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RESUMO

Cromossomos B (ou simplesmente Bs) sdo elementos cromossémicos
adicionais presentes em uma grande variedade de espécies de eucariotos.
Apesar de muitos trabalhos reportarem a distribuicdo de cromossomos B em
varias especies, uma teoria definitiva sobre a origem e manutencao deste
elemento ainda nao foi elaborada, mostrando que mais estudos sao
necessarios. Tendo em vista que as técnicas de citogenética classica e
molecular ndo sao capazes de responder muitas questdées em relacédo aos
cromossomos B, é importante procurar respostas a nivel molecular. Micro-
RNAs sao pequenas moléculas de RNA com tamanho variando de 17 a 25
nucleotideos, e que agem como controladores pés-transcricionais se ligando a
RNAs mensageiros, e silenciando sua atividade, moldando assim o panorama
funcional da célula. Entre espécies de peixes ciclideos, Astatofilapia latifasciata
possui de um a dois grandes cromossomos B heterocromaticos. Considerando
micro-RNAs como reguladores de expressdo génica, efeitos trazidos pela
presenca de cromossomos B foram analisados baseando-se na espressao
diferencial de micro-RNAs utilizando técnicas de sequenciamento de préxima
geracao, de modo a obter mais informagcbes em relacao aos efeitos que
cromossomos B causam no genoma hospedeiro. Os dados obtidos mostram
que a presenga do cromossomo B na espécie Astatotilapia latifasciata
apresenta um certo impacto no perfil de expressdo de miRNAs, resultando no
controle de um grande numero de genes, com destaque para genes envolvidos
com processos de divisdo celular e desenvolvimento. Também foi observado
que tais efeitos ocorrem de uma forma dependente do tecido analisado. Deste
modo, nossos dados trazem forte evidéncia de que os cromossomos B nido sao
elementos inativos como imaginado antes, mas de fato podem interferir in

processos biolégicos muito importantes.



ABSTRACT

B chromosomes (Bs) are additional chromosomal elements found in a
high diversity of eukaryote groups including yeast, plants and animals. Despite
thousands of reports describing the distribution of this chromosome type, a
comprehensive theory for its origin, maintenance and evolution has not
emerged, and new studies are necessary. Since most cytogenetic techniques
does not answer major questions surrounding Bs, it is important to look at the
molecular level in order to go further. MicroRNAs are small single nucleotide
RNA molecules, ranging from 17 to 25 nucleotides that act as a post-
transcriptional controller, binding and silencing mRNAs, consequently shaping
the genomic profile of expressed genes. Among cichlid fish species,
Astatotilapia latifasciata might carry 1-2 large heterochromatic B chromosomes.
Considering miRNAs as major players in gene regulation we analyzed the
effects of Bs on host individuals through microRNA analysis based on next-
generation sequencing data in order to better understand B chromosome
biology. The obtained data shows that the presence of the B chromosome in the
species under study presents a huge impact on the miRNA expression profile,
resulting in a influence over a high number of genes, where many of them are
related to cell cycle control. It was also observed that B chromosome effects
take place in a tissue-dependent fashion. In this way, our data give strong
evidences that B chromosomes are no longer inactive elements as expected
before, but indeed can interfere in very important biological process of cells and

organisms.
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1. REVISAO DE LITERATURA
1.1.  Cichlidae — Modelo de estudo

Inserida na ordem Perciformes - considerada a maior ordem existente de
vertebrados - encontram-se os peixes da familia Cichlidae, a qual possui mais
de 3.000 espécies (Kocher, 2004). Tal familia é dividida em quatro sub-familias,
sendo elas Etroplinae, Ptychochrominae, Pseudocrenilabrinae e Cichlinae. A
especie Asftatotilapia latifasciata, encontra-se inserida na sub-familia
Pseudocrenilabrinae (Smith et al. 2008) originaria do continente africano.
Outras sub-familias (Cichlinae, Etroplinae e Ptychochrominae) séao
caracteristicas da regido Neotropical, india e Madagascar, e Madagascar,

respectivamente.

A grande diversidade de ciclideos presente nos grandes lagos africanos
tem despertado interesse em pesquisadores da areade biologia evolutiva, pois
aproximadamente 2.000 espécies sofreram um rapido processo
dediversificacdo nos ultimos 10 milhdées de anos (Kocher, 2004), o que
representa um periodo evolutivo relativamente curto, evidenciando a alta

capacidade de diferenciacao deste grupo.

A capacidade de suportar grandes variagdes ambientais € também
observada nos ciclideos. Por exemplo, a espécie Orechromis alcalicus grahami
suporta viver em aguas extremamente salinas (com pH de até 10,5) e/ou
extremamente quentes como em lagoas préximas ao lago Magadi (Kénia)
(Maina, 2000). A alta plasticidade fenotipica presente neste grupo (Pfennig and
Ehrenreich, 2014; Schneider et al. 2014) pode ser considerada responsavel
pela consideravel radiagdo adaptativa de membros desta familia nos variados

ambientes dos lagos africanos.



Os peixes desta familia também sao bastante apreciados para
alimentacdo, pesca esportiva e aquariofiia. Em tal contexto, a espécie
Oreochromis niloticus (comumente denominada “Tilapia do Nilo”) € vista como
a mais apreciada para consumo, por conta de seu rapido desenvolvimento,
facilidade de cultivo, elevada capacidade de adaptacdo e carne de sabor
agradavel. As espécies do género Cichla (comumente denominadas
“Tucunarés”) sao apreciadas para consumo e pesca esportiva. Adicionalmente,
outras espécies, por apresentarem padrdes de coloragao bastante variados e

marcantes, sdo apreciadas para aquariofilia.

Considerando estudos cromossémicos, grande parte das informagdes da
familia Cichlidae concentra-se basicamente na espécie Oreochromis niloticus.
Para as demais espécies, tais informacgdes sdo em sua grande maioria restritas
a analises de citogenética classica. Apesar disso, alguns estudos mais atuais
tém trazido informagdes acerca da composicao e organizagdo genbmica de
espécies desta familia (Mazzuchelli e Martins2009; Teixeira et al.2009; Valente

et al. 2011; Mazzuchelli et al. 2012).

Atualmente também tem sido utilizadas tecnologias de sequenciamento
de proxima geragao para obtencdo dados em larga escala, com finalidade de
buscar informagdes mais detalhadas em relacado a problemas como (i) rapida
radiacao adaptativa dos ciclideos Africanos (Brawand et al. 2014), (ii) analises
mais aprofundadas em conteludo e evolu¢do de cromossomos B (Valente et al.

2014) e (iii) plasticidade fenotipica (Schneider et al. 2014).

1.2. Cromossomos supernumerarios



Cromossomos supernumerarios, também conhecidos como
cromossomos B ou denominados simplesmente “Bs”, sdo cromossomos extras
aos cromossomos autossémicos (denominados complemento A), que se
encontram presentes em 10-15% das espécies eucariotas (Camacho et al.
2000; Camacho, 2005). Atualmente este numero pode ser muito maior, uma
vez que espécies animais e vegetais sao constantemente descobertas como
portadoras de Bs, como observado em Yoshida et al. (2011), onde mais de 10
novas espécies de ciclideos africanos foram detectadas como possuidoras de
Bs.

Cromossomos B tém sido encontrados em diversos grupos, e
representam um problema bastante interessante do ponto de vista evolutivo e,
ultimamente, também do ponto de vista funcional. Estes cromossomos
possuem um enorme potencial de nos ensinar sobre evolugédo de genomas nos
mais variados grupos em que sado encontrados. Algumas espécies de ciclideos
foram detectadas como portadoras de chromossomos B. Tais espécies estao
distribuidas tanto pela américa do sul, quanto pelo continente africano
(Feldberg et al. 2003, Feldberg et al. 2004, Poletto et al. 2010a, Fantinatti et al.
2011, Yoshida et al. 2011). Dentre os ciclideos com cromossomos B,
Astatotilapia latifasciata (Figura 1), pode apresentar um ou dois grandes

cromossomos B em seu cariétipo (Figura 2).
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Figura 1: Macho adulto da espécie Astatotilapia latifasciata.
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Figura 2: Cariétipos da espécie Astatotilapia latifasciata evidenciando (a) condicao

normal, (b) presenca de 1 ou (c) 2 cromossomos B. Barra indica 5 um. (Poletto et al.

2010a, com autorizagao dos autores).
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Cromossomos B podem apresentar “drive” e, por conta disto, sao
denominados “elementos parasitas”, pois tal peculiaridade faz com que
permane¢cam no genoma (Camacho et al. 2000). Sendo assim, normalmente o

individuo que porta cromossomos B tem seu genoma denominado “hospedeiro”.

Cromossomos B podem apresentar muitas variagbes. Tais variagdes
podem ocorrer em se tratando de tamanho, numero ou morfologia, que podem
ser encontradas dentro de uma mesma espécie, ou até mesmo dentro de um
mesmo individuo, como relatado por diversos estudos (Kasahara, 1982,
Trifonov et al. 2002; Szczerbal e Switonski, 2003; Moreira-Filho et al. 2004).
Neste sentido, cromossomos B podem ser tdo pequenos quanto um simples
ponto, sendo também chamados de "dotf-like” (Trifonov et al. 2002), ou podem
ser encontrados em formas tao grandes quanto o maior par do complemento A
(Maistro et al. 1992; Poletto et al. 2010). Também podem chegar a ser
considerados gigantes gendmicos, atingindo assim tamanhos superiores aos
maiores pares de cromossomos de todo o cari6tipo como visto na espécie de
peixe Alburnus alburnus, detendo até o momento a posicdo de maior
cromossomo B encontrado para vertebrados (Ziegler et al. 2003; Schmid et al.

20086).

Cromossomos B apresentam geralmente uma morfologia distinta dos
outros cromossomos do complemento A. Tais variagbes também estao
associadas a conteudo gendmico, sendo que a grande maioria dos
cromossomos B descritos mostram-se heterocromaticos e repletos de
elementos repetitivos, salvo algumas exce¢des onde Bs eucromaticos foram

detectados, como visto na planta Scilla vvedenskyi (Greilhuber et al. 1976), no
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peixe Characidium cf. zebra (Venere et al. 1999) e no roedor Apodemus

flavicollis (Tanic et al. 2005).

Cromossomos B sao conhecidos por nao apresentarem recombinacgdes
entre si quando presentes em grande numero, hem com outros cromossomos
do complemento A. Apesar disso, existem evidéncias de que recombinacgbes
ocorram em cromossomos B da espécie de mamifero Vulpes vulpes (Basheva

et al. 2010).

A presenca deste elemento no genoma hospedeiro pode trazer inumeros
resultados ao fitness do hospedeiro. Existem casos onde a presenca deste
cromossomo pode afetar beneficamente o hospedeiro (Zima et al. 2003) por
meio de efeitos heteréticos. Em outros casos, tais efeitos podem manifestar-se
de forma deletéria (Jones et al. 2008) fazendo com que o hospedeiro apresente
problemas quando em presenca de Bs. Teruel et al. (2011) relatam um caso
onde diferentes linhagens de cromossomos B causam um decréscimo na
expressdo da proteina Hsp70no gafanhoto Eyprepocnemis plorans. Por se
tratar de uma proteina de resposta a estresse, reflete a direta relacdo que
cromossomos B possuem com o fitness do hospedeiro. Esta espécie de
gafanhoto também apresenta cromossomos B com diferentes niveis de
parasitismo, resultando em variados niveis de quiasmas observados (Camacho
et al. 2002; Camacho, 2005) em resposta ao efeito de drive apresentado pelo

cromossomo B.

Cromossomos B possuem uma ampla variedade de formas de
surgimento. A analise de sequéncias compartilhadas entre o complemento A e
B € uma forma de obter informacdes sobre sua origem (Beukeboom, 1994). Se

sequéncias sao compartilhadas entre um dado cromossomo B e seu
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complemento A, pode tratar-se de uma forma intra-especifica de origem,
representada aqui por aquela quando o cromossomo B €& originado por
segmentos do proprio genoma em que se encontra (Sapre e Deshpande, 1987;
Schartl et al. 1995; McAllister e Werren, 1997). Origens inter-especificas
também sao possiveis, e sdo geralmente notadas quando séo encontradas no
cromossomo B sequéncias que estio ausentes no complemento A da espécie
hospedeira, porém presentes no genoma de uma espécie proxima (McAllister e
Werren, 1997). Ultimamente, com o uso de tecnologias de sequenciamento de
préxima geragcdo, tem sido detectado em cromossomos B até mesmo

sequéncias oriundas de organelas citoplasmaticas (Martis et al. 2012).

