177,354,428
Transcripts assembled 66,642
Transcript length (bp)
Max 10,849
Min 201
Average 865
Median 456
n50 1,571
Transcripts with blastx hit
Uniprot - Zebrafish (Danio rerio) 28,190
Uniprot - Human (Homo sapiens) 24,498
EggNOG 12,225
GO 24,377
Sequencing depth (x)
Average 646
Median 13
Transcripts sequenced at depth > (%)
10x 54
100x 13
Danio rerio coverage ratio (%)
Average 110
Median 88
Transcripts with coverage ratio > 1 47

technology. After trimming the reads to remove adaptor sequences and
after selecting for high quality sequences (Phred score > 30),
177,354,428 reads were used for transcriptome assembly using Trinity
(Table 1). In total, 66,642 transcripts were assembled, with a N50 of
1,571 bp and an average contig length of 865 bp. The BLASTX against
Danio rerio entries in Uniprot resulted in 28,190 hits (E-value < 1e~'9).
The median sequencing depth for the P. anisitsi transcripts with BLASTX
hit was 13 x (average = 646x), and 13% of these transcripts had depth
higher than 100 x, while 54% were sequenced at a depth higher than
10x (Table 1, Fig. 1). The medium ratio between P. anisitsi transcript
length to the CDS length of its D. rerio BLAST top hit (coverage ratio)
was 0.9 (average = 1.1), and 47% of these transcripts were longer
than their homolog CDS (Table 1, Fig. 1). The coverage ratio could
often be higher than 1 because for this calculation the entire sequenced
transcript was used for P. anisitsi, while for D. rerio only the complete
CDS length was used. Frequently, the P. anisitsi transcript include the
5’ and the 3'UTR regions, and also unspliced introns.

Transcriptome annotation was also performed using Trinotate,
which used the BLASTX algorithm against the general database of
Swissprot and Uniref90. Homo sapiens was the most frequent species
of the BLASTX top hits, followed by Mus musculus, Rattus norvegicus,
Danio rerio and Pongo abelii (Supporting information Fig. S1). Only 73
entries had a Siluriformes fish as the species of the BLASTX top hit.
Moreover, 66 of those Siluriformes entries were from a single species,
the American channel catfish (Ictalurus punctatus). These results con-
trast with other published transcriptome analysis of fish species that
used BLASTX against the NCBI Non-redundant (Nr) database, reflecting
the underrepresentation of Siluriformes sequences on more well curat-
ed databases (Ali et al., 2014; Zhenzhen et al., 2014).

The transcripts were further classified functionally according their
gene ontology (GO) and EggNog IDs. In total, 24,377 Trinity ‘genes’
had an associated GO term and 12,225 an EggNog term. Of those,
there were 10,166 unique GOSlim2 terms and 2,480 unique EggNog
terms. Among the transcripts with an assigned GO term, 51% were clas-
sified into the Biological Processes category, 29% into Cellular Compo-
nents, and 20% into Molecular Functions (Supporting information Fig.
S1). The top five GOSlim2 terms for each of the three GO categories
were: metabolism (20%), nucleobase, nucleoside, nucleotide and
nucleic acid metabolism (8%), biosynthesis (6%), cell organization and
biogenesis (6%) and development (6%) for Biological Processes; cell
(31%), intracellular (26%), cytoplasm (14%), nucleus (8%) and plasma
membrane (3%) for cellular components; and binding (30%), catalytic
activity (13%), protein binding (10%), nucleic acid binding (7%), hydro-
lase activity (5%) for molecular function (Supporting information Fig.
S1). Most of the transcripts with an assigned EggNog term were classi-
fied into the ‘General function’ prediction or into the Function ‘unknown
classes’. Two other EggNog categories had >1,000 entries; Signal trans-
duction mechanisms (1,358 entries) and Posttranslational modification,
protein turnover, chaperones (1,078 entries) (Supporting information
Fig. S1).

3.2. Mitochondrial genome assembly and annotation

In order to retrieve mitochondrial transcripts, a BLASTN search of the
transcriptome of P. anisitsi was performed against the two mitogenomes
of Loricariidae species available at the time, Pterygoplichthys disjunctivus
(NC_015747.1) and Hypostomus plecostomus(NC_025584.1) (Liu et al.,
2014; Nakatani et al., 2011). In total, 10 transcripts had high score E-

10

0.1+

P. anisitsi transcript length /
D. rerio homologlength
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Average sequencing depth

Fig. 1. Ratio of Pterygoplichthys anisitsi transcript length to Danio rerio homologs plotted against P. anisitsi transcript sequencing depth. Defensome transcripts are highlighted in red. The
total length of each the 28,190 P. anisitsi transcripts with a BLASTX hit against in Danio rerio Uniprot entries was divided by the length of the CDS of its homolog, and plotted against the
average sequencing depth (calculated by dividing the sum of the length of all reads aligned to a transcript by its total length).
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values (E-value < 1e™'°). These transcripts were aligned to the P.

disjunctivus reference mtDNA, covering 96.2% of it, with an average
depth of 7,516 %, and leaving only six gaps with length varying from
10 to 290 nucleotides, which together sum 632 nucleotides (Supporting
information Table S2). Four of these six gaps had sequences identical be-
tween P. disjunctivus and H. plecostomus, two sister genera, and were
most likely to be conserved also in P. anisitsi. The sequences of the
other two gaps (11,734-11,905 and 15,498-15,788) differed by only a
single nucleotide between the mitochondrial genome of P. disjunctivus
and H. plecostomus. The unique features of the mitogenome of P.
disjunctivus not sequenced in the mitogenome of P. anisitsi were Six
transfer RNAs (tRNAs), tRNA-Val, tRNA-Leu, tRNA-Ser, tRNA-His,
tRNA-Pro and tRNA-Thr (Fig. 2). Among all the 15,889 aligned bases,
the mitochondrial genome of Pterygoplichthys anisitsi differs from that
of P. disjunctivus by seven (Supporting information Table S2), and by
24 nucleotides from the mitogenome of H. plecostomus.

This is the sixth published mitogenome of a member of Loricariidae,
a family with >800 valid species (Lujan et al., 2015). Apart from the two
Loricariidae mitogenomes mentioned above, three other (from
Hypoptopoma incognitum, Accession: KT033767, from Ancistrus spp., Ac-
cession: KP960569, and from the endangered species Hypancistrus
zebra, Accession: KX611143.1) have recently been published by our
group (Moreira et al,, 2015, 2016; Magalhdes et al,, 2016).

3.3. Defensome genes

The transcripts for which the BLASTX top hit was a gene involved in
cellular defense against toxic chemicals were retrieved from the tran-
scriptome. The gene families that comprise the chemical defensome
were selected according to the classification of Goldstone et al.
(Goldstone et al., 2006) and are shown in the Supporting information
Table S3. This support table also shows the terms used in the searches,
the number of retrieved components of the P. anisitsi transcriptome
after the BLASTX search against UniProt database for human and
zebrafish, as well as the total number of entries for both reference spe-
cies. The retrieved transcripts were edited and annotated. The coding
sequence (CDS) of transcripts encoding for complete CDS of their top
BLASTX hits were used as queries for a second round of BLASTX of the
P. anisitsi transcriptome.

The defensome transcripts retrieved after the second round of
BLASTX were manually curated. After this process, 558 components
identified in the P. anisitsi transcriptome coded for a defensome gene.
For some defensome gene families (e.g. Cytochromes P450), this num-
ber seems to be higher than expected. However, many of these raw
counts are likely to represent fragments of the same transcript and,
therefore, could collapse and merge as more genetic information on
this species become available. The 183 transcripts coding for a complete
coding sequence (CDS) and at least part of the 5’ and 3’ untranslated re-
gions (UTRs) should be a better estimate of the real number of
defensome genes in the genome of this catfish (Table 2 and Supporting
information Table S4). Cytochromes P450 (CYP), with 43 complete CDS,
was the most abundant gene family found in the hepatic transcriptome
of P. anisitsi, followed by sulfotransferases (SULT) with 33 complete
CDS, nuclear receptors (NR) with 32 complete CDS and ATP binding
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Table 2

Number of sequenced components in the hepatic transcriptome of P. anisitsi with com-
plete coding sequence (CDS), >75% of the CDS, >50% of the CDS and the total number of
contigs for each defensome gene family.

Coverage

Full length >75% CDS >50%CDS Total contigs
AHR & ARNT 1 3 6 10
Aldo Keto Reductase 5 9 9 10
ATP Binding Cassette (ABC) 21 23 30 113
Basic leucine zipper 2 2 3 3
Catalase 1 1 1 1
Cytochrome P450 43 47 63 159
Epoxide hydroxylase 2 2 2 8
Glucuronosyltransferase 6 8 8 22
Glutathione peroxidase 5 6 8 11
Glutathione-S-transferase 10 12 12 13
n-Acetyl-transferases 10 13 13 15
Nuclear receptor 32 42 67 107
Sulfotransferases (SULT) 33 36 60 67
Superoxide desmutase 2 5 5 5
Thioredoxins (TXN) 3 9 11 14
Total 176 218 298 558

cassette (ABC) transporters with 21 complete CDS. The identification
codes for the transcripts covering the complete CDS for all the
defensome genes and the ones covering >75% of the CDS of CYP, NR,
SULT and ABC transporters are shown on Supporting information
Table S5. Three fragments of AHR gene were identified to align with
high percentage identity and E-values to distinct regions of AHR2,
with Danio rerio and Carassius auratus the two most frequent species
of the BLASTX hits. Additionally, full-length or nearly full-length tran-
scripts encoding ARNT1, ARNT2, BMAL1 (ARNT-Like 1), and BMAL2
(ARNT-Like 2) were sequenced. Partial sequences encoding NF-E2 and
NFE2-Like 1 (NRF1) were also identified, but there were no transcripts
identified encoding a NRF2 homolog.

3.4. Cytochromes P450

Cytochromes P450 (CYP) are an ancient superfamily of genes found
in all domains of life. CYP genes code for enzymes involved both in the
metabolism of endogenous compounds and in the biotransformation
of xenobiotics. An astonishing (and still fast growing) diversity of CYP
genes has been described (Nelson et al., 2013). Recent analysis of verte-
brate genomes reveals that the number of CYP genes in those species
range from 50 to>100 (Kirischian et al,, 2011). In this study, 159 distinct
CYP transcripts were detected in the liver transcriptome of P. anisitsi, in
addition to four cytochrome P450 reductases (POR). Forty-seven of
those transcripts contains >75% of the coding sequence of a cytochrome
P450, several with the adjacent 5’ and 3’ UTRs. Identical CDSs with dis-
tinct UTR regions are shown in Supporting information Table S4.

Transcripts containing >75% of the complete CDS of a BLASTX
top hit were subjected to phylogenetic analyses. CYP51 from
human (NM_000786.3), D. rerio (NM_001001730.2) and P. anisitsi
were used to root the trees, resulting in eight well-supported
clades (Fig. 3). The CYP2 family represented 55% of the CYP tran-
scripts, and was the most abundant family. According to a recent

% s ()
nd6 cob . D-loop
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Fig. 2. Mitochondrial genome of Pterygoplichthys anisitsi. Green blocks represent ribosomal RNA, red ones protein coding genes, and the ones in blue tRNAs. Black circles indicate the tRNA
not sequenced in P. anisitsi mtDNA. Black arrows the approximate region of the six gaps, which coincide to areas with no reads in the log-scale graphic of the reads mapped against the

mitogenome showed below. Colored bars indicate heteroplasmic sites.
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S5.

analysis of CYP2 phylogenetic and functional diversity in verte-
brates, 14 CYP2 subfamilies have been identified in Actinopterygian
species and most vertebrate species are expected to have between
12 and 20 CYP2 genes (Kirischian et al., 2011). We obtained the
complete CDS for 25 CYP2 genes in P. anisitsi, which were classified
into six subfamilies.

