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Resumo

Os supranumerarios cromossomos B sio elementos extras ao genoma encontrados em
diversas espécies de eucariotos, desde fungos, plantas a animais. A origem independente
nos mais diversos organismos também reflete a sua variedade quanto a numero, morfologia
e constituicdo. Desta forma, sabe-se que os cromossomos B sdo constituidos por DNA
repetitivo, genes codificadores de proteina e genes que transcrevem RNAs nao-codificantes
(ncRNA). Os ncRNAs participam de uma infinidade de processos bioldgicos, desde os
fundamentais como transcricdo e traducdo, até regulacdo durante o desenvolvimento
embrionario e ciclo celular. Desta forma, conhecendo a baixa densidade de genes
codificadores de proteinas nos cromossomos B, o presente estudo focou em caracterizar os
ncRNAs, ainda pouco explorados e que trazem perspectivas interessantes no entendimento
da origem e comportamento desse elemento extra. Foi utilizado como modelo de estudo o
peixe Astatotilapia latifasciata, pertencente a familia Cichlidae, modelo em estudos
evolutivos. Dentre uma infinidade de classes de ncRNA optou-se por explorar a partir do
RNAseq de A. latifascita os pequenos RNAs nao-codificantes: microRNAs (miRNA) e PIWI-
interacting RNAs (piRNA). Foram encontrados diversos miRNAs diferencialmente expressos
em amostras com cromossomo B. Esses miRNAs tem como alvos diversos genes
codificadores de proteinas e propde-se que o cromossomo B, a partir da atuacdo dos
miRNAs impacta em diversos processos biologicos. Adicionalmente, clusters de piRNAs
presentes no cromossomo B foram detalhadamente descritos indicando o envolvimento
deste elemento extra em arquitetar o silenciamento de elementos transponiveis.
Complementarmente, essa tese adicionou dois objetivos suplementares. Uma revisao sobre
as pesquisas de RNAs e cromossomos B & apresentada e fornece uma linha do tempo e
principais resultados que foram reunidos em uma arvore filogenética representativa dos
organismos com cromossomo B e estudos relacionando RNAs. Outrossim, essa tese
encerra com reflexdbes sobre divulgagdo cientifica, relatando alguns dos trabalhos
publicados ao longo do periodo e propondo diretrizes para a expansao da popularizagao da

ciéncia e educacao cientifica no nosso pais.

Palavras-chave: genoma, evolugcdo, RNAseq, transcriptoma, elementos transponiveis,

divulgacao cientifica



Abstract

The supernumerary B chromosomes are extra elements to the genome found in several
eukaryotes species, from fungi, plants to animals. The polyphyletic origin in the most diverse
organisms also reflects their variety in terms of number, morphology and constitution. Thus,
it is known that the B chromosomes are composed by repetitive DNA, protein coding genes
and genes that transcribed non-coding RNAs (ncRNAs). ncRNAs participate in several
biological processes, from fundamental ones such as transcription and translation, to
regulation during embryonic development and cell cycle. Thus, taking into account the low
density of protein-coding genes in the B chromosomes, the present study focused on
characterizing the ncRNAs, that are poorly explored and can bring interesting perspectives
to understand the origin and behavior of this extra element. The African cichlid Astatotilapia
latifasciata fish, a family model in evolutionary studies, was used as a study model. Among a
multitude of ncRNA classes, it was decided to explore from the RNAseq of A. latifascita the
small non-coding RNAs: microRNAs (miRNA) and PIWI-interacting RNAs (piRNA). Several
miRNAs were found differentially expressed in samples with B chromosome. These miRNAs
target several protein-coding genes and it is proposed that the B chromosome, under the
action of miRNAs, impacts on several biological processes. Additionally, piRNA clusters
present on the B chromosome were described in detail, indicating the involvement of this
extra element in architecting the silencing of transposable elements. Completely, this thesis
added two supplementary objectives. A review of the research on RNAs and B
chromosomes is presented and provides a timeline and main results that have been brought
together in a representative phylogenetic tree of organisms with B chromosome and RNA
studies. Furthermore, this thesis ends with reflections on science outreach, reporting some
of the works published throughout the period and proposing guidelines for the expansion of

the popularization of science and scientific education in our country.

Keywords: genome, Evolution, RNAseq, transcriptome, transposable elements, science

outreach



Resumo para a sociedade

Vocé ja parou para pensar que todos os seres vivos possuem DNA? Com excecido de
alguns virus, é fascinante imaginar que a mesma estrutura, o DNA, guarda as instrugdes
que formardo um individuo. Nos seres que possuem nucleo delimitado, os eucariotos, o
DNA se organiza empacotado com proteinas, formando os cromossomos. A variedade dos
organismos também pode ser vista na variedade no numero e morfologia (formato/tamanho)
dos cromossomos que as espécies carregam. No meio dessa diversidade, temos alguns
organismos que possuem um cromossomo extra, sdo os cromossomos B. Esses
cromossomos extras geralmente se originam durante erros no pareamento dos
cromossomos normais durante a divisdo das células que formam os gametas (évulos e
espermatozoides, no caso dos animais). Esses pareamentos anormais podem provocar
quebras nos cromossomos, dando origem a um NOVO Cromossomo, que sera 0 Cromossomo
B. Os cientistas ja sabem que os cromossomos B carregam cépias de sequéncias de DNA
dos cromossomos normais da espécie. Essas sequéncias podem ser genes, que sao
responsaveis por alguma fungdo, como carregar o codigo para a formacao de proteinas ou
gerar um RNA que regula processos dentro da célula. Mas qual o impacto de um
cromossomo a mais para as células? Como esse cromossomo se comporta? Sao perguntas
ainda nao respondidas e muito importantes para se entender o comportamento e funcao de
cromossomos extras. Desta forma, esse trabalho de doutorado procurou investigar genes
que pudessem contar mais sobre a funcdo dos cromossomos B. Dentro de uma infinidade
de classes de genes, foram escolhidos os “pequenos RNAs”, que sao responsaveis por
regular diversos processos nas células. O nosso modelo de estudo foi um peixe originario
da Africa, chamado Astatotilapia latifasciata. A partir do sequenciamento de DNA e RNA
desse peixe, de individuos com e sem cromossomo B, diversas analises foram realizadas
no computador, numa drea chamada bioinformatica. Analisando o RNA das células de
individuos com e sem cromossomo B nés identificamos dois resultados principais. (1)
Descobrimos que o cromossomo B altera a quantidade (expressao) de um tipo de RNA,
chamado microRNA, e isso pode impactar em diversos processos biolégicos que esses
microRNAs controlam. Outro resultado é que o cromossomo B tem sequéncias de outros
pequenos RNAs, chamados piRNAs. Esses RNAs, por sua vez, protegem o conjunto de
DNA dos organismos, chamado genoma e por isso sdo chamados de “guardides do
genoma”. Com isso, apresentamos também uma arvore da vida do cromossomo B e RNA:
colocamos os principais grupos de organismos e indicamos quais deles ja foram
descobertos cromossomos B e quais possuem estudos de RNAs e cromossomos B. Foi

mostrado que diversas classes de RNAs ainda ndo foram estudadas em relagdao ao



cromossomo B. Concluimos com esses estudos que o cromossomo B pode interferir em
diversas vias que ainda ndo tinham sido descritas e podem direcionar novos estudos
focando nessas vias regulatorias para melhor descrever as fungdes desses cromossomos

extras.

Esse resumo foi revisado por familiares, ndo por pares. Agradeco os comentarios e
reflexbes dos “revisores” que me fizeram analisar diversos pontos a melhorar a
comunicagao do meu trabalho ao grande publico.
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1 Introducdo

1.1 Cromossomo B

Os supranumerarios cromossomos B ou simplesmente “Bs” sdo elementos
extra e dispensaveis ao genoma, encontrados em aproximadamente 10 a 15% dos
organismos ja cariotipados, incluindo fungos, plantas e animais (Camacho et al.,
2000; Houben et al., 2014; Jones et al., 2008; Jones, 1991; Miao et al., 1991; Peng
& Cheng, 2011). Dentre esses grupos, plantas é o taxon com maior numero de
espécies descritas portadoras de cromossomos B (Peng & Cheng, 2011). Enquanto
em animais, os Bs foram reportados em diversos invertebrados, em algumas
espécies de mamiferos, mais de 100 espécies de peixes e apenas uma espécie de
ave (Jones et al., 2008).

O numero de espécies com registro de cromossomo B em cada taxon nao
deve necessariamente ser relacionado a biologia do grupo, pois, em determinados
casos ha uma escassez de informacdes devido a dificuldade de obtengdo de
amostras ou falta de estudos, como € o caso das aves (Camacho et al., 2000;
D’Ambrosio et al.,, 2017). No filo Cnidaria, por exemplo, ainda nao foram
encontradas espécies com cromossomo B, e entre as plantas, algas, samambaias e
musgos possuem poucos registros representantes portadores de cromossomo
supranumerario (D’Ambrosio et al., 2017). Mesmo sabendo que alguns grupos
tendem a uma maior tolerancia a eventos de ploidias, como € o caso das plantas, a
prevaléncia de cromossomo B esta associada a um evento polifilético e pode ser
encontrada ao longo da arvore da vida (Valente et al., 2017).

O primeiro cromossomo supranumerario foi descrito em 1907 em algumas
espécies do género Metapodius (Wilson, 1907). Esse cromossomo extra nao
pertencia nem ao conjunto de cromossomos sexuais (X, Y, Z ou W) tampouco ao
conjunto dos autossomos, o complemento “A”. Desta forma, tornou-se convengao
nomear esse elemento extra de cromossomo “B”. No geral, sdo fortemente
heterocromaticos o que indica pouca atividade génica (Camacho et al., 2000) e
raramente a presencga do B esta associada a alguma alteragao fenotipica (Valente et
al., 2017).
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A evolucao e origem do cromossomo B em diversos taxa revela uma historia
independente, ou seja, varia em constituicdo, numero e morfologia para cada
espécie e até mesmo entre populagdes (Ploskaya-Chaibi et al., 2015) (Figura 1).
Cromossomos B podem apresentar origem intraespecifica autossémica, quando a
evolucdo é dada por eventos na prépria espécie, ou interespecifica autossémica,
quando cruzamentos interespecificos originam esse elemento extra, mecanismo
comumente encontrado em plantas (Camacho et al., 2000; Houben, 2017).

E consenso que duas forcas contrarias atuem estabelecendo a frequéncia de
cromossomos B em uma populacao: a variabilidade polimérfica que o cromossomo
B pode trazer a uma populagcdo, aumentando a frequéncia; e os efeitos negativos ao
fitness que o B pode causar, diminuindo a frequéncia (Camacho et al., 2000). O
numero de Bs em cada espécie também é variavel (Figura 1). Na literatura é
possivel encontrar estudos com individuos que suportam diversos cromossomos B,
como no caso da raposa vermelha (Vulpes vulpes, 2n=34 As + 0-8 Bs) e em milho
(Zea mays, 2n=20 As + 0-34 Bs) (revisado por (Houben et al., 2014) ) e ainda
parece haver uma proporcionalidade do numero de Bs suportado em cada espécie,
um limite que se ultrapassado pode afetar negativamente o individuo, causando
infertilidade, por exemplo (Houben, 2017).

Além disso, os Bs normalmente n&o se pareiam com nenhum outro
cromossomo do complemento “A”. Sendo assim, € necessario que 0S Cromossomos
B ao longo da evolugdo adquiram um mecanismo de drive meidtico, ou seja,
estratégias para que durante a n&do-disjungdo meidtica ndo sejam eliminados
(Houben, 2017). Consequéncia no drive meidtico € uma segregagcao nao-
mendeliana em que muitas vezes o cromossomo B € capaz de ser transmitido a
frequéncias superiores a 50% (Benetta et al., 2019; Imarazene et al., 2021).

O comportamento do cromossomo B durante a meiose tem sido
extensivamente investigado, e ja se conhecem diversas formas de segregagao nao-
mendeliana (Clark et al., 2017; Houben, 2017). Em plantas, por exemplo, foi
observado uma néo-disjungao direcionada, orquestrada por uma sequéncia nao-
codificante (Houben, 2017) e em peixes uma segregagao preferencial ainda sem
mecanismos moleculares descritos (Clark et al.,, 2017). Esses fendbmenos foram
reportados durante a meiose de fémeas, em que o cromossomo B migra

preferencialmente para o pélo germinativo, evitando o pdlo vegetativo no caso das
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plantas, ou para o odcito, evitando o corpusculo polar no caso dos animais. Em
espécies de ciclideos africanos, por exemplo, o cromossomo B ja foi reportado
exclusivamente em fémeas (Clark et al., 2017; Yoshida et al., 2011). Por sua vez,
em Astyanax mexicanus, 0 cromossomo B tem uma prevaléncia maior em machos e
possui uma copia do gene growth differentiation factor 6b (gdfé6b). O silenciamento
dessa sequéncia através de CRISPR provocou a reversao sexual de machos para
fémeas, sugerindo uma possivel fungdo para gene determinante do sexo carregado
pelo cromossomo B (Imarazene et al., 2021).

Essas evidéncias suportam uma relacdo estreita entre a presenga do
cromossomo B e sexo (Clark & Kocher, 2019). Além disso, os fendmenos de origem
e evolugdo do cromossomo B estdo muito préximos dos mecanismos de
heteromorfia cromossémica sexual, como: origem independente, acumulo de DNA
repetitivo, fortemente heterocromatico e eventualmente, genes especificos
(Camacho et al., 2000) . Em algumas espécies de artropodes, diversas evidéncias
apontam a origem do cromossomo Y a partir de um cromossomo B (Lopez-Ledn et
al.,, 1994; Nur et al.,, 1988). Adicionalmente, o cromossomo B de Drosophila
contribuiu para a formacdo do cromossomo Y, que adquiriu mecanismos para se
manter (Carvalho, 2002).

Sobre a composicdo, cromossomos B s&o ricos em DNA repetitivo, o que
garante sua caracteristica fortemente heterocromatica. Embora a presencga do B nao
seja relacionada com alteragdes fenotipicas, outras evidéncias mostram altera¢des
fisiologicas e no ambiente celular (Camacho et al., 2000). Como fendmenos gerais,
fora constatado um atraso na meiose das células que possuem cromossomo B, bem
como um acréscimo no conteudo de proteinas nucleares e RNAs.

Atualmente, sabe-se que o cromossomo B pode ter alguma atividade génica,
pois, ha o registro de transcricdo de genes em plantas e animais (Benetta et al.,
2020; Leach et al., 2005; Mazzoni et al., 2021) sugerindo atividade do cromossomo
B em orquestrar seu proprio mecanismo de transmissdo e permanéncia nos
genomas. Dentre os genes codificadores de proteinas, foram identificados no
cromossomo B diversas sequéncias transcricionalmente ativas relacionadas a

diversos processos (Tabela 1).
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Figura 1 - Diversidade numérica e morfolégica de cromossomos B. Os cromossomos B estdo
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cromossomo B é exclusivo nas fémeas (metafase da esquerda, cromossomos corados em verde).
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Espécie Gene Classe/ Fungao Referéncia
Nectria haemotococca Cytochrome P-450 Gene codificador de proteina/  (Miao et al.,
(Pda) Processos metabolicos 1991)
Astotilapia latifasciata Spindle and Gene codificador de proteina/  (Valente et
kinetocore-associated  Segregacao de cromossomos  al., 2014)
protein 1-like
Astotilapia latifasciata BncDNA RNA n&o codificante/ Fungao (Ramos et
desconhecida al., 2017)
Eyprepocnemis plorans Kinesin-like protein Gene codificador de proteina/  (Navarro-
KIF20A Regulagao da citocinese Dominguez
etal., 2017)
Secale cereale AGO4B Gene codificador de proteina/ (Ma et al,
Silenciamento induzido por 2017)
RNA com funcao slicer
Zea mays miRmB1 microRNA (Huang et
al., 2020)
Nasonia vitripennis Haploidizer Gene codificador de proteina/  (Benetta et
funcdo desconhecida al., 2020)
Astyanax mexicanus Growth differentiation Gene codificador de (Imarazene
factor 6b proteina/Candidato a gene et al., 2021)

determinante de sexo

Os avangos das tecnologias de sequenciamento, bioinformatica e biologia
molecular tem possibilitado o estudo em larga escala do conteudo do B em diversas
espécies (Ahmad & Martins, 2019; Ruban et al., 2017). Esses estudos trazem
descobertas tanto para o conhecimento em Biologia Molecular como para o
desenvolvimento de ferramentas a partir do entendimento do cromossomo B. Como
€ o caso do fungo patogénico N. haemotococca em que o cromossomo B carrega
um gene que confere resisténcia contra um composto antimicrobiano produzido pela
ervilha Pisum sativum (Tabela 1) (Miao et al., 1991).

No entanto, a maioria dos estudos que investigam a constituicao dos
cromossomos B sdo direcionados para a descricao de sequéncias repetitivas, como
DNA satélites e elementos transponiveis, e genes codificadores de proteinas. Pouco
tem se explorado a relagdo do cromossomo B com a por¢cdo nao-codificante do
genoma, com destaque para a classe de RNAs nao-codificantes (ncRNAs) (Akbari
et al., 2013; Huang et al., 2020; Li et al., 2017; Ramos et al., 2017). Os ncRNAs séo
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os principais moduladores da expressdo génica, pois, estdo presentes em
processos que afetam a transcricdo e traducdo (Adelman & Egan, 2017; Costa,
2007). Sabendo que, de forma geral, os cromossomos B possuem baixa densidade
de genes codificadores de proteinas, caracterizar a porgado nao-codificante traz
perspectivas para se explorar e descrever novas fungbes desse cromossomo

parasita nos genomas hospedeiros.

1.2 RNAs nao-codificantes (ncRNAs) no estudo de biologia cromossdomica
com foco no cromossomo B

Nos organismos mais derivados a por¢gao nao-codificante € predominante no
genoma, compreendendo >90% (Mattick & Makunin, 2006). Com o avango das
tecnologias de sequenciamento e biologia molecular a lista de classes de ncRNAs
tem aumentado, expandindo a visdo sobre o papel do genoma né&o-codificante no
ambiente celular (Mattick & Makunin, 2006; Moazed, 2009; Palazzo & Lee, 2015).

Dentre as principais classes de ncRNAs podemos citar trés grandes grupos
de acordo com sua funcdo: os ncRNAs constitutivos, os intragénicos e os
regulatorios (Moazed, 2009). Os ncRNAs constitutivos compreendem os RNAs
transportadores, RNAs ribossomais e os pequenos RNAs nucleares que
desempenham fungdes essenciais durante a transcricdo e traducao. Ja os ncRNAs
intragénicos referem-se a por¢ao nao-codificantes dos RNAs mensageiros, como 3’
UTR (untranslated region), 5’UTR e introns, fundamentais para o processamento do
RNA mensageiro. Para os ncRNA regulatérios ha uma infinidade de
subclassificacbes, destacando-se a classificacdo por tamanho: >200 nucleotideos
os RNAs longos néao-codificantes (INcCRNAs) e os <200 nucleotideos os pequenos
RNAs né&o-codificantes (sSRNAs). A classificagao das principais classes de ncRNAs

esta ilustrada na Figura 2.
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Figura 2 — Classificacdo dos RNAs nao-codificantes (hcRNAs). Uma das classificagbes mais aceitas
divide os tipos de ncRNAs em trés grandes grupos: constitutivos (tRNA, RNA transportador; rRNA,
RNA ribossomal; snRNA, pequeno RNA nuclear), intragénicos (3’'UTR, untranslated region; 5’ UTR;
untraslated region; intron) e regulatérios (IncRNAs, RNAs longos nao-codificantes; sRNAs, pequenos
RNAs). Esta ultima classe, como descrito no texto, é categorizada por tamanho do transcrito. Dentre
os sRNAs detacam-se 3 principais classes: siRNAs (small interference RNA), miRNAs (microRNA) e
piRNA (PIWI-Interacting RNAs).

Do ponto de vista de biologia cromossémica destacam-se os INcCRNAs, como
o Xist responsavel pelo mecanismo de compensacgao de dose do cromossomo X em
mamiferos (Hore et al.,, 2007). Adicionalmente, flamenco, um cluster de PIWI-
interacting RNA (piRNA) foi descrito no cromossomo X de Drosophila, sendo o
responsavel pela produg¢ao da maior parte de piRNAs para o controle de elementos
transponiveis (Goriaux et al., 2014). Algumas sequéncias de ncRNA ja foram
reportadas no cromossomo B (Akbari et al., 2013; Huang et al., 2020; Li et al.,
2017; Ramos et al.,, 2017), dentre elas RNAs longos nao-codificantes, INcCRNAs
(Ramos et al., 2017) e miRNAs (Huang et al., 2020). No entanto, ainda ha poucos
estudos com RNAs nao-codificantes e cromossomos B, pois, nos ultimos anos o
foco esteve voltado aos genes codificadores de proteinas.

Devido a escassa informagao sobre cromossomo B e sua relagdo com os
pequenos RNAs ndo-codificantes, no presente trabalho foi investigado duas classes
de sRNAs, os microRNAs (miRNAs) e os piRNAs na presenga do cromossomo B.
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Os sRNAs sdo conhecidos como os reguladores mais abundantes do genoma, por
participarem de uma infinidade de vias que abrangem desde ciclo celular,
desenvolvimento, até quadros patogénicos (Moazed, 2009). As proteinas da familia
Argonauta s&o essenciais para a atuacédo desses pequenos RNAs, destacando duas
grandes subfamilias: Ago e Piwi. As proteinas Piwi (descobertas pioneiramente em
Drosophila com a mutagao P-element induced wimpy testis, Piwi) guiam pequenas
moléculas de RNA de fita simples com biogénese independente de proteina Dicer,
ou seja, os piRNAs. As proteinas Ago guiam siRNAs e miRNAs, moléculas
derivadas de fita dupla de RNA e processamento dependente da proteina Dicer

(Ponnusamy et al., 2017).