O sequenciamento completo dos genomas de varias espécies de
ciclideos (Brawand et al. 2014), associado a novas abordagens em
bioinformatica, compreendem um conjunto de ferramentas de extrema
importancia para a contribuicdo da elucidagcao dos mecanismos que norteiam a
origem e evolugdo de cromossomos supernumerarios. Isto nao se aplica
somente ao grupo de peixes, mas em um panorama mais amplo, contribuindo
também para um melhor entendimento dos processos evolutivos de uma forma

geral.

Embora sequenciamentos gendmicos vem contribuindo massivamente
para um conhecimento mais aprofundado dos aspectos evolutivos, é
necessario que haja uma maior atengcéo em relacao a analise prévia da espécie
estudada. Isto deve ser realizado com base em cariotipagem prévia da espécie
modelo do estudo, antes que seja executado o sequenciamento completo de
seu genoma. A presenca de cromossomos B em um genoma sequenciado,

pode resultar em maiores dificuldades durante o processo de montagem do
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genoma, ou até mesmo ocasionar erros na montagem do genoma. Isto ocorre
em decorréncia da grande quantidade de genes degradados e/ou duplicados
gue possam estar presentes nos cromossomos B (Valente et al. 2014), e até
mesmo por outros elementos que sdo comumente encontrados em grande

numero nestes cromossomos.

Estudos mais atuais trouxeram informagdes mais detalhadas em relacao
a composicao de tais cromossomos. Foi observado em Mycosphaerella
graminicola que cromossomos extras possuem uma alta quantidade de genes,
sendo varios relacionados a processos de divisao celular (Goodwin et al. 2011).
A presenca de genes em cromossomos B também foi observada para
Astatotilapia latifasciata onde, igualmente para M. graminicola, grande
quantidade destes genes € associada a processos de divisdo celular (Valente
et al. 2014). Em relagao a conteudo, foi observado em Secale cereale que além
de segmentos provenientes de cromossomos do complemento A, também
encontram-se insertos de DNA organelar (Martis et al. 2012). Funcionalmente,
foi observado também que em Secale cereale, fragmentos de pseudo-genes
sao ativos, e apresentam comportamento variavel dependente do tecido
analisado (Banaei-Moghaddam et al. 2013). Analises em larga escala tendo
como base mMiIRNAs mostram-se eficazes para obtencdo de informacgdes
relacionadas a cromossomos B, uma vez que a presenca de tais cromossomos

resultam em efeitos nos organismos hospedeiros.

1.3. RNAs ndo codificantes com énfase em Micro-RNAs

Non-coding RNAs (ncRNAs) representam uma classe de RNAs que nao

resultarao em proteinas. Inumeras classes de ncRNAs sdo conhecidas, dentre
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elas os RNAs transportadores (tRNAs) responsaveis pelo transporte de
aminoacidos durante a sintese de proteinas, RNAs ribossomais (rRNAs)
responsaveis pela formagao dos ribossomos, pequenos RNAs nucleares
(snRNAs) e pequenos RNAs nucleolares (snoRNAs). ncRNAs regulatérios sao
divididos em classes de acordo com seu comprimento. ncRNAs longos séo os
que apresentam tamanhos maiores que 200 pb. Pequenos ncRNAs
apresentam tamanhos menores que 200 pb. Dentro da classe de pequenos
ncRNAs ainda existem os micro-RNAs (miRNAS) e PIWI-interacting RNAs
(piRNAs). MiRNAs sao pequenas moléculas de RNA contendo geralmente de
18 a 22 nucleotideos (Bartel, 2004; Chen et al, 2014), que agem como
reguladores  pés-transcricionais, envolvendo-se na degradagcédo e/ou
silenciamento de RNAs mensageiros (mMRNAs) de acordo com um certo grau
de complementariedade. Tal controle poés-transcricional se da pela
incorporagcdo do miRNA a um complexo protéico denominado RISC (RNA
Induced Silencing Complex) onde o miRNA serve de guia para que regides
complementares sejam encontradas e resulta na degradacao de um mRNA ou
nainibicao de sua traducao, o que representa um processo bastante complexo,
envolvendo participacdo de inumeras proteinas (Jonas and lzaurralde 2015).
Os primeiros miRNAs descobertos foram descritos em Caenorhabditis elegans
(Lewis et al. 2003), tendo sido denominados /in-4 e let-7. Posteriormente
miRNAs foram sendo descobertos também em outras espécies. Em peixes,
miRNAs foram primeiramente descritos e caracterizados para Danio rerio
(espécie comumente denominada zebrafish — tida como um importante modelo
biol6gico), onde verificou-se a importdncia destes elementos para varias

funcdes (Giraldez et al. 2005).
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Os niveis de expressao de determinados miRNAs variam de acordo com
o tempo e tecido. Por exemplo, durante a formagcao dos olhos em zebrafish,
miR-181a e b sdo expressos expecificamente no tecido da retina (Kapsimali et
al., 2007). MiRNAs também sao bastante importantes durante os processos de
diferenciacao sexual. Em Hippoglossus hippoglossus, por volta de 17 miRNAs
foram detectados como altamente expressos em ovarios. Em testiculos, 14
miRNAs foram detectados como diferencialmente expressos, ambos os grupos

apresentando um fold-change de ao menos 2 (Bizuayehu et al. 2012).

MiRNAs sao transcritos a partir de diversas regidées do genoma. Estas
regides gendmicas transcricionais dos miRNAs podem estar organizadas de
forma individual, ou ainda em clusters, podendo localizar-se em regides de
éxons ou introns. Inicialmente a trasncricdo € realizada pela RNA polimerase Il
ou lll resultando nos pri-miRNAs. A enzima Drosha entdao processa estes
elementos em fragmentos de aproximadamente 70 nucleotideos de
comprimento, ainda em formatos de hairpins, que sado entdo levados ao
citoplasma por intermédio da exportina-5. A enzima Dicer entao realiza o ultimo
processamento, resultando em sequéncias de 18-22 nucleotideos,
caracterizando seu estado maduro (Figura 3). Apo6s atingir seu estado
estrutural maduro, tais miRNAs adquirem funcionalidades que englobam desde
o controle do desenvolvimento dos inumeros tecidos durante os processos de
diferenciacao celular, até a manutencao de fung¢des basicas, como por exemplo,

regeneragao e manutencao de tecidos e respostas a estresse.

A funcionalidade dos micro-RNAs se da por conta da insercdo destes
elementos em grandes complexos protéicos denominados RISC (RNA Induced

Silencing Complex) (Bartel et al. 2004). Apés sua inser¢cdo em tais complexos,
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os miRNAs servem de guia para que todo o complexo de ligue em
determinadas regides dos RNAs mensageiros, causando assim, a completa
degradacdo ou quebra dos segmentos de mRNA, resultando por final na
diminuicado ou até mesmo na inibicdo da expressao do gene. A regidao dos
mMRNAs que normalmente é alvo de interacdes entre miRNAs sao as 3'-UTRs,
embora existam casos em que outras regides sao sujeitas a interagcdes com
miRNAs. Isto & observado no virus HIV-1, onde miR-146a tem como alvo uma
regiao da proteina do capsideo do virus (Chen et al 2014), o que resulta em

uma diminui¢ao da produgao viral.
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Figura 3: Esquema da biogénese dos microRNAs em metazoarios. Adaptado de Bartel

2004.

Pareamentos de miRNAs com seus alvos em espécies animais, nao
obedecem simplesmente a complementaridade entre ambas as partes
(pareamento denominado “watson-and-crick”) que € comumente observada em
espécies vegetais. Tais pareamentos podem ocorrer de varias formas
diferentes, o que dificulta a criagdo dos métodos de predicdo de alvos. Tais

formas de pareamento se resumem basicamente a trés tipos: candnico,
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suplementar e compensatério. O tipo de pareamento candnico, ainda se divide
em outras formas diferentes, dependendo da presenga de uma adenina na
regiao seed e também do tamanho da referida regiao (Figura 4a). A regiao
seed € uma regiao localizada na extremidade 5’ do miRNA, e & caracterizada
por uma regiao onde um pareamento perfeito ocorre na grande maioria das
vezes (Witkos et al. 2011). Para o pareamento suplementar, a regido seed
aparece como um pareamento perfeito, adicionado de trés ou quatro outros
pareamentos perfeitos localizados na outra extremidade do miRNA, geralmente
nas posicdes 13-16 (Figura 4b). Para o pareamento compensatério, um
mismatch aparece na regiao seed, seguido de pareamentos perfeitos nas
posicdes 13-16 do miRNA (Figura 4c). Tais variagdes nas formas como um
determinado miRNA se liga a uma regiao alvo, faz com que tal miRNA possua
uma ampla quantidade de possibilidades, resultando em um elevado numero

de genes em que possa atuar.

miRNA

5 nGeucAG 3
a SRR
- NACGAGUC
mRNA
miRNA
b 5 GCUCAGNNNNNAGUC 3
SEERR Y
++*NNCGAGUC, NUCAG
mRNA
miRNA
& 5 GC CAGNNNNNAGUC 3

NN N
CGNGUCY, NUCAG

mRNA

Figura 4: Exemplos de diferentes formas de interacdo miRNA:mRNA. Regido seed é
apresentada em vermelho. Pareamentos suplementares e compensatérios sao

apresentados em azul. Adaptado de Witkos et al. 2011.
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Varias ferramentas computacionais foram produzidas para realizar
predicao de interagdes entre miRNAs e mRNAs. Porém, pelo fato de que néo
ha um conhecimento muito bem estabelecido em relacao as leis que governam
os pareamentos MIRNA-mRNA em grupos animais, desenvolvedores de
softwares acabam por basear seus algoritmos em diferentes métodos para a
analise de possiveis alvos, o que normalmente gera um certo numero de falsos
positivos, levando a conclusdes errbneas, caso a atencao devida nao seja
aplicada. A alta discrepancia entre a forma como miRNAs pareiam com seus
alvos é tao grande, que softwares especificos para espécies vegetais e animais
foram produzidos (Witkos et al. 2011). Tal fato torna necessario que dados
obtidos por tais preditores passem por um processo de validacao experimental,
0 que contribui diretamente com a melhoria de tais algoritmos, diminuindo por

consequéncia o numero de falsos positivos preditos.

Considerando de que miRNAs sido elementos que desempenham
importantes fungdes referentes a controle de processos bioldgicos, analises de
tais controladores podem representar ferramentas eficazes para obtencéo de

informacdes relacionada a atividade de cromossomos B.
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2. OBJETIVOS
2.1.  Objetivo geral e justificativa

Tendo em vista que os efeitos da presenca de cromossomos B no
genoma hospedeiro encontra-se ainda para ser elucidado, o presente trabalho
teve por objetivo anadlises dos efeitos causados pela presenca destes
cromossomos tendo como modelo a espécie de ciclideo africano Astatotilapia

latifasciata, portadora de um ou dois grandes cromossomos B.

Tais estudos foram executados com énfase no perfil molecular,
baseando-se em analise in silico em larga escala de expressao de miRNAs em
carater comparativo entre amostras de tecidos de animais OB e 1B. Estas
analises foramr ealizadas em duplicatas/triplicatas biolégicas, considerando-se
os dois sexos e quatro diferentes tecidos (cérebro, musculo, génadas e

branquias), totalizando 40 bibliotecas sequenciadas e analisadas.

Tal estudo mostra-se promissor para o conhecimento evolutivo e
funcional de genomas de ciclideos, com énfase aos efeitos causados pela

presenca de cromossomos B.

2.2. Objetivos especificos

Desenvolvimento de marcadores moleculares, baseados em PCR e
gPCR, para genotipagem de individuos quanto a presenca de cromossomos B

em carater qualitativo e quantitativo;
Analises in silico de perfis de expressdo de miRNAs conhecidos;

Predicao e analises in silico de perfis de expressdo de novos miRNAs;
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Geracao de redes de interagcdo miRNA-mRNA e identificagdo de genes

alvos.