Our phylogenetic analysis of CYP2 genes conforms to the one pub-
lished by Kirischian et al. (2011), except for the placement of CYP2AA.
CYP2U is a basal CYP2 subfamily that led to the divergence of two
major CYP2 clades (Fig. 3). One of these clades is composed of multiple
genes in a CYP2Y subfamily, having CYP2M at the base. We detected 12
distinct complete CDS of CYP2Y transcripts in P. anisitsi. Differences
among these transcripts varied from two amino acids, between
CYP2Y#2 and CYP2Y#3, to 90 amino acids, between CYP2Y#3 and
CYP2#11. The exact number of correspondent genes cannot be deter-
mined, but this might represent a large expansion of this subfamily,
which in zebrafish is composed by only one member. Likewise, in this
and other similar cases below, numbers were assigned to each tran-
script only to discriminate them in the context of this manuscript and
does not reflect an official nomenclature. As for the CYP2V, its distribu-
tion was restricted to a salmonid species (Yang et al., 1998). Recently,
however, a CYP2M sequence was reported in Ictalurus punctatus (Liu
et al.,, 2012). In this study, we have identified an isoform of CYP2M in
P. anisitsi. Interestingly, CYP2M was not found in the genome of
zebrafish (Danio rerio), which is more closely related to the Siluriformes

species (superorder Ostariophysi) than to salmonids (superorder
Protacanthopterygii). According to (Kirischian et al., 2011), the CYP2M
subfamily is a sister group of all mammalian CYP2 genes, except for
the CYP2W subfamily.

The other major CYP2 clade shows a second bifurcation. One branch
is composed of genes in the CYP2AA subfamily, which was recently de-
scribed in the zebrafish genome. While zebrafish has 10 CYP2AA genes
(Kubota et al., 2013), eight paralogs were sequenced in the liver tran-
scriptome of P. anisitsi. The number of amino acid changes among P.
anisitsi CYP2AAs varied from eight, between CYP2AA#3 and
CYP2AA#4, to 201, between CYP2AA#1 and CYP2AA#7. Interestingly,
our phylogenetic analysis suggests that the expansion of this subfamily
occurred independently in both fish species. The other branch is a multi-
subfamily agglomerate, in which two isoforms of CYP2AD and one of
CYP2Z were identified (Fig. 3).

3.5. Sulfotransferases (SULT)

The sulfotransferases (SULT) are cytosolic enzymes able to catalyze
the sulfonation of a vast array of endogenous and xenobiotic molecules
(James and Ambadapadi, 2013). Humans have 13 SULT genes classified
into four subfamilies, SULT1, SULT2, SULT4 and SULT6 (Lindsay et al.,
2008). The SULT1 subfamily is the most diverse, with eight genes
(SULT1A1-4, SULT1B and SULT1C2-4). The other subfamilies of human
SULT have just a single gene. In zebrafish (Danio rerio), 20 SULT genes
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have been identified (Kurogi et al., 2013). SULT3 and SULT5 are subfam-
ilies found in zebrafish, but absent in humans. As in humans, zebrafish
SULT1 is the most diverse subfamily, with nine genes, followed by
SULT3 with five, SULT2 with three and SULT4, SULT5 and SULT6 with
one gene each. The zebrafish SULT1 genes follow a distinct nomencla-
ture, ranging from SULT1st1 to SULT1st8. We have identified 67 tran-
scripts that code for SULT enzymes. Among those transcripts, 36
covered >75% of the sequence of a SULT protein deposited in UniProt
database for human or zebrafish. The phylogenetic relationships of P.
anisitsi SULTs with their homologs from Homo sapiens, Danio rerio, and
Ictalurus punctatus were further investigated (Fig. 4).

Two clusters of SULT1 genes were observed in the P. anisitsi tran-
scriptome, one more closely related to human SULT1As, and another
to zebrafish SULT1st6 and Ictalurus punctatus SULT1C1 (Fig. 4). Three
distinct SULT1A CDS from P. anisitsi clustered together as a sister
group of the clade formed by another P. anisitsi SULT1A CDS, one iso-
form of I punctatus, and most of zebrafish SULT1st transcripts
(SULT1st1-4, 7, 8). The three P. anisitsi SULT1As were encoded by 12
transcripts, each one having an unique 3’'UTR, one or two amino acids
differences in their CDS, and two distinct 5’UTR (Supporting informa-
tion Table S4). The more distal P. anisitsi SULT1A differed from the
others by up to 91 amino acids. The other SULT1 cluster in P. anisitsi is
formed by six distinct complete CDS (coded by seven transcripts)
forming a monophyletic clade with the L. punctatus SULT1C1 and the
zebrafish SULT1st6 (Supporting information Table S4, Fig. 4). Differ-
ences among these transcripts range from a single to 20 amino acids.
Basal to this clade is the zebrafish SULT1st5. However, the classification
of all the transcripts in this clade as SULT1C is controversial as the three
SULT1C transcripts from human form a sister clade to all other SULT1s.
Moreover, results indicate the zebrafish SULT1 transcripts are

paraphyletic, with SULT1st5 and SULT1st6 being more closely related
to the Siluriformes SULT1Cs than to the others zebrafish SULT1st se-
quences, which in turn are more similar to the SULT1As from human
and Siluriformes. In fact, the SULT1st5 from zebrafish is located on chro-
mosome 23 and SULT15st6 is located on chromosome 12, while all others
SULT1st are located on chromosome 8 (Kurogi et al., 2013). The chro-
mosomal location of the SULT1st genes from zebrafish corroborates
our phylogenetic analysis, which does not support the current nomen-
clature of SULT1 genes in zebrafish. The fish specific subfamily SULT3
was also expanded in P. anisitsi; 14 transcripts were sequenced, 13 dif-
ferent complete CDS, two distinct 5’UTR and seven 3'UTR. P. anisitsi
SULT3 clustered together with the single isoform known for L. punctatus
and with the four isoforms of zebrafish.

3.6. Nuclear receptors (NR)

Nuclear receptors (NR) constitute a superfamily of genes that en-
code proteins involved in triggering cellular, and ultimately organismal,
responses to a diverse range of environmental stimuli. Structurally, NR
are composed by two conserved domains: the DNA binding domain
(DBD) located at the central part of the protein, and the ligand-binding
domain (LBD) at the C-terminal region (Cotnoir-White et al., 2011). The
sequence of the DBD is more conserved across the seven NR subfamilies
than the sequence of the LBD. Variations inside the LDB are responsible
for the specificity of each NR for their ligands, while variations in the
DBD distinguish the location where the NR binds to the DNA, triggering
distinct responses of gene expression. Among the NR ligands are endog-
enous compounds (e.g. steroid hormones, vitamin D, retinoic acid and
thyroid hormones) and several xenobiotics, as for example: phenobar-
bital and rifampicin (Pascussi et al., 2008; Xie and Evans, 2001).
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Most of the 32 transcripts that code for the complete CDS of nuclear
receptors in the transcriptome of P. anisitsi have a close homolog in
zebrafish. The NR of P. anisitsi were classified into twelve subfamilies;
NROB, NR1A, NR1B, NR1F, NR1C, NR1D, NR1H, NR2A, NR2B, NR2F,
NR3A and NR5A (Fig. 5). Notably, a homolog of NR112 (PXR) was se-
quenced but not included in further analyses as this sequence was
only 208 nucleotides long. This fragment, however, shows 66% identity
of its inferred amino acid sequence and an E-value of 6e 22 with the
zebrafish homolog. DNA binding domains of P. anisitsi's NR1B1,
NR1C3, NR2A1, NR3A1 and NR5A2 are absolutely conserved in compar-
ison to their homolog in zebrafish, while the others have only a few
amino acid substitutions. The NROB transcripts of P. anisitsi, as the
NROB from other species, lack the conventional DBD of nuclear
receptors.

Ligand binding domains are slightly different between NRs in P.
anisitsi and their homologs in other species. Among the most divergent
NR sequences are NR2Bs (RXRs). P. anisitsi NR2B1 has a 14 amino acid
long deletion in the LBD in relation to its zebrafish ortholog (Supporting
information Fig. S6). Three distinct CDS and LBD were found for P.
anisitsi NR2B2 (Fig. 5), each of those coded by two transcripts with dif-
ferent UTR regions. P. anisitsi NR2B2#3 differ from its zebrafish ortholog
by only four amino acids. However, P. anisitsi NR2B2#1 has a 14 amino
acid long deletion in the same position as the deletion in NR2B1, while
NR2B2#2 has an insertion of 11 amino acids in this region (Supporting
information Fig. S6). Different UTR regions were found for a same CDS of
six NR isoforms (Supporting information Table S4).

3.7. ATP Binding Cassette (ABC) transporters

Membrane transporters are crucial to maintain constant over time
the electro-chemical gradients across the biological membranes. Active

transporters use cellular energy to move molecules in and out of the cell,
and through its compartments. ATP Binding Cassette (ABC) transporters
hydrolyze ATP to power the transport of ions, nutrients, metabolites and
xenobiotics against their concentration gradient (Rees et al., 2009). ABC
transporters forms a monophyletic superfamily of genes classified into
eight subfamilies according to the sequence similarity at one of its struc-
turally conserved regions, the ATP-binding domain, also known as the
nucleotide-binding domains (NBDs) (Dean and Annilo, 2005; Liu et al.,
2013).

We have sequenced 113 transcripts for which the top BLAST hit was
an ABC transporter. Of those transcripts, 21 had a complete CDS includ-
ing nucleotides at the 5’ and 3’ UTR, and 23 coded for >75% of their
BLAST top hit complete CDS (Table 2). A single CDS with distinct
UTR regions was found for ABCB2 and for ABCD3 (Supporting infor-
mation Table S4). For comparison, 50 ABC transporters genes were
recently identified in the genome of another Siluriformes species,
Ictalurus punctatus (Liu et al., 2013) and also in the marine medaka
(Jeong et al., 2015), while zebrafish have 57 (Liu et al., 2013), and
humans have 49 ABC transporter genes (Vishwakarma et al., 2014).
The 20 P. anisitsi unique transcripts coding for >75% CDS belongs to
seven subfamilies; two ABCA isoforms, five ABCB, three ABCC, two
ABCD, two ABCE, two ABCF and four ABCG (Fig. 6). Our phylogenetic
analyses are in accordance with those published before for I
punctatus (Liu et al., 2013).

As in other vertebrate species, members of subfamilies ABCD and
ABCG code for half transporters, with a single NDB, while ABCB subfam-
ily members have either half (ABCB3) and full (ABCB11, with two NDBs)
transporters, and the other ABC subfamilies code for full transporters.
ABCE and ABCF are unique among ABCs as these subfamilies possess
two NBD, but no transmembrane domain (TMD) and are, therefore,
not functional as transporters proteins (Dean and Annilo, 2005). Similar
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Fig. 6. Unrooted maximum-likelihood phylogeny of Pterygoplichthys anisitsi ATP Binding Cassete (ABC) transporters and homologs. Sequences of P. anisitsi are shown in red. Bootstrap
values are shown on each node (1000 replicates). The translated amino acid sequences were aligned using Muscle and the tree was constructed using RAXML with the LG model for
amino acid substitution optimized for invariable sites and across site rate variation. GIs are shown on Supporting Information Table S5.

to other vertebrates, no transmembrane domain was observed in P.
anisitsi ABCE and ABCF isoforms. In comparison to the sequences in
zebrafish, the ABC signature was modified in three transcripts: ABCB3,
ABCB3-like and ABCD4. However, when compared to I. punctatus the
ABC signature was modified only in the sequence of ABCB3, from
LSSGQ in I. punctatus to LSAGQ in P. anisitsi.