1.2.1 microRNAs e o controle da expressao génica numa abordagem de
gendémica integrativa

Os miRNAs sdo sequéncias de aproximadamente 22 nucleotideos (de 17 a
27 nucleotideos) e tém sido reportados como os reguladores pds-transcricionais
mais abundantes em animais (Lee et al.,, 1993; Ambros, 2004; Bartel, 2004;
Wienholds et al., 2005; Fuller-carter et al., 2015) podendo somar de 1% a 5% do
genoma (Olena & Patton, 2010).

O mecanismo de acao dos miRNAs ocorre pela complementaridade da
sequéncia de miRNA e seus genes alvo (targets), que se constitui na interagao da
por¢cdo 5 do miRNA com a regido 3’'UTR (untranslated region) do mRNA alvo. O
segmento 5’UTR do miRNA que compreende do primeiro ao oitavo nucleotideo é
chamado de seed, sendo que do segundo ao sétimo nucleotideo devem
obrigatoriamente participar da interacdo miRNA:alvo para sitios candnicos de
interagao (Grimson, 2007; Bartel, 2009) (Figura 3).

Lee e colaboradores (1993) foram os pioneiros na descoberta dos miRNAs,
ao detectarem em Caenorhabditis elegans um pequeno transcrito que estaria
regulando um gene do desenvolvimento apds sua transcrigao, por ser constituido de
uma sequéncia antisense ao gene.

A localizagdo genbmica dos genes de miRNAs ocorre de forma bastante
heterogénea podendo encontrar-se em regides intergénicas, regides de introns e
ainda regides de éxons, esse ultimo em menor frequéncia (Olena & Patton, 2010).

Mas de forma geral, os genes de miRNAs se distribuem ao longo da eucromatina,
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em regides com alta densidade génica (Bartel, 2018). E comum que estejam
agrupados em clusters que designam as familias de microRNAs, na sua maioria
caracterizadas por conterem as mesmas sequéncias seeds. Para Danio rerio, por
exemplo, ha um numero de 44 familias agrupadas, dessas, 41 sdo compartilhadas
com outros vertebrados (Heimberg et al., 2008; Thatcher et al., 2008). Desta forma é
possivel fazer uso de banco de dados de miRNAs, como o miRBase, para realizar
predi¢des in silico em espécies que ainda nao tiveram microRNAs identificados.

As sequéncias de miRNA sdo geralmente conservadas ao longo do processo
evolutivo, e o acumulo de mutagdes pode acarretar perda de fungdo (Bartel, 2004;
Pang et al., 2006; Wahlestedt, 2006; Wang et al., 2007; Wang & Chang, 2011;
Gebetsberger & Polacek, 2013; Fuller-Carter et al., 2015). Desta forma, pode-se
dizer que os miRNAs estdo sob fortes pressdes seletivas, e isso provavelmente se
deve ao fato de estarem localizado proximos a genes codificadores de proteinas.

Em animais a nomenclatura dos miRNAs é estabelecida pelas trés primeiras
letras referentes a espécie, seguidas do termo ‘miR’ e seu numero de identificagao.
Ainda, pode carregar o termo 3p ou 5p que indicam a qual orientacao a fita madura
se refere (exemplo: microRNA 123 de Homo sapiens com fita ativa 3p: hsa-miR-
123-3p). Ou seja, um mesmo microRNA pode estar presente em varios taxons
seguindo o mesmo numero de identificacdo e alterando apenas o nome da espécie
como prefixo e/ou alguns nucleotideos (Griffiths-Jones, 2004).

Leung & Sharp (2010) propuseram a sintese da molécula de miRNA em
animais, na qual o transcrito primario de miRNA (pri-miRNA) possui uma estrutura
secundaria em forma de grampo de cabelo (hairpin). Em seguida, ocorre a acao da
proteina Drosha, que cliva as extremidades do pri-miRNA, recebendo o nome de
pre-miRNA, que, por sua vez, € carregado para o citoplasma pela Exportina-5. Em
seguida, a proteina Dicer desconfigura a estrutura de hairpin formando um
fragmento dupla fita com aproximadamente 22 nucleotideos (Sohel, 2016). Uma das
fitas (5p ou 3p), o MIRNA maduro, quando associado ao complexo proteico
Argonauta-RISC, é capaz de interagir com o sitio 3'UTR do mRNA alvo (Lee et al.,
1993; Leung & Sharp, 2010) (Figura 3). Interacdo de miRNAs com outras regides
dos RNAs mensageiros, como 5UTR e a porgao codificante, também ja foram
descritas (Lytle et al, 2007; Liu et al., 2013).
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Em vias gerais, a ligacdo do miRNA a seu alvo regula a tradugdo do mRNA
através da sinalizagdo para degradagao ou impedindo o reconhecimento do tRNA
para traducao (Lee et al.,1993; Pang et al., 2006; Wahlestedt, 2006; Wang & Chang,
2011). Um mesmo miRNA pode regular dezenas a centenas de genes (Grun et al.,
2005), atuando em diferentes fases do ciclo celular e desenvolvimento, respostas a
estimulos e doencas.

Apenas dois trabalhos caracterizam a presengca de mIRNAs em
cromossomos B (Li et al., 2017; Huang, et al., 2019). Através de dados de RNAseq
esses trabalhos mostraram que os miRNAs expressos pelo cromossomo B podem
afetar a expressdo dos miRNAs dos autossomos. Li et al., 2017, ainda reportaram
algumas sequéncias de siRNAs e piRNAs expressos pelo cromossomo B da vespa
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miRNA 5p, ou seja, apds o processamento pela Dicer, ao separar as fitas, a sequéncia originaria do
braco 5p sera o miRNA maduro, enquanto a 3p (fita passageira) serd degradada. Um mesmo miRNA
pode dar origem a miRNAs maduros 3p e 5p. Essa orientacdo é importante, pois, pode indicar
atuacdo em alvos diferentes em momentos diferentes do ciclo celular (processo chamado de arm-

switching).

1.2.2 PIWI-interacting RNAs (piRNAs) e manuteng¢ao da integridade do genoma

Dentre os pequenos RNAs ndo-codificantes os piRNAs foram descritos mais
recentemente (Brennecke et al., 2007; Hartig et al., 2007). Junto com os miRNAs e
siRNAs eles integram o grupo de sRNAs que se associam a proteinas Argonautas
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como mecanismo de agao, formando os complexos RISC (RNA induced silencing
complex, complexo de silenciamento induzido por RNA). No entanto, a principal
diferengca € que os piRNAs nao formam estrutura em fita dupla e, portanto, néo
dependem da proteina Dicer durante o processamento (Moazed, 2009).

Até o presente momento, os piRNAs foram identificados apenas em animais,
sendo descrito primeiramente em Drosophila e desempenham a fungao de silenciar
elementos transponiveis principalmente nas células germinativas (lwasaki et al.,
2015). Em plantas esse processo é orquestrado pelos siRNAs (Grimson et al.,
2008).

Algumas sequéncias de RNAs que pareciam controlar a atividade de
elementos transponiveis foram descritas na década de 1990, os chamados rasi-
RNAs (Pelisson et al., 1994). No entanto, apenas apds a descrigdo dos dominios
PAZ e PIWI das proteinas Argonautas, os rasi-RNAs foram reclassificados como
PIWI-interacting RNAs: RNAs que interagem com proteinas PIWI para controle da
mobilizacdo de elementos transponiveis (Brennecke et al., 2007).

Os primeiros piRNAs foram observados em algumas linhagens de Drosophila
que nao possuem o elemento transponivel P-element, chamadas de linhagens M,
enquanto as linhagens que possuiam esse transponivel sdo chamadas de linhagens
P. Quando machos P sao cruzados com fémeas M a geragdo F1 sofre com a
sindrome da disgenesia hibrida (hybrid dysgenesis), que dentre diversos problemas
pode tornar a prole estéril. No entanto, cruzamentos entre, fémeas P e machos M,
fémeas P e machos P, produzem proles normais. A conclusédo € que a linhagem P
desenvolveu piRNAs capazes de controlar as cépias do P-element ativo, evitando
que esse elemento transponivel cause problemas a prole. Sendo assim nos
cruzamentos onde a fémea pertence a linhagem P ha a deposigcdo dos piRNAs
maternos que silenciam o P-element. Logo, a nomenclatura PIWI deriva desse
fendbmeno reportado em Drosophila, P-element induced empty tests (PIWI) (Luo &
Lu, 2017).

Os piRNAs possuem de 24 a 35 nucleotideos de tamanho e sdao encontrados
no genoma agrupados em clusters maiores que mil pares de bases (1 kilobase) até
centenas de kilobases. Os clusters de piRNAs sdo originados em regides ricas em
elementos transponiveis degenerados, os chamados “junkyards”, ou seja, regides

“ferro-velho” de elementos transponiveis (Han et al., 2015; Kofler, 2019; Luo et al.,
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2020; Wierzbicki et al., 2021; Zeng & Tang, 2020). Portanto, a distribuicdo de
piRNAs no genoma ocorre preferencialmente em regides pericentroméricas e
subteloméricas, ricas em elementos repetitivos, além de apresentarem marcas
H3K9me3 e HP1, caracteristicas de heterocromatina (Czech et al., 2018; Le
Thomas et al., 2014). Esse processo de origem de clusters de piRNAs serve como
uma “armadilha” para elementos transponiveis, pois, eles mesmos originam os
clusters que irao atuar no seu silenciamento.

Os clusters de piRNA séo classificados em uni-strand e dual-strand, segundo
o enriquecimento de piRNAs maduros em uma fita do DNA ou nas duas fitas do
DNA, respectivamente (Luo & Lu, 2017; Rosenkranz & Zischler, 2012). Esses
clusters sao transcritos em longos RNAs precursores que s&o transportados ao
citoplasma préximos as mitocéndrias em uma regido rica em proteinas, chamada de
nuage, corpos Yb, corpos cromatoides ou pi-bodies. Nessa regido os transcritos
precursores podem ser processados por duas vias: a primaria e a secundaria (ou
‘ping-pong”). Na via primaria, a atividade endonuclease da proteina PLD6
(homodloga a Zucchini de Drosophila) processa os transcritos precursores em
pequenos transcritos primarios, os pre-piRNAs (Han, 2015; Gainetdinov, 2018). A
atividade de corte da proteina PLD6 ocorre preferencialmente em uma uracila 3’,
gerando o final do transcrito, € uma adenina 5’, iniciando o proximo pre-piRNA. A
distancia 3’ para 5’ de um pre-piRNA para o outro é chamada de fase, por isso, os
clusters dependentes de PLD6 sdo chamados de phased piRNAs (piRNAs
faseados) (Han, 2015). Na sequéncia, os pre-piRNAs sido processados pela
proteina PIWI na sua extremidade 3’ e direcionam-se ao ciclo “ping-pong”.
Acoplados as proteinas PIWI, forma-se o complexo de silenciamento (piRISC).
Através da complementariedade de sequéncia, o complexo ira excisar o RNA
mensageiro do elemento transponivel, promovendo ndo apenas o silenciamento do
transcrito, mas também criando um novo fragmento de sequéncia que se ligara a
uma outra proteina PIWI tornando-se capaz de silenciar outros alvos (Aravin et al.,
2007) (Figura 4). Sendo assim, conclui-se que a via primaria aumenta a diversidade
de piRNAs, correspondendo as mutacdes possiveis nos elementos transponiveis,
enquanto o ciclo “ping-pong” aumenta a abundéncia de piRNAs (Han, 2015).

Além da atuacdo dos piRNAs silenciando elementos transponiveis no

citoplasma ha outra via atuacdo. O complexo piRISC pode ser transportado para o
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nucleo e também por complementaridade de sequéncia, identificar sequéncias de
elementos transponiveis sendo transcritas, atraindo a maquinaria de metilagdo de
histonas para silenciar o gene de elemento transponivel (Czech et al., 2018) (Figura
4).

Desta forma, os piRNAs sao extremamente importantes para a manutengao
da integridade do genoma, impedindo novas inser¢des de elementos transponiveis
principalmente em células germinativas, sendo chamados de guardiées do genoma
(Senti et al., 2010; Guo & Wu, 2013). Além disso, ao contrario dos miRNAs, os
piRNAs e as proteinas envolvidas no processamento de piRNAs ndo sao
conservadas (Czech et al., 2018). E isso pode estar relacionado a rapida evolugao
de piRNAs a partir da degeneragdo de elementos transponiveis, fenémenos
altamente variados entre as espécies (Kofler, 2019; Wierzbicki et al., 2021). Desta
forma, piRNAs, em sua grande maioria, sdo espécie-especifico, e correspondem a
historia evolutiva e variagdo de elementos transponiveis de determinado grupo.

Apenas um trabalho investiga piRNAs em cromossomos B (Li et al., 2017). A
abordagem utilizada identificou no cromossomo B sequéncias de pequenos RNAs
dentro do intervalo de tamanho para piRNAs. Pouco foi explorado a nivel genémico

a organizagao e a possivel origem dessas sequéncias no cromossomo B.
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Figura 4 - Biogénese e atuagdo de piRNAs. Os transcritos de piRNAs sdo processados no
citoplasma por duas vias: via primaria, dependente da proteina PLD6 e via secundaria ou ciclo ping-
pong. As assinaturas das sequéncias de piRNAs estdo destacadas, U (uracila) na primeira posicéo e
a A (adenina) na décima posig¢ado do transcrito maduro. Ambas assinaturas sdo importantes para o

reconhecimento e atividade de exonuclease pelas proteinas PIWI.

1.3 Astatotilapia latifasciata como modelo de estudo para cromossomo B em
uma abordagem de genémica evolutiva e funcional

A familia Cichlidae é uma familia representativa dos Perciformes e esta
distribuida pela regido tropical da Africa, Madagascar, América do Sul, e algumas
regides da Asia (Kocher, 2004; Turner, 2007). Esta familia tem oferecido grandes
contribuigdes para o entendimento de processos evolutivos devido a rapida radiagao
adaptativa ocorrida pelos grupos que ocupam os grandes lagos africanos.

Além dos estudos de evolugdo, analises cromossdémicas tém sido
extensivamente realizadas no grupo, incluindo a caracterizagédo de cromossomos B
em varias espécies da familia (Brawand et al., 2015a; D’Ambrosio et al., 2017;
Kaufman et al., 1997; Mazzuchelli et al., 2012; Poletto et al., 2010). Dentre estas
espécies, Astatotilapia latifasciata tem sido explorada sob o foco da citogenética
classica (Poletto et al., 2010), citogenética molecular (Poletto et al., 2012), e mais
recentemente, gendmica (Jehangir et al., 2019; Ramos et al., 2017; Valente et al.,
2014).

Esta espécie € natural dos lagos Kyoga e Nawampasa (lagos satélites ao
lago Vitéria - Africa) é facilmente mantida em biotérios devido ao seu pequeno porte
e facil manipulagao de condi¢des como temperatura e qualidade da agua (Figura 5a
e 5b).

O estudo de cromossomos B em peixes data da década de 1980, e a partir
de entdo mais de 100 espécies com cromossomos B ja foram descritas o que
corresponde a 16,28% de todas as espécies cariotipadas (D’Ambrosio et al., 2017;
Jones, 2017). Segundo o banco de dados de cromossomos B, Bchrom! v1.0

(disponivel em http://www.bchrom.csic.es/, ultimo acesso em 17 de novembro de

2021) a familia Cichlidae possui 15 espécies com cromossomo B publicados nos
ultimos 30 anos. Em A. latifasciata, cromossomos B podem estar presentes em
ambos 0s sexos e apresentam-se heterocromaticos (Figura 5d e 5e). Além disso, a

constituicio do cromossomo B nesta espécie € um mosaico composto por


http://www.bchrom.csic.es/
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sequéncias repetitivas, pseudogenes, sequéncias degeneradas e sequéncias
génicas ligadas ao ciclo celular que parecem ter atividade transcricional (Valente et
al., 2014). Além de genes codificadores de proteinas tem se explorado a relagéo da
presenca do cromossomo B com ncRNAs, envolvidos essencialmente em vias
regulatérias. Ramos e colaboradores (2017) identificaram um IncRNA altamente
disperso no cromossomo B que esta diferencialmente expresso quando se compara

individuos com e sem cromossomo B.
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Figura 5 — Exemplares e carittipo da espécie A. latifasciata. a Exemplar fémea de coloragao palida.
b Exemplar macho com coloragdo vermelha e amarela. Ambas imagens pertencem ao acervo de
fotos do Laboratorio Gendmica Integrativa do Instituto de Biociéncias de Botucatu da UNESP (sem
escala). c-e Caridtipo da espécie (Poletto et al., 2010). ¢ Individuo sem cromossomo B (B-); d-e

Individuos com um e dois cromossomos B (B+), respectivamente.

Valente e colaboradores (2014) reportaram uma vasta lista de genes com alta
integridade, ou seja, regiao codificadora completa, presentes no cromossomo B de
A. latifasciata. Entre esses genes foi encontrado mitochondrial cardiolipin hydrolase-
like (LOC101465713) (pld6), com 100% de integridade. A familia PLD tem
envolvimento com a regulagdo da morfologia de mitocondrias, e, mais
especificamente, a proteina PLD6 esta presente na formagdo do corpo denso na

regiao perinuclear (nuage), localizagdo onde concentram-se as proteinas da
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biogénese e atuagédo dos PIWI-piRNAs e s&o responsaveis pelo processamento do
transcrito precursor em piRNAs primarios (Han et al., 2015).

Além de genes codificadores de proteinas, a analise da constituicdo do B
mostrou a inser¢ao de varios elementos transponiveis (Valente et al., 2014). Alguns
desses elementos transponiveis estdo diferencialmente expressos comparando com
individuos nao portadores de Bs (Coan & Martins, 2018), indicando uma possivel
diferenca de atividade desses elementos relacionados a presenca do cromossomo
B. Estudos com cromossomos B de outros organismos também verificaram a
diferenca de expressao de elementos transponiveis presentes no B (Jie et al., 2019;
Leach et al., 2005; Tani¢ et al., 2005).

Com evidéncias para o impacto do cromossomo B em vias regulatérias, mas
pouca informacao sobre a atuacdo de sequéncias ndo-codificantes nessas vias, o
presente trabalho investigou a relagdo entre miRNAs e piRNAs a presenca do
cromossomo B em A. latifasciata.

Para cada classe, miRNAs e piRNAs, foram encontrados resultados que
mostram o impacto do cromossomo B na regulacado de diferentes vias. Utilizando
diversas estratégias, nenhum gene de miRNA foi encontrado no cromossomo B. No
entanto, foram encontrados diversos mMIRNA diferencialmente expressos na
presenga do cromossomo B. Ainda, predigbes in silico mostram a interacédo de
miRNAs com genes duplicados no cromossomo B, indicando que sequéncias do
complemento A pode estar interagindo com o conteudo do B.

Por um outro lado, foram encontrados trés clusters de piRNAs no
cromossomo B, dois deles transcritos exclusivamente nas amostras B+. Esse
resultado confrontou a proposta inicial desse projeto que esperava relacionar a
atividade de piRNAs do genoma padrao de A. latifasciata controlando os elementos
transponiveis expandidos no cromossomo B, assim, permitindo a permanéncia
desse elemento extra no genoma.

Além disso, ao longo do periodo outros resultados foram obtidos e integrados

nessa tese como detalhado na secéao 3.
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2 Objetivos

2.1 Geral:

Avaliar o impacto da presenca do cromossomo B na atividade de pequenos RNAs

nao-codificantes de Astatotilapia latifasciata.

2.2 Especificos:

- Caracterizar microRNAs e PIWI-interacting RNAs nos genomas com e sem
cromossomo B de A. latifasciata

- Comparar a expressao dos pequenos RNAs na presenc¢a do cromossomo B

- Investigar os alvos de interacdo dos pequenos RNAs relacionados a presenga do

cromossomo B

2.3 Suplementares:

- Fornecer um panorama histérico dos trabalhos envolvendo RNAs aplicados ao
estudo de cromossomo B

- Organizar atividades de divulgagao cientifica com base na literatura existente
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3 Materiais, método, resultados e discussdo: introducdo aos

capitulos

Materiais, método, resultados e discussao estao organizados em capitulos
apresentados no formato de artigos cientificos (capitulos 1, 2 e 3) e relatos sobre
divulgacéo cientifica (capitulo 4).

O capitulo 1, intitulado “Differential expression of miRNAs in the presence of

B chromosome in the cichlid fish Astatotilapia latifasciata” descreve os resultados da

pesquisa sobre microRNAs na espécie modelo do estudo. Esse capitulo foi
publicado na revista BMC Genomics.

O capitulo 2, “First characterization of PIWI-interacting RNA clusters and their
role in genome protection against the accumulation of transposable elements in
parasitic B chromosomes”, reune os resultados sobre piRNAs.

O capitulo 3 é um artigo de revisdo sobre os trabalhos envolvendo RNA e
cromossomos B. A revisdo “B chromosome tree of life: an RNA world perspective”
também apresenta desafios a serem superados e perspectivas para se avangar no
conhecimento a respeito da evolugdo e fungdo do cromossomo B através da
investigacao de RNAs.

Os materiais suplementares de cada capitulo estdo disponiveis na pasta
online com acesso pelo link: https://drive.google.com/drive/folders/
1yaRS319Z2GqUIW-MTVMbPz0dOW H10rL9?usp=sharing. Para acessa-los, basta

copiar o endereco do link no navegador. Ao final de cada capitulo, os arquivos

suplementares também estdo com os respectivos links. Para acessa-los
integralmente é necessario realizar o download dos arquivos. Eventuais problemas
para acessar ©0s arquivos favor contactar a autora pelo e-mail

jordanainoliveira@gmail.com.