Identificacdo de processos biolégicos relacionados a presenga/auséncia

de Bs.
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3. MATERIAL E METODOS
3.1.  Amostragem

Foi utiizada a espécie de ciclideo africano Astafotilapia latifasciata
amplamente difundida na aquariofilia, como modelo de estudo para conduzir a
presente proposta de pesquisa. Esta espécie é natural dos lagos Kyoga e
Nawampasa (lagos satélites do lago Vitéria, na Africa). Tais animais foram
obtidos a partir de lojas de aquariofilia da cidade de Botucatu/SP que oferecem

ciclideos de pequeno porte para a comunidade aquariofilista da regiao.

Os animais foram transportados ao biotério do Laboratério Genémica
Integrativa, localizado no Instituto de Biociéncias da UNESP, Campus de
Botucatu, e mantidos em ambiente controlado em se tratando de temperatura,
alimentacdo e luminosidade. Os animais foram mantidos em tais condicées
durante todo o processo de genotipagem, até o momento de coleta de tecidos

para posteriores analises.

3.2. Extragdo de DNA genémico

As extracdes de DNA gendmico utilizando tecidos das nadadeiras foram
realizadas por meio do kit DNeasy (Qiagen), seguindo as especificagdes do
fabricante. Tal extracdo objetivou a obtencdo de material para realizacao das
genotipagens quanto a presenga/auséncia de cromossomos B, bem como seu
namero, tendo em vista que até dois cromossomos B foram encontrados nesta

espécie (Poletto et al. 2010; Fantinatti et al. 2011).

3.3.  Genotipagem

24



3.3.1. Genotipagem qualitativa

Para a obtencao de preparagdes citogenéticas, utiliza-se normalmente
um processo de infeccao por fungos através de injecao intraperitonial,
causando assim um aumento na taxa de divisao celular, seguido da coleta do
tecido dos rins e processos especificos para obtencdo de preparagdes
cromossdmicas (Bertollo et al. 1978). Tal procedimento se torna inviavel, de
acordo com os passos posteriores, por se tratar de extracdo e analise de
expressao de micro-RNAs. Frente a isto, tornou-se necessaria a criagdo de um
método capaz de detectar a presenga de cromossomos supernumerarios sem
gque houvesse a necessidade de sacrificio do animal estudado, envolvendo
tratamento prévio que tivesse efeito na fisiologia do organismo levando a

possiveis alteragdes nos perfis de expressao génica.

Para o marcador qualitativo, um cromossomo B foi microdissectado
utilizando um microscopio invertido (Olympus [X51) com ajuda de um
micromanipulador (Narishige, Tokyo, Japan). O material microdissectado foi
entao transferido para tubos onde uma amplificacdo utilizando o kit Genome
Plex® Single Cell - Whole Genome Amplification - WGA4 (Sigma-Aldrich, St.
Louis, MO, USA) foi realizada, seguindo as instru¢cdes do fabricante. O produto
da amplificagao foi purificado usando o kit GenEluteTM PCR Clean-Up (Sigma-
Aldrich). Os produtos purificados foram utilizados para sequenciamento de
préxima gerancao ou reamplificados para obtencao de sondas a serem usadas

em experimentos de FISH para validagao dos fragmentos (Figura 3).

Para a reamplificagcdo, uma reacg¢ao utilizando o kit WGA3 (Genome

Plex® Whole Genome Amplification - WGA3, Sigma-Aldrich) o
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nucleotideodigoxigenina 11-dUTP foi incorpodado aos fragmentos de modo a

marcar a sonda.

Figura 3: FISH evidenciando sonda do cromossomo B microdissectado hibridada ao

cromossomo B.

DNA gerado por meio da amplificagdo total do cromossomo B
microdissectado foi sequenciado utilizando a plataforma 454 GS Jr. (Roche,
Basel, Switzerland) e os fragmentos do sequenciamento foram montados
utilizando o software Newbler. Os contigs montados foram analisados por meio
do algoritmo BLAST, utilizando a cole¢do de nucleotideos do NCBI. Contigs
apresentando hits com species de peixes foram recuperados e entdo uma
busca por regides especificas do cromossomo B foi realizada. Primers para
PCR convencional foram desenhados sobre regides apresentando mutagdes
especificas do cromossomo B juntamente com primers reversos, e controles

positivos que foram desenhados em regides conservadas. Tais primers foram
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desenhados para serem aplicados em uma reacao de PCR multiplex, de modo
que somente um fragmento (fragmento controle) fosse amplificado em DNA
sem cromossomos B, e dois fragmentos (fragmento controle + fragmento

especifico) fossem amplificados em amostras contendo cromossomos B.

A melhor temperatura de anelamento foi testada por meio de uma
termociclagem com um gradiente de temperatura de anelamento variando de
45 a 65°C. As reacgdes foram preparadas da seguinte forma: 1 U de Platinum
Tag DNA Polymerase, 1.5 mM de MgCl,, tampdo RXN a 1 X, 0.32 mM de
dNTP, 0.2 uM de cada primer (totalizando 0.6uM de primers) e agua ultrapura
para completar 25 pl. Ciclagens de temperatura foram realizadas da seguinte
forma: 5min a 95°C, 34 x (1min a 95°C, 30seg a 50°C, 45seg a 72°C) e 5min a

72°C. O material foi entdo analisado em gel de agarose 1%.

3.3.2. Genotipagem quantitativa

As amostras previamente detectadas como portadoras de cromossomos
B (B+) foram avaliadas quanto a quantidade de tais cromossomos. Tais
analises se deram através de um marcador molecular com base em PCR
quantitativo (qPCR) capaz de detectar diferentes numeros de cépias de
determinado segmento entre varias amostras.

DNA gendmico de amostras 0B e 2B, genotipadas citogeneticamente,
foram submetidas a sequenciamento por meio da plataforma Illumina. Tal
material foi fragmentado em porgdes medindo por volta de 500 pb usando um
Ultrasonicador S220 (Covaris Inc., Woburn, MA, USA). As bibliotecas
separadas foram preparadas utilizando o kit TruSeq DNA sample preparation

kit ver.2 rev.C (lllumina Inc., San Diego, California, USA). Sequenciamentos em

27



modo “paired-end’ foram executados em /anes separados para cada amostra
por meio da plataforma lllumina HiSeq 1000.

Os reads resultantes do sequenciamento de ambas as amostras 0B e 2B
foram separadamente submetidos a alinhamento contra o genoma de
referéncia do ciclideo Mefriaclima zebra, disponivel no banco de dados
Bouillabase (http://cichlid.umd.edu/cichlidlabs/kocherlab/bouillabase.html),
utilizando o software Bowtie2 (Langmead e Salzberg, 2012). Os resultados dos
alinhamentos foram submetidos a uma analise de taxas de cobertura entre os
dois grupos de dados, de acordo com Valente et al. 2014, e as regides com
altas taxas de cobertura foram selecionadas para realizagao de qPCR.

As reagdes de gPCR foram realizadas utilizando DNAs conhecidos de
amostras previamente genotipadas citogeneticamente. Foram utilizadas trés
amostras diferentes para cada gendétipo (3x0B, 3x1B e 3x2B). Estas mesmas
amostras foram utilizadas como controle nas reagdes de qPCR posteriores.

Os experimentos de gPCR foram realizados da seguinte forma:
Primeiramente as amostras foram diluidas para uma concentragdo padrao de
30ng/pl, e tal concentracao foi confirmada por meio de espectrofotometria por
meio do equipamento Nanovue (GE). O mix de reacao foi preparado usando
GoTaq qPCR Master Mix (Promega) 1X, adicionado de 0,16 uM de cada primer,
600ng de DNA e agua ultrapura para completar 75 pl. O gene
phosphoribosyltransferase (HPRT) amplamente utilizado em experimentos de
gPCR, foi utilizado como gene controle para as analises dos dados que foram
obtidos por meio de “gene dose ratio” (GDR) (Bel et al. 2011).

Ap6s os primeiros testes utilizando amostras conhecidas, novas

amostras foram analisadas utilizando somente uma amostra controle para cada
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gendtipo. Os animais foram entdo separados em trés grupos distintos, de
acordo com os resultados das genotipagens (0B, 1B e 2B). Tais analises
também foram realizadas em diferentes tecidos de um mesmo individuo, com a
finalidade de observar uma possivel presengca de mosaicismo entre os animais
selecionados, uma vez que cromossomos B podem apresentar tal

caracteristica (Perfectti e Werren, 2001).

3.4. Coleta dos tecidos para analises de expresséo

Animais OB e 1B previamente genotipados foram selecionados para
proceder com a coleta de tecidos voltada a extracao de RNA total. Quatro
diferentes tecidos foram selecionados, sendo eles: cérebro, branquias, musculo

e gbnadas.

Inicialmente, os animais foram anestesiados por meio de gelo.
Posteriormente, posicionados sobre uma placa acrilica previamente resfriada
em nitrogénio liquido, para que os tecidos se mantivessem resfriados durante
todo o procedimento de coleta. Tal placa foi embalada em papel aluminio
previamente autoclavado e tratado em sequéncia, com etanol 70%, agua
sanitaria 10% e RNase ZAP. O papel aluminio foi substituido a cada espécime
processado. Cérebro, musculo, génadas e branquias foram coletados com
auxilio de bisturis, tesouras e pincas individuais previamente autoclavadas e
esterilizadas em sequéncia, com etanol 70%, agua sanitaria 10% e RNase ZAP.
Bisturis, tesouras e pingas também foram substituidas a cada espécime

processado.
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Logo ap6és a coleta dos diferentes tecidos, os mesmos foram
imediatamente acondicionados em criotubos, congelados em nitrogénio liquido

e mantidos estocados a -80°C para posterior extracao de RNA total.

3.5. Extragédo de RNA ftotal e seqliienciamento
Os trés diferentes tecidos previamente coletados, congelados em
nitrogénio liquido e estocados a -80° foram submetidos a extracao de RNA total

utilizando TRIZOL (Invitrogen), seguindo as espeficacdes do fabricante.

Todas as amostras extraidas foram submetidas a analise de qualidade
por meio do equipamento Nanovue (GE), e de integridade por meio do
equipamento Bioanalyzer (Agilent Technologies). Amostras apresentando um
valor de RIN (RNA Integrity Number) igual ou superior a 8 foram selecionadas

para realizagao dos sequenciamentos.

Todo o processo de preparacdo de bibliotecas e sequenciamento foi
realizado via empresa LC Sciences (Houston, TX, EUA) com base na utilizacao
do kit TruSeq Small RNA Sample Prep. Os procedimentos consistiram em
ligacdo de adaptadores nas extremidades 3’ e 5’ dos fragmentos de RNA total,
seguido de transcricido reversa. Uma purificacdo através de gel de
poliacrilamida foi realizada, onde fragmentos de tamanhos condizentes com
miRNAs foram coletados. O material purificado foi submetido a
sequenciamento com base na plataforma next-generation lllumina - HiSeq. Os
dados resultantes foram disponibilizados pela empresa através de um /ink FTP,
e transferidos aos computadores do Laboratério Gendmica Integrativa, de

modo a prosseguir com os processamentos.
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3.6. Processamento e analise dos dados

Todos os dados foram processados utilizando uma estrutura
computacional de alto desempenho, localizada no Laboratorio Gendmica
Intergrativa, baseada em sistemas operacionais GNU/Linux em arquitetura de
64bits com 64, 128 ou 1024 gigabytes de memoéria e 24, 32 ou 128 nucleos de
processamento, respectivamente. Os ambientes de processamento de dados
se deram através das distribuicbes Linux Mint 14 e 17
(http:/mwww linuxmint.com), e SuSE Linux EnterpriseServer 11, também

conhecida como “SLES11” (https://www.suse.com).

Os dados recebidos foram primeiramente analisados quanto a qualidade
de leitura das bases. Para isso, foi empregado o sofftware FastQC
(http://www .bioinformatics.babraham.ac.uk/projects/fastqc) versao 0.10.1. Apos
a analise dos dados de qualidade do sequenciamento, o material passou por
um processo de remocao dos adaptadores utilizados nos procedimentos de
sequenciamento, por meio do Software Fastx-toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/index.html). Reads que nao continham
adaptadores foram mantidos nas bibliotecas. Reads que, apds a remoc¢ao dos
adaptadores, encontraram-se com menos de 17 nucleotideos de comprimento,

foram excluidos das bibliotecas.