4. Conclusion

The liver transcriptome of P. anisitsi was sequenced. From this tran-
scriptome, the P. anisitsi mitogenome was assembled, and the diversity
of candidate genes involved in this species' resistance to organic con-
taminants was analyzed. A wide diversity of transcripts encoding en-
zymes involved in xenobiotic detoxification, especially of CYPs and
SULTs, was found at the liver of P. anisitsi, which could contribute
to this species resistance to organic xenobiotics. Further studies are
being conducted to evaluate the modulation of these defensome
genes by xenobiotics, and also to characterize the catalytic activity
of the encoded proteins toward foreign chemicals. The raw Illumina
reads and the assembled transcriptome are available for expanded
analyses, and provide a valuable genomic resource for future studies
ranging from gene discovery and molecular phylogenetics to control
of invasive populations and molecular ecology. Indeed, during the
final review of this manuscript a draft genome of the related species
Pterygoplichthys pardalis was released along with the annotated ge-
nome of the channel catfish, Ictalurus punctatus (Liu et al., 2016).
The genomic data provided by Liu et al., 2016 together with the
transcriptomic data provided here can now be used in an iterative

process to extend our findings on the diversity of defensome genes
in this important group of fishes.
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4 DISCUSSAO

Parafraseando Robbins (2016), a genbmica tem se tornado um novo
instrumento, o “genomoscopio”, que assim como o telescopio de Galileu, permite
olhar para um novo “mundo” ou enxergar com clareza pela primeira vez a dimenséo
genética da natureza. Isso porque para onde o genomoscoépio € “apontado”, novas
descobertas surgem. Tais descobertas nem sempre obedecem ao padréo esperado,
gerando um desconcerto no status quo, estimulando a formulagdo de perguntas e
hipdteses originais e, em ultima analise, promovendo o avango da ciéncia. Entender
0s novos padrdes que emergem das descobertas oriundas do uso do
‘genomoscopio” exigira uma mudanga de perspectiva sobre alguns dos conceitos e
das teorias mais fundamentais da biologia (65).

A obtengdo de informagdes gendbmicas tornou-se cada vez mais acessivel
mesmo para organismos ndo-modelo, entretanto junto com esse avango tecnologico
vem o receio de n&o conseguir interpretar esse grande volume de informacgdes e
transforma-las em conhecimento sobre a biodiversidade e agbes praticas (17). De
fato, o avanco do sequenciamento de alto desempenho promoveu uma alteragéo na
etapa limitante do processo de geragdo de conhecimento sobre o patrimdnio
genético. Antes da disseminagao do uso dessas tecnologias, a etapa limitante era a
prépria produgao das sequéncias, ao passo que hoje o limitante € o processamento
dos dados e a interpretacado dos resultados. Para lidar com esse desafio, usando a
biologia computacional, fomos mudando o foco do nosso “transcriptomoscopio” do
genoma mitocondrial de apenas uma para muitas espécies, depois avangamos para
os transcritos nucleares de uma espécie para, por fim, analisarmos o todo.

Nesta tese, através do uso do sequenciamento de alto desempenho, geramos

e analisamos 40 transcriptomas de 34 espécies da subordem Loricarioidei
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(Siluriformes), incluindo 31 espécies da familia Loricariidae, a quinta mais diversa
entre os vertebrados. O uso do sequenciamento de alto desempenho e de
ferramentas computacionais nos permitiu estudar uma maior variedade de
informagdes genéticas, enquanto a aplicagdo desse método em um espectro de
espéecies proximas possibilitou a analise e interpretacdo dos dados obtidos sob a luz
da evolugdo (19).

A mineracao dessas informagdes possibilitou novos usos para as sequéncias
provenientes de RNA-Seq, como a montagem de genomas mitocondriais, descrito e
discutido no primeiro capitulo desta tese e aplicado nos trés capitulos seguintes.
Essa abordagem metodoldogica inovadora viabilizou a montagem de 31 novos
genomas mitocondriais. Contudo, os genomas mitocondriais por si s6 ndo trazem
muita novidade além da sequéncia. Seguindo o conselho de Dobzhansky, que disse
‘nada na biologia faz sentido exceto sob a luz da evolugédo”, e através da analise
comparativa desses genomas mitocondriais, pudemos acessar outras dimensdes da
biodiversidade de Loricarioidei além da genética, como taxondmica, filogenética e
estrutural. Essa visdo integrada, por exemplo, possibilitou a sugestdo do uso das
espécies com a delecdo no CSB-D como potenciais modelos para estudos
funcionais de replicagdo e transcricdo mitocondrial. Essa caracteristica encontrada
exclusivamente em alguns dos peixes estudados nesse trabalho é inédita e
exemplifica como nossa perspectiva evolutiva possibilitou a transformacdo do
desconcerto inicial, provocado pela auséncia do padrdo esperado, em
conhecimento. Especula-se que esse padrdo tenha sido negligenciado em um
estudo abrangente com 248 espécies, compreendendo 42 das 44 ordens de
Actinopterygii (66), pois o genoma mitocondrial da espécie Pterygoplichthys
disjunctivus (Hypostomini:Loricariidae) ja estava disponivel no banco de dados

usado pelos autores, mas ndo foi considerado no trabalho. E possivel que a
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auséncia de genomas mitocondriais de espécies proximas que compartilhem essa
delecdo, ou seja, a lacuna de informagéo genética dos loricarideos, tenha impedido
tal achado. Esse fato reforga o potencial do uso de NGS e novas abordagens
computacionais para a identificacdo e descricdo de variagcbes genéticas em
organismos nao modelo, retirando-os da ignorancia gendmica e pavimentando o
caminho para revelar os processos que influenciam a diversidade da vida selvagem.

Os quatro primeiros capitulos foram gerados a partir da mineragao dos dados
de uma fragdo, de aproximadamente 2%, das leituras geradas no sequenciamento
dos transcriptomas. No entanto, a grande maioria das leituras e diversidade dos
transcritos sdo oriundos do genoma nuclear. Nesses transcritos reside a porgéo
mais valiosa para tentar revelar as forgcas evolutivas que impulsionaram a
diversidade genética, mesmo sem o conhecimento a priori dos vinculos entre
genotipo e fenodtipo. Contudo, para compreender como a selegdo age sobre essas
sequéncias € preciso, primeiramente, uma caracterizagdo genética, a lista das
partes.

A caracterizagdo genética de transcriptomas de organismos n&do modelo, em
um primeiro momento, é feita através da anotacédo dos transcritos. Essa anotacao
geralmente usa métodos baseados em BLAST contra os conjuntos de genes e
proteinas de uma espécie modelo como referéncia para a qual as atribuicbes de
ortologia e fungéo ja foram geradas. Quanto mais distante a comparagdo, menos
genes serdo anotados, resultando em uma anotagdo menos informativa (67). Em
peixes teledsteos, a detecgdo de ortdlogos € especialmente problematica devido ao
“big bang” gendmico de sua linhagem apo6s a duplicagdo gendmica no ancestral
comum dos teledsteos (a terceira em vertebrados), o que pode conduzir, por
exemplo, a confus&o entre ortdlogos e paralogos, e ainda a inexisténcia de ortologia

devido perda génica (30). Ter em maos os 40 transcriptomas &€ um recurso
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fundamental para fazer a correta inferéncia de ortologia, pois as espécies s&o bem
mais proximas entre si do que com os organismos modelos disponiveis. A partir
disso, o “transcriptomoscopio” pode ser usado ndo so para listar as partes de
espécies isoladas, mas sob uma 6tica evolutiva acessar novas informagdes sobre as
adaptagdes desses organismos.

A anotacdo do transcriptoma de P. anisitsi foi essencial para descrever as
variagbes encontradas nas familias génicas do seu defensoma e providenciar
evidéncias que subsidiam a resisténcia dessa espécie a contaminantes organicos
(49) e da sua capacidade de invadir novos ambientes (56). A auséncia de atividade
EROD em P. anisitsi (59) foi s6 uma das pistas que nos fez explorar sua diversidade
genética. Essa gota de informagdo sobre as adaptagbes dessa espécie em um
oceano de novas possibilidades, nos impulsiona a buscar nessa familia e em toda
biodiversidade novos candidatos a espécies modelo, que sem duvida existem. De
fato, usando apenas 2% dos dados totais encontramos importantes particularidades
na analise comparativa dos genomas mitocondriais, dessa forma, também
esperamos descobrir novos padrdes ao analisarmos os 98% restantes. Esse grande
volume de sequéncias, até entdo, desconhecidas representa um grande desafio
metodoldgico para que genes conhecidos possam ser identificados ou até novas
fungcdes possam ser descritas. A inferéncia das fungdes desses novos transcritos,
aumentara o conhecimento da biodiversidade molecular e o repertério de
sequéncias descritas ajudando a desvendar parte da matéria escura bioldgica
(64,68), e possibilitando a formulagédo de novas hipéteses.

Apos a descricdo do transcriptoma de P. anisitsi, estamos ampliando a
analise dos transcriptomas para todas as espécies desse estudo. Usando uma
abordagem “top-down”, poderemos descobrir componentes novos e essenciais

sobre suas adaptagdes e responder perguntas, como por exemplo, se as expansoes
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inéditas e independentes de CYPs existem em toda a familia, se existe alguma
relagdo de ortologia entre elas e testar hipoteses de selegdo positiva nesses
ortélogos ao longo de toda a familia.

Retirar a quinta familia mais diversa entre os vertebrados da ignorancia
gendmica é um passo fundamental para o entendimento da relagédo entre o gendtipo
e fendtipo dessas espécies. Apesar da maioria dos fendtipos ser controlada por
muitos genes e de muitos fendtipos poderem interferir na dinamica ecoldgica, o
numero de variantes em estudos gendémicos € tao grande, que identificar genes que
possam ser selecionados e associar esses genes-candidatos a alguns fendtipos é
um ponto de partida importante para uma exploragao futura (69) e para o melhor
entendimento da nossa biodiversidade.

Descrever as partes da biodiversidade brasileira € especialmente relevante no
momento atual que entramos no Antropoceno, onde uma das caracteristicas mais
marcantes € a perda de biodiversidade (6). Os resultados aqui gerados aumentam
nosso conhecimento sobre a biodiversidade endémica do nosso pais em varias de
suas dimensdes e, dessa forma, podem fundamentar pesquisas para conservagao e
controle populacional de espécies ameagadas de extingao (58) e espécies invasoras
(56). Nossos resultados também contribuem para alcancar as metas nacionais
relacionadas aos objetivos da Agenda 2030 da ONU, agenda esta que faz parte do
plano estratégico da Fiocruz. Por fim, o acesso aos recursos genéticos
disponibilizados e analisados nessa tese constitui um passo em diregao a melhor
compreensao dos mecanismos que unem o bem-estar humano, a saude dos outros

seres vivos e a integridade dos ecossistemas.
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5 CONCLUSOES

Esta tese € o primeiro trabalho a usar sequenciamento de acidos nucléicos de

alto desempenho para o estudo de espécies da subordem Loricarioidei. As analises

desses dados transcriptdbmicos revelaram:

Genomas mitocondriais completos, os niveis de expressao dos transcritos
mitocondriais, o padrdo de pontuacdo da edicdo pos-transcricional e
heteroplasmias.

Caracteristicas estruturais apomdrficas, como a insergdo nucleotidica nos
mitogenomas dos calictideos e a delegcdo parcial no final 3' do Bloco de
Sequéncia Conservada (CSB) D da regido controle em um clado monofilético
de loricarideos.

Uma filogenia que aumenta a confianga e corrobora em grande parte as
relagbes atualmente aceitas, destacando mudangas na topologia da
subfamilia Hypoptopomatinae.

Uma grande diversidade de transcritos que codificam enzimas envolvidas na
biotransformacdo de xenobidticos, especialmente de citocromos P450 e

sulfotransferases, encontrada no transcriptoma hepatico de P. anisitsi.