O ultimo capitulo, “Relatos sobre divulgagdo cientifica: democratizar o
conhecimento é construir um futuro melhor” descreve o trabalho de comunicac¢ao da
ciéncia realizado ao longo do periodo. Esse capitulo apresenta algumas producdes
e materiais publicados com o objetivo de popularizar o conhecimento cientifico e
discutir educacao cientifica para o avango e autonomia da sociedade.

As referéncias citadas ao longo dos capitulos bem como na seg¢ao de

Introducao estdo apresentadas na secéo 5, ao final dessa tese.


https://drive.google.com/drive/folders/%201yaRS319ZGgUIW-MTVMbPz0d0W_H1OrL9?usp=sharing
https://drive.google.com/drive/folders/%201yaRS319ZGgUIW-MTVMbPz0d0W_H1OrL9?usp=sharing
mailto:jordanainoliveira@gmail.com
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3.1 Capitulo 1

“The ‘Argonautes’ looked at one another in amazement

and exclaimed with one voice: “Hercules!”

— Robert Graves
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Abstract

B chromosomes (Bs) are extra elements observed in diverse eukaryotes, including
animals, plants and fungi. Although Bs were first identified a century ago and have
been studied in hundreds of species, their biology is still enigmatic. Recent advances
in omics and big data technologies are revolutionizing the B biology field. These
advances allow analyses of DNA, RNA, proteins and the construction of interactive
networks for understanding the B composition and behavior in the cell. Several
genes have been detected on the B chromosomes, although the interaction of B
sequences and the normal genome remains poorly understood. We identified 727
miRNA precursors in the A. latifasciata genome, 66% which were novel predicted
sequences that had not been identified before. We were able to report the A.
latifasciata-specific miRNAs and common miRNAs identified in other fish species.
For the samples carrying the B chromosome (B*), we identified 104 differentially
expressed (DE) miRNAs that are down or upregulated compared to samples without
B chromosome (B") (p < 0.05). These miRNAs share common targets in the brain,
muscle and gonads. These targets were used to construct a protein-protein-miRNA
network showing the high interaction between the targets of differentially expressed
miRNAs in the B* chromosome samples. Among the DE-miRNA targets there are

protein-coding genes reported for the B chromosome that are present in the protein-
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protein-miRNA network. Additionally, Gene Ontology (GO) terms related to nuclear
matrix organization and response to stimulus are exclusive to DE miRNA targets of
B* samples. This study is the first to report the connection of B chromosomes and
miRNAs in a vertebrate species. We observed that the B chromosome impacts the
mMiRNAs expression in several tissues and these miRNAs target several mRNAs

involved with important biological processes.

Background

B chromosomes (Bs) are extra and nonessential elements found in
approximately 10 to 15% of karyotyped organisms, ranging from fungi to plants and
animals, and do not follow classical Mendelian inheritance patterns (Camacho et al.,
2000; Houben et al., 2014; Jones et al., 2008; Jones, 1991; Miao et al., 1991). The
origin, evolution, genome content and morphology of B chromosomes vary among
organisms (Ploskaya-Chaibi et al., 2015).

A proto-B chromosome can emerge from chromosomal rearrangements,
partial duplication of A chromosomes (normal chromosomes of the karyotype) or
nonmeiotic disjunction (Houben et al., 2014). This new element increases its
genomic content by insertion of A chromosome sequences copies, including various
repetitive DNA classes (Bueno et al., 2013; Coan & Martins, 2018; Silva et al., 2017),
protein-coding genes (Graphodatsky et al.,, 2005; Miao et al., 1991; Navarro-
Dominguez et al., 2017; RajiCi¢ et al., 2015; Valente et al., 2014), pseudogenes
(Banaei-Moghaddam et al., 2013), retrogenes (Carmello et al., 2017), organellar
DNA sequences (Martis et al., 2012) and noncoding sequences (Akbari et al., 2013;
Huang et al., 2020; Li et al., 2017; Ramos et al., 2017). Duplicated sequences in B
chromosomes have been proposed to facilitate its permanence in the host genome.
These sequences may help the B chromosome drive during gametogenesis avoiding
B elimination (Houben et al., 2014; Valente et al., 2014). In this way, the
characterization of the B genomic content and its effects using genomics and
bioinformatics tools is a promising approach to understand this extra element and its
relation to the host genome (Ahmad & Martins, 2019; Valente et al., 2017).

Regarding to noncoding RNAs, some few sequences have already been
reported either in the B chromosome or impacting in the expression of autosomal

sequences in the B* samples. Noncoding RNAs exert strong effects on cell biological
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processes and are potentially related to the presence of the B chromosome (Huang
et al., 2020; Li et al., 2017; Ramos et al., 2017). Among noncoding RNAs,
microRNAs (miRNAs) (~22 nucleotides long) act in the translation control by
promoting the degradation or cleavage of mRNAs. That is why they are responsible
for the control of important processes, such as development and differentiation, cell
cycle regulation, stress and aging, and some diseases such as cancer. Notably,
miRNAs are one of the most abundant regulators in the genome and several of them
are highly conserved among organisms (Budak & Zhang, 2017; Grun et al., 2005;
Moazed, 2009).

The biogenesis of miRNAs starts in the nucleus with the transcription of the
primary miRNA (pri-miRNA) that has a hairpin structure and is processed to form a
RNA duplex, named pre-miRNA. The pre-miRNA is transported to the cytoplasm and
processed by the Dicer, that cleaves the RNA duplex into two single RNA molecules,
5p and 3p arms. Generally, only one arm will become the mature sequence while the
another one will be degraded (Griffiths-Jones et al., 2011). When associated with the
Argonaute protein, the mature miRNA interacts with its target based on antisense
Watson-Crick pairing that occurs mainly in the 3’ untranslated regions (3'UTR) of
mMRNAs (Leung & Sharp, 2010).

The connection between B chromosome and miRNAs has only been
investigated in two organisms, an invertebrate and a plant species. The wasp
Nasonia vitripennis carries a selfish supernumerary chromosome called PSR
(Paternal Sex Ratio) that transcribes several small RNAs sequences, such as
microRNAs, small interference RNAs and PIWI-Interacting RNAs (Li et al., 2017). In
maize, B-derived miRNAs were found to affect A chromosome miRNA expression
(Huang et al., 2020). However, to the best of our knowledge, these reports are the
only two describing small noncoding RNA sequences in the context of B
chromosomes. Thus, the impact of B chromosome duplications in the small
noncoding RNAs expression is poorly understood.

Among vertebrates, B chromosomes have already been described in
approximately 100 fish species (Jones et al., 2008), corresponding to 16.28% of
karyotyped species (D’Ambrosio et al., 2017). Teleost fishes are important for
evolutionary studies, especially in the Cichlidae family, due to their rapid adaptive

radiation in East African great lakes (Brawand et al., 2015a; Kaufman et al., 1997;
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Turner, 2007). B chromosomes were detected in several cichlid species (Kaufman et
al., 1997; Martins & Jehangir, 2021; Poletto et al., 2010). Among them, the African
cichlid Astatotilapia latifasciata, which carries one or two B chromosomes in both
sexes, has been extensively investigated through classical cytogenetics (Fantinatti et
al., 2011; Poletto et al., 2010), molecular biology (Cardoso et al., 2019; Coan &
Martins, 2018) and, more recently, genomic approaches (Carmello et al., 2017;
Jehangir et al., 2019; Ramos et al., 2017; Valente et al., 2014). Repetitive elements
(Coan & Martins, 2018), coding genes (Valente et al., 2014) and a long noncoding
RNA (Ramos et al., 2017) have already been identified in the B chromosome of A.
latifasciata. Some of these sequences revealed a differential expression in the B*
samples suggesting transcription activity and involvement of this extra element into
several biological pathways (Huang et al., 2020; Navarro-Dominguez et al., 2019;
Ramos et al., 2017).

The A. latifasciata B chromosome content has been investigated by
comparing sequencing from B- and B* DNA and RNA samples. The B chromosome
gene content was first reported through genomic coverage rate analysis based on
lllumina and 454 Life Sciences sequencing of microdissected B chromosome
(Valente et al., 2014). In this work, the microdissected B chromosome sequences
were compared to Metriaclima zebra reference genome, and the first B-genes of A.
latifasciata were reported. Later, the A. latifasciata draft genome was constructed
using lllumina high scale data and identified several duplicated contigs in the B
chromosome (Jehangir et al., 2019). The coverage ratio compares coverage of
sequenced among B~ and B* samples aligned against a reference assembled
genome, which allows to identify higher coverage regions on the B* sequencing
dataset, that represent duplicated regions in the B chromosome (Jehangir et al.,
2019; Valente et al., 2014).

In this study, large-scale small RNA sequences (sRNAseq) were generated
from the brain, muscle and gonads of B- and B* individuals of both sexes of A.
latifasciata. Using bioinformatics approaches, the A. latifasciata miRNA profile was
described, and compared with other teleost miRNAs, mainly cichlid species. This
allowed the identification of conserved and specific novel miRNAs. In this work, we
introduce the application of several bioinformatics tools to investigate miRNA

sequences in the context of B chromosomes based on coverage ratio analysis and
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the generated “B-blocks” as previously reported (Valente et al., 2014). B-blocks are
putative genomic regions observed on B chromosomes and detected via coverage
ratio analysis as a result of NGS read coverage comparison between the two
sequenced genomes (B* and B"). We described 104 miRNAs that were differentially
expressed (DE), either up or downregulated in the presence of the B chromosome
compared to samples without B chromosome (the control). These miRNAs have
common mMRNA targets in the brain, muscle and gonads. Additionally, we found
protein coding genes already described in the B chromosome (the B genes) as
targets of DE miRNAs. Moreover, a network based on human protein-protein
interactions of the DE miRNAs targets highlights the great potential of DE miRNAs in
the influence of B chromosomes over several biological processes.

By combining the sRNAseq with the availability of A. latifasciata genomic
and mRNA transcriptomic data we described the miRNome of this cichlid species.
Further, this is the first study that relates the miRNA expression and the B
chromosome presence in a vertebrate species. This is also the first report of coding

and noncoding interactions related to B chromosome presence.

Materials and Methods
Samples

A. latifasciata fishes were obtained from the Integrative Genomics
Laboratory fish room at S&do Paulo State University, Botucatu (SP), Brazil and were
genotyped for presence/absence of the B chromosome using the previously
developed marker for B chromosomes (Fantinatti & Martins, 2016). The animals with
B (B*) and without B (B-) were kept in different aquariums until the tissue collection
procedure. We used four animals to each group: females B-, females B*, males B-
and males B*. Twelve animals (four of each group) were used to RNA-seq and
twelve to DNA and RNA extraction to PCR, qPCR an RT-gPCR, totalizing 24
animals. The animals were submitted to euthanasia by immersion in eugenol 1% for
three minutes, following the tissue extraction (brain, gonads and muscle) by liquid
nitrogen flash frozen method. The tissues were stocked in -80 refrigerators until the
RNA and DNA extraction, described below.

RNA sequencing of small RNAs in brain, gonads and muscle
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The total RNA was extracted from the brain and gonads of six males and six
females without B chromosomes (B-) and with B chromosomes (B*) and the muscles
of four males and four females B- and B* using the TRIzol™ (Invitrogen) protocol.
The samples were assessed for quality using electrophoresis on an agarose gel and
RIN (RNA Integrity Number, >8) parameters and then sent for small RNA
sequencing (sRNAseq). This service was executed by Sequencing Service at LC
Sciences - Houston, TX, USA, using a single-end lllumina HiSeq 2000 platform after
the library construction with TruSeq® Small RNA Sample Preparation (lllumina). The
libraries are deposited in the NCBI database (access numbers SRR13040679-
SRR13040710).

MicroRNome construction and expression analysis

The small RNA libraries were filtered for quality using Fastx-Toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/index.html) with the default parameters.
Adaptors (TGGAA) and sequences shorter than 17 nucleotides and longer than 27
nucleotides were removed using Cutadapt
(https://cutadapt.readthedocs.io/en/stable/) (Additional File 11 - Table S1).

The miRbase fish database (Kozomara et al., 2019) (Release 22.1, October
2018) (Additional File 10 - Table S3) was clustered using CD-hit software (default
parameters) (Li & Godzik, 2006) to create a nonredundant reference list of fish
mMiRNAs.

The filtered small RNA-Seq libraries were used as input for mapping based on
default parameters (Friedlander et al., 2012) to predict and identify miRNAs
(Additional File 11 - Table S2). Then, the nonredundant reference list of fish
miRNAs was aligned to the A. latifasciata genome assembly (Jehangir et al., 2019)
using Bowtie2 (v 2.3.3.1) (Langmead & Salzberg, 2012). The final prediction step
consists of the submission of the mapper.pl output, the original nonredundant
reference list and the aligned reference list to miRDeep2.0.1.2 analysis using default
parameters (Friedlander et al., 2012). The miRDeep software allows identifying
known and novel miRNAs based on the existence of the miRNAs in the miRBase.
The novel miRNAs were analyzed with BLAST on the seed region (2-8 nucleotides)
to characterize if the new miRNA belongs to either a known miRNA family or a
known miRNA derived (Friedlander et al., 2012).


http://hannonlab.cshl.edu/fastx_toolkit/index.html
https://cutadapt.readthedocs.io/en/stable/
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The differential expression analysis was performed using miaRma pipeline
(Andrés-Leon et al.,, 2016) with the parameters desoft=EdgeR-Noiseq; filter=yes;
cpmvalue=1; repthreshold=6; fc_threshold=0.5; edger_normethod=TMM;
replicates=yes; bcvvalue=0.4; replicatevalue=biological, and
noiseq_normethod=tmm. The comparisons were performed separately for each
tissue (brain, gonads and muscle), sex (male and female) and the presence or
absence of the B chromosome (B*/B-), always considering the B- as control. The

miRNAs with p <0.05 were considered differentially expressed (DE).

Analysis of B chromosome copies

Three strategies were adopted to identify possible copies of miRNA genes
related to the B chromosome. The first was based on “coverage ratio analysis”
(Valente et al., 2014). The miRNA annotations of the A. latifasciata genome were
compared to the B- and B* read coverage ratios of the A. latifasciata genome. The
regions with twice as high coverage read in the B genome indicate a duplicated B
chromosome sequence copy (Valente et al., 2014) (i.e.: 60x coverage B- reads and
120x coverage B* reads). The second strategy was to use all miRNA reads (from B-
and B* samples) that failed to align the A. latifasciata genome during miRNome
construction to identify B chromosome-specific miRNAs. The unaligned reads were
used for miRNA identification by miRDeep using the B* genome assembly (Jehangir
et al., 2019), followed by the prediction of mMiIRNA:mRNA interactions by TargetScan
(described further below). To analyze if these sequences are exclusive from B
chromosome, we performed a BLAST search using Metriaclima zebra genome (vO,
bouillabase.org, last accessed on October 16, 2020). The scaffold matched from M.
zebra genome was visualized with A. latifasciata B- and B* genomic read alignments
on Saci Base Jbrowser (https://sacibase.ibb.unesp.br/index.html, last accessed on
October 16, 2020). Finally, the third strategy was based on the duplicated B
chromosome blocks (B-blocks) identified in a previous study (Jehangir et al., 2019).
The previously predicted miRNAs located on B-blocks were used to predict the

miRNA:mRNA interactions with TargetScan (described further below).

3'UTR prediction and miRNA:3'UTR interactions


file:///C:/Users/JordanaInácioNascime/AppData/Roaming/Microsoft/Word/bouillabase.org
https://sacibase.ibb.unesp.br/index.html
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The 3'UTR sequences from the A. latifasciata transcriptome (Nakajima, 2019)
were predicted using Transdecoder (v5.5.0) (Haas et al., 2013). The annotation file
for each transcript was used with Bedtools (v2.26.2) (Quinlan & Hall, 2010) to
retrieve the predicted 3'UTR for further analyses of interactions. Additionally, the
transcript tissue specificity was retrieved based on observed expression (Nakajima,
2019) to assess tissue-specific interactions.

The miRNAs (novel and known) identified on miRNome and the 3'UTR from
the A. latifasciata transcriptome were submitted to TargetScan 6.0 (Ulitsky et al.,
2012) to predict the miRNA:3'UTR interactions. Scores less than -0.2 were

considered significant predictions in accordance with software parameters.

Genomic PCR, gPCR and RT-qPCR

Genomic DNA was extracted using (Sambrook & Russell, 2006) protocol. The
samples were genotyped using the molecular marker for the presence of the B
chromosomes (Fantinatti & Martins, 2016). Primers for mature miRNA sequences
were constructed using Primer3Plus. Conventional genomic PCR was performed
using Taqg DNA Polymerase (Invitrogen-10342-053) submitted to cycling at 94°C for
5 minutes, followed by 35 cycles (94°C for 1 minute, 50°C to 60°C for 45 seconds,
and 72°C for 10 minutes) and 72°C for 10 minutes. The result was verified by
agarose gel electrophoresis (1%). The genomic DNA of eight B- and eight B*
samples, including samples from males and females, was used for GDR analysis
with gqPCR and SYBR Green detection (Ampliqon) to verify the putative miRNAs
associated with the B chromosome copy. The gene expression analysis was based
on the total RNA extracted from the brain, gonads and muscle of B- and B* of both
sexes, and performed in biological triplicates. The samples were converted to cDNA
libraries (High-Capacity RNA-to-cDNA™ Kit, Applied Biosystems) and used for RT-
gPCR with SYBR Green detection (Ampliqon). The AACq method was used to
analyze relative expression (de Santis et al., 2011). Q-Gene software (Simon, 2003)
was used for normalization with the ubiquitin-conjugating enzyme (UBCE) as the

reference gene. The primers are described in Additional File 11 - Table S4.

Network construction and functional analysis
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The human PPI network was downloaded from Biogrid to analyze miRNA
functions (Chatr-Aryamontri et al., 2015). The network was filtered to retain only
nonredundant interactions between human proteins detected by affinity
chromatography technology (MI:0004), X-ray crystallography (MI:0114), far western
blotting (MI:0047), fluorescent resonance energy transfer (MI:0055), protein
complementation assay (MI:0090), experimental interaction detection (MI:0045) and
two hybrid (MI:0018) experiments. The annotated protein-coding transcripts
(Nakajima, 2019) commonly regulated by B-DE-miRNAs in each tissue (brain,
gonads and muscle), together with B genes reported in a previous study (Valente et
al., 2014), were used to extract a PPl subnetwork from the filtered Biogrid. The
miRNA:3'UTR interactions were added to the PPI subnetwork to create the final B-
miR-net. The protein list was subjected to a Gene Ontology (GO) analysis using
gProfiler to verify exclusive and specific GO terms for proteins derived from B-DE-
miRNA targets and the remaining proteins from all A. latifasciata targets (Raudvere
et al., 2019).

Results
The A. latifasciata miRNome

A nonredundant dataset was constructed based on miRBase fish miRNAs to
create a miRNA reference list. The procedure resulted in 1,456 precursors and 1,234
mature sequences. This fish miRNA reference list was used to identify the miRNAs
in the sSRNA-seq data and annotate them in the A. latifasciata genome. We identified
727 miRNA precursors (pre-miRNAs) throughout the A. latifasciata genome (see
Additional File 1). Among them, 246 (33.84%) pre-miRNAs have similarity with
described miRNAs in miRBase, and they are called known miRNAs. On the other
hand, sequences that were not similar to existing miRNAs are called novel.
Additionally, novel miRNAs could only present seed similarity to existing miRNAs,
indicating new miRNAs probably belonging to an existent miRNA family (Friedlander
et al., 2008). The novel A. latifasciata pre-miRNAs represent 481 (66.16%) precursor
sequences, and 29.31% of them exhibit miRBase seed similarity (nucleotides 2-8
from the 5’ end of the mature miRNA).

Clustered miRNAs can be arranged in a 5 kilobase genomic region long and

generally are related to the same transcription factors (Xiong et al., 2019). Here, we
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considered clustered miRNAs when the sequences were found in the same genomic
contig and not exceeded 5 kilobases distance. The clustered miRNAs (pre-miRNAs
on the same genome contig) accounted for 232 (31.91%) sequences; the longest
cluster contained 9 pre-miRNAs. Also, 495 (68,08%) precursor sequences are single
miRNAs in a genomic contig. Usually, one arm (5p or 3p) is more highly expressed
in the cell, while the other arm can be degraded (Griffiths-Jones et al., 2011). Thus,
comparing the expression of the arms in the sRNAseq, fifty-five percent of pre-
miRNAs displayed higher expression in the 5p arm mature sequence. Transcription
was identified on the minus strand for 368 (50.62%) pre-miRNAs and on the plus
strand for 359 (49.38%) pre-miRNAs. All the results mentioned above are described
in the Figure 1a and b.