Apbs a remogao dos adaptadores, as bibliotecas foram submetidas a
uma filtragem com base em parametros de qualidade de leitura, utilizando o
software Fastx-toolkit, de modo que 90% do conteudo dos reads fossem

representados por um phred score de ao menos 30 (parametros “90x30”).
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Reads nao satisfazendo tais pré-requisitos de qualidade foram também

excluidos.

Posteriormente aos processos de filtragem e limpeza, o primeiro
conjunto de dados (reads do grupo denominado “sef_07) foi alinhado contra o
genoma de referéncia da espécie de ciclideo africano Metriaclima zebra,
utilizando o software Bowtie2 (Langmead e Salzberg, 2012) com a finalidade de
remover possiveis reads contaminantes. Os reads nao alinhados contra o
genoma de referéncia foram considerados contaminantes e, portanto,

removidos permanentemente de todas as bibliotecas.

Os reads alinhados contra o genoma de referéncia (reads do grupo
denominado “set_7") foram utilizados para a obtencdo de um perfil de
expressao de micro-RNAs conhecidos, tendo como base listas de miRNAs
conhecidos de espécies de peixe, utilizando dados de precursores de micro-
RNAs obtidos por meio do banco de dados MirBase, versao 21

(http://www.mirbase.org).

Tal processo se deu por um alinhamento utilizando o soffware Bowtie
(Langmead et al. 2009) onde os dados de alinhamentos resultantes foram
analisados. Os reads que falharam ao se alinhar contra o banco de dados do
miRBase para peixes (reads do grupo denominado “set_2") foram separados e
utilizados em um processo de predicao de novos micro-RNAs. Para o processo
de predicao, os reads (set_2) foram analisados por meio do software MiRCat,
componente do pacote “The UEA sRNA Workbench” (Stocks et al. 2012), que
resultaram em sequéncias precursoras de micro-RNAs juntamente com
sequéncias de micro-RNAs maduros, e suas respectivas localizagcbes em

relacao ao genoma de referéncia utilizado (M. zebra).
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Todos os diferentes micro-RNAs preditos em todas as bibliotecas foram
copiados em um novo arquivo € unificados de modo a criar um banco de dados
geral que contivesse todos os micro-RNAs preditos em todas as bibliotecas.
Todos os elementos deste banco de dados foram renomeados utilizando
identificacbes  numéricas  (Exemplo:  Novel_1, Novel 2, e assim
sucessivamente), mantendo-se uma versao original com os dados de cada
biblioteca de forma separada. Um bash script personalizado foi escrito para
renomear isoladamente todos os micro-RNAs separados de todas as
bibliotecas, com base no banco de dados geral previamente criado. Deste
modo, os diferentes nomes foram direcionados aos mesmos elementos
presentes entre todas as bibliotecas. Tal procedimento possibilitou que as
bibliotecas se tornassem passiveis de comparacao em termos de identificacao
de seus elementos, ndo havendo desta forma, cruzamento de dados entre

micro-RNAs diferentes.

Apos estes ultimos passos de processamento, uma nova rodada de
andlises foi realizada utilizando o software Bowtie (Langmead et al. 2009)
seguido do pacte DESeq (Anders and Huber, 2010), com a finalidade da
obtencao de um perfil de expressao de todos os micro-RNAs (um fluxograma é

apresentado na figura 4).
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Figura 4: Fluxograma apresentando os passos executados (azul). Blocos em vermelho

representam pontos em que reads foram excluidos por ndo perfazerem os requisitos

minimos.

3.7. Redes de interagéo

Para as redes de interagao, todos os miRNAs foram utilizados em uma

analise de target prediction por meio dos soffwares miRanda (Enright et al.
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2004), RNAhybrid (Kriger et al. 2006) e PITA (Kertesz et al. 2007), utilizando
como sequéncias alvo, as regides nao traduzidas (3-UTRs) da espécie de
peixe Danio rerio, coletadas diretamente do banco de dados Ensenbl-Biomart
(http://www.ensembl.org/). Tal banco de dados de UTRs foi organizado de
forma a conter nos cabecalhos de cada sequéncia os cddigos de acesso
relativos ao banco de dados, bem como o nome do gene ao qual tal UTR é

diretamente relacionada.

As predigcdes foram executadas utilizando parametros padrbes dos
algoritmos, e os resultados foram submetidos a uma filtragem baseada nos
valores de energia livre dos pareamentos entre os micro-RNAs e as UTRs,
medidos em kcal/mol. Tal limite foi estabelecido inicialmente em -18 kcal/mol.
Este numero representa a forca de interacdo entre os miRNAs e as UTRs,
onde os menores valores representam interacbées mais fortes. Neste caso, a
aplicacao de um limite de valor energético bastante baixo ajuda
substancialmente a diminuir a quantidade de falsas predicbes que sao
possiveis de serem encontradas em resultados deanalises de predicao de
alvos utilizando ferramentas computacionais. Um segundo passo de filtragem
foi realizado com o uso de um script escrito em Python de modo a coletar

somente predi¢cdes existentes nos trés algoritmos.

A criacdo das redes de interacdo foi realizada por meio do software
NAVIGaTOR (http://ophid.utoronto.ca/navigator/). Tal software possibilita uma
andlise grafica bastante detalhada das interagbes entre os elementos em

guestao.
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4. RESULTADOS E DISCUSSAO

O presente tépico sera apresentado em formato de manuscritos, a
serem submetidos para publicacdo em revistas cientificas da area de genética,
gendmica e evolugdo. Os manuscritos encontram-se divididos em dois

capitulos do presente volume.
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Abstract

Based on 454 sequencing data of a microdissected B chromosome and
lllumina whole genome sequencing data generated for OB and 2B animals, we
develop PCR- and gPCR-based markers for the B chromosomes of the cichlid
fish Astatotilapia latifasciata (that possess 0, 1 or 2 B chromosomes). Specific
PCR primers were designed in the way to have two amplified fragments for B
positive samples, and only the control fragment for the B negative samples. In
this way, the PCR maker only detected the B presence/absence, not providing
information about the number of Bs. On the other hand, the qPCR markers
clearly discriminated 1B and 2B samples. The copy number variation identified
in the B chromosomes was confirmed by FISH-mapping. The analysis of
polymorphic chromosome segments (as here investigated) based in the next-
generation approach represents a powerful strategy to obtain markers to detect
the presence/absence of extra chromosomes or gain or loss of genomic blocks.
Furthermore, the gPCR also gives information in the copy number of a specific
DNA fragment. Such approach finds application to investigate diverse
chromosome polymorphism including B and sex chromosomes, and

chromosomal duplications and deletions.

Key Words: Evolution, supernumerary chromosome, molecular markers, odd
chromosome, selfish element.
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Introduction

Chromosome studies have advanced after the introduction of in situ
hybridization of nucleic acids (Pardue and Gall 1969; Gall and Pardue 1969) to
chromosomes and improvement of molecular biology in the second half the 20™
century. As a consequence, we had the development of DNA markers as
chromosome probes and the emerging of molecular cytogenetics that find a
wide application in the chromosome biology science. The development of
fluorescent in situ hybridization (Pinkel et al. 1986), chromosome painting
(Pinkel et al. 1988) and bacterial artificial chromosomes (BAC) probes
(Korenberg et al. 1999), allowed an important advance in the chromosome
knowledge. The more recent advances on the sequencing of several genomes
brings the possibility to explore karyotypes and chromosome problems based in
the nucleotide sequence of whole chromosomes and genomes allowing the
karyotype reconstruction of species based in in silico data of complete
nucleotide sequences of genomes. This new approach opens the possibility of a
powerful integration of genomics and cytogenetics directed to investigation of
chromosome problems. The ancestral syntenies of nucleotide sequences
across different groups can be established based on sequence orthologies
among species. Such an approach has allowed the application of electronic
chromosome painting (E-painting) and the foundation of “in silico cytogenetics”
as a new perspective for analyzing chromosomes and karyotypes (Kohn et al.
2006) and even the identification of conserved linkage groups between very

distant related animal groups as human and sea anemone (Putnam et al. 2007).

The development of next-generation sequencing (NGS) in first decade of

XX century changed the universe of genome sequencing, providing low-cost
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and high-throughput sequencing available to ordinary laboratories. The
applications of NGS seem almost endless, allowing for rapid advances in many
fields related to the biological sciences, such resequencing genomes,
comparative biology studies, public health, epidemiology, physiology, gene
expression, among others. The recent technical advances in genomics
contrasts and its contrast to classical cytogenetics lead several biologists to
emphasize that cytogenetics was supposed to disappears in the modern
genomic era. Here we explore NGS data in the obtention of chromosome
markers to investigate classical problems in cytogenetics. Conventional and
quantitative polymerase chain reaction (PCR and qgPCR, respectively)
procedures were developed based on NGS data as genetic markers to
genotype the presence/absence and number of B chromosomes, using the
cichlid fish Astatotilapia latifasciata as model. Our analysis shows that NGS
data can also find application in the development of DNA markers to investigate

chromosomal polymorphism.

Material and methods

DNA samples and karyotyping

Specimens of the cichlid fish Astatotilapia latifasciata (native to lakes
Kyoga and Nawampasa in Uganda, satellite lakes of Lake Victoria) were
obtained from a stock established from the trade and maintained in the fish
facility of the Integrative Genomics Laboratory at Sao Paulo State University
(Botucatu, Brazil). The animals were karyotyped by classical cytogenetic
procedures using a Giemsa stain to identify OB, 1B and 2B karyotypes as

previously described (Poletto et al. 2010; Fantinatti et al. 2011). DNA samples
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of 0B, 1B and 2B animals were extracted from fin clips and stored in -80°C for

the next steps of analysis.

The experimental research on animals here employed agree with ethical
principles in animal research adopted by the Brazilian College of Animal
Experimentation and was approved by the Biosciences Institute/UNESP - Sao
Paulo State University ethic committee on use of animals (Protocol no. 486-

2013).

B chromosome microdissection

One B chromosome was microdissected using an inverted microscope
(Olympus 1X51) equipped with a mechanical micromanipulator (Narishige,
Tokyo, Japan), transferred to microtubes and posteriorly amplified by the kit
Genome Plex® Single Cell - Whole Genome Amplification - WGA4 (Sigma-
Aldrich, St. Louis, MO, USA), according to the instructions of the manufacturer.
The amplification product of the B chromosome was purified using the kit
GenEluteTM PCR Clean-Up (Sigma-Aldrich). The purified products were used
for 454 NGS or reamplified to be used as chromosome probes in fluorescence
in situ hybridization (FISH) to validate that the DNA obtained come from the B
chromosome. In the reamplification reaction with WGAS3 kit (Genome Plex®
Whole Genome Amplification — WGAS3, Sigma-Aldrich) the nucleotide

digoxigenin 11-dUTP was incorporated to label the B probe.

Genome sequencing
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DNA generated from whole DNA amplification of a single microdissected
B chromosome was sequenced using the 454 GS Jr. platform (Roche, Basel,
Switzerland) and assembled using newbler software package. The assembled
contigs were blasted against the National Center for Biotechnology Information
(NCBI) nucleotide collection. The contigs with hits against fish DNA sequences

were retrieved for posterior analysis.

Genomic DNA of a 0B and 2B male samples were submitted to Illlumina
sequencing. Genomic DNA from each individual was sheared to an average
size of 500bp using an S220 focused ultrasonicator (Covaris Inc., Woburn, MA,
USA) and separate libraries were constructed for each individual using the
TruSeq DNA sample preparation kit ver.2 rev.C (lllumina Inc., San Diego,
California, USA). Paired end (2x100bp) sequencing of each library was
performed in separate lanes on an lllumina HiSeq 1000 sequencer. The lllumina
reads were aligned to the Metriaclima zebra cichlid reference genome using

Bowtie2 software (Langmead and Salzberg, 2012).

All sequences and alignments are available in the genome browser of

Sacibase database (www.sacibase.ibb.unesp.br).