Os recursos transcriptdmicos produzidos por esse estudo irdo compor

bancos de dados publicos, reduzindo a lacuna de informagdo genética existente

e fornecendo a base para novos estudos sobre a historia evolutiva desses peixes

e potenciais descobertas de genes e transcritos genuinamente novos.
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ANEXO A

BASES GENETICAS DA DIVERSIDADE, ADAPTAGOES E
EVOLUGCAO DE LORICARIDE REVELADAS PELO

SEQUENCIAMENTO DE TRANSCRIPTOMAS

INTRODUGAO

As radiacbes adaptativas sdo conhecidas pela rapida diversificagao
morfolégica e de espécies em resposta a oportunidades ecologicas (1).
Varias teorias evolutivas preveem que as mudangas em caracteristicas
fenotipicas relevantes, do ponto de vista ecoldgico, sejam positivamente
associadas com a taxa na qual novas espécies surgem. A familia
Loricariidae, com mais de 900 espécies (2), exemplifica uma rica radiagcéo de
espécies da regido neotropical, sendo a familia mais diversa da sub-ordem
Loricarioidei e a quinta mais diversa entre os vertebrados. Os integrantes
dessa familia sao facilmente reconhecidos pelo seu corpo coberto por placas
dérmicas ossificadas e por sua boca, posicionada na regido ventral e
adaptada para succéo e raspagem de superficies submersas. Esses peixes
exibem variagdes extraordinarias na morfologia de suas mandibulas (3),
apesar de apresentarem pouca variagdo em suas dietas, sendo em sua
maioria composta por detritos e algas. Entretanto, Lujan et al., 2012, mostrou

que existe um particionamento trofico ao longo de gradientes nutricionais
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resultando em uma radiagdo ecoldgica, consistente com a diversidade
morfolégica mandibular e a diversificagao evolutiva entre os loricarideos (4).

Nesse sentido, o clado da Peckoltia (sensu Lujan, 2015) se destaca
pela grande diversidade morfologica, sendo o clado mais rico em géneros da
subfamilia Hypostominae. Atualmente, esse clado possui nove géneros e 65
espécies (5), distribuidas em grande parte do norte da América do Sul, com
tamanho corporal variando de 40 a 520 mm (Tabela 1) (6,7). Os organismo
deste clado sdo, em sua maioria, algivoros-detritivoros, contudo existem
especializagbes em seus nichos tréficos, como por exemplo, o género
Panaqolus que ¢é especializado em comer madeira (8) e o género
Hypancistrus que € invertivoro (come invertebrados).

Os avangos recentes em tecnologias de sequenciamento de acidos
nucléicos tém oferecido a oportunidade de gerar grandes quantidades de
dados gendmicos ou transcriptbmicos sobre quase qualquer organismo,
mesmo daqueles que atualmente ndo possuem um genoma de referéncia (9).
Dessa forma, retira-se esses organismos da ignorancia gendmica,
transformando-os em um novo exército de modelos e gerando uma
ferramenta inestimavel para entender as origens e a manutengdo da
biodiversidade (10). Essas novas abordagens alteraram a etapa limitante de
producdo do conhecimento da geragcdo de dados brutos para a analise
desses dados, permitindo concentrar os esforgcos na interpretacdo de
importantes questdes da biologia evolutiva, como por exemplo, porque
algumas linhagens s&o mais diversas que outras (11).

Neste estudo realizamos analises comparativas entre 40

transcriptomas de 34 espécies com o objetivo de investigar os mecanismos
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genéticos da biodiversidade de loricarideos, como expansdes de familias
génicas, filogenia, taxas evolutivas e selegdo positiva que fomentaram a

diversidade genética, fenotipica e ecoldgica desse rico grupo de organismos.

MATERIAL E METODOS

Amostragem taxonémica, extragcao de RNA e sequenciamento

Além das 29 espécies da familia Loricaridae e duas espécies da
familia Callichthyidae analisadas no Capitulo Quatro, incluimos mais trés
espécies (dois loricarideos e um calictideo) para as analises feitas neste
Anexo (Tabela 2), totalizando 40 transcriptomas de 34 espécies de
Loricarioidei. A lista com as espécies, os codigos de campo, localizagao
geografica da coleta ou sua origem e o numero de depdsito em colecdo
bioldgica estdo detalhados na Tabela 2.

Apos a coleta dos espécimes, o RNA total foi extraido do tecido
hepatico seguindo o método do fenol/cloroformio (TRIzol Reagent, Thermo
Fisher Scientific). Apos a extragcdo, o RNA total foi inicialmente quantificado
por espectrofotometria (BioDrop DUQO), e sua qualidade e quantidade foram
avaliadas adicionalmente com o kit Bioanalyzer RNA 6000 nano (Agilent).
Apenas preparagdes com “RNA Integrity Number” (RIN) acima de 6.0 foram

utilizadas para a preparacgéo da biblioteca de DNA complementar (cDNA).
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Tabela 1: Diversidade de géneros e espécies dos clados Hypostomini e da Peckoltia. Também s&o mostradas informagdes sobre a ocorréncia, variagdo de
tamanho e nicho tréfico das espécies desses clados usadas neste trabalho.

Tribo  Género Espécie Numero Numero Ocorréncia Tamanho  Nicho tréfico Referéncia
de géneros de espécies SL** (mm)
Hypostomini 2 165 (5,12)
Pterygoplichthys 15 5)
Pterygoplichthys sp.
Pterygoplichthys pardalis Bacia do Rio Amazonas 76.1-422.9 Algivoro—detritivoro (5,12,13)
Pterygoplichthys anisitsi* Bacias dos Rios Paraguai, médio Parana, Bermejo e Uruguai 164-471 Algivoro—detritivoro (5,12,14)
Hypostomus 150 5)
Hypostomus sp.
Hypostomus affinis Bacia do Rio Paraiba do Sul 120-433*** Algivoro—detritivoro (5,12,15)
Hypostomus cf. plecostomus
Clado da Peckoltia 9 65 (5,12)
Aphanotorulus 6 (®)]
Aphanotorulus emarginatus Alto Orinoco, Bacia do Rio Essequibo e Bacia do baixo Amazonas 46.5-357.0 Algivoro—detritivoro (5,7,12)
Isorineloricaria 4 (®)]
Spectracanthicus 6 5)
Peckoltichthys 1 (®)]
Hypancistrus 9 5)
Hypancistrus zebra Bacia do Rio Xingu 39.9-50 Onivoro-invertivoro (5,6,12)
Ancistomus 5 5)
Ancistomus snethlageae Bacia do Rio Tapajos 140 Onivoro (5,12,16)
Scobinancistrus 5)
Panaqolus 11 (®)]
Panaqolus sp. Come madeira (12)
Peckoltia 21 (®)]
Peckoltia furcata Alto Amazonas, Rios Mararion e Ucayali 75.9-153.5 Algivoro—detritivoro  (5,12,17)

* Sindnimo de Pterygoplichthys ambrosettii.

** “Standard Length”: A distancia da extremidade anterior do peixe até a base da cauda.
*** “Total Length”: A distancia da extremidade anterior do peixe até a ponta da cauda.
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Tabela 2: Lista das espécies amostradas, seus numeros de identificacdo de campo,
coordenadas geograficas e nimeros de depdsito em colegéo bioldgica. Os vouchers foram
depositados nas colegdes ictiolégicas do Museu Nacional da Universidade Federal do Rio de

Janeiro (MNRJ) e do Instituto Nacional de Pesquisas da Amazénia (INPA).

Espécie ID Campo Localizagao Voucher

Hemipsilichthys nimius TP189 23°12'35.2"S 44°47'40.7"W (RJ) MNRJ43650
Rineloricaria cf. lanceolata sp16.3 Espécime de aquario (PA) MNRJ43638
Rineloricaria sp. TP144 22°31'06,3"S 42°53'55,5"W (RJ) MNRJ42544
Loricaria cataphracta TP181 3°10'50.9"S 59°54'09.3"W (AM) MNRJ43629
Loricarichthys castaneus TP029 21°13'08.7"S 41°18'37.7"W (RJ) MNRJ41545
Loricarichthys platymetopon TP179 3°10'50.9"S 59°54'09.3"W (AM) MNRJ43627
Hypoptopoma incognitum TP171 3°09'36.0"S 59°55'12.0"W (AM) MNRJ43421
Otocinclus cf. hoppei sp10.7 Espécime de aquario (PA) MNRJ43634
Pareiorhaphis garbei TP009 22°32'03.4"S 43°02'18.7"W (RJ) MNRJ41511
Schizolecis guntheri TP006 22°32'03.4"S 43°02'18.7"W (RJ) MNRJ41510
Parotocinclus maculicauda TPO11 22°36'01.6"S 43°05'30.1"W (RJ) MNRJ41523
Hisonotus thayeri TP128 21°32'14.6"S 42°06'54.8"W (RJ) MNRJ42481
Kronichthys heylandi 8505 23°12'35.2"S 44°47'40.7"W (RJ) MNRJ42082
Neoplecostomini gen. n. TP065 20°01'35.3"S 40°36'33.3"W (ES) MNRJ41921
Neoplecostomus microps TP088 22°20'01.7"S 44°32'34.3"W (RJ) MNRJ41752
Dekeyseria amazonica TP165 3°09'36.0"S 59°55'12.0"W (AM) MNRJ43618
Ancistrus multispinis TP003 22°32'03.4"S 43°02'18.7"W (RJ) MNRJ41509
Ancistrus sp. 1 13,3 Espécime de aquario (PA) MNRJ42890
Ancistrus sp. 2a 13.10 Espécime de aquario (PA) MNRJ42890
Ancistrus sp. 2b 13,11 Espécime de aquario (PA) MNRJ42890
Baryancistrus xanthellus sp11.19 Espécime de aquario (PA) Ausente

Pterygoplichthys sp. sp2 Espécime de aquario (RJ) MNRJ43652
Pterygoplichthys pardalis TP154 3°09'36.0"S 59°55'12.0"W (AM) MNRJ43607
Pterygoplichthys anisitsi A3 Jaboticabal (SP) Ausente

Pterygoplichthys anisitsi B3 Jaboticabal (SP) Ausente

Pterygoplichthys anisitsi B6 Jaboticabal (SP) Ausente

Hypostomus sp. sp12.6 Espécime de aquario (PA) MNRJ43635
Hypostomus affinis TP147 22°48'42.6"S 43°37'42.8"W (RJ) MNRJ43256
Hypostomus cf. plecostomus TP164 3°09'36.0"S 59°55'12.0"W (AM) MNRJ43617
Aphanotolurus emarginatus TP184 3°10'50.9"S 59°54'09.3"W (AM) MNRJ43631
Hypancistrus zebra TP166 Doacgao* INPA 46655
Ancistomus snethlageae sp17.2 Espécime de aquario (PA) MNRJ43639
Peckoltia furcata sp15.2 Espécime de aquario (PA) MNRJ43637
Panaqolus sp. sp4 Espécime de aquario (RJ) MNRJ43654
Corydoras schwartzi TP177 Espécime de aquario (AM) MNRJ43625
Corydoras nattereri TP020 22°36'01.6"S 43°05'30.1"W (RJ) MNRJ41520
Corydoras nattereri TP021 22°36'01.6"S 43°05'30.1"W (RJ) MNRJ41520
Corydoras nattereri TP022 22°36'01.6"S 43°05'30.1"W (RJ) MNRJ41520
Hoplosternum littorale TP149 22°48'42.6"S 43°37'42.8"W (RJ) MNRJ43258
Hoplosternum littorale TP156 3°09'36.0"S 59°55'12.0"W (AM) MNRJ43609

*doado pelo Dr. Jansen Zuanon do Instituto Nacional de Pesquisa da Amazénia (INPA),
espécime oriundo de uma apreensao feita pela Policia Federal Brasileira.