The last miRBase release added seven new fish species and 2,050 new
sequences, summing up 3,687 miRNAs sequences (Additional File 11 — Table S3).
From these new species in the last release, five are cichlids and contribute to 1,300
miRNAs sequences. The miRNA seed sequences from A. latifasciata have similarity
with 15 fish species (representatives of nine teleost families) in miRBase,
corresponding to 246 pre-miRNAs (Additional File 1). The species were verified
according to the three first letters of the miRNA ID, which corresponds to the species
ID in the animal miRNA nomenclature pattern, as indicated next in the species
name. Thirty-five percent of known miRNA seed sequences share similarity with
cichlids (Astatotilapia burtoni — abu, Metriaclima zebra — mze, Neolamprologus
brichardi - nbr, Oreochromis niloticus — oni, and Pundamilia nyererei — pny); 65%
show similarity with other teleost families (one species of Adrianichthyidae, Oryzias
latipes — ola; two species of the Cyprinidae family, Cyprinus carpio — ccr, and Danio
rerio, — dre; one species of Gadidae, Gadus morhua — gmo; one species of
Ictaluridae, Ictalurus punctatus — ipu; one species of Pleuronectidae, Hippoglossus
hippoglossus — hhi; one species of Salmonidae, Salmo salar — ssa; and two species
of Tetraodontidae, Fugu rubripes — fru, and Tetraodon nigroviridis — tni) (Figure 1b
and 1c). Even not being the most representative reference species Danio rerio
seeds are well represented among the known miRNAs, probably indicating the
presence of highly conserved miRNAs in the A. latifasciata miRNome (Additional
File 9 — Table S3). Approximately 70% of novel miRNAs are not similar to any seed

from miRBase, indicating their potential as either new specific or nondescribed
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miRNAs (Figure 1b and 1c). When considering only the novel miRNAs that present
seed similarity from miRBase, 60% are similar to seed sequences from A. burtoni, M.
zebra and O. niloticus, which probably represent exclusive conserved miRNAs
families among cichlids (absent or not conserved in other groups).

a 100- b 100
Cichlidae
75. 75- no similarity
known Cichlidae
= novel 9 other
£ 50- S 50-
3 single a
cluster
25- 25-
0- 0-
Genomic  Mature  Strand Type Known Novel
distribution arm  transcription
1.67% 0 1.04% 0.62%
c \ 1.25% %~ 0.62%
2.00% | 167% 7 o419 145% % >
2.09% | Ll s 12:&‘-’,/0 é“—\, Nl 0.41%
— . (I
2090/07—7 3 950/0_\ p
251%

203%
Y . 34.31%

12.97%

13.38% 17.57% 70.69%

[ | Astatotilapia burtoni (K-17.57%; N-14.34%) B wetriaclima zebra (K-2.09%; N-0.41%)

N Cyprinus carpio (K-12.97%; N-2.70%) | Neolamprologus brichardi (K-1.67%; N-none)
Danio rerio (K-34.30%; N-1.45%) I oreochromis niloticus (K-13.38%; N-3.12%)

| Electrophorus electricus (K-none; N-0.62%) [ | Oryzias latipes (K-1.67%; N-0.62%)

= Fugu rubripes (K-5.02%; N-none) " Pundamilia nyererei (K-0.41%; N-none)

M Gadus morhua (K-2.51%; N-3.95%) B saimo salar (K-2.09%; N-1.04%)

| Hippoglossus hippoglossus (K-none; N-1.04%) M 7etraodon nigroviridis (K-1.25%; N-none)

W ictalurus punctatus (K-2.09%; N-none%) M No similarity (K-none; N-70.69%)

Figure 1 Description of the A. latifasciata miRNome. a Percentage of miRNA characteristics.
Genomic distribution: the miRNA precursor arrangement on the genome; Mature arm: the mature
sequence with more reads on RNA-Seq; Strand transcription: precursor transcription strand; Type: if
the miRNA is similar to another known miRNA from miRbase (known) or if is probably a new miRNA

sequence (novel). b Percentage of similarity with cichlids and other fishes. ¢ Percentage of miRNA
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similarity compared with fish sequences from miRBase. cichlid species are highlighted in bold. K,
Known miRNAs; N, novel miRNAs.

Searching for miRNA genes on the B chromosome

We performed three different strategies in order to investigate the miRNA
presence in the B chromosome. All strategies were based on DNA and sRNAseq
comparison of B-and B* samples (see Material and Methods).

The coverage ratio analysis (first strategy) consists in screening the coverage
difference between the B- and B* genomic reads aligned against the A. latifasciata
assembled genome. This strategy allows us to find segments of A chromosomes that
are duplicated on the B chromosome. We did not detect any miRNA gene inside a
genomic region with coverage corresponding to the B chromosome (B* blocks). The
second method was based on alignments using the sRNAseq reads from B- and B*
samples of all tissues that failed to align in the A. latifasciata reference genome.
Then, we performed a second alignment using these unaligned sRNAseq reads to
B* assembled genome (the A. latifasciata DNA with B chromosome). This method
identified 21 novel miRNA genes, of which 6 were exclusively expressed in B*
samples (Additional File 2 and Additional File 3). Thus, ten B* assembly miRNA
genes were selected for validation, as they had an adequate length for gPCR primer
construction. Only one miRNA gene (called here novel 2026-B*, Figure 2a,
Additional File 3) located in contig NODE_313069 from the B* assembly was PCR-
amplified (Additional File 4). However, amplification was observed in both B- and B*
samples (data not shown). gqPCR experiments were performed to confirm that this
genomic segment was in both groups of individuals (B~ and B*). The gene dose ratio
(GDR) compares the relative gene copies trough qPCR, which showed that the
novel_2026-B* region has not GDR difference in the B- and B* genomes, meaning
the same number of copies in both genomes (Figure 2b). Additionally, novel_2026-
B* is similar to scaffold_77 of M. zebra, where B- and B* genomic reads are aligned
(Figure 2c). The A. latifasciata B- and B* genomes have several assembly gaps that
might justify the absence of miRNA alignments. The evidence suggests that
novel_2026-B* occurs in the A. latifasciata genome but is not present in the B
chromosome. The gaps are probably resulting of an assembly bias in the A.
latifasciata genome, where the short lllumina reads caused the region to be ignored

during the assembly (Additional File 4 — Figure S1).
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Figure 2 Functional miRNA absence in the B* genome assembly. a The novel 2026-B* predicted
from the B* assembly. This miRNA has a stem-loop secondary structure. b The NODE_313069 qPCR
for B- and B* DNA samples. The difference between B- and B* amplification was not significant (p-
value 13 >0.05). ¢ Predicted novel_2026-B* match with M. zebra scafold_77. The A. latifasciada
genomic sequencing reads are shown below the M. zebra reference genome, F1-0B SNP coverage
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region matching the M. zebra assembly.

The third approach was predicting miRNAs using the miRBase reference
and the sRNAseq, as the previous strategies, but set the genomic “B-blocks” filtered
by Jehangir et al. (Jehangir et al., 2019) as the reference background. With this
strategy we would like to confirm if no duplicated miRNAs were missed in our

manual coverage ratio strategy (first strategy). This prediction found 33 pre-miRNAs
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on the B-blocks. Two miRNAs are similar to mir-2188, and the others are novel (no
miRBase similarity) (Additional File 6). These 33 miRNAs did not show interaction
with any mRNAs and were not considered for further analysis.

Therefore, based on the results obtained with these three strategies, we did
not find strong evidences of miRNAs in the B chromosome. We discuss the

limitations further.

Effects of B chromosomes on miRNA expression

The differential expression analysis was performed by comparing B* samples
against the samples without B chromosome (as the control) in each tissue (brain,
gonads and muscle) and each sex (male and female). Several miRNAs were
differentially expressed (DE) in B* samples (either up or downregulated), which is
why these sequences were called B DE miRNAs (B-DE-miRNAs). The heatmap in
the Figure 3a shows the upregulated sequences (positive FoldChange in green
gradient) and downregulated sequences (negative FoldChange in red gradient) in B*
samples in each sex and tissue. The profile of DE miRNAs between tissues, sexes
and the presence of the B chromosome detected 104 nonredundant miRNAs
(Figure 3a and b). In brain, 12 novel and 2 known B-DE-miRNAs were found in
females and 12 novel and 7 known B-DE-miRNAs were detected in males. In
gonads, 29 novel and 18 known B-DE-miRNAs were found in females and 8 novel
and 3 known B-DE-miRNAs were detected in males. In muscle, 6 novel and 4 known
B-DE-miRNAs were found in females and 8 novel and 4 known B-DE-miRNAs were
detected in males.

Five genomic regions carry B-DE-miRNAs, forming clustered miRNAs (Figure
3c and Table 1). The B-DE-miRNAs of the same cluster displayed the same DE
pattern in a particular tissue. However, a cluster can have different expression
profiles among tissues. Thus, a unique pattern for all tissues was not identified.
Considering the genomic contigs, the contig NODE_ 615561 contained 4 novel
mature B-DE-miRNAs that were upregulated in the brains of females. These
miRNAs belong to 2 novel pre-miRNAs (novel-37864 and novel 37866) that are
similar to mir-27c and mir-23c from A. burtoni seeds. In contig NODE_65503, 3 novel
miRNA precursors (novel-5423, novel-5425 and novel 37866) with 5 downregulated

B-DE-miRNAs were detected in the gonads of females, which are similar to the mir-
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217 seeds from C. carpio and the mir-216a and mir-216b seeds from A. burtoni.
However, the cluster on contig NODE_65503 also contained a mature B-DE-miRNA
that was upregulated in the muscle of females; therefore, a cluster shows DE profiles
according to the tissue (Figure 3c and Table 1). The distance between the pre-
mMiRNAs genes is described in the start and end of pre-miRNAs sequences on Table
1. Although each tissue has a different miRNA expression profile, no difference in

drosha and dicer gene expression was observed in B* samples (Additional File 5).
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Figure 3 Differential expression analysis. a Nonredundant differentially expressed miRNAs in B*
samples (green represents upregulated miRNAs and red represents downregulated, considering p
<0.05 to >1.5 fold change). b Venn diagram of DE miRNAs among tissues. ¢ Representation of two

clustered DE-B-miRNAs structural organization in genomic contigs.
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Table 1 — Clustered miRNAs composed by downregulated (|) and upregulated (1) B-
DE-miRNAs in brain (BR), gonad (G), muscle (MU), female (F), male (M). FG,

FoldChange.

Contig Pre-miRNA DNA Pre-miRNA Seed similarity Mature B-DE- Expression FC

name strand  start-end miRNA in B+ in B+
samples sampes

NODE_173406  mir-99a - 9625-9682 nbr-mir-99a mir-99a-5p | GO_F -1.23
novel_13044 + 9626-9684 gmo-mir-100b-5p  novel_13044-3p 1 BR_M +1.38
NODE_615561  novel_37864 - 499-563 abu-mir-27¢ novel_37864-5p 1 BR_F +2.78
novel_37864-3p 1 BR_F +2.49
novel_37866 - 714-773 abu-mir-23c novel_37864-5p 1 BR_F +2.68
novel_37864-3p 1 BR_F +2.51
NODE_65503 novel_5423 - 4439-4498 ccr-mir-217 novel _5423-5p | GO_F -2.16
novel_5423-3p | GO_F -1.76
novel_5425 - 5012-5075 ccr-mir-216a novel_5425-5p | GO_F -1.11
novel_5427 - 5708-5768 ccr-mir-216b novel_5427-3p | GO_F -2.19
novel_5427-5p | GO_F -1.70
1T MU_F +2.50
NODE_843581 mir-194 - 58381-58436 ccr-mir-194 mir-194-3p I MU_M -2.33
mir-192 - 58185-58246 ccr-mir-192 mir-192-3p | MU_M -2.67
NODE_91705 mir-212-2 - 2623-2690 dre-mir-212-2 mir-212-2-5p | GO_F -1.89
novel_7483 - 4415-4473 gmo-mir-2184 novel_7483-5p 1 BR_F +1.27

The miRNA 3'UTR interaction and protein-protein interaction (PPI) network

The 3'UTR miRNA binding site was chosen to predict the A. latifasciata
miRNA targets to restrict and avoid false positives results (Oliveira et al., 2017).
Other softwires were tested to miRNA:mRNA prediction, but they showed a huge
number of interactions, being a problem to the filtering. The mMIRNA:mRNA
interactions were predicted (Additional File 7) based on the miRNAs and 3'UTRs
from the A. latifasciata transcriptome. Based on the best scores (< -0.2, following the
software developer recommendations (Ulitsky et al., 2012), 2,080,942 interactions
were identified in the brain, 2,061,604 in gonads and 2,016,807 in muscle.

The miRNA:3'UTR interactions detected for the B-DE-miRNAs formed a list
composed of B-DE-miRNAs and targets (mMRNAs). The protein annotations of these
transcripts (Additional File 8) from each tissue are presented in a Venn diagram,
and 960 proteins were shared among all compared groups (defined as B-related
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proteins) (Figure 4a). The protein-protein interaction (PPI) network from Biogrid was
downloaded to evaluate whether B-related proteins had functional interactions
(Additional File 9). The PPI indicates the physical and high specific contact of two
or more proteins. Due the lack of fish protein-protein interaction data base, the
interactions were filtered based on the human set. As reported in several studies,
there are several miRNA targets conserved among organisms (Bartel, 2018;
Rajewsky, 2006). In this way, our extrapolation report mostly conserved interactions
that could be confirmed by presence in the data bases, as the online TargetScan
(Ulitsky et al., 2012).

The original Biogrid PPl network contained 544,163 interactions (edges)
between 24,913 proteins (nodes). After the experimental detection, redundant edges
and species filtering procedures, 294,199 edges between 14,540 nodes were
retained. Based on the 960 B-related proteins whose genes are B-DE-miRNA
targets, and B genes identified in a previous study (Valente et al.,, 2014), a
subnetwork extraction revealed 177 nodes and 335 edges in the Biogrid filtered
network. The 177 nodes from the subnetwork are targets of 57 B-DE-miRNAs from
the miRNA:3'UTR analysis. Finally, all miRNA targets and interactions were added to
the subnetwork, resulting in 22,477 edges and 281 nodes (considering both proteins
and miRNAs), which was called “B-miR-net” (Figure 4b and Additional File 9).

Despite the ability of B-DE-miRNAs to connect to several mRNAs in B-miR-
net, proteins that are regulated in consensus between different tissues are
interconnected with each other (Figure 4b — red axis). Interestingly, among the B-
related proteins, connections exist other proteins that may by indirectly influenced by
B-DE-miRNAs (Figure 4b — edges between red and blue axes). Additionally, 42 of
the 102 genes reported on the B chromosome in a previous study (Valente et al.,
2014) are in the B-miR-net, as they are B-DE-miRNA targets or interact with other
proteins (Table 2). Nevertheless, 18 of these B-genes exhibit more than 80% of
integrity in their coding region, meaning potentially translated proteins. The other 24
B-genes displayed less than 80% of integrity that may generate truncated transcripts

what indicates protein translation problems (Table 2 and Additional File 7).
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Figure 4 The B-mir-net. a Venn diagram of common protein annotation from B-DE-miRNAs targets.
b The network axis represents the nodes ordered by degree (from low to high beginning from the
center), and edges represent the connection between the axis nodes. Axes are duplicated to show the
interconnections between its own subjects: red axis, B-related proteins (miRNA targets) and B genes
reported in previous study (Valente et al., 2014); green axis, mature miRNAs; blue axis, tissue-
specific miRNA targets; orange edges, miRNAs interacting with proteins commonly regulated by
miRNAs in all analyzed tissues; yellow edges, miRNAs interacting with tissue-specific proteins; green
edges, protein-protein interactions. ¢ Venn diagram of GO terms on B-related proteins and all proteins

from predicted A. latifasciata targets.

A Gene Ontology (GO) analysis was performed (Additional Files 8), and the
proteins were analyzed in the groups of (l) B-related proteins (Figure 4b — red axis)
and (Il) all proteins whose genes are targets of A. latifasciata miRNAs (Figure 4b —
blue axis). The results revealed 74 biological processes that were shared among
the analyzed groups, meaning the common processes between B-related proteins
and all A. latifasciata proteins (Figure 4c, Additional File 10 — S2). In other words,
processes that are commonly present in the cell might be affected by B chromosome
presence by miRNA targeting. However, three specific GO terms were found in the

B-related protein group, which indicates exclusive processes in the PPl network for
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genes controlled by the B-DE-miRNAs in all analyzed tissues. These process terms
are nuclear matrix organization (GO0:0043578), nuclear anchoring at nuclear
membrane (G0:0090292), with members of these two terms being the SUN1 (SUN
domain-containing protein 1), SUN2 (SUN domain-containing protein 1) and SYNE1
(synet) proteins and response to stimulus (GO:0050896), with 141 proteins
members (Additional File 9 — S1) (Figure 4c). Furthermore, a B-gene, ATP-binding
cassette sub-Family A member 1 (abca?) with 80.25% of integrity, belongs to
response of stimulus biological process. This gene is target of B* upregulated
miRNAs in brain, gonad and muscle as describe in the Figure 5. As highlighted in
the Figure 5a, these two biological processes exclusive of B-related proteins are
connected to each other by miRNA targeting.

Furthermore, ABCA1 and SUN2 interact with the proteins CDC42 (cell
division control protein 42 homolog) and SKP1 (S-phase kinase associated protein
1), respectively. These two proteins also have GO terms which are common to B-
related proteins and all the other proteins. This indicates potential biological
processes which occurs in the cells and might be affected by the B chromosome
presence. The potential consequences of this interaction under B chromosome

presence are developed further in the Discussion section.

Table 2 — B-genes present in the B-miR-net. B related proteins — proteins which
either are targets of B-DE-miRNAs or interact with these targets. Other proteins:

proteins which interact each other and are A. latifasciata miRNA targets.

Gene name Protein Integrity
Symbol (%)

B-related proteins apoptosis regulator Bcl-2-like BCL2 100
coxsackievirus and adenovirus receptor-like CXAR 100
spindle and kinetochore-associated protein 1-like SKA1 100
kinesin-like protein KIF11-like KIF11 96.13
zinc finger protein 771-like ZNF71  89.37
serine/threonine-protein kinase RIO3-like RIOK3 81.57
ATP-binding cassette sub-family A member 1-like ABCA1 80.25
aurora kinase A-B-like AURKA 77.16
centromere-associated protein E-like CENPE 73.92
zinc finger protein 836-like ZN836 64.52

histone-lysine N-methyltransferase MLL3-like KMT2C 56.16



Other proteins

butyrophilin subfamily 2 member A1-like
butyrophilin-like protein 2-like

myosin-10-like

polymeric immunoglobulin receptor-like

serine protease 23-like

peptide chain release factor 1-like. mitochondrial-like
VIP peptides-like

zinc finger protein 879-like

ATP-dependent RNA helicase DDX51-like
CD209 antigen-like

protocadherin-10-like

heterogeneous nuclear ribonucleoprotein Q-like
leucine-rich repeat-containing protein 30-like
synaptonemal complex protein 2-like
extracellular calcium-sensing receptor-like
protein NLRC3-like

guanine nucleotide-binding protein G

vascular cell adhesion protein 1-like
torsin-1A-interacting protein 2-like

zinc finger protein 782-like

zinc finger protein 678-like

V-set domain-containing T-cell activation inhibitor 1-like

poly [ADP-ribose] polymerase 14-like

DNA-directed RNA polymerase E subunit 1-like
endonuclease domain-containing 1 protein-like

SAM domain and HD domain-containing protein 1-like
targeting protein for Xklp2-A-like

interferon-induced very large GTPase 1-like

sterile alpha motif domain-containing protein 12-like
xylulose kinase-like

glucose-6-phosphate 1-dehydrogenase-like

BT2A1
BTNL2
MYH10
PIGR
PRS23
RF1ML
VIP
ZN879
DDX51
CD209
PCD10
HNRPQ
LRC30
SYCP2
CASR
NLRC3
GNAI1
VCAM1
ELOF1
ZN782
ZNG78
VTCN1
PAR14
RPA49
ENDD1
ESPL1
TPX2
GVIN1
SAM12
XYLB
G6PD

100

100

100

100

100

100

100

100

92.22
90.13
89.58
79.90
71.93
70.97
69.46
68.24
67.52
65.79
64.25
63.42
63.01
63.00
61.53
61.01
58.21
57.51
52.30
51.55
51.27
50.52
50.43

Discussion
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In the last few years, B chromosome science has undergone rapid advances

due to the wide application of genomics and bioinformatics tools and functional

approaches, including analyses of nonmodel species (Ruban et al., 2017). Here, we

advanced the characterization of the miRNome in A. /atifasciata, with a focus on the

B chromosomes. Initial studies described approximately 200 miRNA genes in fish
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species (Brawand et al., 2015a), and later, this number was increased to 400 genes
with the advances in large-scale DNA and RNA sequencing (Xiong et al., 2019).
Here, we identified more than 700 pre-miRNAs, 34% of which are known miRNAs
identified in miRBase (Figure 1). A set of new pre-miRNAs in the A. latifasciata
genome was described, confirming the rapid evolution of genomes in cichlid species
(Brawand et al., 2015a; Franchini et al., 2019; Xiong et al.,, 2019). New miRNAs
could arise and be lost quickly mainly between related groups (Xiong et al., 2019). In
this manner, the miRNAs could be tightly involved to the diverse adaptation of
Cichlidae family (Brawand et al., 2015b; Xiong et al., 2019). Some of novel pre-
mMiRNA seeds are similar to cichlid seed sequences, and these new miRNAs are
probably isomiRs originated from duplications or as products of RNA editing (Bartel,
2018). The new miRNAs are organized in clusters, which are usually controlled by
the same factors to act in the same or related pathways (Xiong et al., 2019). The A.
latifasciata species-specific isomiRs might perform new functions related to the B
chromosome, as we can observe in the Figure 5a.

Concerning the investigation of small sequences in the B chromosome, it was
not possible to describe a pre-miRNA in the B extra element based on the adopted
approaches. We pointed two reasons: the miRNAs evolution and the limitations of
lllumina sequencing to investigated small sequences with low coverage. One of the
main reasons for the lack of miRNAs is probably related to the B chromosome
structure, which in A. latifasciata originated from a mosaic of duplicated sequences
that underwent mutations over time (Valente et al., 2014). Even though the difficulty
of screening new mMIRNA sequences in a degenerated element (as the B
chromosome), given the limitations of sRNAseq and genomic approaches, we
cannot discard to find out small RNAs sequences in the B chromosome. Our results
offered a miRNA genomic annotation and expression analysis of a new cichlid fish.
This data can improve future studies by association with other genomic sequencing
technologies that cover the B chromosome in a better way, such as Pacbio (Clark et
al., 2018) and flow sorting (Karafiatova et al., 2020).
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Figure 5 Potential activity of small RNA genes originated from A chromosomes and their
action over the B chromosome. a B-DE-miRNAs targeting the genes of exclusive B-related protein
GO terms. The arrows with the same color indicate clustered miRNAs. b The truncated B-genes of
the B-miR-net compete to their original A copy and are controlled by B-DE-miRNAs in the way to

benefit B chromosome maintenance.