B chromosome markers development: B presence/absence

For the development of PCR marker for the B chromosome
presence/absence, the contigs generated from the 454 sequencing were
submitted to alignment against cichlid genome data available at NCBI. A total of
32 different oligos were designed over nine different contigs that produced

alignment against cichlid genomes. Conserved regions between the B genomic
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data and the cichlid genomes were retrieved in order to have a control for the
reaction. Primers were designed over the conserved regions in order to amplify
a control fragment in the 0B, 1B and 2B samples. Subsequently, a third oligo
was designed with its 3’ end exactly over the nucleotide variation that is
characteristic of the B genome in order to amplify a DNA fragment only in the
presence of B chromosome DNA. The oligos were designed to work in a
multiplex reaction in the way to amplify only one fragment in OB animals
(regarding the control fragment) and two fragments for the 1B and 2B samples

(regarding the B specific fragment plus the control fragment).

A total of 31 oligos were designed, including B specific and control
primers, covering nine different genomic regions from the 454 nucleotide
database. The optimal annealing temperature was tested through a gradient
termocycler ranging from 45 to 65°C. The reactions were carried out as follows:
1 U Platinum Tag DNA Polymerase, 1.5 mM MgCl,, 1 X RXN Buffer, 0.32 mM
dNTP, 0.2 uM of each primer (totaling 0.6uM) and ultrapure water up to 25 pl.
Cycling was carried out as follows: 5min at 95°C, 34 x (1min at 95°C, 30sec at
50°C, 45sec at 72°C), 5min at 72°C. The material was then analyzed in a 1%

agarose gel.

B chromosome markers development: number of Bs

lllumina reads from both 0B and 2B datasets, were separately submitted
to alignment against the cichlid Metriaclima zebra reference genome (available
at Bouilabase) using the Bowtie2 software (Langmead and Salzberg, 2012).
The result of the alignment was submitted to the analysis of coverage ratios

between the two datasets, according to Valente et al. (2014). Since B
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chromosomes present a high amount of repetitive DNAs, the genomic regions
of the B chromosome would present a higher coverage of reads compared to
the regular A chromosomes. In this way, a total of six genomic regions with high
coverage in the 2B genome compared to the OB genome were selected for
gPCR analysis. Experiments of qPCR were carried out using known DNA
samples previously genotyped by cytogenetic approach, i.e. three of each 0B,
1B and 2B samples. Such samples were used as controls in all gPCR

genotyping procedures.

The qPCR experiments were prepared as follows: Firstly all the samples
were diluted to 30ng/pl and the expected concentration was confirmed using
Nanovue Spectrophotometer (GE). The reaction mix was prepared using 1X
GoTaq qPCR Master Mix (Promega) added by 0.16 uM of each primer, 20 ul of
DNA (30ng/pl) and ultrapure water up to 75 ul. The reactions were run in
triplicates, (three of each 0B, 1B and 2B known samples). The hypoxanthine
phosphoribosyltransferase gene (HPRT), widely used on qPCR experiments,
was used as a control gene for the analysis of the obtained data based on gene

dose ratio analysis (GDR) consisting in 27ACt (Bel et al. 2011).

After the first round of the PCR and gqPCR tests using known samples,
unknown samples were analyzed using only one sample for each control,
including the qualitative PCR and the quantitative gPCR genotyping. In the last
round of tests, DNA samples of different tissues (liver, brain, muscle, eye and
heart) were collected and analyzed in order to test the presence of B mosaics

among the tissue sampled.

Fluorescence in situ hybridization
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The microdissected B chromosome and DNA fragments of genomic
regions of the B markers were mapped onto the chromosomal complement
containing B chromosomes of A. latifasciata by FISH. FISH was performed
using the protocol described by Pinkel et al. (1986) with modifications (Cabral-
de-Mello et al. 2012). After hybridization the metaphases of A. latifasciata were
analyzed in an epifluorescence Olympus BX61 microscope (Olympus, Tokyo,

Japan) and the images were captured using an Olympus DP73 system.

Results

The sequencing of the microdissected B chromosome using the 454
platform resulted in a total of 125,601 reads comprising 48,637,895 base pairs
(bp). The assembly resulted in 3,836 contigs with the average size of 372 base
pairs. For all the sets of PCR primers designed over the 454 data (Table 1) (Fig.
1a), the best amplifications were obtained using primers designed in the contig-
_ 182 that corresponds to the scaffold 26 of the M. zebra reference genome.
The use of such primers resulted in fragments comprising the expected size for
both control and specific fragment, i.e. ~163bp for the control fragment, which
appears in all samples, and ~260bp for the B-specific fragment, which appears
only in B positive (B+) samples (Fig. 1b). Considering the length divergence
between the control and the B-specific fragment, it was very clear to distinguish
B+ and B negative (B-) animals. The FISH experiment using as probe the B-
specific fragment of contig 182 (related to scaffold 26 on reference genome)
shows a very high accumulation of such DNA throughout the entire length of the

B chromosome and no signal was observed in the A complement (Fig. 1¢).
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The 0B and 2B whole sequenced genomes using lllumina platform
comprised 401,017,570 reads and 306,823,512 reads respectively. All B+
animals, previously genotyped using the qualitative marker based on 454
genome data was then used to proceed to the next step of genotyping, which is
related to the quantitative qPCR marker. Among the six genomic regions
analyzed (see Table 2) the region corresponding to scaffold_13 presented the
best amplification rates, with low standard deviation values between the
samples. All the others regions (scaffold 3, 19, 26 and 31) presented
amplification, but the standard deviation for these regions presented very high
values. We can not discard the fact that standard deviations can be affected by
pippeting techniques. Despite this, the scaffold 13 was then selected for
analysis of samples. The results of the qPCR reactions were very clear and
efficient in the differentiation of the 1B samples from the 2B samples based on 9
known control samples (three of each 0B, 1B and 2B samples). As expected,
the copy number of the region selected for the tests are approximately twice in
2B samples in comparison to the 1B samples (Fig. 1e). Such result proves that
the marker is able to clearly differentiate between the 1B and 2B genomes. The
FISH experiments using as probe the quantitative qPCR marker fragment
showed a very high accumulation of such element over the B chromosome, and

no signals were observed in any of the A complement chromosomes (Fig. 1d).

Discussion

B chromosomes are one of the most astonishing issues on cytogenetics.
Despite all the efforts directed to cytogenetics and B chromosomes, there is still

no theory applicable to all B chromosomes concerning its origins and evolution.
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One important problem is that B chromosomes probably arisen in different
groups at different times, making the B chromosomes of different species
completely unrelated to each other. Molecular cytogenetics has helped to
answer many questions surrounding this issue by looking sequence sharing
between A and B complement. Using this approach, most B-harboring species

is thought to have a B chromosome originated from its own A chromosome set.

As seen in few species, B chromosomes can bring effects on host fertility
and development (see Jones et al. 2008; Zima et al. 2003). It is also observed
that different types of B chromosome presence causes an increase in the
chiasma frequency related to the parasitism level of such B chromosome,
leading to think that these effects take place through inducible recombination

(Camacho et al. 2002).

Since cytogenetic techniques have a low resolution limit, high amount of
information can be lost during the procedures and data analysis. Adding this to
the fact that cytogenetics present data only regarding composition, the use of
molecular tools represent a new approach to go further in B chromosome

analysis, and help to uncover a little bit more the B chromosome conundrum.

The obtention of fish chromosome preparations involves in most cases
cell division stimulus based on bread yeast injection and the sacrifice of the
animal followed by kidney tissue extraction for chromosome preparation. Some
problems can appear at this point: (i) The yeast injection causes contamination
leading to immunological response, and disturbing any further functional
analysis; (ii) As only the kidney tissue is used, the B chromosome presence in
other tissues is not checked. (iii) Although chromosome preparations can also

be achieved through cell culture, this is avery slow and expensive procedure.

47



One of the more desired questions surrounding B chromosome biology is
in fact its function in the cell. New technologies make possible to analyze B
chromosome by another approach, i.e. functional characteristics which
represents a new way to study B chromosomes. NGS analysis based on
transcriptomes and microRNAomes are effective approaches to find answers
about B chromosome functions, because such techniques can point directly in
alterations not necessarily possible to be observed through morphological data.
Following such facts, it is necessary to develop a technique capable of

detecting B chromosomes on DNA samples.

The new sequencing technologies in constant development and
sequencing costs constantly decreasing, the obtention and analysis of NGS
data is becoming much more accessible. Important information can be achieved
with this approach, so the steps used to create the markers we presented here
can be applied in other chromosome polymorphism problems in a faster and

large scale approach.

FISH mapping

Both genomic regions explored for PCR and gPCR genotyping were
detected in B chromosomes and not detected in the A genome. The absence of
FISH signals in the A complement is due to the very low copy number of such
sequences in the A genome, as seen by the gPCR data. The analyzed genomic
regions are spread over the B chromosome accumulation of DNA fragments,
which is characteristic of B chromosomes, due to the low selective pressure
applied over segments from B chromosomes. This huge divergence in copy

number can be observed in the gPCR data.
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Final remarks

Such qualitative and quantitative genotyping can contribute to make
possible the separation of animals in groups, according to their genotypes, i.e.
number of Bs, for further analysis concerning B chromosome segregation,
including a more accurate content analysis over B chromosome sequences
through massive sequencing, providing data also over possible effects caused
by B chromosomes in host fitness, based on transcriptome and microRNAome
analysis. It is also possible to use this approach for analyzing different Bs that,
cytogenetically, seems to have exactly the same content in terms of repetitivity
of some specific segments. The number of investigations involving genome
sequencing is increasing very fast due to the advances in the sequencing
technologies. We know that B chromosomes are present in eukaryote groups in
about 15% (Camacho, 2005) which represents a high rate. To sequence
genomes without knowledge about B chromosomes on such species represents
a very important problem. For solving that problem, it is important to develop
new technologies for detecting such B chromosomes before sequencing

procedures.
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Tables

Table 1: List of designed primers for qualitative PCR markers. The numbers 49, 80,

182, 207, 323, 1100 or 1987 are references to the contigs obtained with the 454 data,

and the letter B or C, an identification regarding the specificity of the primer as and B

specific primer or positive control (B or C+), followed by the reverse/forward annotation

(F or R).

Primer name Primer sequence

49B1-F
49B2-F
49C+-F
49-R
80B-F
80C+-F
80-R
182B1-F
182B2-F
182B3-F
182B4-F
182C+-F
182-R
207B-F
207C+-F
207-R
323B-F
323C+-F
323-R
764B-F
764C+-F
764-R
1100B-F
1100C+-F
1100-R
1987B-F
1987C+-F
1987-R

5 GAGCTTCACACTTGCAGAGGTAAGTCATTTTTGCAGAGAC 3'

5 GCTTCACACTTGCAGAGGTAAGTCATTTTT 3

5 GTTTACAGTCTGATGATGGGACATCATGCTCTGC 3'
5 TGTCCAGAGTATAATCGCAGCCTTTGCGGT 3

5' GAGGCATTACATCGGTCTTTCCATCA 3'

5' GGTGAGCAGCAGGATTTTGAATTGAATGCG 3'

5' CCTGATTGAGTGCTTCTCACAC 3'

5 GGGTGTGTTTGGTTGTGGTTTGACAAGGAGTG 3'

5 GGAGTGAATTGTGATGGT 3'

5 GGTTTGACAAGGAGTGAATTGTGATGGTTAGATC 3
5' GAGTGAATTGTGATGGTTAGATCACTAGGTAT 3'

5' AGAATGGTCCAAGGAAGG 3'

5' CCATCAGAACCAGCATTAA 3'

5' GAGACACTTCTTGGAGAAAATGAAATGCCCAC 3'

5' ACCAGGCCAGGAGACGACTGAAGAACT 3'

5' GACCTGCAGAAATGTGAACATGGTTGCAGTTTACAA 3'
5 GGGGGTGTTTTGCTTTTGGTTTTCCTACATTAGTTA 3'
5' GTATAAGCCATCTCTGTCATCTAAGGTACA 3'

5' GACACAGTACAGCTGACACAGACGAAGCAACAG 3
5' CCTGAGATGGTCCGATTGGGCTGGTAA 3'

5' GGTGAAGCATCAAAGAGCTCTCTGAGTCT 3'

5' GGAGACAAGGAGATGCGTGTTGGTGAAGTCCTAA 3'
5 GGGTGTGTGGAGATGTACATCAGCACACATGTT 3
5' CACTGAGACGGCATTGGCATGAGAAA 3'

5 AGCATGGTGGCAGAGGTCTTTA 3

5' CCCTCCTGTTATTCATTCCCTA 3

5 TACTTTGCTGTGTGTTTTGCCTGTC 3'

5 AAGTGTGGCTGTGTGCAGGCAGGAAT 3'
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2519B-F
2519C+-F
2519-R

5' GCAGGATTCAGGAGTGAAGCATCTGTGTGA 3
5' CACTAAACTGCAGACATCAGGCTG 3
5' CATTGTTCTGCTGCAGTCAATGGAC 3'
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Table 2: Selected genomic regions for gqPCR primer design. The scaffolds can be

accessed in Bouillabase database (www.bouillabase.org).