78



As bibliotecas de cDNA foram preparadas usando o kit TruSeq RNA
Sample v.2 (lllumina), seguindo estritamente as recomendacdes do
fabricante. Foi verificada a qualidade de todas as bibliotecas usando o kit
Bioanalyzer DNA 1000 (Agilent). A quantificacdo das bibliotecas foi realizada
por PCR quantitativo usando o kit de quantificagcdo de biblioteca para lllumina
com Primers Revisados-SYBR (Kapa Biosystems). Cada biblioteca foi
identificada utilizando adaptadores especificos e os “pools” de bibliotecas
foram agrupados usando o kit TrueSeq PE Cluster v3 para cBot (lllumina). O
sequenciamento de 100 pb das duas extremidades de cada fragmento
(“paired-end”) foi realizado em um sequenciador HiSeq2500 usando o kit

True-Seq SBS v.3 (lllumina).

Montagem de novo e anotagao dos transcriptomas

Os dados brutos foram decompostos usando o software BCL2FASTQ
(lumina). As sequéncias dos adaptadores e as de baixa qualidade foram
removidas das leituras utilizando o Trimmomatic (18) e sua qualidade foi
avaliada usando FastQC (Babraham Bioinformatics).

As leituras com valores médios de Phred igual ou superior a 30 foram
usadas para montagem de novo dos transcriptomas usando os parametros
padrdo do programa Trinity v2.0.6 (19,20). O Transdecoder v3.0.0
(https://github.com/TransDecoder/TransDecoder) foi usado para identificar as
regides codificantes (“open reading frames” - ORFs) candidatas dentro das
sequéncias dos transcritos montados. As sequéncias proteicas preditas foram

anotadas utilizando o algoritmo BLASTP v2.4.0+ (e-value < 1e-10) contra a
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base de dados UniprotKB de Danio rerio e SwissProt de Homo sapiens. O

melhor alinhamento de cada sequéncia foi usado para sua anotacgao.

Identificagao de ortélogos

O programa Orthofinder v1.0.3 (21) foi usado para inferir grupos de
sequéncias homoélogas. O primeiro passo desse programa usa o0 método de
melhor alinhamento reciproco com o algoritmo BLASTP para computar as
pontuacbes de similaridade entre as sequéncias de multiplas espécies.
Depois disso, o programa normaliza as pontuagdes do BLAST para o
comprimento da sequéncia e, em seguida, usa o algoritmo de agrupamento
MCL para identificar grupos de sequéncias altamente similares (ortogrupos)
dentro do conjunto de dados.

Foram feitas trés rodadas de identificagdo de ortdlogos, que diferem
quanto as espécies usadas. A primeira rodada foi feita utilizando os 40
transcriptomas com o objetivo de identificar evidéncias de potenciais
expansdes génicas, de acordo com a hipdétese de que a identificagdo de
multiplos ortogrupos com a mesma anotagdo seria indicio de expansdes
génicas. A segunda rodada de identificagdo de ortélogos foi feita utilizando 34
transcriptomas, um por espécie, com o objetivo de maximizar o numero de
ortogrupos compostos por uma unica sequéncia por espécie, chamados de
ortogrupos de coépia unica (“single-copy orthogroups” - SCO), que foram
posteriormente utilizados para analises filogenéticas. Para evitar uma falsa
atribuicdo de paralogia entre os transcritos, pois varias isoformas do mesmo
gene podem coexistr em um mesmo transcriptoma, o algoritmo

“get_longest_isoform_seq_per_trinity _gene.pl” do programa Trinity e o
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programa CD-HIT-EST v.4.6.6 (identidade >= 95%) foram utilizados para
agrupar as sequéncias de proteinas. A terceira rodada do Orthofinder foi feita
utilizando 11 transcriptomas (seis da tribo Hypostomini e cinco do clado
Peckoltia). Antes da terceira rodada, também foi feito o agrupamento das
sequéncias, como realizado na segunda rodada. O objetivo desta terceira
rodada foi maximizar o numero de ortogrupos de copia unica, compartilhados
entre as espécies das tribos Hypostomini e do clado da Peckoltia, para testar
se estas sequéncias apresentam evidéncias de selecdo positiva no clado da
Peckoltia, seguindo a hipotese de que a grande diversidade morfologica
caracteristica destas espécies seja subsidiada por uma taxa evolutiva de
seus genes maior do que a do outro clado (Hypostomini) e que seus genes

apresentariam sitios de selegao positiva.

Analise filogenética

A analise filogenética foi feita com os SCOs compartilhados entre as
34 espécies deste estudo. As sequéncias de proteinas dentro de cada SCO
foram alinhadas pelo MAFFT v7.215 (22). O programa PAL2NAL v14.0 foi
usado para converter o alinhamento de proteinas e as sequéncias de DNA
correspondentes em um alinhamento de cdédon (23). O programa
FASconCAT-G v1.02 (24) foi usado para concatenar os arquivos de
alinhamento de sequéncias de nucleotideos em uma super-matriz. O Gblocks
v0.91b (opgdo de selegdo mais rigorosa), incorporado no SeaView v4.5.3
(25), foi usado para eliminar posicbes mal alinhadas e regides divergentes no
super-alinhamento. Dessa forma, uma arvore filogenética de maxima

verossimilhanga foi construida usando o programa RAxML v8.2.9 (26)

81



disponivel no portal CIPRES (27) sob o modelo GTR + GAMMA + | para
todos os sitios, com 1.000 “bootstraps”. A arvore filogenética foi visualizada e
editada usando o programa FigTree (v1.4.2) (http://tree.bio.ed.ac.uk/

softwaref/figtree/).

Analise de evolugao molecular

A razdo entre as taxas de substituicbes ndo sinbnimas e sinbnimas (w
= dN/dS), € uma estimativa da pressao de selegdo a nivel de proteina. Se
mutacdes nao sindnimas forem fixadas na mesma taxa que as mutacdes
sinbnimas, de modo que dN = dS e w = 1, é esperado que a selegao nao
tenha efeito no “fitness”. Por outro lado, mutagdes n&o as deletérias tendem a
nao fixacdo na populacdo, devido a acao da selecdo purificadora, de modo
que dN < dS e w < 1. Ja mutagdes ndo sindbnimas que aumentem o “fitness”
tendem a ser fixadas pela agcdo da selegdo darwiniana, atingindo uma taxa
maior do que mutagdes sinénimas, resultando em dN > dS e w > 1. Uma taxa
de mutagbes ndo sinbnimas significativamente maior do que a taxa de
mutagdes sinbnimas €, portanto, evidéncia para a evolugao adaptativa das
proteinas. A evolugdo adaptativa raramente ocorre em todas as espécies de
uma filogenia, ou em todos os codons de um gene, o que dificulta a detec¢ao
dos genes/codons em questdo. O cenario mais provavel é que a selecao
positiva ocorra em alguns ramos da filogenia, ou em alguns sitios especificos
do gene ou apenas em sitios especificos de alguns ramos em particular.
Cada uma dessas possibilidades é formalizada em um "modelo", para que

possiveis processos de evolugdo possam ser testados explicitamente (28).
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O programa CODEML, parte integrante do pacote “Phylogenetic
Analysis by Maximum Likelihood” (PAML) (29), foi utilizado para estimar o w
(dN/dS) no conjunto de dados dos SCOs compartilhados entre as 11
especies da terceira rodada do Orthofinder e para testar hipéteses evolutivas
em diferentes modelos.

O primeiro modelo testado, o modelo de ramo (paradmetros: model = 2,
NSsites = 0, fix_omega = 0, omega = 0.1, cleandata = 1), permite que um
determinado ramo em destaque possua uma razdo dN/dS diferente dos
ramos de fundo. Ja o modelo nulo (parametros: model = 0, NSsites = 0,
fix_omega = 0, omega = 0.1, cleandata = 1) assume que todos os ramos
possuam o mesmo w. Utilizamos o modelo de ramo para identificar genes
que possuam taxas de evolucao diferentes entre os clados testados. Para
testar a significancia dessa diferenga, utilizamos o teste de raz&o de
verossimilhancga (“likelihood ratio test” - LRT) com um grau de liberdade entre
o modelo de ramo e o modelo nulo para cada ortogrupo do conjunto de
dados. O valor-p foi calculado a partir da fungao de distribuicdo cumulativa da
estatistica de qui-quadrado e foi corrigido, devido aos multiplos testes, pelo
método da taxa de falsa descoberta (FDR) implementado no R (30).
Consideramos que o0s genes estdo evoluindo com uma taxa
significativamente mais rapida no ramo em destaque se o valor-p ajustado
fosse inferior a 0,05 e um maior valor de w fosse detectado no ramo em
destaque em relagdo ao ramo de fundo.

No modelo de ramo é improvavel que a selegcdo positiva seja
detectada, pois mesmo que alguns sitios da proteina estejam evoluindo

rapidamente ao longo do ramo, o w médio raramente sera maior que 1,

83



porque € esperado que a maioria dos sitios da proteina permaneca sob
selecdo purificadora. O esperado, para a maioria dos genes, € que a selecao
positiva afete apenas alguns residuos de aminoacidos ao longo de linhagens
particulares. O modelo de ramo e sitio (31) permite que o w varie tanto entre
os sitios da proteina quanto através dos ramos da arvore e visa detectar a
selegcédo positiva que afeta alguns sitios ao longo de linhagens particulares.
Para isso, o modelo de ramo e sitio (parametros da hipdtese alternativa:
model = 2, NSsites = 2, fix_omega = 0, omega = 0.1, cleandata = 1) foi usado
para identificar possiveis genes que estejam sob selec¢do positiva. O teste de
razao de verossimilhanca foi feito entre 0 modelo alternativo que permite que
os cbédons estejam sob selegao positiva (w > 1) no ramo em destaque e o
modelo nulo (parametros da hipotese nula: model = 2, NSsites = 2, fix_omega
= 1, omega = 1, cleandata = 1) que permite duas classes de w, a selecao
neutra (w = 1) e a selecdo de purificagdo (w < 1). Os valores-p foram
calculados com base na estatistica do qui-quadrado e ajustados pelo método
FDR. Os genes com valores-p ajustados menores que 0,05 foram tratados

como candidatos para selegao positiva.

RESULTADOS E DISCUSSAO

Montagem de novo e anotagao dos transcriptomas

Um total de mais de 200 Gigabases foram geradas no
sequenciamento dos 40 transcriptomas hepaticos. Apds a remocgao dos
adaptadores e das sequéncias de baixa qualidade, as leituras foram

utilizadas para a montagem de novo dos transcriptomas, um por espécime.
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As informagdes sobre o sequenciamento e a montagem, como a média,
desvio padrao e total das leituras brutas e utilizadas, numero de transcritos
montados e N50 estdo disponibilizados na Tabela 3, assim como, as

informacdes sobre a predigdo das ORFs e sua anotacgao.

Tabela 3: Sumario dos resultados do sequenciamento, montagem de novo, predi¢cdo de
ORFs e anotagéo dos transcriptomas.

Média Desv. Padrao Total
Sequenciamento - lllumina HiSeq2500
Leituras brutas 51.266.692 15.216.237 2.050.667.660
Leituras utilizadas* 98,7% 0,2%
Montagem - Trinity
Transcritos montados 58.720 21.073 2.348.817
N50 1.180 269
Predigdo de ORF - Transdecoder
ORFs (40 spp) 20.751 6.013 830.049
Anotagéo - BLASTP
UniProtKB - Danio rerio 18.769 5.150 750.754
SwissProt - Homo sapiens 17.314 4.650 692.561

*. As leituras utilizadas sdo mostradas em percentual do total de leituras brutas.