We observed differences in the expression of miRNAs encoded by the regular
chromosomes complement (B-DE-miRNAs) in B chromosome carriers. Similar

results were also observed in maize (Huang et al., 2020). The mechanism by which
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B chromosomes affect the expression of A complement miRNA genes is unclear.
The presence of active genes related to miRNA biogenesis in the B chromosome
might explain these variations. Argonaute (AGO) proteins are essential for
processing small RNAs (Bartel, 2018; Moazed, 2009), and although AGO-like protein
genes have already been observed on the B chromosomes of Secale cereale (Ma et
al., 2017), copies of these genes and other genes related to miRNA biogenesis were
not found in A. latifasciata B chromosomes (Jehangir et al., 2019; Valente et al.,
2014). Moreover, the expression of A copies of drosha and dicer genes, the main
regulators of miRNA biogenesis, were not affected by B chromosomes (Additional
File 5). Thus, the miRNA pathway does not appear to have changes under the B
chromosome presence.

The B-DE-RNAs are specific to each tissue (Figure 3), but their targets are
usually the same (Figure 4a). In other words, we have different B-DE-miRNAs
targeting common proteins among the tissues and sex. Further, some of these
proteins interacts each other in biological processes with relation to B chromosome
presence (Figure 4c). Among the target functions, the cell cycle pathway has
attracted attention, since genes related to the cell cycle and chromosome
segregation are registered as located on B chromosomes (for a review, see (Benetta
et al., 2019)). What would explain the differential miRNA expression in the presence
of the B chromosome? Gene fragments with different degrees of integrity are present
in the A. latifasciata B chromosome (Valente et al., 2014). We suggest, if these
truncated gene copies are transcribed, more binding sites will be available to
miRNAs, generating regulatory competition with the A chromosome set (Figure 5)
(Banaei-moghaddam et al., 2015). We reported a B-gene, abca1, which has 80% of
integrity and is a B-DE-miRNA target (Table 2 and Figure 5a). Thus, according to
the miRNAs controlling these genes, even truncated copies might display increased
activity in the cell, further investigations are needed to confirm such assumption.
Finally, because the miRNA targets are similar in different tissues, the gene
functions affected by their regulation may favor the B chromosome to some extent
(Banaei-Moghaddam et al., 2013; Houben et al., 2014).
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Conclusions

We presented the A. latifasciata miRNome and compared it with other
available miRNA databases. Additionally, several miRNAs were DE in the brain,
gonads and muscle in the B* samples and shared common genes as miRNA targets.
The differentially expressed miRNAs detected in the presence of the B chromosome
are not the same among the tissues, but the miRNA targets are involved in the same
biological processes. Thus, we suggest that the B chromosome influences the
cellular environment using miRNAs as a posttranscriptional control process that is

probably for its own benefit of B drive and maintenance.

Availability of data and materials

The A. latifasciata B* assemblies and B-blocks are available in a previous study
under Bioproject PRIN369442 access (Jehangir et al., 2019) and can be visualized
on https://sacibase.ibb.unesp.br/. The A. latifasciata miRNAs sequences are shown
in Additional Files. The targets sequences have been published (Nakajima, 2019).
The small RNA-seq libraries are deposited in the NCBI database (accession
numbers from SRR13040679 to SRR13040710b).
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The references used in this chapter will be presented at the end of thesis.

Additional Files description and access

Additional File 1 miRDeep2 — Astatotilapia latifasciata miRNA prediction. link
Additional File 2 Html file of miRNA prediction. miRDeep2 — miRNA prediction in
the B* assembly using B- RNAseq which did not align in the A. latifasciata genome.
link

Additional File 3 Html file of miRNA prediction. miRDeep2 — miRNA prediction in
the B* assembly using B* RNAseq which did not align in the A. latifasciata genome.
link

Additional File 4 Pre-miRNAs sequences on the B* assembled genome. Figure $1
-Genome assembly bias. link

Additional File 5 Expression of drosha and dicer genes. link


https://drive.google.com/file/d/14EV2PlCTaMV5xBMSzHv2UOLBQ2XWSU-C/view?usp=sharing
https://drive.google.com/file/d/1eBOnc_mIApPBfjIC1JnObU7WCVg0CcMo/view?usp=sharing
https://drive.google.com/file/d/1slnraueS7fPgrhAHCzo9wvp_8RChKcHG/view?usp=sharing
https://drive.google.com/file/d/18rlf8vK2xhA_78OhRm6WbfJdP1DwPwB5/view?usp=sharing
https://drive.google.com/file/d/1gdoBry1nX5IV-AGPI_x11cekhnnOaPuJ/view?usp=sharing
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Additional File 6 Html files containing miRNA prediction in B-blocks, separated by
RNA-seq sample. S1 miRDeep2 — miRNA prediction in B-blocks using brain female
B- RNA-seq. S2 miRDeep2 — miRNA prediction in B-blocks using brain female B*
RNA-seq. S3 miRDeep2 — miRNA prediction in B-blocks using brain male B- RNA-
seq. S4 miRDeep2 — miRNA prediction in B-blocks using brain male B* RNA-seq. S5
miRDeep2 — miRNA prediction in B-blocks using gonads female B- RNA-seq. S6
miRDeep2 — miRNA prediction in B-blocks using gonads female B* RNA-seq. S7
miRDeep2 — miRNA prediction in B-blocks using gonads male B~ RNA-seq. S8
miRDeep2 — miRNA prediction in B-blocks using gonads male RNA-seq. S9
miRDeep2 — miRNA prediction in B-blocks using muscle female B- RNA-seq. $10
miRDeep2 — miRNA prediction in B-blocks using muscle female B* RNA-seq. S$11
miRDeep2 — miRNA prediction in B-blocks using muscle male B- RNA-seq. $12
miRDeep2 — miRNA prediction in B-blocks using muscle male B* RNA-seq. link
Additional File 7 Multiple data sheets of samples separated by tissue and sex
describing the B-DE-miRNA and its target. link

Additional File 8 Multiple data sheets of samples separated by tissue and sex
describing the B-DE miRNA target gene and protein names — recovered from A.
latifasciata transcriptome annotation (Nakajima, 2019). link

Additional File 9 Folder containing the .tsv files of networks. S1.tsv PPl network
filtered from the Biogrid database. S2.tsv PPl of all proteins from A. latifasciata
miRNA targets. S3.tsv B-related proteins and B genes subnetwork. S4.tsv B-miR-
net. link

Additional File 10 GO datasets. S1 Exclusive GO terms for proteins derived from
B-DE-miRNA targets and B genes. S2 Common GO terms among B-related proteins
and other proteins. S3 GO terms for all A. latifasciata targets in the PPI network. link
Additional File 11 Samples and primers information. Table S1 RNA-seq quality and
filtering. Table S2 Normalized reads mapped in the genome. Table S3 miRBase fish
database entries used to create the reference miRNA list. Table S4 Primers used for
genomic PCR, genomic qPCR and RT-qPCR. link


https://drive.google.com/drive/folders/1cgZOQ_MmEuyGbmY0-_A6-vBHD7uYEB5H?usp=sharing
https://docs.google.com/spreadsheets/d/1blmtaEiADoUZ1mYBpxO2ic8FPnpjDMUI/edit?usp=sharing&ouid=109848196092907386740&rtpof=true&sd=true
https://docs.google.com/spreadsheets/d/1Ubsee6G4qEtyT912RdWP8TJSmn5yVgxD/edit?usp=sharing&ouid=109848196092907386740&rtpof=true&sd=true
https://drive.google.com/drive/folders/1i82iWashjGCZAXKEcoJQtRPB8IYm8MPm?usp=sharing
https://drive.google.com/drive/folders/1BO-JMwIHv58xH90ReMBx1gOezJcymdl6?usp=sharing
https://drive.google.com/file/d/1gdTbng9YycyXhyvsbf8ekLT9kgSf_VO3/view?usp=sharing
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3.2 Capitulo 2

“Now, here, you see, it takes all the running you can do,
to keep in the same place. If you want to get somewhere else,

you must run at least twice as fast as that!”

— Red Queen quote in Through the looking-glass - Lewis Carroll
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Abstract

B chromosomes are extra elements that are found in several eukaryote species.
Usually, they do not express a phenotype in the host. Nonetheless, bioinformatics
advances over the last decades have made it possible to describe several genes
and molecular functions related to B chromosomes. These advances allow
investigations of the relation between the B chromosome and the host and
understanding of why and how this element has been sustained in genomes.
However, there is a lack of knowledge concerning the dynamics of transposable
element (TE) control in B-carrying cells, considering that TEs are highly abundant in
extrachromosomal elements. Thus, the present study characterized PIWI-interacting
RNA (piRNA) clusters and pathway responsible for silencing the mobilization of
transposable elements in gonads of Astatotilapia latifasciata cichlid fish carrying the
B chromosome. Through small RNA-seq and genome assembly, we predicted and
annotated the piRNA clusters in the A. latifasciata genome. We observed that these
clusters had a biased expression related to sex and B chromosome presence.
Furthermore, three piRNA clusters, named curupira, were identified in the B
chromosome. Two of them were exclusively expressed in gonads with the B
chromosome. The composition of these curupira sequences was derived from LTR,
LINE and DNA elements, representatives of old and young transposition events in
the A. latifasciata genome and B chromosome. Testis with the B chromosome
showed a decrease in reverse transcriptase and transposase expression, which
could be related to the efficiency of piRNA activity in the presence of the B
chromosome. The presence of the B chromosome also impacted expression of the
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piRNA pathway genes. The mitochondrial cardiolipin hydrolase-like (p/d6) gene is
present in the B chromosome, as previously reported, and an increase in its
expression was detected in gonads with the B chromosome. Due to the high
composition of transposable elements in the B chromosome, it was possible to
investigate the piRNA origin from these jumping genes. In this way, we suggest that
the B chromosome is able to evolve its own genome guardians to prevent the
decontrol of TEs mobilization. Furthermore, we also detected a bias of the B

chromosome presence over A. latifasciata piRNA clusters and pathway genes.

Background

B chromosomes are extra elements found in several species, including fungi,
plants and animals (D’Ambrosio et al., 2017). They were first described as a
supernumerary chromosome in an insect species more than a century ago (Wilson,
1907). “B” is a reference to distinguish this extra element from regular chromosome
complement (the “A” complement) (Randolph, 1941). Current estimates show that
the B chromosome could be present in approximately 15% of karyotyped eukaryotic
species (D’Ambrosio et al., 2017).

In general, B chromosomes arise from a proto-chromosome derived from an
abnormal event in meiosis, such as chromosome breaks during nondisjunction
(Houben, 2017). These proto-B chromosomes are later invaded by A complement
and/or organellar (mitochondrion and chloroplast) sequences, which increase the
diversity of their genomic content (Martis et al., 2012). For this reason, B
chromosomes are often called “mosaic elements” and have accumulated several
types of sequences, such as satellite DNA (Ruiz-Ruano et al., 2017), transposable
elements (Lamb et al., 2007), pseudogenes (Banaei-Moghaddam et al., 2013),
retrogenes (Carmello et al., 2017), protein coding genes (Ma et al., 2017; Navarro-
Dominguez et al., 2017; Trifonov et al., 2013), long noncoding RNAs (Ramos et al.,
2017) and miRNAs (Huang et al., 2020).

The B chromosome is generally recognized as an inert element without
genetic activity based on its heterochromatic characteristics (Camacho et al., 2000).
However, current molecular biology and bioinformatics advances have made it
possible to identify the expression of B chromosome sequences (Ruban et al,

2017), also known as “B genes”. The B chromosome of a fungal species, for
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example, carries a gene that confers antibiotic resistance against a host compound,
making the individuals more infectious (Miao et al., 1991). Additionally, in rye, RNA
slicer activity for an Argonaute-like B chromosome copy has been observed in vitro
(Ma et al., 2017), and some B chromosome peptides have been identified by mass
spectrometry (Ma et al., 2021). Furthermore, several studies report that B
chromosomes can affect the expression of A complement sequences (Huang et al.,
2020; Nascimento-Oliveira et al., 2021) or impact various biological processes in the
cell (Valente et al., 2017).

Repetitive DNAs are abundant in B chromosomes, with emphasis on the
presence of large amounts of transposable elements (TEs) (Coan & Martins, 2018;
Peng & Cheng, 2011). Regardless, the impact of transposition on the host genome
due to the presence of the B chromosome is still not well understood. Although TEs
are important for genome evolution, mobilization must be controlled to maintain
genome integrity in order to avoid deleterious mutations (Kofler, 2019).

PIWI-interacting RNAs (piRNAs) are small noncoding sequences that are
responsible for targeting TEs and promoting their silencing through the piRNA
pathway in animals (Gainetdinov et al., 2018). The piRNAs originate from
degenerated TE regions, the TE “junkyards” (Han et al., 2015), forming piRNA
clusters that are first transcribed as long RNAs and later processed in the cytoplasm
via a Dicer-independent pathway (Houwing et al., 2007; Moazed, 2009). In the
cytoplasm, piRNA cluster transcripts are processed into small RNAs (piRNAs) in two
ways: primary piRNAs and the ping-pong cycle. In primary or phased piRNA
processing, the endonuclease mitochondrial cardiolipin hydrolase (p/d6), a Zucchini
homolog in Drosophila, cleaves piRNA cluster transcripts into mature piRNAs,
allowing these sequences to bind PIWI proteins and form an RNA-inducing silencing
complex, halting the mobilization of target TEs. Additionally, PIWI proteins are able
to process piRNA cluster transcripts into piRNA sequences through the ping-pong
cycle, which increases piRNA variability (Gainetdinov et al., 2018). Fish species
carry two PIWI proteins encoded by piwi-like genes (piwil1 and piwil2) (Song et al.,
2019; Tao et al., 2016; Yi et al,, 2014). In addition to the cytoplasm silencing
pathway, the PIWI-piRNA complex can be directed to the nucleus to silence TE
transcription, attracting methylation machinery to the TE chromosome region (Czech

et al.,, 2018; Iwasaki et al., 2015). For this reason, piRNAs are commonly called
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‘genome guardians”, as they prevent the uncontrolled mobilization of TEs and thus
help maintain genome integrity (Ishizu et al., 2012; Malone & Hannon, 2009).

How the B chromosome and its extra amount of TEs affect piRNAs or vice
versa has not yet been investigated. Few studies have reported the relationship of
the B chromosome and small RNAs, most of which are related to microRNAs (Huang
et al., 2020; Li et al., 2017; Nascimento-Oliveira et al., 2021). Thus, this study was
designed to investigate the piRNA and B chromosome relationship by examining the
African Cichlid fish species Astatotilapia latifasciata as a model organism.

The B chromosome of A. latifasciata is a metacentric chromosome similar in
size to the first pair of A complement (Poletto et al.,, 2010). Heteromorphic sex
chromosomes were not identified in this species, and the B chromosome can be
found in one-third of the population. Previous studies have already characterized the
B chromosome and A. latifasciata genome through molecular and large-scale
approaches, such as coding gene annotation (Valente et al., 2014), transposable
element content (Coan & Martins, 2018), epigenetic DNA modifications (Cardoso et
al., 2019), genome assembly (Jehangir et al., 2019), proteomics and transcriptomics
(Nakajima, 2019), IncRNAs (Ramos et al., 2017) and miRNAs (Nascimento-Oliveira
et al.,, 2021). Among the coding genes, pld6, which is important for primary piRNA
generation, is present in the B chromosome of A. latifasciata (Valente et al., 2014).

In this manner, the present study reports how the accumulation of TEs
through B chromosome evolutionary life could be followed by piRNA pathway
expression. We suggest that the B chromosome accumulates TEs that are controlled
by its own piRNAs. This coevolution generates a cycle that allows B chromosome

maintenance, perpetuation and accumulation in cells and individuals.

Materials and Methods
Sample collection and small RNA sequencing

DNA and RNA samples were obtained from the A. latifasciata fish population
maintained at the aquarium facility at the Integrative Genomics Laboratory of Sao
Paulo State University, Botucatu (SP), Brazil (Protocol no. 769-2015). All the fishes
were genotyped for B presence/absence using the previously developed marker for
B chromosomes (Fantinatti & Martins, 2016) through extracted caudal fin DNA

(Sambrook & Russell, 2006) and maintained in different aquariums until their use.
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These materials were also used for quantitative PCR (QPCR), as described below.
The fishes were euthanized by immersion in eugenol 1% for three minutes long.
Total gonadal RNA of three females and three males with B chromosomes (B+) and
without B chromosomes (B-) was collected, totaling 12 samples, and extracted
following the TRIzol™ protocol recommendations. These samples were shipped for
large-scale small RNA sequencing with next-generation lllumina-HiSeq sequencing

(Sequencing Service at LC Sciences - Houston, TX, EUA).

Library filtering and piRNAs characterization

The raw data from sRNA-seq were filtered using the FastX Toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/index.html),  trimming the sequences,
removing the adapters and selecting reads ranging from 24 to 35 nucleotides in
length to piRNA mature transcripts (Rosenkranz & Zischler, 2012). This small RNA
dataset is available at the NCBI accession numbers SRR13040679 to
SRR13040710.

The filtered and selected reads of each library (female without B, FB-; female
with B, FB+; male without B, MB- and male with B, MB+) were collapsed using the
script TBr2_collapse.pl (Rosenkranz & Zischler, 2012) and aligned against the A.
latifasciata reference genome (Jehangir et al., 2019) with RNAmapper.pl
(Rosenkranz et al., 2015). These steps are mandatory for piRNA prediction as
follows.

A. latifasciata piRNA cluster prediction was performed using proTRAC
(Rosenkranz & Zischler, 2012) based on the following aspects: 1) A. latifasciata
genome and 2) genome annotation (Jehangir et al., 2019); 3) small RNA-seq
mapping of the genome (from the RNAmapper.pl step); 4) A. latifasciata
RepeatMasker annotation (Coan & Martins, 2018) and 5) A. latifasciata
transcriptome coding gene annotation (Nakajima, 2019). The predicted piRNA
clusters are shown in Additional File 1.

To analyze miRNA and piRNA distributions over the A. latifasciata genome,
the genomic localization (A. latifasciata contigs) of piRNAs (this study) and miRNAs
(Nascimento-Oliveira et al., 2021) was compared on a Venn diagram
(http://bioinformatics.psb.ugent.be/webtools/VVenn/).


http://bioinformatics.psb.ugent.be/webtools/Venn/
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Identification of piRNAs clusters on B chromosome

The genomic localization of predicted piRNA clusters was prospected to
validate the presence of piRNAs in the B chromosome through the “coverage ratio”
(Valente et al., 2014). This strategy consists of aligning the B- and B+ genomic reads
against the reference genome (the genomic contigs with piRNA clusters from the A.
latifasciata assembly). Due to the B chromosome duplicated sequence composition,
higher coverage of B+ genomic reads (at least twice) than B- genomic reads
alignment is expected. The reads alignment was performed using Bowtie (Langmead
& Salzberg, 2012) default parameters, and the bam files are available at the
SaciBase Database in Jbrowser viewer (https://sacibase.ibb.unesp.br/index.html).
The contigs with a B+/B- coverage ratio >2 were selected as putative sequences
belonging to the B chromosome. To visualize the depth coverage, the nonassembled
reads (B- and B+) from the B selected contigs containing piRNA clusters that present
higher coverage in the B+ alignments were extracted and submitted to bedcov
analysis using Bedtools v2.29.2 (Quinlan & Hall, 2010). The depth coverage of the B

selected contigs was visualized using the R package Sushi (Phanstiel et al., 2014).

PIld6 B chromosome genomic copy presence validation

Mitochondrial cardiolipin hydrolase-like (pld6) gene was detected in the
Metriaclima zebra genome (vO, bouillabase.org, last accessed on October 16, 2020),
and this genomic localization was used to check pld6 in A. latifasciata based on an
alignment of B- and B+ samples against the M. zebra genome available in SaciBase
(https://sacibase.ibb.unesp.br/index.html). The presence of B+ was detected by
“coverage ratio analysis” as previously described.

To validate the p/d6 duplication in the B chromosome, we performed the Gene
Dose Ratio (GDR) through qPCR using B- and B+ DNA samples, as follow cycles:
95 °C for 20 seconds, 34 cycles (95 °C for 3 seconds and 60 °C for 30 seconds);
melting curve of 95 °C for 15 seconds, 60 °C for one minute, 95 °C for 15 seconds.
gPCR was executed using SYBR Green gPCR Master Mix (High ROX) Ampligon
(HY-K0521) detection measured by the AACq method (de Santis et al., 2011) based
on the hypoxanthine phosphoribosyl transferase 1 (hprt1) single copy gene as a
reference, calculated by Q-Gene software (Simon, 2003).


https://sacibase.ibb.unesp.br/index.html
file:///C:/Users/JordanaInácioNascime/AppData/Roaming/Microsoft/Word/bouillabase.org
https://sacibase.ibb.unesp.br/index.html
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Conventional PCR was executed using primers for the p/d6 gene and pld6 B-
specific copy amplified from genomic DNA of B- and B+ genotyped individuals.
Conventional genomic PCR was performed using recombinant Taqg DNA Polymerase
(Invitrogen-10342-053) submitted to cycles at 94 °C for 5 minutes, 35 cycles (94 °C
for 1 minute, 50 °C to 60 °C for 45 seconds, 72 °C for 10 minutes) and 72 °C for 10
minutes. The result was verified by agarose gel electrophoresis (1%). The primers

used are described in Additional File 2.