Scaffold  Start position End position Size (bp)
Scaffold_3 9112721 9126380 13659
Scaffold_13 5682225 5684956 2731
Scaffold_19 960417 963148 2731
Scaffold_26 1707513 1710244 2731
Scaffold_31 5673821 5680650 6829
Scaffold_324 77097 77779 682
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Figure 1: (a-c) Design and results for the qualitative PCR marker. (a) Scheme for the
primer design with emphasis on the B-specific and control fragments of the scaffold_26.
Three genomic sequences of different fishes: Dicentrarchus labrax, Dicentrarchus
labrax and  Oreochromis niloticus respectively (FQ310507, FQ310506,
XM_003444758) were used to establish a consensus to be compared to the 454

sequence data of the microdissected B (contig_182). (b) 1% agarose gel showing PCR
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products from B+ and B- DNA samples. Note that the B- samples presents only one
DNA fragment (control fragment) and the B+ samples present two fragments, one
related to the control fragment and a second one related to the B-specific fragment. (c)
FISH using the PCR marker region as probe. Arrows indicates the B chromosome. (d-
€) Development and results observed for the qPCR marker analysis. (e) Graphic plot
showing the relative number of copies detected among B+ samples and control
samples. Note that 2B samples (asterisks) present twice copies compared to the 1B
samples. The standard deviation is showed for each sample. (d) FISH using the qPCR

marker region as probe. Arrows indicates the B chromosome. Bar indicates 5 um.
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Abstract

B chromosomes are additional chromosomes present in about 15% of
eukaryote groups and its function and evolutionary history is still not clearly
elucidated. For that reason, B chromosomes are an interesting investigation
issue in chromosome biology. We comparatively analyzed OB and 1B samples
from four different tissues of the cichlid fish Astatotilapia latifasciata. Known and
Novel micro-RNAs expression profile were obtained through lllumina small RNA
deep sequencing. Our data suggests the possibility that B chromosomes does
not present effects itself. Instead, B chromosome presence act over the A
complement genome causing functional modificationsin the cell biology. Such
alterations seems to involve genes related to cell cycle control and development.
In this way, our data give strong evidences that B chromosomes are no longer
inactive elements as expected before, but indeed can interfere in very important

biological process of cells and organisms.

Key Words: Non-coding, Evolution, Supernumerary chromosome, Effect,
Target gene, micro-RNAs
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Introduction

B chromosomes, also known as supernumerary or even “Bs”, were firstly
reported by Wilson (1907), and became one of the most intriguing cytogenetic
characteristic in the species they are found, which corresponds to ~15% of the
eukaryote groups (Camacho 2005). Bs are not considered essential to host life.
This high transmission rate can be a result of drive mechanisms, which
increases the probability of Bs being kept on host genome (Camacho 2005).
Consequently, the presence of B chromosomes in the genome might cause
some effects, which are observed in some species. Such effects can be
presented as positive or deleterious characteristics depending on the number of
Bs in the genome and in the parasitism level of the B chromosome (Camacho et

al. 2002; Zima et al. 2003; Jones et al. 2008).

Such extra elements do not follow the Mendelian laws of inheritance
(Camacho et al. 2000; Camacho 2005) and present a huge variation regarding
morphology, size and content (Ziegler et al. 2003; Schmid et al. 2006; Martis et
al. 2012; Valente et al. 2014; Trifonov et al. 2002). They appear aside the
normal set of chromosomes (called A chromosomes), and seem not to perform
recombination with any of them. In fact, only one case of Bs x As recombination
has been observed in a mammal species (Basheva et al. 2010). In general this
lack of recombination makes B chromosomes prone to a low selective pressure,
resulting in a high accumulation of repetitive elements (Fantinatti et al. 2011;

Martis et al. 2012).

Cichlid fishes are a group that possesses a considerably number of
species harboring B chromosomes. Bs have been identified in seven South

American and fourteen African species of cichlid fish (Poletto et al. 2010a,
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2010b; Fantinatti et al. 2011; Yoshida et al. 2011; Kuroiwa et al. 2014). Among
the African species, B chromosomes were first described in Astafotilapia
latifasciata from Lake Nawampasa, a satellite lake of Lake Kyoga (Lake Victoria
system) (Poletto et al. 2010a), and can possess one or two large B
chromosomes. Additionally, supernumeraries were detected in all the Victoria
cichlids karyotyped, which includes in total thirteen species (Poletto et al.
2010a; Yoshida et al. 2011; Kuroiwa et al. 2014). On the other hand, among
fourteen karyotyped species of Lake Malawi, B chromosomes were detected in
only one species, Metriaclima lombardoi (Poletto et al. 2010b). Cytogenetic
analyses found no B chromosomes in another eight African and Asian cichlids

(Poletto et al. 2010b).

Classical and molecular cytogenetic approaches have been usually
applied over B chromosomes in an attempt of answering questions regarding its
origin and evolution. Such techniques present a very low-resolution level,
resulting in superficial view of the genome. In this way, new technologies are
needed to advance in the cytogenetics of Bs. Recent works have directed high
throuput next-generation sequencing for uncovering B chromosomes biology in
plant, yeast and animal species (Goodwin et al. 2011; Zhou et al. 2012; Martis
et al. 2012; Valente et al. 2014). Large scale analyses of genome and
transcriptome content is a very powerfull approach for obtaining information on
biological issues and have been used for various purposes like development
(McDaneld et al. 2009), diseases (Vaz et al. 2010) and evolution (Nachtigall et

al. 2014).

Under the focus of massive data analysis, the non-coding RNAs have

been highly explored in recent years considering their strong impact on
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controlling several biological process (Rinn and Guttman 2014; Morris and
Mattick, 2014). Among the non-coding, micro-RNAs (miRNAs), a well reported
class of non coding RNAs ranging from 18 to 22 nucleotides, are known to
perform a fine regulation of gene activity in a post-transcriptional mode after
associated with the RNA induced silencing complex (RISC) and binding to the
3'UTR regions of mRNA (Bartel et al. 2004; Chen et al. 2014). Such functional
regulations acts via degradation or cleavage of mMRNAs during the entire lifetime
of the organism and are responsible for the control of important processes such
as development control of tissues during differentiation, basic functions
maintenance such as tissue regeneration and stress response. The way in
which B chromosomes affect genome functions is still not well understood and
the expression of such small controllers as miRNAs can be affected by the
presence of B chromosomes in the genome. Considering miRNAs are important
players in the cell physiology and B chromosomesare still enigmatic considering
their possible biological role, here we look into miRNA profiles as a powerful

approach to better understand B chromosome biology.

Material and methods

Animal Samples

Specimens of the cichlid fish species Astatotilapia latifasciata (native to
lakes Kyoga and Nawampasa in Uganda, satellite lakes of Lake Victoria) were
obtained from a stock established from the trade and maintained in the fish
facility of the Integrative Genomics Laboratory at Sao Paulo State University
(Botucatu, SP, Brazil). The experimental research on animals here employed

agree with ethical principles in animal research adopted by the Brazilian College
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of Animal Experimentation and was approved by the Institute of
Biosciences/UNESP - Sao Paulo State University ethic committee on use of

animals (Protocol no. 486-2013).

The animals were genotyped regarding B chromosome presence by
using the molecular markers developed for this purpose (Chapter one of this
volume). For the RNA extraction, a total of 40 samples were collected. The
samples included four different tissues (brain, muscle, gills and gonads) from
both male and female specimens, both with and without B chromosomes and

organized in duplicates (muscle and gills) and triplicates (gonads and brain).

Total RNA extraction, micro-RNA sequencing and data filtering

Total RNA was extracted from OB and 1B specimens, using TRIzol
reagent (Life Technologies) following the manufacturer's specifications. The
integrity of the samples was evaluated using Bioanalyzer (Agilent) for
sequencing. The sequencing procedures were performed by LC Sciences
(www.Icsciences.com) using an lllumina HiSeq platform. The sequenced
miRNA data were downloaded through a FTP link provided by LC Sciences.
Adaptor removal was carried out using Fastx-toolkit software
(http://hannonlab.cshl.edu/fastx_toolkit/index.html). The quality of the data was
analyzed by FastQC software
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) and a quality filtering
process was carried out using FastX-toolkit. For this filtering, all the reads
presenting at least 90% of its length with a phred score of at least 30 were kept
for further analysis. Reads with quality scores under this threshold were

permanently discarded. Filtered reads (quality filtering) were submitted to a
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genome alignment against Metriaclima zebra genome as reference using
Bowtie2 software (Langmead e Salzberg, 2012) in order to remove possible
cross-species contamination. Only reads aligned to M. zebra genome were

used on downstream analysis.

Known micro-RNAs profiles

For the identification of known miRNA profiles, the filtered reads (quality
and contamination filtering) were aligned against fish mature miRNA dataset
created using fish microRNA data collected from MirBase version 21
(mirbase.org). Such database was created using all the miRNAs described for
fish species and a custom Bash script was developed in order to filter the
reference data regarding repetition of elements throughout the used fish
species. Alignments against such fish reference using Bowtie software
(Langmead et al. 2009) were run. No mismatches were accepted, and raw
count data was obtained from BAM files using Samtools software (Li et al,
2009). Count data normalization and differential expression (DE) analysis were
carried out using R/Bioconductor DESeq package (Anders and Huber, 2010)
generating heatmaps regarding expression values. A list of DE miRNAs was
extracted from this data considering a fold-change = 2 and p-value < 0.05.
Expression values over the fold-change threshold but with p-value > 0.05 were

permanently discarded.

Novel micro-RNASs prediction
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Filtered reads with no alignment against fish miRNA database were
recovered and used for novel miRNAs prediction procedures. A custom Perl
script was used to filter those reads to a size between 17 and 23 nucleotides.
Reads comprising sizes < 17 and > 23 were removed. Novel prediction was
carried out using the remaining reads and miRCat software, a module from the
UEA sRNA Workbench software (Stockset al. 2012) using standard parameter
settings for animal species. The Mefriaclima zebra genome was used as
reference for novel prediction procedures (available at www.bouillabase.org).
After the novel prediction, novel miRNAs sequences were added to the fish
miRNA database, and the alignments were run again for the obtention of a
global miRNA expression data containing known and novel information for all

the samples.

Tarqget prediction

Target prediction procedures were carried out using known and novel
miRNA lists and three different target prediction algorithms: miRanda (Enright et
al. 2004), RNAhybrid (Krlger et al. 2006) and PITA (Kertesz et al. 2007). As
there is no UTR data described for A. latifasciata, D. rerio 3'-UTRs obtained
from Ensembl-Biomart database were used as target input. After the target
predictions were run, a custom Bash script was designed to filter such data to a
free energy threshold below -18 kcal/mol. Predictions presenting values higher
than -18 kcal/mol were permanently discarded from the analysis in order to
decrease false positive rate on miRNA:target interaction predictions. A custom
Python script was designed to collect only the overlapping predictions over all

the three algorithms. As a result, only interactions predicted by the three
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algorithms with free energy values below -18 kcal/mol were kept to proceed to

the interaction network assembly.

Are DE miRNAs transcribed from B chromosome genomic content?