Um maior numero de transcritos foi anotado (“E-value” < 1e-10)
quando utilizado o banco de dados UniprotKB da espécie Danio rerio (Tabela
3), em comparagado com a quantidade de transcritos anotados contra o banco
de dados SwissProt para a espécie Homo sapiens. A fim de melhorar a
confianga no resultado do BLASTP, as anotagbes passaram por um segundo
filtro, que selecionou entradas cujo tamanho do alinhamento fosse superior a
60% do tamanho da ORF pesquisada (“query”) e cujo percentual de
identidade do alinhamento superior a 40% (filtro 60-40). Devido a distancia
filogenética, o resultado contra o banco de dados SwissProt de humano foi o
que teve o maior numero de anotagdes descartadas (Figura 1B). Entretanto,
quando verificamos a especificidade das anotagdes, observamos que mais

de 50% das anotacdes contra o banco de dados de proteinas de D. rerio sao
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descritas como proteinas ndo caracterizadas (Figura 1C), portanto, n&o sdo
informativas. Dessa forma, as analises subsequentes levaram em
consideragao as anotagdes dos transcritos comparados ao banco de dados

SwissProt da espécie Homo sapiens.

Danio rerio Homo sapiens

A 44,639 B 99,715

B Selecionadas (>60-40)
O Descartadas (<60-40)

592,846

706,115

C D 2,374

@ Anotagao especifica
338,344

OProteina ndo
caracterizada

Figura 1: Graficos de pizza com informacdes gerais sobre as anotagdes das ORFs preditas.
Quantidade de ORFs anotadas contra os bancos de dados UniProtKB de D. rerio (A) e
SwissProt de H. sapiens (B) que foram superiores ou inferiores ao filtro 60-40. Quantidade de
ORFs que foram selecionadas (filtro 60-40) que obtiveram uma anotagéo especifica ou foram
anotadas como proteina ndo caracterizada em relagdo aos bancos de dados UniProtKB de
D. rerio (C) e SwissProt de H. sapiens (D).

Identificagao de ortélogos putativos
O conjunto de dados composto pelas ORFs preditas nos
transcriptomas, para cada uma das trés rodadas, foi utilizado como entrada

para o programa Orthofinder, a fim de inferir grupos de sequéncias
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homologas entre as espécies. A Tabela 4 sumariza os resultados das trés

rodadas feitas.

Tabela 4: Sumario dos resultados das trés rodadas do Orthofinder. O50: O nimero minimo
de ortogrupos os quais contém 50% das ORFs. G50: O numero de ORFs contidas no menor
ortogrupo do conjunto de ortogrupos que contém 50% das ORFs (O50). Ortogrupo de cépia
Unica: um ortogrupo com exatamente uma ORF (e ndo mais) de cada espécie.

Rodadas

Primeira Segunda Terceira
Numero de transcriptomas 40 34 11
Numero de ORFs 830.049 586.735 184.926
ORFs em ortogrupos (%) 97,8 97,4 95,9
Numero de ortogrupos 22.041 19.728 18.273
Mediana do tamanho dos ortogrupos 18 20 9
050 3.304 3.320 4.357
G50 71 49 12
Numero de ortogrupos com todas as espécies 2.746 2.824 5.265
Numero de ortogrupos de cdpia Unica 16 420 2.148

E possivel notar que nas trés rodadas, para a identificagdo de grupos
de transcritos ortdlogos, uma alta percentagem das ORFs (95,9 — 97,8%)
encontrou alguma sequéncia homologa em outra espécie, sendo agrupadas
em ortogrupos. Apesar do percentual de ORFs alocadas em ortogrupos ter
sido similar entre as trés rodadas de busca por transcritos ortélogos, a
mediana de transcritos nos grupos identificados variou de nove, na terceira
rodada, a 20, na segunda rodada. A medida que o nimero de transcriptomas
utilizados diminui, a mediana se aproxima da quantidade total de
transcriptomas utilizados em dada rodada, isso se deve a dois fatores:
primeiro, quanto mais proximo filogeneticamente as espécies analisadas,
maiores as chances de homologia entre suas sequéncias, dessa forma, &
maior a possibilidade de todas ou quase todas as espécies estarem em um
mesmo ortogrupo; e segundo que de forma diferente do genoma, que € o

conteudo total do material genético herdavel, o transcriptoma tem em seu
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conteudo apenas os genes expressos em um dado momento da vida do
organismo, a presenga e detec¢cdo de um determinado ortdlogo em todas as
espécies depende da expressao desse gene, se ele foi sequenciado em uma
profundidade suficiente para ser montado e ter sua ORF predita em todas as
espécies. Isso também pode ser observado no numero de ortogrupos com
todas as espécies e no numero de ortogrupos de copia Unica, os quais

aumentam a medida que a quantidade de espécies analisadas diminui.

Analise das expansoées génicas

Com o intuito de identificar possiveis expansdes génicas, resultantes
de duplicagdes, seguimos as premissas: 1 — que transcritos variantes
codificados por um mesmo gene e transcritos codificados por genes
paralogos identificados em uma unica espécie sejam agrupadas em um
mesmo ortogrupo; e 2 — que dois ou mais ortogrupos com a mesma anotagao
contenham transcritos codificados por genes paralogos. Dessa forma, a
identificacdo de multiplos ortogrupos com a mesma anotagédo indica um
possivel processo de expansao génica nas espécies que compartilham estes
ortogrupos, em relagdo a espécie usada para a anotagao. Neste trabalho, a
anotagao foi feita contra as entradas de duas espécies, Danio rerio (espécie
modelo) e Ictalurus punctatus (espécie filogeneticamente mais préxima de
Loricarioidei), encontradas em trés bancos de dados (Gene/NCBI,
Protein/NCBI e UniProtKB).

Os transcritos que constituem 11.394 dos 22.041 ortogrupos
identificados pelo OrthoFinder na primeira rodada (Tabela 4) foram anotados

como homologos contra alguma sequéncia do banco de dados SwissProt de
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humano (E-value < 1e-10, identidade > 40%, cobertura da ORF pesquisada >
60%). Dos 11.394 ortogrupos anotados, 7.129 tiveram anotagdes exclusivas
(ndo compartilhada por nenhum outro ortogrupo) e 4.265 ortogrupos tiveram
anotagdes compartilhadas (ndo exclusivas), distribuidas em 1.749 anotagdes.
A maior quantidade de ortogrupos com a mesma anotagao foi de 12 (Tabela
5) e a menor de 2 ortogrupos.

E observado a limitagdo do Orthofinder em determinar grupos de
ortélogos, devido a algumas variaveis de confusao, como por exemplo, ORFs
incompletas. Contudo, essa abordagem de aplicar o Orthofinder em grupo de
espécies proximas, sob uma o6tica evolutiva, e depois anotar os ortogrupos
tem se mostrado eficaz, pois tenta reduzir a confusdo entre ortdlogos e
paralogos comum quando se compara apenas uma espécie contra um banco
de dados de uma espécie modelo distante filogeneticamente. A confusdo
entre paralogos e ortdlogos quando comparamos espécies de peixes com
banco de dados de humanos se da principalmente ao evento de duplicagao
do genoma exclusivo do ultimo ancestral comum dos teledsteos (10,32). Esse
evento tem uma importante influéncia na anotagéo génica, particularmente na
determinacdo da ortologia, pois, comparagbes entre teledsteos e outros
vertebrados podem levar a falsas inferéncias de ortologia. Dessa forma é
esperado que um determinado gene, que tenha mantido sua cépia, seja
encontrado duplicado quando comparado com humano. A Tabela 5 exibe
anotagdes que se apresentam em mais de sete ortogrupos.

Um caso interessante € o do gene da proteina Complemento C3, que
apesar de ndo ser a anotacdo mais frequente entre os ortogrupos, € a que

tem a maior quantidade de ORFs (911) distribuidas entre os oito ortogrupos
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com essa anotacdo. De acordo com o banco dados Genes do NCBI, o
complemento C3 é o gene com maior quantidade de entradas no genoma de
D. rerio e o unico gene que tem mais de uma entrada registrada para /.
punctatus (Tabela 5). Essa expansédo génica de C3 ja foi observada em
outros peixes, como truta (33), carpa (34) e medaka (35). Em um estudo a
respeito dessa expansao de C3 em D. rerio, foi descoberto um evento de
duplicagdo comum a todos os peixes teledsteos (36) corroborando o evento
de duplicacdo gendmica no ancestral desse grupo. Esses achados em
relagcdo ao gene C3 corroboram a hipdétese que as premissas usadas nessa
etapa deste trabalho sejam verdadeiras.

De forma contraria ao caso do gene C3, outras anotagdes
compartilhadas por multiplos ortogrupos no nosso conjunto de dados
apresentam uma unica entrada em D. rerio e I. punctatus no banco de dados
Genes do NCBI, sugerindo expansdes génicas em Loricarioidei nao
compartilhadas com essas duas espécies usadas como modelo. O primeiro
passo dessa analise foi recuperar os ortogrupos com a mesma anotagéo e
comparar essa anotagdo com a quantidade de registros em bancos de dados
de outros peixes, resultando na primeira evidéncia de uma possivel expansao
génica. O préximo passo sera recuperar as sequéncias dos ortogrupos com
mesma anotagdo (candidatos a paralogos), seus homdlogos em espécies
préximas e fazer uma analise filogenética para confirmar essas possiveis

expansoes.
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Tabela 5: Sumario das anotagdes compartilhadas por sete ou mais ortogrupos e a quantidade de entradas dessas proteinas nos bancos de dados Gene,
Protein e UniProtKB das espécies Danio rerio e Ictalurus punctatus. Também s&o apresentados o nimero minimo, maximo e total das ORFs nos ortogrupos.

Danio rerio Ictalurus punctatus Loricarioidei
Anotagdo Gene cene, protein ; b one o Protein - «  Ortogrupos ORFs em
(NCBI) (NCBI) UniProtKB (NCBI) (NCBI) UniProtKB ortogrupos

min. max. total
Baculoviral IAP repeat-containing protein 6 BIRC6 1 17 2 1 1 1 8 6 131 249
Brefeldin A-inhibited guanine nucleotide-exchange protein 3 ARFGEF3 1 2 1 1 1 7 2 11 4
Centrosomal protein of 290 kDa CEP290 1 3 1 1 1 8 2 28 75
Complement C3 c3 9 16 2 5 6 7 8 26 205 911
Cytoplasmic dynein 1 heavy chain 1 DYNC1H1 1 1 3 1 2 2 7 6 96 251
Cytoplasmic dynein 2 heavy chain 1 DYNC2H1 2 1 0 1 1 1 7 2 83 120
DNA polymerase epsilon catalytic subunit A POLE 1 1 15 1 1 6 8 2 9 38
DNA-dependent protein kinase catalytic subunit PRKDC 1 1 1 1 1 1 8 2 98 133
E3 ubiquitin-protein ligase HERC1 Probable HERC1 1 11 5 1 2 1 8 9 151 408
E3 ubiquitin-protein ligase MYCBP2 MYCBP2 1 19 7 1 18 17 12 5 111 238
E3 ubiquitin-protein ligase UBR4 UBR4 1 28 2 1 9 9 8 7 137 266
Huntingtin HTT 1 6 3 1 1 2 7 6 109 197
Lysosomal-trafficking regulator LYST 1 4 6 1 5 5 8 3 108 166
Midasin MDN1 1 2 1 2 2 12 4 86 265
Neurobeachin-like protein 1 NBEAL1 1 2 1 1 1 8 7 94 172
Neurofibromin NF1 2 10 10 1 6 7 7 4 63 113
Nuclear pore membrane glycoprotein 210 NUP210 1 1 1 1 4 2 7 2 5 24
Protein SZT2 SZT2 2 1 1 1 13 13 8 3 54 114
Transformation/transcription domain-associated protein TRRAP 1 4 2 1 3 2 7 9 102 194
Uncharacterized protein KIAA1109 KIAA1109 1 8 4 1 12 11 8 2 96 227
Vacuolar protein sorting-associated protein 13B VPS13B 1 0 0 1 12 11 9 6 100 199
Vacuolar protein sorting-associated protein 13D VPS13D 1 4 3 1 7 7 11 2 83 151

* informagéo obtida no banco de dados Gene e Protein do NCBI, usando "o ID do gene cada anotagcao" e "espécie"[porgn:__txid]) (03/2018). Danio rerio txid
= 7955; Ictalurus punctatus; txid = 7998.
** informagé&o obtida no banco de dados UniProt, usando "o ID do gene de cada anotacdo (GN)" e a espécie (OR) (03/2018).
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Analise filogenética

A segunda rodada do OrthoFinder resultou em 420 ortogrupos de
copia unica (Tabela 4), esses SCOs foram alinhados e concatenados
gerando um super-alinhamento de 415.314 bases, que apos o processo de
limpeza usando o GBlocks, resultou em 260.817 bases alinhadas nas 34
espécies, produzindo uma arvore filogenética de maxima verossimilhanca
com ramos com alto suporte estatistico (Figura 2).