Molecular evolution analysis

To construct a phylogenetic tree for the molecular evolution analysis, the
MRNA pld6 sequences of 40 vertebrate species and a fly were downloaded from
NCBI. The sequences cover the following groups: an insect sequence, 7 mammal
species, 4 Chondrichthyes species, 27 teleost species (including 5 cichlids) and the
two pld6 sequences from the A. latifasciata transcriptome. The pld6 A. latifasciata
sequences were obtained through a standalone Blast 2.2.31 (Madden, 2013) based
on the M. zebra mRNA against the assembled A. latifasciata transcriptome
(Nakajima, 2019). Drosophila melanogaster was included due to the good
description of piRNA biogenesis, which is a good parameter to compare with the
available data. We also included Chondrichthyes because there was no study about
pld6 in the group. We included all the available cichlid sequences due to our interest
in A. latifasciata pld6 characterization. The access ID of all sequences and the A.
latifasciata sequence are described in Additional File 3 and Additional File 4.

The coding sequence (CDS) region of each pld6 gene was extracted using
Geneious (https://www.geneious.com/). The CDSs were submitted to a codon
alignment, also in Geneious, and used to construct a neighbor-joining tree based on
the Tamura-Nei genetic distance model. The p/d6 codon alignment and the tree were
used to perform several tests of molecular evolution analysis by hypothesis testing
using the HyPhy (https://www.hyphy.org/) program. Based on the BUSTED method,
it was possible to detect whether the pld6 gene has experienced episodic selection
events (Murrell et al., 2015). From these results, the aBSREL method was employed
to determine which branch in the tree was under positive selection (Smith et al.,
2015). In addition to the previously branch site models, we also employed FEL and


https://www.hyphy.org/
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FUBAR to detect which sites in the CDS could be under pervasive selection, either

positive or purifying selection (Pond & Frost, 2005; Murrell et al., 2013).

Reverse transcriptase (RVT) and transposase (DDE) consensus domain
alignment

The identification of DDE (transposase) and RVT (reverse transcriptase)
domains in the A. latifasciata transcriptome (Nakajima, 2019) was performed using
the standalone version of the Hidden-Markov model HMMER 3.3 (hmmer.org) with
the PFAM protein database (ftp.ebi.ac.uk/pub/databases/Pfam/releases/Pfam34.0/).
The sequences that matched the transposase and reverse transcriptase domains (E-
value < 0.01 and acc > 0.8) were selected to perform nucleotide alignment on
Geneious (https://www.geneious.com/). Based on this alignment, for each domain of
transposase and reverse transcriptase, a consensus sequence was generated and
used for primer design on Primer3Plus (Koressaar & Remm, 2007) to perform RT—
PCR. The primers and the domain alignment are described in Additional File 2 and

Additional File 6, respectively.

The transposon elements landscape by families

The repetitive sequences of B- and B+ A. latifasciata assemblies were
identified using RepeatMasker 4.1.0 (repeatmasker.org/RepeatMasker/). A custom
library based on RepeatModeler (repeatmasker.org/RepeatModeler/) and merged
with Repbase Update 20181026 (Schemberger et al., 2019) was used to run
RepeatMasker with -s, -I, and -a parameters.

The repeat landscape and Kimura divergence values were generated using
calcdivergencefromalign.pl and repeatlandscape.pl, both RepeatMasker pipelines
that use repetitive annotation as input. The TEs that are present in the curupira
clusters and validated in the B chromosome (Coan & Martins, 2018) were selected to
generate a comparative Kimura chart of B- and B+ assemblies.

Functional validation (RT-PCR and RT-qPCR)
The total RNA of gonads, brain, gill and muscle from four B- and B+
genotyped males and females was extracted using TRIzol (see “Obtaining samples

and small RNA sequencing”), resulting in twelve samples for each tissue, followed by


file:///C:/Users/JordanaInácioNascime/AppData/Roaming/Microsoft/Word/hmmer.org
file:///C:/Users/JordanaInácioNascime/AppData/Roaming/Microsoft/Word/ftp.ebi.ac.uk/pub/databases/Pfam/releases/Pfam34.0/
https://www.repeatmasker.org/RepeatMasker/
https://www.repeatmasker.org/RepeatModeler/
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cDNA synthesis using an Applied Biosystems™ High-Capacity cDNA Reverse
Transcription Kit (10400745). RT—qPCR was performed using SYBR Green qPCR
Master Mix (High ROX) Ampligon (HY-K0521) with the following cycles: 95 °C for 20
seconds, 34 cycles (95 °C for 3 seconds and 60° for 30 seconds); melting curve
step: 95 °C for 15 seconds, 60 °C for one minute, 95 °C for 15 seconds. The
expression based on the AACq method was analyzed using the ubiquitin-conjugating
enzyme (ubce) as a reference through Q-Gene software (Simon, 2003). The primers

are listed on Additional File 2.

Results
Characterization of piRNA clusters in A. latifasciata

The sRNA-seq libraries from FB-, FB+, MB- and MB+ were filtered by size to
characterize piRNAs and compare them to A. latifasciata miRNAs (Nascimento-
Oliveira et al., 2021), highlighting the two different length distributions in each type of
small RNA dataset (Figure 1a). The miRNAs showed a greater abundance of 21-22
nucleotides, while the piRNAs showed more instances of 28-29 nucleotides, the
most common length for these two classes (27). Additionally, miRNAs showed more
expression than piRNAs in females, and the opposite was observed in males.

After identification, 372 piRNA clusters were predicted in the A. latifasciata
genome. The shorter piRNA cluster has 1,006 base pairs (bp), while the longer
piRNA cluster has 19,333 bp. The number of transcribed piRNA clusters in each
group was 160 in FB-, 135 in FB+, 146 in MB- and 184 in MB+ (Figure 1b and
Additional File 1). The clusters of each group were joined to form a single
nomenclature for piRNA clusters of A. latifasciata (for more information about the
clusters, such as name, genome localization, size and expression, see Additional
File 1).

The differences in genome distribution between piRNAs and miRNAs are
demonstrated in a Venn diagram showing contigs of these small RNA sequences
(Figure 1b). Sixteen contigs of the A. latifasciata genome carried both miRNA and
piRNA genes. Among them, thirteen contigs contained pre-miRNA sequences
(miRNA genes that transcribe the hairpin structure) and were located inside piRNA
clusters (Figure 1b and Table 1).
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Figure 1 - Data on miRNAs and piRNAs in A. /atifasciata. a Histogram of filtered datasets for each

miRNA and piRNA analysis. b Genomic miRNA and piRNA Venn diagram depicting all the A.

latifasciata small RNA genomic annotations. B-, samples without the presence of the B chromosome;

B+, samples with the presence of the B chromosome.

Three contigs carried piRNA clusters and pre-miRNAs without overlaps.

Some miRNAs were clustered into piRNA clusters, which is why there more than a

pre-miRNA superposition on a piRNA cluster. These clustered miRNAs were miR-
30a/b and miR-19a/b (Table 1). The contig NODE_540432 also carried miR-17b and
novel sequences (MiRNAs identified only in A. latifasciata), forming a clustered
miRNA that was identified for the first time.

Table 1 - Colocalization of miRNA and piRNA sequences in the A. latifasciata

genome. S, strand; T : S; transcription and strand.

Contig miRNA pPiRNA
miRNA S miRNAID piRNA cluster T:S piRNA gonads
start : end start : end cluster expression
miRNAs e piRNAs not superposed
NODE_413592 23358 :23437 + novel_27198 5015:11188 mono:- 161 MB-, MB+
NODE_659880 5542 : 5604 + novel 40237 1:5034 mono:- 297 FB+ FB-
NODE_530411 42958:43045 + novel 33801 46001:52942 mono:+ 230 FB+ FB-
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miRNAs e piRNAs superposed

NODE_540432 60460 : 60520 miR-17b-1 58002 : 63335 mono:+ 235 FB-, FB+, MB-, FB+

61062 : 61118 novel-34307

61235 : 61302 novel-34310

61365 : 61424 novel-34311

61471 : 61530 novel-34313
NODE_374673 36480 : 36543 miR-146b 35407 : 36661 mono:+ 146 FB-, FB+, MB-
NODE_347176 36121 : 36181 miR-21-1 35371 : 38453 mono:- 134 FB-, FB+

37421 . 37486 miR-30a-1 36149 :39395 mono:+ 133 FB-, MB+
NODE_34239 37756 : 37816 miR-30b
NODE_158712 303: 365 miR-10c 304 : 3733 mono:+ 33 FB+
NODE_566122 1109 : 1162 novel_35680 2:5452 248 FB+

27328 : 27349 miR-19a-5p 25083 : 30798 mono:+ 330 FB-, FB+, MB-, FB+
NODE_749189

27674 : 27696 miR-19b-5p
NODE_319315 10039:10120 novel_21996 7:10614 mono:+ 127 MB-, MB+
NODE_6163 99:153 novel_675 10 : 4241 bi:+/- 270 FB+ FB-
NODE_27951 2471 : 2536 novel 2628 6 : 3836 mono:+ 107 FB+ FB-
NODE_960524 12443 :12504 mir-21a 12344 : 14456  mono:- 368 FB+ FB-
NODE_581740 1963 :2049 novel 36349 1:4010 mono:- 253 FB+ FB-
NODE_81238 848 : 916 novel_6616 9:2856 mono:- 344 FB-

We investigated which functions could be related to the colocalized miRNAs

and piRNAs by examining the expression of their targets in gonads, which were
already predicted (Nascimento-Oliveira et al., 2021). Three miRNAs did not have any
target expression in gonads (miR-146b, miR-10c and miR-21a). Even though the
targets of these three miRNAs could be expressed in other tissues, we restricted the
analysis to gonads for comparison with piRNAs, which have higher expression in
gonads. Conversely, 19 miRNAs colocalized to piRNAs targeting dozens of mMRNAs
expressed in gonads (Additional File 5). Additionally, seven domains related to
three associated with
retrotransposition (LORF, LINE-1 retrotransposable element ORF 1; LIN1, LINE-1
reverse transcriptase homolog; RVT-like, probable RNA directed DNA polymerase

mobilization are targets of the colocalized miRNAs:

from transposon X element) and four associated with transposition (PGBD, PiggyBac

transposable element derived protein; POGK, Pogo transposable element with



71

KRAB domain; TC1, Tc1 transposase) (Figure 2a). The colocalized miRNAs
annotated in the piRNA clusters formed pre-miRNA secondary structures (Figure
2b).
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Figure 2 - MicroRNAs colocalized with piRNA clusters and their transposition gene targets. a
miRNA:mRNA interaction network: the red circle nodes are targets associated with DNA transposons,
and the blue nodes are targets derived from retrotransposition genes. The edges that connect the
miRNAs (gray nodes) in red show connections of miRNA:transposons, and those in blue show
connections of miRNA:retrotransposons. The bold black edges highlight the clustered miRNAs
consequently derived from the same piRNA cluster in the same contig. b Clustered pre-miRNA
secondary structures. The colors indicate each region identified in the small RNA-seq dataset: purple,
passenger sequence; red, mature miRNA sequence; yellow, steam-loop sequence; black, not

identified in the small RNA-seq dataset.

The A. latifasciata B chromosome carries piRNA clusters

Considering the similarity with the B chromosome and the entire standard
genome, it is not possible to recover the B-assembled chromosome based only on
lllumina data (Jehangir et al., 2019). An alternative strategy to find B chromosome
copies is through the coverage ratio approach (Valente et al., 2014). This method
consists of comparing the genomic read alignment of sequenced B- and B+ samples
to the reference genome (A. latifasciata assembly). In this comparison, it is possible

to detect genomic regions with higher coverage in B+ sequencing (B-blocks)
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(Jehangir et al., 2019). In this way, we applied the coverage ratio method to find
piRNAs in the B chromosome.

Three piRNA clusters were located in contigs with higher B+ genomic read
coverage (Figure 3a, b and c), suggesting that these piRNA clusters were present in
the B chromosome. Additionally, these clusters were enriched by TEs (Figure 3d, e
and f), and two of them had significant differential expression in B+ samples (Figure
3g, h and i). These three piRNA clusters found in the B chromosome were named
curupira (curu), followed by the contig number which the cluster derived: curupira-
59920 (curu-59920), curupira-138667 (curu-138667) and curupira-330285 (curu-
330285). Curupira is a famous character in Brazilian folklore who protects the forests
against hunters; he is the guardian of the forest. The curupira clusters are the
guardians of the B chromosome.

The first cluster, curupira-59920 (cluster 263 in Additional File 1), was 1,027
bp long and was predicted in contig NODE_59920. This contig had approximately
300x coverage considering the B- genomic reads, while the B+ genomic read count
showed approximately 9,000x coverage (Figure 3a). The piRNA cluster
corresponded to the entire contig of the reference genome and showed similarity to
BEL/PAO retroelements (Figure 3d). Concerning piRNA transcription
characteristics, this cluster was monodirectional, in which the processed piRNAs
were derived from the plus strand. This cluster was expressed only in B+ samples,
including both males and females (Figure 3g).

Curupira-138667 (cluster 19, Additional File 1) was 4,986 bp in size, which is
almost the complete reference contig size. The B- genome reads made up
approximately 60x coverage, and the B+ genome reads provided approximately
400x coverage (Figure 3b). Additionally, this contig showed similarity to a small
portion of the retroelement DIRS (Figure 3e). The directionality of this cluster was
monodirectional with expression on the minus strand. There was no significant
difference in expression among the groups (Figure 3h).

The cluster curupira-330285 (cluster 131, Additional File 1) was 8,024 bp
long and corresponded to 80% of the contig size. Regarding coverage, the B-
genome reads corresponded to 60x coverage, and the B+ genome reads provided
200x coverage (Figure 3c). Both contigs and clusters were enriched by several

transposable elements and other simple repeats (Figure 3f). hAT and LINE
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elements were representatives in this cluster, and the details are described in Figure
4. Furthermore, this cluster showed bidirectionality; in other words, transcription
occurred in both strands. Expression was also observed in B+ samples, including

both males and females (Figure 3i).
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Figure 3 - Description of B chromosome piRNA clusters (named curupira). a-c Depth coverage
graphs of piRNA clusters comparing B- (blue) and B+ (red) genomic reads. d-f piRNA cluster
characterization from the prediction. The graphs show the piRNA sequences from the small RNA-seq
dataset aligned to piRNA clusters (mapped reads); blue and red regions indicate plus and minus
strands, respectively. GS, gene set from genome annotation; RM, RepeatMasker identity. g-i piRNA
cluster expression in gonads. The Y axis shows the expression based on the AACq method, and the X
axis shows the samples. The boxplot represents quartiles, the horizontal bar within the box is the
median, the vertical lines outside of the boxes are the minimum or maximum value, and the points are

outliers. Green asterisks represent significant differential expression (p <.0001).
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Figure 4 - Cluster 131 (curupira-330285) RepeatMasker similarity. Details for the TEs and other

repeats of the curupira-330285 cluster are shown at the top of the figure. TE matches are highlighted

in blue from the plus strand and red from the minus strand. The list describes each TE match,

including the percentage of similarity between the piRNA cluster and the TE fragment match.

Table 2 shows a summary of the three piRNAs found in the B chromosome.

Finally, of the three piRNA clusters, two were expressed only in the B chromosome

(Table 2), suggesting that the paralog sequences in the A. latifasciata genome
reference (NODE_59920 and NODE_330285) were either not piRNA clusters or

were not active in autosomes.

Table 2 - Information on B chromosome piRNA clusters.

PiRNA cluster piRNA Size Reference TE T:S RT-PCR
name cluster (bp) genome enrichment gonads
ID localization
curupira-59920 263 1027 NODE_59920 retroelement mono: B+
(LTR/PAO) + samples
I curupira-138667 19 I 4986 I NODE_138667 I retroelement I mono: I upregulate I
(LTR/DIRS) + din B+
females
[ | I I | | | 1
curupira-330285 131 8024 NODE_330285 transposonand di:+/- B+
retrotransposon samples
(DNA/hAT,

LINE/L2)
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The B chromosome could affect TE mobilization

To verify whether there was a relationship between TE and piRNA evolution in
the A. latifasciata genome and its B chromosome, we compared the masked TE in
the previously A. latifasciata genome (Coan & Martins, 2018) and the TE content in
the piRNA clusters predicted in the present study.

To obtain the TE -constitution of piRNA clusters, we considered the
RepeatMasker annotation (Coan & Martins, 2018) detected during piRNA prediction.
The ratio of TE constitution in the piRNA clusters was reported separately to each
group (FB-, FB+, MB- and MB+), describing the differences among the types of
piRNA expression (Figure 5a, right side of bar plot). Starting with this information,
we calculated the TE constitution in the piRNA clusters and A. latifasciata TE ratios

to each TE subclass (Figure 5b).
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Figure 5 - TE and piRNA relations in A. /atifasciata. a TE genome and piRNA cluster constitution. The
left gray graphs show the A. latifasciata proportion of each TE class, and the colored right side
represents the TE proportion of piRNA clusters expressed in gonads. b Expressed piRNA cluster TE
constitution in relation to the masked genome region. ¢ Mature piRNA similarity with TEs. The X axis

represents the relative quantity of mature piRNA sequences with similarity to TEs.

Concerning the LTR, DIRS and PLE retroelements, which covered 1.85% of
the A. latifasciata genome, the females (either B- or B+) expressed piRNA clusters
covered by these subclasses, corresponding to 5x of its TE genome content. Thus,
for each LTR/DIRS/PLE genome localization, 5 piRNA clusters derived from this
subclass were expressed (LTR/DIRS/PLE). Conversely, in males, the relation was
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1.2 piRNA-derived LTR clusters to each LTR in the genome. These elements have
old degeneration events (Figure 6a-c).

Regarding LINE elements, which corresponded to 5.59% of the A. latifasciata
genome, the females without B chromosome maintained a ratio of 1:1 for LINE-
derived clusters, whereas for B+ females, this relation decreased to 0.43 piRNAs for
each LINE in the genome. The same phenomenon was observed among males: the
B- males had more piRNAs for each LINE, and a decrease in piRNA-derived LINE
expression was observed in B+ males. This relation could be due to the constant and
recent LINE insertions in the A. latifasciata genome, including the B chromosome
(Figure 6d): more LINEs were found covering the genome than expressed piRNAs
derived from this retroelement. While SINE elements covered 1.16% of the
assembled genome, approximately 53% to 63% of the expressed clusters were
derived from this retrotransposon and did not display great variation among the
samples.

Conversely, DNA transposons, the most representative class in the A.
latifasciata genome, were controlled by approximately a one-to-one ratio of
transposon-derived female piRNAs (1.23 and 0.85 in FB- and FB+, respectively).
This ratio was approximately halved in males (0.49 and 0.55 in MB- and MB+,
respectively).

In general, there was no relationship between the TE distribution and the type
of TE-piRNA-derived expression, and the presence of a sex and B chromosome bias
that orchestrated piRNA cluster expression, independent of the genome proportion
of A. latifasciata TEs, was reinforced. Another consistent finding concerned the
mature piRNA identity. A blastn of the mature sequences over the library used in the
RepeatMasker annotation (see Material and Methods) revealed that approximately
70% of the piRNAs were similar to transposon elements (Figure 5c¢), and the third
wave of TE spread in the A. latifasciata genome was composed of transposon
elements (Figure 6e), indicating that these elements could be expressed and that
more piRNAs for this class could be requested. This point will be discussed further.

Due to the large presence of repetitive elements and duplicated sequences in
the B chromosome, recovering B genes and B-specific sequences using lllumina
reads is a major challenge (Jehangir et al., 2019; Nascimento-Oliveira et al., 2021).

Thus, the A. latifasciata assembled genome was used as a reference to compare the
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B- and B+ sequenced DNA and RNA data to find B chromosome-related sequences.
However, based on the known TE families enriched in the B chromosome, we
repeated the RepeatMasker and landscape analysis using the A. latifasciata
reference genome and the B+ assembled genome (assembly performed with DNA
samples from individuals with the B chromosome). Landscape analysis revealed
differences between B- and B+ TE insertion events of duplicated sequences.
Extracting the Kimura values from the landscape of specific TE families from B- and
B+ allowed us to infer the time at which the TEs from B chromosomes could have
emerged and differentiated from A TE sequences (Figure 6a-e). The BEL, L2 and
hAT families are both present in the B chromosome and made up the piRNAs in the
B chromosome. The Gypsy family is not present in the curupira clusters but is
present in the B chromosome (Coan & Martins, 2018). These duplicated families in
the B chromosome carried B-specific events in the Kimura landscape (Figure 6a-e).
We suggest that these degeneration events could have contributed to the origin of
the curupira cluster.

The representative major classes of TEs composing the three curupira
sequences were LTR retrotransposons (PAO and DIRS), non-LTR retrotransposons
(LINE/L2) and the hAT DNA transposon (Table 2).

Compared with all the selected TEs, LTR/PAO present in curupira-59920
showed an older process of genome invasion. While LTR/DIRS had newer waves of
invasion, one was older and the other was as recent as the new hAT element
dispersion. The LINE/L2 element showed constant invasion, and genomic
degeneration did not start (Figure 6d).

Comparisons of the B- and B+ TE contents revealed different copy numbers
among the assembilies, these differences can suggest the moment of curupira-59920
origin. This piRNA cluster was not expressed in B- samples, indicating that the
original copy was just a TE region. However, in the B+ genome, this process enabled
the piRNA cluster to originate in the B chromosome.