The possibilty of DE miRNAs being originated directly from B
chromosome content was considered, repsesenting thus an effect caused
directly by B chromosome activity. High coverage peaks present in the 2B A.
latifasciata genomic reads in comparission with 0B genomic reads is supposed
to represent highly represented regions in the B chromosome content (Valente
et al. 2014). Considering such information, a blast search was performed using
all the miRNAs detected and predictedusing M. zebra genome as database, in
order to check if miRNAs sites match such high coverage regions of B

chromosome genome.

miRNA:mRNA Interaction Networks

Interaction networks were assembled using NAVIGaTOR software
(http://ophid.utoronto.ca/navigator/) based on overlapping prediction results.
After creating a main network containing all the nodes for all the samples, such
nodes were filtered out in order to create four different specific networks

representing only DE miRNAs for each tissue analyzed.

GO analysis
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For analyzing biological significande of genes targeted by DE miRNAs,
GO analysis were carried out using BinGO, a Cytoscape extension (Maere et al.
2005). A full search was carried out using Danio rerio annotations regarding

molecular function, biological process and cellular component.

Results

Total RNA extraction, micro-RNA sequencing and data filtering

The read numbers in all samples varied from 7,710,362 to 19,914,188.
After adaptor removal procedures, quality filtering and genome alignment, an
average of 67% of all reads was kept on the libraries for being used on

downstream analysis (Supplementary Material 1).

Known micro-RNAs expression profiles

For the known miRNAs profiles, the filtered reads were subbmited to
Bowtie alignment using fish known mature miRNAs database as reference for
expression profile obtention. The results shows that 632 out of 1,029 micro-
RNAs described for fish species were expressed in A. latifasciata considering
all the libraries, with specific variations between different tissues. Such
expressed miRNAs corresponds to 61.4%. Among the 632 expressed known
miRNAs in A. latifasciata, 53 presented differential expression values (fold-
change = 2 and p-value < 0.05) between B- and B+ samples. Such DE miRNAs
presented variations between the tissues, regarding B chromosome presence.
A heatmap presenting expression values for known miRNAs can be observed in

Supplementary Material 2.
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Novel micro-RNAs prediction and expression profiles

The reads that failed to align against known miRNAs database were
applied on prediction procedures. Such predictions were carried out using
miRcat software and resulted in a total of 57 new miRNAs over all the samples.
Both precursor and mature sequences were predicted, and the precursor
hairpin can be onserved for all the novel miRNAs (Figure 1). As for the known
miRNAs, novel elements presenting fold-change = 2 were considered
differentially expressed. Eleven out of 57 presented differential expression
(novel_12, 15, 21, 22, 23, 26, 28, 32, 47, 52 and _55) (Figure 1). As
for the known miRNAs, novel DE elements also presented variation between
different tissues and had a prevalence of 19.2% of all novel miRNAs. The
expression values for novel mMiRNAs are presented in a heatmap

(Suppementary Material 3).

Despite heatmap data identified clusters among the samples (Figure 2;
Supplementary Material 2 and 3), such analysis did not clearly differentiate
tissues, probably due to the variations observed in biological samples related to
B chromosome presence. Brain is the only tissue clearly clustered apart despite
such differentiation can only be observed when known data is considered in the
analisys. For all the three heatmap datasets (known-only, novel-only and both
novel and known) it was not possible to detect clusters linked to sex and/or B
chromosome. Some global inversed patterns can be observed, characterized by
groups of miRNAs with low expression in a given tissue and high expression in
another tissue. Such patterns help separating the different tissues more clearly

(Figure 2, Supplementary Material 2 and 3).
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Tarqget prediction

The target prediction procedures vyielded a total of 42,728,923
interactions between novel’/known miRNAs and D. rerio 3'-UTRs. After the
filtering process based in an interaction threshold of -18 kcal/mol, a total of
16,943,862 interactions remained for both known and novel miRNAs.
Overlapping prediction resulted from RNAhybrid, miRanda and PITA analysis
based on a Python script decreased the number of interactions to a total of
12,360. Such remaining interactions were then used to create a network in
order to obtain a visualization of all the interaction data. The target prediction
threshold causes the network to have less DE miRNAs than volcano plots due
to the fact that not all DE miRNAs presented positive target prediction

considering the three prediction algorithms.

Interaction networks

Only DE elements presenting predicted targets were considered for
assembling the interaction network, resulting in a decreased number of
elements composing the interactions. In such way, only DE miRNAs presenting
target prediction are presented in the networks. Four networks were created
regarding each tissue: brain, qills, gonads and muscle (Figure 3). Nodes
representing up-regulated and down-regulated miRNAs appears in red and blue
respectively. Edges linking genes targeted only by novel miRNAs, only by
known miRNAs and by both novel and known miRNAs appears in light red, light

green and light blue, respectively. Male DEs are represented by square nodes,
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and female DEs are represented in elliptic nodes. Target genes are represented

by small black nodes. Each node has an identification name.

The four tissue networks presented variation in graph structure (Figure 3).
Brain and gill tissues network has only two graphs followed by gonads network
presenting six graphs and muscle which presented a total of eight graphs. Brain
tissue network graph has a total of eight nodes comprising one novel miRNA,
two known miRNAs and five target genes, totaling six interactions. It comprises
the most simple interaction, divided in two graphs where all of them are
presented as over-expressed. Two miRNAs are over-expressed in males (ccr-
miR-205 and ipu-miR-205) and only one is over-expressed in females
(Novel_32). A total of five genes are targeted by these miRNAs. Novel 32
targets appb, rnf128a and cltcb genes. ccr-miR-205 targets only s/c22a7b gene
and ipu-miR-205 targets both slc22a7b and arid4a genes. For muscle tissue, a
total of 67 nodes remained in the network. 63 interactions was observed
comprising two novel miRNAs and eleven known miRNAs. 54 target genes
were detected. Considering only the thirteen DE miRNAs on muscle tissue,
almost all of them (11) are up-regulated and only hhi-miR-449 is up-regulated in
males. Only two miRNAs are down-regulated, each one in a different gender
(dre-miR-499-3p in males and novel 32 in females). Gonads network presented
58 interactions. Its 44 nodes were divided between nine miRNAs (two novels)
and 35 target genes. For gonads, the most interesting aspect is the graph
composed by novel 26. Such graph has inversal expression level for novel 26
where it appears to be up-regulated in males, and down-regulated in females.

Novel 26 and ssa-miR-203b-3p jointly targets dhrs7cb gene, but such inversion
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do not occurs in ssa-miR-203b-3p. Gills tissue network is divided in two graphs,

and comprised 11 nodes, six target genes and five miRNAs (one novel miRNA).

All the networks presented shared graphs. There were detected four
shared graphs in total: (i) gills and muscle, (ii) muscle and brain, (iii) brain and
gonads and (iv) gonads and muscle. Muscle present sharing of a specific graph
containing three known miRNAs (ipu-miR-124a, ola-miR-124-3p and dre-miR-
124-3p) and one novel miRNA (novel_15). Both graphs have five target genes,
cdc42bpb, plcd1a, neurog1, gria4a and prkci, and cdc42bpb and plcd1a are
targeted only by dre-miR-124-3p. Such graphs appear exactly with the same
structure in both gill and muscle tissues, and these miRNAs are detected as
over-expressed exclusively in females. The second sharing group appears
between muscle and brain. Novel 32 appears in both tissues presenting three
genes as targets (appb, cltcb and rnf128a). The expression level of novel 32 in
both graphs is inverse, where in muscle such miRNA appears to be down-
regulated only in females, and in brain such miRNA appears to be up-regulated
only in females. A third sharing graph occurs between brain and gonads. It
presents two known miRNAs (ccr-miR-205 and ipu-miR-205) up-regulated only
in males, and two genes appears to be targeted by these miRNAs (arid4a is
targeted only for ipu-miR-205 and slc22a7b is targeted by both ccr-miR-205 and
ipu-miR-205). A fourth is related to novel 12. It appears to be differentially
expressed in gonads and muscle but it is down-regulated in male gonads, and
up-regulated in female muscle. Such novel has as target the odf3b gene. An
isolated graph appears to be interesting. In gonads, novel 26 is down-regulated

in females and up-regulated in males and targets the gene dhrs7cb.
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Discussion

Differential Expressed miRNAs

Our study shows a total of 64 DE miRNAs (fold-change = 2 and pvalue <
0.05) (53 for known miRNAs plus 11 for novel miRNAs) with interactions with a
huge number of genes, suggesting extensive effect over the transcription profile
of cells. Such increased number of targets can be responsible for important
effect on the cell structure and function, taking into account that one specific

miRNA can act over a huge number of target genes.

Based on our interaction network data, it was observed that most DE
variations (19 out of 30 DE miRNAs) occurs in females. From those, only three
mMiRNAs were detected as down-regulated and 16 female-specific DE miRNAs
were up-regulated throughout the four tissues analysed. Differences between
tissues were also observed, and brain tissue was found to be the less affected
one with a very small fraction of DE miRNAs (three miRNAs only). Gills came in
second place, presenting five DE miRNAs, gonads had nine DE miRNAs
followed by muscle, which had 13 DE miRNAs. An overall analysis of miRNA
profiles evidences clear DE among tissues, but absence of clear DE signal
among B- and B+ samples. In this way, B chromosome activity appears to
depend directly on the transcriptional activity of A chromosomes regarding both
tissue and gender, resulting in such differential expression levels. Differential
expression of mMiIRNAs occur during development of a given specimen
considering different tissues to be formed. It is observed that even inside a
specific tissue, miRNA expression might vary depending on the region of such
tissue. Such variation occurs, for instance, in the expression of miR-92b, miR-

124, miR-9 and miR-135c¢ in zebrafish (Bizuayehu et al. 2014). Regarding eye
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formation, there is also variation in miRNA expression. A huge number of
miRNAs are related to eye formation in zebrafish, and such miRNAs are also
related to the same function in Lates calcarifer - the asian seabass. But miR-
181a and b were specifically expressed in retina cells of zebrafish (Kapsimali et
al., 2007). Micro-RNAs variation also occurs considering sex determination and
development. As observed for Hippoglossus hippoglossus, a given set of
miRNAs is higher expressed in testis than in ovary tissue (Bizuayehu et al.
2012) evidencing the discrepance over miRNA expression. Such alteration is
responsible for leading cell differentiation process and conduct such

differentiationin order to result in male or female gonads.

In fact, BLAST search did not detect any presence of DE miRNAs
mapped to B chromosome genome segments. Such data shows that the
alterations detected over the four different tissues are not direcly linked to
miRNAs activity coming from B chromosome. Instead, B chromosome appears

to interfere on miRNAs profile of A chromosomes complement.

Genes requlated by DE miRNAs

The biological processes under the control of DE miRNAsis very
diversificated. For gills and muscle (considering here the shared graph),
neurog1 gene appears to be targeted by novel 15, wich appears to be up-
regulated only in females. According to ontology data neurog1 is presented as
an important gene related to brain development. Neurog? is related to
regulation of cell fate during neuronal development (Onoguchi et al. 2012) and
is necessary for the formation of zebrafish ganglia (Andermann et al. 2002).

Neurog1 appears to control the activity of neurod gene during the development
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process. The knockdown of neurog? causes the absence of expression of
neurod. Such knockdown causes the decrease of production of neurons
(Andermann et al. 2002) representing an important effect. As neurog?1 is
targeted by an over-expressed miRNA (novel_15) in two distinct tissues, it does
not seems to occurs in brain tissue, resulting in the fact that such up-regulated
mMiRNA does not represents alterations over brain tissue. Neurog? morpholino
injection resulted in almost no production of neurons in zebrafish. Such result
would be expected for A. latifasciata if novel _15 were up-regulated in brain
tissue, representing thus an negative effect of B chromosome as observed

when high number of Bs are present in the host species (Jones et al. 2008).

Appb gene seems to suffer opposite influences in brain and muscle
tissue. Considering brain tissue, appb is targeted by the up-regulated novel 32.
Such novel 32 is down-regulated in muscle tissue. In both tissues, this
alteration is caused exclusively in female gender. The appb gene, also known
as amyloid precursor protein-b, is necessary for synaptic formation in zebrafish
and has been related to alzeimer disease. Morpholino assays have shown that
appb expression is necessary in the inicial stages but not during subsequent
processes (Abramsson et al. 2013). As appb is targeted by an up-regulated
mMiRNA in brain tissue, it is expected to be causing a possible delay in brain
morphogenesis. In fact, such alteration seems not to be completely disrupting
any important function since B-positive speciments of A. /afifasciata can

normaly reach adult stage.