A arvore filogenética foi enraizada usando as trés espécies da familia
Callichthyidae (Figura 2 e Tabela 2). A topologia recuperada para as
subfamilias € a mesma da arvore gerada com os mitogenomas (Capitulo
Quatro). O ramo da subfamilia Hypoptopomatinae continua sendo
considerado monofilético e a tribo Otothyrini permanece mais préxima das
espécies de Neoplecostomini, do que de espécies Hypoptopomatini (37).
Contudo, a analise com os ortélogos nucleares ndo suporta a monofilia da
tribo Neoplecostomini, trazendo para debate as divisbes taxondmicas
recentes em tribos (12) ou subfamilias (37) desse clado.

O resultado da analise filogenética com os ortdlogos nucleares
corrobora a relagdo proxima entre as espécies Schizolecis guntheri e
Pareiorhaphis garbei encontrada com o estudo dos genomas mitocondriais.
Confirmando que essas espécies devem ser classificadas na mesma tribo, de
forma diferente que os recentes trabalhos vém fazendo (37,38).

As relacdes entre trés das espécies classificadas no clado da Peckoltia
também foram modificadas, em comparagao a arvore filogenética com os
genomas mitocondriais apresentada no Capitulo Quatro. Na arvore com base

nos dados dos ortélogo nucleares, Ancistomus snethlageae formou um grupo
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externo as espécies Peckoltia furcata e Panaqolus sp. (Figura 2); enquanto
na arvore feita com base nos genomas mitocondriais, Peckoltia furcata
formou um grupo externo as espécies Ancistomus snethlageae e Panaqolus
sp. (Capitulo 4).

Outra caracteristica importante do clado da Peckoltia € a grande
proximidade genética entre os géneros (Hypancistrus, Ancistomus, Peckoltia
e Panaqolus), observada pelo tamanho dos ramos na Figura 2, quando
comparada a distancia entre as espécies dos géneros Pterygoplichthys e
Hypostomus que compdem o clado irmdo. Lujan et al., 2015, também
encontrou ramos internos curtos entre géneros do clado da Peckoltia. Como
o comprimento dos ramos internos foram curtos e o volume da dados usados
por Lujan et al., 2015 para computar essas distancias foi muito menor do que
aquele usado neste trabalho, as relagdes encontrados por aqueles autores
foram mal resolvidas ou fracamente suportadas entre os géneros do grupo
Peckoltia.

Essa discrepancia entre a classificagcdo de espécies geneticamente
mais proximas em géneros diferentes (Peckoltia) e de espécies
geneticamente mais distantes no mesmo género (p. ex. Hypostomus)
também foi observada e discutida na analise das identidades nucleotidicas

entre os genomas mitocondriais no Capitulo Quatro desta tese.
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Figura 2: Arvore filogenética de maxima verossimilhanga da familia Loricariidae. Produzida a
partir do super-alinhamento de 420 ortogrupos de cépia Unica, somando 260.817 bases. Os
valores de suporte do Bootstrap sdo mostrados em cada n6 e sdo baseados em 1000
réplicas. Espécies da familia Callichthyidae foram usadas como grupo externo. As
subfamilias de Loricariidae sdo destacadas em cinza (Delturinae), amarela (Loricariinae),
verde (Hypoptopomatinae) e azul (Hypostominae). A barra de escala representa a taxa de
substituicdo de nucleotideos, usando o modelo GTR + GAMMA + I.
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Analise de evolugao molecular

A terceira rodada do Orthofinder, feita com o conjunto de dados de 11
espécies (seis da tribo Hypostomini e cindo do clado Peckoltia), identificou
2.140 SCOs. Em seguida, usamos uma sub-arvore (Figura 3) a partir da
arvore de ML gerada neste Anexo em conjunto com um modelo de ramo
(PAML) para determinar os valores de dN, dS e w em todos os 2.140 grupos
de ortologos. Foi utilizado como clado em destaque o ramo composto por
quatro espécies do clado da Peckoltia (Hypancistrus zebra, Ancistomus
snethlageae, Peckoltia furcata, Panaqolus sp.), seguindo a hipotese de que a
grande diversidade morfologica baseada em uma grande proximidade
genética poderia ser sustentada por w maiores no clado mais diverso. A
espéecie Aphanotolurus emarginatus, pertencente ao clado da Peckoltia, nao
foi colocada no clado em destaque pela grande similaridade morfolégica com
a tribo Hypostomini, particularmente com o género Hypostomus e pela maior
distancia genética em relagdo as outras quatro espécies de seu clado. O
género Aphanotolurus ja foi classificado como Hypostomus e tém uma
histéria taxonémica complicada durante a qual varios nomes ja foram
propostos (7).

O resultado da analise com o modelo de ramo mostrou que o valor
médio de w foi significativamente maior no clado em destaque do que no
clado de fundo com valor-p < 0,05 no teste de Mann-Whitney-Wilcoxon
(Figura 3), evidenciando uma aceleracdo da evolugcdo nas espécies
destacadas. Contudo, apesar do w médio para os ortélogos testados ser

maior no clado em destaque, o LRT para cada ortogrupo detectou apenas 11
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genes que melhor se ajustaram no modelo alternativo, que permite w
diferentes para cada clado, com valor-p ajustado < 0,05 (Tabela 6).

Apesar das expectativas teodricas e empiricas que a taxa de
diversidade morfoldgica esta associada a taxa de especiacédo (1,39—-41), a
hipétese de que o clado da Peckoltia teria uma taxa evolutiva maior que a
tribo Hypostomini ndo pbéde ser confirmada pelo modelo de ramo (LRT). De
fato, essa associacdo ndo € uma regra, um estudo com a familia
Plethodontidae (salamandras) mostrou que as taxas de diversificagdo de
espécies e evolugdo morfolégica analisadas ndo foram significativamente
correlacionadas, de tal forma que a rapida diversificagcdo pode ocorrer com
pouca mudanga morfologica, e vice-versa (42).

Ndo podemos negar que a relagdo exista, primeiro porque nao
medimos diretamente a taxa de especiac¢do, e segundo que o poder da nossa
anadlise pode ter sido fraco para detectar essa diferengca pela baixa
quantidade de taxa amostrados.

Entretanto, acreditamos que a causa da baixa frequéncia de
ortogrupos com w significativamente diferentes (LRT) se deva a problemas
na pratica taxonémica. A observacao de taxas de especiacdo mais altas nas
mesmas linhagens que mostram uma diversidade morfologica (39) pode ser
uma consequéncia de uma maior propensao dos taxonomistas em dividir
linhagens morfologicamente variaveis em multiplas espécies ou géneros.
Varias das espécies do clado da Peckoltia sdo separadas morfologicamente
entre si por padrées de coloragédo (6,7,17), resultando em uma baixa
confianga. ldealmente, a delimitacdo de espécies deve ser feita usando um

conjunto de critérios idénticos e quantitativos (43).
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A dificuldade de resolugdo dos ramos internos ao clado da Peckoltia
existe tanto em nivel morfologico (17), quanto molecular (12), assim como a
monofilia do género Hypostomus nao pode ser totalmente suportada em um
estudo de filogenia molecular abrangente (12). Apesar da tribo Hypostomini
possuir apenas dois géneros (sensu Lujan, 2015), € a tribo mais rica da
subfamilia Hypostominae, com 165 espécies (Tabela 1) (5), com ampla
distribuicdo geografica e também possui espécies especializadas em comer
madeira (grupo Hypostomus cochliodon, nao amostrado nesse estudo).

Nas analises de evolugdo molecular, além do modelo de ramo,
também utilizamos o modelo de ramo e sitio para identificar genes candidatos
positivamente selecionados no clado destacado. Entre os 2.140 SCOs, o LRT
detectou 73 ortogrupos com valor-p ajustado < 0,05 (tabela 7). Esse
resultado € o mais recente entre os obtidos neste trabalho e ainda nao foi
feita uma analise aprofundada a seu respeito. O préximo passo sera verificar
quais desses genes podem estar envolvidos na dindmica ecologica dessas
espécies e quais sitios estdo sendo positivamente selecionados. Apesar da
maioria dos fenotipos ser controlada por muitos genes e de muitos fenotipos
interferirem na dinamica ecoldgica de um organismo, o numero de variantes
em uma escala genbmica é tdo grande que a identificagcdo de genes que
possam estar passando por um processo de selegao positiva e a associagao
desses genes a alguns fenétipos é um ponto de partida importante para a
exploracéo das relagbes entre genotipos, fenodtipos e suas interagées com o

ambiente (44).
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Figura 3: Sub-arvore filogenética usada na analise de evolugdo molecular e boxplot das razées dN/dS estimadas a partir de cada ortogrupo, no modelo de
ramo, para os clados de fundo (azul) e em destaque (roxo).
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Tabela 6: Lista dos ortogrupos que melhor se ajustaram ao modelo de ramo e que tiveram razées dN/dS maiores no clado em destaque. Sdo apresentados
os “logLikelihood” (InL) do modelo nulo (HO, w igual para todos os ramos) e alternativo (H1, w diferentes para cada clado), o resultado do teste de razdo das
verossimilhangas (LRT), os valores-p calculados com base na estatistica do qui-quadrado e ajustados pelo método FDR, as razdes dN/dS para cada clado e
a anotacéo do ortogrupo.

Ortogrupo InL - HO InL - H1 LRT Valor-p dN/dS dN/dS Anotagéo
(2AInL) corrigido (fdr)  Clado de Fundo  Clado em Destaque  SwissProt Homo sapiens

0OG0005553  -1845,8277  -1839,1069 13,4417 0,041 0,1464 0,5620 Unconventional prefoldin RPBS5 interactor 1

OG0005863 -1658,4599  -1650,4991 15,9216 0,014 0,1507 0,7913 Neuroguidin

0G0005874  -1743,9179  -1737,0580 13,7197 0,038 0,0726 0,3315 Probable ATP-dependent RNA helicase
DDX56

OG0006055  -3221,6315  -3210,5367 22,1897 0,003 0,1845 0,9362 Fatty-acid amide hydrolase 2

OG0006606  -1418,7928  -1410,5983 16,3890 0,014 0,0073 0,1557 Protein FAM199X

0G0006665 -1799,9190  -1791,5291 16,7797 0,014 0,0121 0,2582 BUB3-interacting and GLEBS motif-
containing protein ZNF207

0G0006833 -1578,3938 -1567,8760 21,0356 0,003 0,0541 0,6029 3-hydroxyisobutyrate dehydrogenase,
mitochondrial

0G0006934  -590,3915 -582,0706 16,6419 0,014 0,1718 0,8222 39S ribosomal protein L35, mitochondrial

0G0007066  -1827,3391 -1815,2799 24,1184 0,002 0,0474 0,4278 Presenilins-associated rhomboid-like protein,
mitochondrial

0G0007486  -2271,8490 -2265,4226 12,8528 0,048 0,0509 0,4166 Translation initiation factor elF-2B subunit
gamma

0G0007619  -1013,6153  -1004,3272 18,5763 0,009 0,0001 0,3871 Serrate RNA effector molecule homolog
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Tabela 7: Lista dos ortogrupos que possuem sitios positivamente selecionados, ou seja, que melhor se ajustaram no modelo de ramo e sitio com o
pardmetro do w > 1. S&0 apresentados os “logLikelihood” (InL) do modelo nulo (HO, w <= 1) e alternativo (H1, w > 1), o resultado do teste de raz&o das
verossimilhangas (LRT), os valores-p calculados com base na estatistica do qui-quadrado e ajustados pelo método FDR e a anotagéo do ortogrupo.