We evaluated the activity of reverse transcriptase (RVT) and transposase
(DDE) domains through common consensus sequences identified in the A.
latifasciata transcriptome (Figure 6f-g). The sequences annotated in the A.
latifasciata transcriptome that corresponded to reverse transcriptase and

transposase (regardless of the TE family) were aligned and used to obtain the
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consensus sequences, which were used to design RT—qPCR primers for common
regions of each gene (Additional File 6). The RVT domain was highly expressed in
males compared with females, while the presence of the B chromosome seemed to
decrease reverse transcriptase expression in testes (p value <.003) (Figure 6f). In
turn, for transposase, no significant difference was observed between the sexes.
Conversely, the presence of the B chromosome in males seemed to decrease

expression in testes (p value <.04) (Figure 6g).
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Figure 6 - Transposable element activity in A. latifasciata. a-e Kimura landscapes for nucleotide
substitution rates. The black arrows highlight points of divergence between B- and B+ assemblies,
indicating putative B+ chromosome TE diversification. f-g RVT and DDE expression in gonads. The Y
axis shows expression based on the AACq method, and the X axis indicates the samples (FB-, FB+,
MB-, MB+). The boxplot represents quartiles, the horizontal bar within the box is the median, and the
vertical lines outside the boxes are the minimum or maximum values. The green asterisk represents
significant differential expression (p <.003). FB-, female without B; FB+, female with B; MB-, male
without B; MB+, male with B.

pPiRNA pathway and the B chromosome

We evaluated the expression of genes related to the piRNA pathway (p/d6,
piwil1 and piwi2) in the testes and ovaries of B- and B+ samples (Figure 7a). Among
these genes, the pld6 gene has been previously reported in the B chromosome
using lllumina sequencing (Valente et al., 2014).

The expression of pld6 in the B samples, both male and female, was
significantly higher (p .0017), which indicated that the p/d6 B-copy could be active
and contribute to increased expression in B samples (Figure 7a). There was no
significant difference in the expression of piwil1 and piwil2 in the presence of the B
chromosome (p .09 and .08, respectively). Conversely, there was a difference in
expression among males and females for the three analyzed genes (p <.0001).
While pld6 and piwil1 were highly expressed in males, piwil2 was more highly
expressed in females.

We confirmed that these piRNA pathway genes were expressed in the gonad
and found evidence for transcription of these genes in somatic samples, such as
brain, muscle and gill (Figure 7b). The pld6 gene was also expressed in the brain,
including both males and females, with or without the B chromosome. In muscle and
gill, it was expressed only in male B- and B+, respectively. The expression of piwil1
in the brain and gill was detected in all samples, and in muscle, piwil1 expression
was not detected in female B-. It was possible to observe some variations in the
detected amplicons in muscle and gill, suggesting the occurrence of different mRNA
processing in these tissues. We also detected piwil2 expression in the brain, which
was clearly present in male B- and the background, suggesting truly low expression
in other samples. Additionally, there was no evidence of piwil2 expression in muscle
and gill. These data suggested that sex and B presence could affect the expression

of piRNA pathway genes in somatic tissues.
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gene expressed in the gonad, brain, muscle and gill.

In addition to pld6 expression, we also performed genome investigations to
detect the B chromosome copy. Due to fragmentation of the draft genome, it was not
possible to recover the complete pld6 sequence from the A. latifasciata assembly,
and thus, the Metriaclima zebra assembly was used as a reference genome. The
pld6 gene was present in scaffold 135 of the M. zebra genome, and the A.
latifasciata B- and B+ sequencing read alignment on this region revealed the
coverage difference in B+ compared with B- data. The B+ genome reads had
approximately 200x coverage, while the B- genome had approximately 60x coverage
(Figure 8a). GDR analyses indicated the occurrence of more copies in B+ samples,
confirming the copies of this gene in the B chromosome (Figure 8b). In addition to
the difference in coverage, it was possible to recover several B-specific mutations
located in the pld6 introns (Additional File 7). One of them was used to construct a

primer to amplify the pld6 B-specific copy (Figure 8c and Additional File 7).
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genome sequenced reads. FB-, female without B; FB+, female with B; MB-, male without B; MB+,

male with B.

We also recovered two transcripts of p/d6 from A. latifasciata mRNA-seq data
using a standalone blastx based on the M. zebra sequence (XM_004567832). These
sequences were used to construct a phylogenetic tree based on the CDS including
more animal species, as described below.

Some studies have revealed the rapid evolution of piRNA pathway genes in
teleosts (Song et al., 2019; Yi et al., 2014). Based on this evidence, we investigated
pld6 selective pressure in different ways. We manually identified the CDS region of
pld6 sequences from 41 animal species: one D. melanogaster, seven mammals, four
Chondrichthyes, 27 teleosts and two A. latifasciata sequences recovered from the
transcriptome. These sequences were used to construct a phylogenetic tree and
perform evolutionary analysis. The A. latifasciata pld6 sequences are well located in
the cichlid clade (Figure 9a). The BUSTED test provided evidence (p value = .03 <
.05) of gene-wide episodic diversifying selection in the selected test branches in the
phylogeny, meaning that at least one tested branch had undergone diversifying
selection. For this reason, we performed the aBSREL test, which identified those

branches under diversifying selection. After correction, three nodes in the tree were
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determined to be under selection, involving mammals, cypriformes and cichlids
(Figure 9a).

To search for sites under selection, the FUBAR and FEL tests revealed 2
sites that were subjected to diversifying positive selection. Conversely, 121 sites
were under negative selection (p < 0.1) (Additional File 8).

We also compared alignments of the A. latifasciata pld6 sequence to M. zebra
and Astatotilapia caliptera. |1t was possible to observe mismatches in the alignment
that could represent 1) the specificity of Astatotilapia genus, where Astatotilapia
species and M. zebra showed differences; and 2) A. latifasciata-specific nucleotides,
where this species differs from M. zebra and A. caliptera (Figure 9b). This evidence
could aid in understanding why pld6 B-copy had no significant mutations over its
CDS region. The selective pressure on this gene likely prevented the

pseudogenization of the pld6 B-copy.
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under diversifying selection. b Nucleotides (nc) and amino acids (ac) of M. zebra (Mze), Astatotilapia
caliptera (Aca) and A. latifasciata (Ala) pld6 CDS alignment. An initial alternative frame is detected in
the A. latifasciata transcripts. Two detected synonymous mutations are shared among the

Astatotilapia genus. Finally, two nonsynonymous mutations represent changes in the amino acid

sequences in A. latifasciata PLDG6.

Discussion

We identified a genomic locus of piRNA clusters in A. latifasciata cichlid fish.
There are no available data on the piRNA sequences of any African cichlid, and the
closest A. latifasciata species with a piRNA annotation deposited in the piRBase is
Danio rerio (Wang et al., 2019; Zhang et al., 2014). We also used the Metriaclima
zebra genome as a reference to predict the piRNA clusters through A. latifasciata
sRNA-seq without success (data not shown). In contrast to miRNAs, piRNA
sequences are poorly conserved and are considered species specific (Bartel, 2018;
Moazed, 2009). Other differences among miRNAs and piRNAs are the length and
the genomic distribution (Moazed, 2009). piRNAs are longer than miRNAs and are
frequently found in heterochromatic regions (Siomi et al., 2011), while miRNAs are
more common in intergenic regions (Bizuayehu & Babiak, 2014). Based on this
knowledge, our characterization was efficient in differentiating the two small RNA
classes from the same sRNA-seq data, and most miRNAs were not superposed or
colocalized to piRNAs (Figure 1b).

In addition to piRNA cluster annotation, we identified miRNA genes that were
colocalized with piRNA sequences. These miRNAs targeted several mRNA
transcripts, including transposable element transcripts. We questioned whether the
piRNA cluster evolved after the miRNA or whether the miRNA evolved from the
piRNA cluster. As a third possibility, piRNA clusters carry small RNA sequences
potentially with miRNA secondary structures, thus serving as miRNAs from piRNA
clusters. The piRNA sequences were first described a few years ago (Hartig et al.,
2007), and with the ongoing assessments of the piRNA pathway, new related
proteins, new ways and new functions have been identified. Recently, new functions
have been presented for piRNA targeting, and a wicky paring function similar to
mMiRNA:mRNA interactions has been detected (Ramat & Simonelig, 2021). Thus, we
suggest that the A. latifasciata piRNA clusters carry miRNA-like sequences, and
these sequences are orchestrated to facilitate TE silencing (Figures 1 and 2).
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Additionally, in comparisons of the miRNAs and piRNAs of A. latifasciata,
miRNAs were more highly expressed than piRNAs in the female gonad, while piRNA
expression was higher in the testis (Figure 1a). There are two explanations for these
findings, which concern the different activities of the piRNA pathway and
transposable elements in the ovary and testis (Houwing et al., 2007; Song et al.,
2019), both of which will be further discussed. These phenomena are also reflected
in the expression of the clusters shown in Figure 1b. Differences are observed
among the samples, and in addition to sex bias (Houwing et al., 2007; Kawaoka et
al., 2011; Kiuchi et al., 2014), we suggest a B chromosome bias for piRNA cluster
activity.

Not only a B chromosome bias for piRNA activity in the gonads but also three
piRNA clusters, called curupira-59920, curupira-138667 and curupira-330285, were
identified in this extra chromosome (Figure 3). The piRNA description in the B
chromosome was determined only in the wasp B chromosome by identifying the
putative piRNA range length using sRNA-seq (Li et al., 2017). Here, we performed
the first detailed characterization of piRNA clusters encoded by B chromosomes.

Additionally, our findings revealed a connection between the A. latifasciata B
chromosome TE story. The three curupira clusters are enriched by B chromosome
TEs that were identified using in situ techniques (Coan & Martins, 2018).
Furthermore, the BEL/PAQO family is present in the B chromosome, but its expression
was not identified (Coan & Martins, 2018). This family is representative of the
curupira-59920 cluster, which is exclusively expressed in B chromosome samples. In
this manner, we suggest that curupira-59920 is a B piRNA cluster exclusive and is
able to control LTR elements, such as the BEL/PAO family (Figure 3).

Even not the most representative class in the A. latifasciata genome, the LTR
elements are well covered in the piRNA clusters (Figure 5). The opposite was also
observed; the DNA transposons were the most representative class, but the piRNA
clusters did not follow this pattern (Figure 5). This misrelation was identified in the
Danio rerio genome, in which 70% of the TEs are transposons but 10 to 20% are
piRNAs composed of transposons; in contrast, only 8% of the piRNAs match LTR
elements compared with 60% of the LTRs in D. rerio TEs (Houwing et al., 2007).
This result could be explained based on the age and activity of the TEs. Consistent

with this notion, the most mature piRNA with some TE similarity represents a DNA
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transposon. The hAT and other transposons represent the youngest invasions in the
A. latifasciata genome (Figure 6¢, (Coan & Martins, 2018)), and this sort of TE-
derived piRNA could be more active in silencing young transposons. Conversely, in
Figure 6a, we can observe that LTR elements are the oldest TEs in the A.
latifasciata genome (Coan & Martins, 2018). In agreement with this finding, LINE
elements have demonstrated mobilization over time, starting with LTR and
continuing to date (Figure 6d, (Coan & Martins, 2018)). In contrast, transposon
elements that spread in the second burst followed by the third newest wave were
composed of hAT elements (Coan & Martins, 2018). Thus, the piRNA and TEs
constantly evolve together (Kelleher et al., 2018; Kofler, 2019; Kofler et al., 2018).
We found piRNA clusters in the B chromosome composed of both old and new
insertions (Figures 5 and 6).

These results reinforce our suggestions that old and new TE insertions could
originate from piRNA clusters (Kofler et al., 2018) in the B chromosome. Thus, we
suggest that curupira-59920 could represent the first piRNA cluster to arise in the B
chromosome due to LTR/PAO older invasion followed by sudden degeneration
(Figure 5c). Even curupira-330285 could represent the younger piRNA in the B
chromosome due to evidence for newer hAT and constant LINE insertions.
Additionally, we suggest that the original paralog copy in the A. latifasciata genome
is merely a TE region, while in the B chromosome, these copied regions evolved in
piRNA clusters. Therefore, we observed the expression of curupira-59920 and
curupira-330285 only in B+ samples (Figure 3).

Concerning TE activity, we observed a decrease in reverse transcriptase and
transposase expression in the male B+ (Figure 6f-g). We suggest that a correlation
between time and TE activity arises for piRNA and efficiency supported by the B
chromosome content. Transposon element /oci are a “trap” to generate new piRNAs
and promote their silencing (Kofler, 2019, 2020). Due to heterochromatic and TE
enrichment, nonrecombined chromosomes evolve piRNA clusters that carry biased
expression (Goriaux et al., 2014; Kawaoka et al., 2011; Kiuchi et al., 2014). We
suggest that the B chromosome is a harbor to evolve new piRNAs and orchestrate
its own TE silencing to guarantee the maintenance of Bs in the host genome (Czech
et al., 2018; Kofler, 2019).
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Another idea that could support the origin of new piRNAs in the B
chromosome is consistent with the proposal of Kofler (Kofler, 2020). Using
Drosophila as a model and following dozens of simulations, Kofler found a minimum
piRNA size (proportion of piRNA clusters) in the genome to control TE mobilization
and avoid extinction. In this way, the piRNA origin in the B chromosome could help
to maintain host fitness and prevent elimination of the population carrying the B
chromosome and its extra TEs.

We also investigated the influence of the presence of the B chromosome on
piRNA pathway genes. We validated the presence of p/d6 in the B chromosome and
verified that the gene was more highly expressed in gonads carrying the B
chromosome (Figure 7 and Figure 8). The coding region of the p/d6 B chromosome
copy is complete (Valente et al., 2014), and based on this evidence and our results,
we conclude that the p/d6 B chromosome copy contributes to the piRNA pathway.
The rapid adaptive evolution observed in teleost piRNA genes and the high TE
variability found in these genomes (Song et al., 2019; Tao et al., 2016; Yi et al.,
2014) could prevent degeneration of the pld6 B copy (Banaei-Moghaddam et al.,
2013).

Conversely, we did not observe any influence of the B chromosome presence
on piwil1 and piwil2 gonad expression. TE insertion does not affect the expression of
genes involved in piRNA biogenesis (Luo & Lu, 2017), which could explain why we
were unable to identify a clear pattern of expression between the piwil1 and piwil2
genes when comparing samples with or without the B chromosome. In teleosts,
piwil1 and piwil2 are usually more highly expressed in the testis (Houwing et al.,
2007; Song et al., 2019; Tao et al., 2016); here, we observed this pattern only for the
piwil1 gene, whereas piwil2 was upregulated in females compared with males
(Figure 7a).

However, we detected the expression of these genes in other tissues (Figure
7b). In Nile tilapia, the expression of piwil1 and piwil2 genes has also been detected
in muscle (Tao et al., 2016); here, only piwil1 was expressed in the brain, muscle
and gill. Conversely, this pattern is not observed in teleosts, since no expression was
detected in soma tissue from Cyprinus carpio and Scophthalmus maximus (Wang et
al., 2018; Zhou et al., 2012). The faster evolution of piRNA pathway genes in the

cichlid seems to be orchestrated by TE diversity compared with the other groups,
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contributing to adaptive processes in the TE silencing pathway (Figure 9, (Shao et
al., 2019; Yi et al., 2014)). We also observed the expression of piRNA pathway
genes in tissues other than gonads of cichlid species, suggesting that these genes
could have functions other than TE silencing and necessitating further investigation
(Tao et al., 2016; Yi et al., 2014).

Conclusion

Although the B chromosome is currently recognized as a selfish element
enriched in TEs, the A. latifasciata B genome has accumulated new TE insertions
involved in a piRNA arms-race pathway. The existence of piRNA clusters in the B
chromosome could contribute to the ratio of genome size versus piRNA size to
prevent elimination of the B chromosome in the species. Additionally, the pld6 gene
with 100% integrity copied in B provides additional evidence for the impact of the B
chromosome on the piRNA pathway. In this way, we suggested several molecular
evolutionary lines of evidence for novelties that ensure B chromosome survival in the

host genome. The B chromosome carries its own guardians.
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Availability of data and materials

The A. latifasciata assembly is available under Bioproject PRIN369442 access and
can be visualized at https://sacibase.ibb.unesp.br/. The A. latifasciata piRNA
sequences are shown in Additional Files. The small RNA-seq libraries were
deposited in the NCBI database (accession numbers SRR13040679 to
SRR13040710Db).

Additional files description and access

Additional File 1 — Zipped folder with fasta and interactive html piRNA cluster
information for the A. latifasciata genome. The nomenclature is as follows: number-
pirna-cluster_sex_B-presence (f, female; m, male; Ob, without B chromosome; 1b,
with B chromosome). link

Additional File 2 — PDF file Table S02 Primer sequences. link


https://drive.google.com/drive/folders/1VBwS9lNAFZ29HBBgH3phe8R1SX5OliYw?usp=sharing
https://drive.google.com/file/d/1HEWoQYIVc7jVX__r-419Hxxq78pEtnbq/view?usp=sharing
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Additional File 3 — PDF file Table S03 P/d6 NCBI ID access. link

Additional File 4 — Fasta file containing A. latifasciata pld6 sequences from
transcriptome. link

Additional File 5 — miRNA:mRNA multispreadsheet: S05a miRNA-mRNA interaction
list of colocalized A. latifasciata miRNA-piRNA and transcript interactions. S05b
Transcript annotation of the transcript blastx summary description. S05¢ Number of
mMiRNA-mRNA interactions among transcripts (all) and annotated transcripts from
blastx for each colocalized miRNA. S05d miRNA-TE interaction transposable
element miRNA target list. link

Additional File 6 — PDF file of reverse transcriptase and transposase alignment
information. link

Additional File 7 — PDF file of p/d6 B-mutation alignment. link

Additional File 8 — Spreadsheet of FEL and FUBAR selection site analysis. link


https://drive.google.com/file/d/1a6IPZDZcaSQ6nVilJRgEQk5Y8wH3A_hg/view?usp=sharing
https://drive.google.com/file/d/1AWUkBqIffYlC4_f0-j3l1ApctBee7qan/view?usp=sharing
https://docs.google.com/spreadsheets/d/16jA0VxkMe94ZRbebUdrT_FD1PYuiW3XM/edit?usp=sharing&ouid=109848196092907386740&rtpof=true&sd=true
https://drive.google.com/file/d/1KUkrExVliT1qSC94rEYI7IPQktkb6RuZ/view?usp=sharing
https://drive.google.com/file/d/1BrvZ2v7as_iu4bf6MxaIGdOPaFq_yEQQ/view?usp=sharing
https://docs.google.com/spreadsheets/d/125Z3GZZ4ITxEXSph_PyF38EL3elXFmoj/edit?usp=sharing&ouid=109848196092907386740&rtpof=true&sd=true
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3.3 Capitulo 3

“Somewhere, something incredible is waiting to be known.”

— Carl Sagan
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Abstract

B chromosomes are extra parasitic elements found in several eukaryotes, from fungi,
plants and animals. Usually, the Bs are originated during some errors in meiosis and
are composed by duplicated sequences from host genome. Even being mostly
heterochromatic and low-dense in coding genes, the B chromosomes transcribe
sequences and can impact the expression of host genomes. In this review we draw a
timeline of studies investigating B chromosomes and RNAs, showing the advances
and main findings during their history. Also, we highlighted which RNA classes have
already been reported in the B chromosomes and which ones could be more
explored in the focus of new perspectives to understand the B chromosome
functions. In this way, we presented a B-tree of life indicating which branches has
functional RNA studies for the B chromosome. We suggest the investigation of other
unexplored RNA classes and functional analysis combined to cytogenetics studies to

complete the B-tree of life in an RNA perspective.

Introduction

The supernumerary B chromosome first described in a Hemiptera species
more than a century ago (Wilson, 1907), are spread over the eukaryotic tree of life,
from fungi, plants and animals (D’Ambrosio et al., 2017; Jones, 2017). The
occurrence of this selfish and parasitic element in a polyphyletic way reflects its
variation as to origin, number, morphology and composition between the diverse taxa
(D’Ambrosio et al., 2017; Valente et al., 2017).

The cytogenetic studies allowed us identify this accessory element during the
mitosis and meiosis. These pioneer investigations showed a common
heterochromatic state of the B chromosomes, and classify as an inert element,
poorly in genes and expression activity (Camacho et al., 2000). Take into account,
rarely the B chromosome is associated to a phenotype effect. An exception, for
example, is the number of B chromosomes affecting negatively the size of plants
(Jones et al., 2008).
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Nevertheless, functional studies propose to solve how and why this extra
element are maintained in the host genomes (Ahmad & Martins, 2019). Even
heterochromatic and poor in genes the B chromosomes can impact the cell
physiology, affect the host chromosomes expression and express its own sequences
(Benetta et al., 2019).

When were the first questions about gene expression investigated on B
chromosomes? What were the first techniques used to link RNAs and B
chromosomes? Thus, in this review we address the B chromosome and RNA
investigations history under a functional aspect. We also propose a B chromosome
tree of life, based on the previous papers, which clades have B chromosome report
and which ones have RNA-B effect investigation.

Talking about the future, we also present some challenging perspectives to
solve unanswered questions about the RNA world in the B chromosomes, take into
account not negligence the indispensable cytological techniques to complete the lack

of B chromosome report in some branches into the tree of life.

The RNA and B chromosome history: five big eras

The first study to investigate the RNA and B chromosome relation date of 50’s
and reported the increase of RNA mass in the nucleus in the B chromosome
presence in maize cells (Lin, 1955). In the next decades, studies also have focused
into evaluate the RNA quantity in the B cells through labeling experiments (Figure
1). The mainly findings of these RNA and B reports, are: (1) The B does not change
the RNA mass due to its heterochromatic characteristic (Himes, 1967), (2) the B
increases the RNA content in the nucleus (Ayonoadu & Rees, 1970; Lin, 1955), (3)
the B could affect the RNA decreasing in the cell (Kirk & Jones, 1970), and (4) the
heterochromatin of B chromosome could be transcribed (Fox et al., 1974). Even not
being convergent and having consensus results, these first findings discussed if the
apparently inert extra element could be altering the RNA activity, content and
expression in the cells. The methodology of these works was based on fluorescent
and chemical techniques, such as to label the RNA molecules in the cells.