The prkci gene, also present in the shared graph between muscle and gill,
and presents a very complex biological process activity. According to ontology

analisys, it is related to neuronal differentiation and neural tube formation. Prkci
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is important to keep precursors cells during cell division (Roberts and Appel
2009) in order to only one daughter get differentiated in neurons while the other
one keeps itself as a precursor cell. It is also related to embryonic
morphogenesis and heart formation (Uhalte et al. 2012), where specimens

lacking prkci expression shows abnormal formation.

Considering shared graphs from gonads and brain tissue, arid4a gene
appears targeted by ipu-miR-205. Arid4a gene, also known as AT rich
interactive domain 4A, is a cell cycle gene which down regulates cell
proliferation (Kumar et al. 2012) and is also considered a leukemia suppressor
gene (Wu et al. 2008). It was observed that cells over-expressing arid4a gene
appears to develop less colonies than control cells (Kumar et al. 2012).
MicroRNA ipu-miR-205 is detected as up-regulated in both brain and gonads
tissues. Such alteration is present only in male specimens. Valente and co-
authors (2014) detected a group of genes related to cell cycle in the B
chromosome of A. /atifasciata. The fact that these genes were found to present
a high conservation rate in the Bs uggest they might be active, or at least they
have been recently transferred to the B chromosome. Action of genes related to
cell cycle is thought to be helpful for the B chromosome to be kept on the
genome. Arid4a is considered a cell cycle down-regulator gene and it is
targeted by an up-regulated miRNA in gonad tissue (ipu-miR-205). In brain,
such alteration would not bring any important effect. But the fact that cell cycle
controller gene is affected by an up-regulated miRNA on gonads tissue is
important. Such effect or alteration, when appearing in gonad tissue, is prone to
help the B chromosome to be transmitted to gametes and then helping Bs to be

kept in the species by increasing cell ploriferation. That would lead us to
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hypothesize that the B transmission rate through male specimens would be
more frequent than in females. In fact, Fantinatti and co-workers (2011) showed
that when only one B chromosome is present in the genome, it is more frequent
on females. On the other hand, when two B chromosomes are present, it seems
to be more frequent on males. Despite this data only reflects differences
between sex and 1B and 2B samples (Fantinatti et al. 2011) and not B
transmission rate between genders, B transmission rate of A. /atifasciata could
be altered due to an accumulation of miR-205 over-expression when 2B is
present in the cell. Such accumulation of up-regulated miR-205 could increase
the targeting rate over arid4a and thus decreasing arid4a activity. Such down-
regulation of arid4a would increase cell ploriferation and thus might contribute to
B chromosome drive. Unfortunately, there is still no data regarding B
transmission rate between male and female, which could be obtained through

directed crossing analysis.

B chromosomes and miRNA effects on A. latifasciata cells

Our data shows miRNAs with differentially expression levels related to B
chromosome presence/absence in the cichlid fish A. latifasciata. This might
contribute to B chromosome segregation by causing an unbalance on genes
activity profile. Such genetic unbalance might be helpful for the B chromosome
to increase the strength of drive mechanisms. In fact, B chromosomes do not
present a Mendelian mode of inheritance. Despite the molecular mechanisms of
meiotic drive is still not well understood (Houben et al. 2014), drive mechanisms
are considered responsible for B chromosome advantages during meiosis and

such mechanisms might vary between different species. Crepis capillaries
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(smooth hawksbeard), for example, presents B chromosomes that tend to
accumulate in the cells that will become floral organs, increasing then the
probability of being transmitted to next generations (Jones 1995). In maize,
there are three different processes helping to increase B chromosome
segregation that includes (i) non-disjunction at pollen grain mitosis, (ii)

preferential fertilization and (iii) suppression of meiotic loss (Jones et al. 2008).

Variation in chiasmata rate on B-carrier cells was demonstrated for the
grasshopper Eyprepocnemis plorans (Camacho et al. 2002) and those
variations can be a result of such unbalance over cell division related genes,
consequently improving B chromosome drive. Such alterations might represent
a very thin limit between a positive effect that will be responsible for the B
chromosome to be kept on the genome, and deleterious effect that will be
responsible for reproductive/surviving issues, consequently leading the species
to lose the B chromosome. It was observed that high number of B
chromosomes in rye causes decrease in development and in Aegilops

speltoides decreases the pollen grains viability (Jones et al. 2008).

Recent data have shown B chromosomes are no longer considered gene
poor, but can harbours a considerable number of genes (Goodwin et al. 2011,
Martis et al. 2012, Valente et al. 2014). Some of those genes are found with a
high level of conservation, which diverges from the though that B genes must
be inactivated. In fact, some of those genes are found to be transcriptionally
active (Banaei-Moghaddam et al. 2013; Valente et al. 2014) and could act

modulating the transcriptional profile of host genome.

The obtained data shows that DE miRNAs levels do not follow the B

chromosome presence in all the different tissues analyzed. This information
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leads to think that the nuclear environment surrounding B chromosome is
important for its activity, which will result in variable effects on host genome
depending on tissue type. This observation is in agreement with data observed
in rye (Secale cereale) where B-specific pseudogenes-like fragments were
found to be differentially expressed in a tissue-specific manner (Banaei-
Moghaddam et al. 2013). Also it was observed that the majority of DE miRNAs
targets genes related to development and cell cycle control. Such information is
in agreement with data observed for B chromosome content in A. /atifasciata
(Valente et al. 2014) and Mycosphaerella graminicola (Goodwin et al. 2011)
where genes related to cell cycle were found to be present in B chromosome

content.

Although we did not detect any effect of miRNAs over B chromosome
genes previously identified (Valente et al. 2014), we can not rule out the
possibility of any effect of miRNAs in the regulation of such genes. It is believed
that B chromosome transcriptionally active genes could probably help B
chromosome maintenance in the genome. B chromosome sequences have
originated through duplication events from original copies in the A genome
(Valente et al. 2014). After duplication the B copies are believed to have been
largely released from selective constraints and are evolving neutrally. Purifying
selection against duplicated gene copies is typically relaxed. Under some
conditions, the duplicate copies may acquire new functions. It was observed
that alterations on UTR sequences might create different miRNA target sites
(Amato et al. 2013). Such alterations can change the gene regulatory structure
by modifying the miRNA target region. B chromosome located genes are prone

to pass through such alterations due to low selective pressure that rules their
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evolutionary history, acquiring new regulatory regions and assuming new

functions.

Conclusion

Our results shows that B chromosome biology is more complex than
thought before. It seems clear miRNA transcriptomes reflect an balance of the B
chromosome genome presence and its interactions affecting the regulation of
the A chromosomes genome. MicroRNAs seems to be acting over development
and cell cycle related genes, and thus, shaping the environment favorable to B
chromosome transmission. Other non-coding RNAs and also other molecules
such proteins can also be affected by B chromosome presence in the nuclei
environment, generating important modifications in the cell physiology. Such
alterations can be the key for a heterotic effect or deleterious effect, depending

on the intensity in wich such alterations occurs.
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Figure 1:

miRNAs predicted with miRCat software. Mature sequences appear in red.
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MiRNAs - Known and Novel
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Figure 2: Clustered heatmap showing known and novel normalized expression values
for micro-RNAs. MiRNAs identifications is on right. Samples identifications on bottom.

Asterisks represents B positive samples. High and low expression levels are

represented in dark and light colors respectively.
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Figure 3: Interaction miRNA-gene networks for brain, gills, gonads and muscle tissues.
Nodes representing up-regulated and down-regulated miRNAs appears in red and blue
respectively. Edges linking genes targeted only by novel miRNAs, only by known
miRNAs and by both novel and known miRNAs appears in light red, light green and
light blue respectively. Male DE miRNAs are represented by square nodes, and female
DE miRNAs are represented in elliptic nodes. Target genes are represented by small
black nodes.
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Supplementary Material

Suppementary Material 1: Number of obtained reads and read number after each

processing step. B positive samples appear in bold.

Obtained Reads after Reads after -
Samples reads (raw adaptor Regds. aftgr genome Remaln(l)ng
data) removal quality filtering alignment reads (%)
AL01Go 12914266 12429551 11501605 9008708 69,8
AL02Go 13043032 12375133 11437819 9102762 69,8
AL04Go 19914188 17549736 16154832 12532511 62,9
ALO05Go 16160535 9814219 9062238 4647236 28,8
AL06Go 19471118 16754087 15557321 9604944 49,3
AL09Go 11075285 10651226 9884087 5686282 51,3
AL11Go 11342803 10373024 9658038 5455490 48,1
AL12Go 12462763 11647825 10799333 8339383 66,9
AL13Go 15910422 15288600 14231212 9177845 57,7
AL14Mu 18414513 14834624 12319480 11378385 61,8
AL15Go 15851784 15144108 14033920 10976130 69,2
AL16Go 12930943 12248309 11311252 8857725 68,5
AL18Mu 17036677 13099407 11058891 10230574 60,1
AL20Go 11240729 10322303 9586565 5745210 51,1
AL23Br 12140843 11989245 11039358 10211500 84,1
AL30Mu 11397967 9752202 8461409 6038528 53,0
AL33Br 10706434 10471940 9550192 8829328 82,5
AL38Br 10846143 10346946 9096348 8038807 741
AL40Br 9735863 9549015 8410003 7768558 79,8
AL42Gi 16577859 15129149 14362123 12360518 74,6
AL43Br 10484927 10141617 8937496 8303556 79,2
AL43Gi 8706688 8546338 8101383 7202778 82,7
AL43Mu 14223489 12804701 11158251 9180433 64,5
AL44Br 13104704 12372308 11173181 10458789 79,8
AL44Gi 8202282 8020653 7610759 6733199 82,1
AL45Gi 8507920 7646325 7242196 6305509 741
AL45Mu 12156497 10232019 9736377 9034366 74,3
AL47Br 11533859 11173256 9784337 9219903 79,9
AL47Gi 19775982 18289510 17351433 15328378 77,5
AL47Mu 9143547 7718242 7304712 5966853 65,3
AL48Br 12729573 12307692 10854990 9855624 77,4
AL52Mu 13100116 9262141 8734038 5528066 42,2
AL53Gi 10078089 8199145 7742808 5168626 51,3
AL53Mu 17339044 14671972 13865334 10597184 61,1
AL54Br 9290791 9094862 8003065 7502534 80,8
ALS5Br 11303486 11111003 9789607 9021258 79,8
ALS6Br 9459105 9296615 8191815 7716602 81,6
AL56GI 7710362 7090918 6647036 3487571 452
ALS7Br 10056094 9624693 8457112 7496459 74,5
AL59Gi 9829273 9513420 9028079 7508024 76,4
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Supplementary Material 2: Clustered heatmap showing known micro-RNAs normalized
expression values. MiRNAs identifications is on right. Samples identifications on

bottom. Asterisks represents B positive samples. High and low expression levels are

represented in dark and light colors respectively.
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Supplementary Material 3: Clustered heatmap showing novel micro-RNAs normalized

expression values. MiRNAs identifications is on right. Samples identifications on

bottom. Asterisks represents B positive samples. High and low expression levels are

represented in dark and light colors respectively.
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5. CONCLUSOES

O presente conjunto de dados mostra que tecnologias de
sequenciamento de préxima geragcdo possuem um grande potencial de
contribuicao para com o estudo dos cromossomos B, que representam um
problema biolégico extremamente importante, e em grande parte aguardando

elucidacao.

As atividades dos micro-RNAs diferencialmente expressos em relagéo a
presenca de cromossomos B em amostras de quatro tecidos diferentes,
mostram que ha uma alteragdo em relagdo a genes envolvidos com os
processos de divisao celular, o que pode representar uma estratégia evolutiva
pela qual o cromossomo B aumente seu grau de transmissdo. Os dados
também mostram que os efeitos trazidos pela presenca dos cromossomos B
sao de certa forma dependentes das atividades do complemento A, assim

como dos diferentes tecidos.
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