Ortogrupo InL - HO InL - H1 LRT Valor-p Anotacéo

(2AInL) corrigido (fdr) SwissProt Homo sapiens
0G0005200 -841,2561 -826,7541 29,0039 5,7E-06 Syntaxin-18
0G0005223 -1399,5483 -1390,1262 18,8442 7,3E-04 Mitochondrial dicarboxylate carrier
0G0005253 -548,8007 -540,6056 16,3903 2,3E-03 Secretory carrier-associated membrane protein 1
0G0005382 -1016,0245 -997,1834 37,6823 8,8E-08 Acyl-protein thioesterase 1
0G0005417 -1157,5263  -1134,7920 45,4686 2,4E-09 Cancer-related nucleoside-triphosphatase
0G0005446 -1321,6884 -1315,4948 12,3873 1,5E-02 Non-homologous end-joining factor 1
0G0005450 -1785,8343 -1733,7768  104,1150 0,0E+00 Uncharacterized protein CXorf23
OG0005506 -1233,6739 -1226,5005 14,3467 5,8E-03 288 ribosomal protein S30, mitochondrial
0G0005527 -1147,9195 -1123,8594 48,1203 7,2E-10 Inositol oxygenase
OG0005536 -2617,9484 -2606,4830 22,9310 1,0E-04 no_hit
0G0005542 -1569,3028 -1526,6987 85,2082 0,0E+00 Insulin-like growth factor-binding protein 2
0OG0005553 -1817,2688 -1780,4163 73,7049 0,0E+00 Unconventional prefoldin RPB5 interactor 1
0OG0005565 -2752,8168 -2746,2565 13,1205 1,0E-02 Eukaryotic peptide chain release factor subunit 1
OG0005608 -2734,1762 -2720,5538 27,2448 1,3E-05 E3 UFM1-protein ligase 1
0G0005645 -860,8561 -855,1801 11,3519 2,4E-02 Protein CCSMST1
OG0005656 -2185,2244 -2175,2880 19,8728 4,4E-04 Pseudokinase FAM20A
0G0005660 -1518,4445 -1510,8386 15,2118 4,1E-03 C-type lectin domain family 4 member G
0G0005665 -928,0316 -918,7503 18,5626 8,0E-04 no_hit
0G0005698 -2603,0766 -2584,1416 37,8701 8,5E-08 Lipase member H
OGO0005771 -1244,6444 -1227,3335 34,6217 3,9E-07 Kelch domain-containing protein 3
OG0005779 -868,2252 -862,6942 11,0621 2,7E-02 Centrin-2
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Tabela 7: Cont.

Ortogrupo InL - HO InL - H1 LRT Valor-p Anotacéo

(2AInL) corrigido (fdr) SwissProt Homo sapiens
OG0005784 -2128,7575 -2122,9836 11,5479 2,2E-02 Cell cycle control protein 50A
0G0005846 -1454,4834 -1445,3005 18,3657 8,7E-04 Lysoplasmalogenase
OG0005863 -1642,3529 -1620,4819 43,7419 5,4E-09 Neuroguidin
0G0005874 -1716,2258 -1692,1230 48,2057 7,2E-10 Probable ATP-dependent RNA helicase DDX56
0G0005886 -1065,1269 -1058,9633 12,3272 1,5E-02 DnaJ homolog subfamily B member 9
0G0005920 -948,8048 -942,7601 12,0895 1,7E-02 Phosducin-like protein 3
0G0005932 -685,5285 -676,2082 18,6407 7,9E-04 Putative peptidyl-tRNA hydrolase PTRHD1
0OG0006002 -1205,1759 -1161,6058 87,1403 0,0E+00 Reticulon-3
0G0006052 -404,2630 -392,5137 23,4986 8,1E-05 TCF3 fusion partner
OG0006055 -3202,5923 -3193,6989 17,7868 1,2E-03 Fatty-acid amide hydrolase 2
0G0006211 -1875,0131  -1868,3872 13,2520 9,9E-03 V-type proton ATPase subunit S1
0G0006249 -770,4564 -753,7891 33,3346 6,9E-07 no_hit
0G0006260 -824,5782 -819,6016 9,9532 4,7E-02 Cofilin-2
0G0006382 -740,7149 -726,3893 28,6511 6,6E-06 Ribosomal protein S6 kinase beta-1
0G0006470 -1516,3447 -1497,0827 38,5240 6,5E-08 28S ribosomal protein S22, mitochondrial
0G0006533 -1255,8400 -1247,3275 17,0250 1,7E-03 Steroid receptor RNA activator 1
OG0006535 -2093,1725 -2072,2917 41,7617 1,4E-08 Chitinase domain-containing protein 1
0G0006551 -2158,2640 -2099,6134 117,3012 0,0E+00 Interleukin-10 receptor subunit beta
OG0006553 -2949,5691 -2913,7582 71,6219 0,0E+00 Non-POU domain-containing octamer-binding protein
0G0006603 -2564,3194  -2532,1410 64,3567 2,1E-13 WD and tetratricopeptide repeats protein 1
OG0006606 -1387,4890 -1372,9833 29,0113 5,7E-06 Protein FAM199X
0G0006624 -1657,6375 -1614,6076 86,0598 0,0E+00 Ubiquitin domain-containing protein UBFD1
0G0006635 -2055,7477 -2048,4151 14,6652 5,1E-03 Homocysteine-responsive endoplasmic reticulum-resident ubiquitin-like

domain member 2 protein
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Tabela 7: Cont.

Ortogrupo InL - HO InL - H1 LRT Valor-p Anotacéo

(2AInL) corrigido (fdr) SwissProt Homo sapiens
0G0006652 -1372,8690 -1362,1114 21,5151 2,0E-04 no_hit
0G0006665 -1780,0970 -1767,4109 25,3720 3,3E-05 BUB3-interacting and GLEBS motif-containing protein ZNF207
0G0006723 -1234,2375 -1221,6464 25,1822 3,5E-05 Thyroid transcription factor 1-associated protein 26
0G0006761 -904,7262 -887,9877 33,4771 6,7E-07 Protein-L-isoaspartate(D-aspartate) O-methyltransferase
OG0006770 -979,4372 -958,8669 41,1406 1,8E-08 D-dopachrome decarboxylase
OG0006833 -1548,1223 -1514,5435 67,1577 5,3E-14 3-hydroxyisobutyrate dehydrogenase, mitochondrial
0G0006934 -576,4880 -571,4424 10,0912 4,4E-02 39S ribosomal protein L35, mitochondrial
0G0006971 -377,2381 -365,5092 23,4577 8,1E-05 Protein FAM177A1
0OG0006983 -934,4727 -911,0175 46,9104 1,2E-09 Protein Mpv17
0G0007020 -1126,3945 -1116,6171 19,5549 5,1E-04 Ancient ubiquitous protein 1
0G0007066 -1802,9779  -1792,9354 20,0851 4,1E-04 Presenilins-associated rhomboid-like protein, mitochondrial
OG0007070 -1552,9767 -1547,0352 11,8830 1,9E-02 Probable tRNA N6-adenosine threonylcarbamoyltransferase
OG0007084 -1649,3224 -1641,7996 15,0457 4,4E-03 C-type lectin domain family 4 member K
OG0007103 -1644,4888 -1637,1110 14,7556 5,0E-03 NEDD8-activating enzyme E1 regulatory subunit
0G0007112 -1366,0972 -1351,2771 29,6403 4,5E-06 Androgen-induced gene 1 protein
OG0007155 -1738,4892 -1687,7351 101,5082 0,0E+00 Caldesmon
O0G0007170 -1518,7181  -1499,9083 37,6197 8,8E-08 Solute carrier family 25 member 33
0G0007205 -1577,7063 -1571,9673 11,4779 2,3E-02 39S ribosomal protein L2, mitochondrial
0G0007252 -1169,6006 -1164,3374 10,5264 3,6E-02 PDZ and LIM domain protein 1
OG0007305 -1116,7128 -1111,1386 11,1484 2,6E-02 Ubl carboxyl-terminal hydrolase 18
OGO0007315 -2465,8613 -2455,2636 21,1954 2,3E-04 Saccharopine dehydrogenase-like oxidoreductase
0G0007408 -857,5029 -851,7122 11,5815 2,2E-02 Sodium/bile acid cotransporter 7
0G0007456 -1031,5567 -1024,7952 13,5230 8,9E-03 Regulator of G-protein signaling 4
0G0007459 -620,6622 -613,3754 14,5737 5,3E-03 ATP synthase-coupling factor 6, mitochondrial
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Tabela 7: Cont.

Ortogrupo InL - HO InL - H1 LRT Valor-p Anotacéo
(2AInL) corrigido (fdr) SwissProt Homo sapiens
OG0007512 -1888,2891 -1880,8425 14,8933 4,7E-03 Mitoferrin-2
OG0007535 -1948,2397 -1940,2205 16,0384 2,7E-03 Cap-specific mRNA (nucleoside-2'-O-)-methyltransferase 1
0G0007619 -993,9903 -980,9624 26,0559 2,4E-05 Serrate RNA effector molecule homolog
0G0007644 -990,9149 -979,6345 22,5609 1,2E-04 28S ribosomal protein S11, mitochondrial
0OG0007655 -2265,8969 -2259,2442 13,3055 9,8E-03 tRNA-dihydrouridine(47) synthase [NAD(P)(+)]-like
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CONCLUSOES PARCIAIS

Este é o primeiro trabalho a fazer uso do sequenciamento de acidos
nucléicos de alto desempenho para o estudo desse grupo de espécies,
promovendo o conhecimento sobre a diversidade genética, taxondmica,
filogenética, funcional e fenotipica da fauna de peixes neotropicais. O
sequenciamento, a montagem, a anotacéo e a analise dos 40 transcriptomas
de 34 espécies da subordem Loricarioidei permitiu, até o momento, concluir:

¢ A filogenia inferida, a partir dos ortdlogos nucleares, ressalta a divisdo
taxondmica controversa da subfamilia Hypoptopomatinae e do clado
da Peckoltia.

e A estratégia para inferéncia de ortologia desenvolvida neste trabalho
foi eficaz para a identificagado de expansdes génicas.

e A identificacdo de apenas 11 ortogrupos (dentre os 2.140 SCOs) que
melhor se ajustaram no modelo alternativo de ramo refuta a hipotese
que uma alta diversidade morfolégica esteja relacionada a uma alta
frequéncia de substituicbes ndo sinbnimas e destaca os problemas
referentes as delimitacdes taxondmicas.

e Os genes que exibem assinaturas de seleg&o positiva servirdo de base
para novas investigagdes que visam entender a relagdo desses genes
aos fenotipos adaptativos e a sua correlagéo ecoldgica.

e Os recursos transcriptdmicos produzidos por esse estudo irdo compor
bancos de dados publicos, reduzindo a lacuna genética existente e
fornecendo a base para novos estudos sobre a histdria evolutiva
desses peixes e potenciais descoberta de genes e transcritos

genuinamente novos.
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