Advancing on the RNA and the B chromosome timeline, the next decades,
starting from 80’s were focus to find evidences for B chromosome transcription. In

the absence of DNA and RNA sequencing techniques before 90’s, some studies
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investigated the B chromosome content through RNA hybridization (Figure 1). For
example, a study used RNA transcribed in vitro (C-RNA, complementary RNA) as
intermediated to B chromosome sequences hybridizations (Gibson & Godfrey, 1972).
This result discusses that the B chromosome besides repetitive DNA could carry
specific and duplicated sequences, which produce either coding or non-coding
sequences. This study also suggested that in the future performing in vitro
transcription can shed a light about the B chromosome functions. In fact, with the
molecular biology and bioinformatics advances, nowadays we have thousands of B-
sequences and B-transcripts reported, as we discuss further (Benetta et al., 2020;
Ma et al., 2017; Miao et al., 1991; Ramos et al., 2017), including in vitro transcription
and translation of B-copy genes (Ma et al., 2017).

Starting the new millennium, since the sequencing technology and
oligonucleotide synthesis raised, the studies focus in sequences became possible. In
the B chromosome area this was not different, the first B chromosome genes and
expression sequences in the B presence were reported (Auger & Birchler, 2002;
Leach et al., 2005; Miao et al., 1991; Tani¢ et al., 2005). Furthermore, in that time the
first “large-scale” expression analysis in the mice Apodemus flavicollis was
performed (Tani¢ et al., 2005). Using differential display reverse transcription-
polymerase chain reaction (DD RT-PCR) technique, it was possible to detect specific
and differentially expressed poly-A RNAs in the B samples. Similarly, using amplified
fragment length polymorphism polymerase chain reaction (PCR-AFLP) with
thousands of primers combinations, some of B-transcripts were reported in Secale
cereale (Carchilan et al., 2009) and Zea mays (Lin et al., 2014). Through this PCR-
based techniques, besides some B-specific transcripts it was possible to detect the
B-dose impact in the expression over some genes (Lin et al., 2014).

Using primers of B chromosome sequences the transcription of some protein-
coding genes in the cDNA of a roe deer were detected (Trifonov et al., 2013). Since
BACs sequencing, several sequences were described, and it was possible to
determinate some B-specific mutation in the B-cDNA. This is one of first works to
investigated the B chromosome transcription in a vertebrate.

With all these molecular biology advances, the B chromosome runaway from
inert characteristics to be described as a potential extra element with some

transcription activity and gene expression impact in the host genome (Carchilan et
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al., 2007). Nonetheless, the PCR techniques have two main limitations to recover B
chromosome transcripts. One of them is the limit of primer combinations to perform
PCR based on multiple primers techniques, such as AFLP (Carchilan et al., 2009).
Another limitation is that B chromosome sequences usually are paralog copies from
host genome, in this way, there is some difficult to distinct the A and B transcripts.
These two reasons could lead to underestimated the B chromosome activity
(Carchilan et al., 2009; Kato et al., 2005). In this way, the next step is identified the
duplicated copies in the B chromosome based on single nucleotide polymorphism,
as is possible in large-scale sequencing.

The B chromosome synonymous is “selfish element” generally because it has
ways to escapes the meiosis elimination and segregates in a non-mendelian rate,
increasing their number in the population (Houben, 2017). The extreme case of
selfishness is the conflict of the haplodiploid wasp Nasonia vitripenis B chromosome.
The B chromosome, also called Paternal Sex Ratio (PSR) in this species is
responsible to eliminated the male genome in fertilized eggs, and instead of
generate a female embryo, the +PSR fertilized eggs rise a male embryo (Aldrich et
al., 2017). In this selfish scenario the first B transcriptome profile was generated,
which reported nine PSR-specific transcripts, both coding and putative non-coding
genes (Akbari et al., 2013). Since, we enter into RNAseq era. Additionally, both long
and small RNAs in the N. vitripenis B chromosome-like were investigated (Li et al.,
2017). Based on this first B-transcriptome, a putative new coding gene which could
be responsible to cause the paternal genome elimination was described using RNAI
technique (Benetta et al., 2020).

Gathering RNAseq and genome data, transcripts with B-specific mutations
was identified, meaning that B genes are transcribed (Carmello et al., 2017; W.
Huang et al., 2016; Ma et al., 2017). Besides, towards the “RNAseq era” is possible
detect that B chromosome presence impacts in the A complement expression
(Huang et al., 2016). That affirmation was propose in the past decades with the first
B chromosome and RNA studies (Ayonoadu & Rees, 1970; Kirk & Jones, 1970; Lin,
1955). Exploring this purpose, several B-organisms had its RNA content sequenced:
plants (Huang et al., 2016; Huang et al., 2020; Ma et al., 2017), insects (Akbari et al.,
2013; Li et al., 2017; Navarro-Dominguez et al., 2017), fishes (Carmello et al., 2017;
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Mazzoni et al., 2021; Nascimento-Oliveira et al., 2021) and mammals (Trifonov et al.,
2013), are some examples.

In the grasshopper Eyprepocnemis plorans, through OB and B+ RNAseq data
was possible to identify at least 5 coding genes residing in the B chromosome which
are actively transcribed (Navarro-Dominguez et al.,, 2017). In the RNAseq era
besides to identify B-related transcripts in large scale data, is possible to focus at
nucleotide level and find B-specific single nucleotide polymorphisms (Jie et al.,
2019). And also investigate the functions that these transcripts are involved (Benetta
et al., 2019; Jie et al., 2019).

Overcoming the “omics” age, more recently, the performing RNAI techniques
shed light into B transcripts function on the cell. In fact, (Benetta et al., 2019)
suggested that the better way to investigate B-copy and its functions is through gene
silencing, such as CRISPR techniques. This prediction became reality and show
putative molecular phenotypes involved to B chromosome genes (Benetta et al.,
2020; Imarazene et al.,, 2021). Using RNAIi technique, a gene in the PSR of N.
vitripennis, haploidizer, was identified as responsible for the paternal genome
elimination (Benetta et al., 2020). In turn, in Astyanax mexicanus, which the B
chromosome either are absent or rare in females, through CRISPR a putative master
sex gene carried by the B chromosome was detected. Promoting knock-out in the
growth differentiation factor 6b gene, which is copied in the B chromosome, the B-
male fish became females (Imarazene et al., 2021).

In this way, joining all the RNA and B chromosome timeline, we highlight five
big eras: (1) physical and chemical experiments; (2) chromosome and RNA
hybridization; (3) PCR era; (4) RNAseq and large-scale omics era; and (5) RNAi and
CRISPR era (Figure 1).
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Figure 1 — The timeline of RNA studies and B chromosome.

B-transcribed sequences: functions and impacts

Repetitive DNAs are extensively studied in the B chromosomes and these
extra elements are enriched by tandem and disperses repeats. In this way, reports
about rRNA and TEs transcription by B chromosomes also have been explored. In
the grasshopper E. plorans, B specific transcription of rRNA sequences was
detected (Ruiz-Estévez et al., 2012, 2014) (Figure 2A). In the same way, LTR
elements from B chromosome showed able to be transcribed in maize (Lamb et al.,
2007) (Figure 2B). Several others studies has investigated the transcription activity
of these B-repetitive regions, suggesting a role for epigenetic effects from these
elements (Coan & Martins, 2018; Leach et al., 2005).

On the other hand, in a functional view, the RNA can be simply divided in two
main groups: (1) coding sequences, the messenger RNAs (mRNAs); and (2) non-
coding sequences, the non-coding RNAs (ncRNAs) (Palazzo & Lee, 2015). In this
way, we report which coding and non-coding RNAs have already been described
related to B chromosome, and which function its sequences can revel (Figure 2).

There are several reports for transcribed mRNAs from B chromosomes
(Akbari et al., 2013; Benetta et al., 2019; Navarro-Dominguez et al., 2017; Valente et
al., 2014). Looking for a messenger, the investigation about coding-genes allow to
understand which proteins and consequently which processes can be affected by B
chromosomes (Ahmad et al.,, 2020; Ahmad & Martins, 2019). Kinesin genes, for
example, are found in B chromosome of a grasshopper (Navarro-Dominguez et al.,
2017), a fish (Valente et al., 2014) and a plant (Banaei-Moghaddam et al., 2013).
Three obviously distant organisms showing convergent evolution linked to putative
functions in the B chromosome (Ahmad et al., 2020). An extensive B-mRNA gene
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list, with known or none evidence of transcription is reviewed by (Benetta et al.,
2019).

The functionality of B-proteins also was tested in rye. Carrying B-copy of a
Argonaute gene, the transcription and translation were confirmed in vittro, indeed the
translated B-copy also presented RNA slicer activity (Ma et al., 2017) (Figure 2C).
Argonaute proteins are fundamental for small RNA biogenesis (Thomson et al.,
2015), these findings could indicate the B-coding genes participation in such
processes as discussed further. Besides known function from B-copy genes, new
functions can be discovered in the B chromosome sequences. In the wasp N.
vitripennis the PSR carry a new coding gene called haploidizer which has no
similarity with a known protein and could indicate a new gene originated in the
supernumerary chromosome (Benetta et al., 2020) (Figure 2D).

B chromosome can carrying truncated and pseudogenes sequences it is not a
big novelty (Banaei-moghaddam et al., 2015; D’Ambrosio et al., 2017). Nonetheless,
the pseudogenes transcription investigation allows to hypothesized several points to
how the B chromosome could impact in the A chromosomes expression (Banaei-
moghaddam et al., 2015; Banaei-Moghaddam et al., 2013). Since B chromosome
carries truncated copies with dozens of mutations lead to concluded that these
degenerated sequences are useless. However, even these odd sequences seems to
have functions (Banaei-moghaddam et al., 2015; Banaei-Moghaddam et al., 2013).
Besides to contribute for the landscape of expressed sequences in host genome, the
pseudogenes from B chromosome could compete by regulation biding site with the
original “A” copy. For example, the small non-coding genes prefer to bind the
truncated transcript from the B, that could increase the A translation rate (Banaei-
Moghaddam et al., 2013). That might be a manner of a selfish element controls the
host transcription its own benefit. An example of this interaction was proposed in a
fish species. The abca1 B-copy gene (ATP-binding cassette sub-family A member 1-
like gene) has 80% of coding sequence compared to original A copy. This gene is
target of differentially expressed miRNAs in the B+ samples. In this way, is
suggested that this interactions could increase the abca1? translation through B-copy
under miRNA regulation (Nascimento-Oliveira et al., 2021).

Regarding ncRNAs, these sequences can be subdivided into several groups

(Mattick & Makunin, 2006).The classification may varies depend on context, since
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the non-coding sequences can superposed its characteristics, such as length and
function (Adelman & Egan, 2017; Costa, 2007; Palazzo & Lee, 2015). Here, we
explore the RNA classification based on its function, in this way there are three main
classes for non-coding sequences: (1) housekeeping, (2) intergenic and (3)
regulatory.

The housekeeping ncRNAs are involved to transcription and translation
processes, and are strongly conserved over the tree of life (Boivin et al., 2019). In
fact, the ribosomal RNA, for example is focus of many studies in the B chromosome
(Rajicic et al., 2015). The presence of active nuclear organization regions in the B
chromosome can indicate the involvement of this extra element into fundamental
processes of the cell (Valente et al., 2017). However, there is no information about
other housekeeping ncRNAs and B chromosome. Investing studies in other
housekeeping ncRNA, such as tRNAs and snoRNAs could bring information if the B
chromosomes have impacts in the cell transcription and translation processes.

The non-coding part of mMRNAs are important for stabilization and localization
of coding transcripts in the cell, and 3’ and 5’ non translated regions are site binding
for many regulatory molecules, such as small RNAs. Also, the intron sequences are
related to protein translation variability through alternative splicing (Jeffares et al.,
2006). We did not find any study involving intergenic ncRNA and B chromosome.
Once these regions do not carry codon information, the selection pressures are more
relaxed. Plus, due to the weekly natural selection presence in non-recombined
chromosomes, as B chromosomes (Camacho et al., 2000; Mahajan & Bachtrog,
2017), how is the impact of mutations in these regions? Is there some impact to half-
life of B-derived mRNAs? Do these regions keep the secondary structure similar to
the original gene? On the other hand, 3’ and 5" UTR carry sRNA binding sites, B-
derived pseudogenes could compete to original copy and increase the A copy
translation (Banaei-moghaddam et al., 2015). Additionally, introns are a large part in
the coding genes, it can originate regulatory molecules during the mRNA processing,
such as miRtrons and snoRNAs (Boivin et al., 2019). In this way, investing studies in
these non-translated portions could shed light to B chromosome relations with mRNA
processing.

The third class based on ncRNA function is regulatory sequences, which are

divided into two main groups based on RNA length: the long-noncoding RNAs with
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more than 200 nucleotides and the small RNAs, shorter than 200 nucleotides (Costa,
2007). Regulatory ncRNA are involved in dozens of processes, such as chromatin
remodeling, gene expression and posttranscription regulation (Mattick & Makunin,
2006).

Concerning this class, there is some studies which explored regulatory
ncRNAs and B chromosome impacts (Huang et al., 2020; Li et al., 2017; Ramos et
al., 2017) (Figure 3F-G). A long non-coding RNA is largely spread over A. latifasciata
B chromosome (Ramos et al. 2017). This sequence, the BncDNA, is expresses at
least in eight tissues, and the levels could carry a sex bias (Figure 2F).

Expressed microRNAs sequences were found in maize B chromosome and
also other miRNA genes seems to impact the A miRNA expression (Huang et al.,
2020) (Figure 2G). In N. vitripennis, several sRNA sequences similar to miRNA,
siRNA and piRNAs were found transcribed by PSR chromosome (Li et al., 2017). In
A. latifasciata cichlid fish, three piRNA clusters were detailed describe in B
chromosome. These sequences might be related to mobilization silencing control

due to B-TE accumulation (Nascimento-Oliveira in prep.).
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Joining the available information about which genes were described related to
the B chromosome it was possible to draw which classes lacked description in the B-
carriers (Figure 2I).

The small ncRNAs also have been poorly explored in the B chromosome
studies. Through the small RNA sequencing, which get sequences over 10-60
nucleotides is possible characterized several types of non-coding genes (Boivin et
al., 2019). Based on genome and RNAseq alignments we filtered the sRNAseq from
A. latifasciata gonads with B chromosome and without B chromosome and show
what kind of non-coding molecules could be described using small RNA sequencing

(Figure 3). Into 15 to 35 nucleotides is possible to recover several small RNAs, as
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well as, siRNAs, miRNAs, piRNAs and tRFs (transporter RNA fragments).
Considering only the characterized miRNA (Nascimento-Oliveira et al., 2021) and
piRNA (Nascimento-Oliveira in preparation) reported in previously studies, we count
how much reads for these sRNA classes each sample (female or male, B- or B+)
express. It is possible to observe that the miRNA and piRNA reads increase in the
B+ (Figure 3).

Besides the known small RNA classes that is an unexplored universe to invest
B chromosome studies, there is the possibility to describe potential new functional
short sequences impacted by B chromosome. Several mid-size noncoding RNAs,
range from 36 to 52 nucleotides (Boivin et al., 2019) are differentially present in B-
and B+ samples of A. latifasciata gonads RNAseq (Figure 3).

In this way, besides the mRNA sequences, which is the small part of B
chromosomes, there is a wide ncRNA field to deeply explore and suggest new

functions related to the extra chromosomes.
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The B chromosome tree of life: an RNA perspective

It is a consensus in the B community that the extra chromosome are observed
over the tree of life, and the increased number of species in specific clades is not
only related to biology, but to higher number of cytogenetic studies in some groups
(D’Ambrosio et al., 2017; Green, 1990; Jones, 2017).

In this way, we construct a “B chromosome tree of life” and highlight which
clades have reported B chromosome presence and which ones have studies with B-
RNAs. Firstly, we list the groups with B chromosome based on the two most recent
reviews (D’Ambrosio et al., 2017; Jones, 2017). (D’Ambrosio et al., 2017)
constructed a database of B chromosome studies from 1906 to July, 2016. The
report about this database found 2828 species with B chromosome, and the more
representative clades, as expected, are plants, insects, mammals and Actinopterygii
fishes. Additionally, we also complement our list with (Jones, 2017) review. This
report released the new species with B chromosome describe since 1980.

We also performed a manually search about the groups not represented in the
two previous reviews to check if some new publications were recently available. In
that way, some new groups were included in the B chromosome tree of life, are they:
Platyhelminthes (Spakulova & Casanova, 2004), Annelida (Leitdo et al., 2010),
Mollusca (Leitdo et al., 2008), Nematoda (Spakulova & Casanova, 2004) and avian
(Hansson, 2019) (Figure 4).

Particularly, the B chromosome of avian are reported as a supernumerary
germline-restricted chromosomes (GRCs) and are spread over the finches and song-
birds (Hansson, 2019; Torgasheva et al., 2019). The avian species, also showed B
chromosome with huge variation, from micro-chromosome to mega size
chromosomes. That also indicates the polyphyletic event in the B chromosome origin
and rapid phenomenon of gain and losses among the sister-organisms (Hansson,
2019; Torgasheva et al., 2019).

When the reviews mentioned “fishes” are meaning Actinopterygii species, the
numerous, diverse, and most studied group (D’Ambrosio et al., 2017). In this way,
both Chondrichthyes and lobe-ray fishes have not report about B chromosome
presence (Figure 4). Algae, Porifera, Cnidaria and Equinodermata also have not

report of B chromosome occurrence.
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Overlapped to the B-tree of life, we also highlighted which clades have RNA
investigation applied to B chromosome questions (Figure 4), and could confirm that
the most studied species also are the species with B-RNA report.

Usually studied organisms through the “art-state” technologies applied to B
questions are the model and most studies species, such as mammals, fishes,
insects and plant with high economic importance. That is extremely related to
cytogenetic studies: the numerous species reported to carry B chromosome are
clades with some interest, like the mammals and fishes, and plants with some

economic interest (D’Ambrosio et al., 2017).
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Figure 4- The B chromosome tree of life. The phylogenetic tree is descriptive representation (not

scaled) of main eukaryotes groups. In blue branches are the organisms with B chromosome report, in
gray branches the clades without description of B chromosome in the group. Some groups are
detailed in the light line branches. Inside the brackets, some branches with either number of species
or B chromosomes available in the literature. The groups with RNA investigation applied to B
chromosomes are showed in bold pink letters with RNA icon. The references follows: (1) (Jones,
2017); (2) (D’Ambrosio et al., 2017); (3) (Hansson, 2019); (4) (Spakulova & Casanova, 2004); (5)

(Leitao et al., 2008); (6) (Leitao et al., 2010).
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Final remarks
Cytogenetics analysis are still need to complete the B-tree of life, as well as, the
functional studies to better understand the convergent and divergent points of this

polyphyletic phenomenon.

Material and Methods

The small RNAseq from A. latifasciata is available in NCBI database
(SRR13040679 to SRR13040710b). The raw reads were filtered to quality based on
(Nascimento-Oliveira et al., 2021) steps (with modifications — the range of filtered
reads were performed along 15 to 60 nucleotides). To remove the redundancy in the
libraries, the filtered reads were collapsed using TBr2_collapse.pl (Rosenkranz &
Zischler, 2012) then aligned to A. latifasciata B- and B+ genome assemblies using
sRNAmapper (Rosenkranz & Zischler, 2012). The aligned sequences were identified
by Infernal v1.1 (Nawrocki & Eddy, 2013) based on last released Rfam database
(Griffiths-Jones et al., 2003). The identified ncRNAs in B- and B+ libraries were

compared in a Venn diagram (http://bicinformatics.psb.ugent.be/webtools/Venn/).

References

The references used in this chapter will be presented at the end of thesis.
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3.4 Capitulo 4

“Divulga-se, enfim (e por que negar?), para satisfazer o desejo que alguns
sentem, de partilhar com muitos outros o produto de sua experiéncia,
adquirida seja diretamente no curso de seu proprio trabalho criador, seja
mediante a absorg¢do de informacdo colhida em fontes menos acessiveis ao
grande publico e o esfor¢co de compreender essa informacgao, de situda-la
dentro do quadro geral do conhecimento e de analisa-lhe as possiveis
implicacoes. Esse desejo, essa alegria de transmitir facil o que se obteve
dificil.”

— José Reis
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Relatos sobre divulgagao cientifica: democratizar o conhecimento é construir

um futuro melhor

Percepcao sobre a Ciéncia brasileira

O Ministério da Ciéncia, Tecnologia, Inovagées e Comunicagdes e o Centro
de Gestdo e Estudos Estratégicos, através da pesquisa “Percepcédo Publica da
Ciéncia e Tecnologia no Brasil”, realizada no ano de 2019, diagnosticaram que 73%
dos brasileiros acreditam que a ciéncia e tecnologia trazem beneficios a sociedade.
Esse resultado otimista € somado a outros 86% que confiam na ciéncia para o
desenvolvimento da industria e geragao de mais oportunidades.

Através da mesma pesquisa, 62% dos entrevistados responderam ter algum
interesse em ciéncia e tecnologia, e 41% considera os cientistas “pessoas
inteligentes que fazem coisas uteis a humanidade”. No entanto, mesmo com esse
alto interesse por ciéncia, a pesquisa também revelou que aproximadamente 90%
dos entrevistados ndo souberam apontar o nome de um cientista brasileiro ou de
uma instituicado que realizasse pesquisa cientifica (Figura 1). O interesse elevado
em ciéncia, mas a falta de afinidade com o assunto também se revela na percepgao
acerca de temas especificos: 78% dos entrevistados acreditam que antibidticos
podem matar virus.

As conclusbées do assunto levam a acreditar que, no geral, a populacao
entende a importancia da ciéncia e sua relevancia para a sociedade, mas sabe
muito pouco sobre ela. Mesmo assim, 66,1% concordam que os governantes devam
seguir as orientagdes dos cientistas, e 82,2% concorda que a maioria das pessoas &
capaz de entender o conhecimento cientifico se ele for bem explicado.

A partir desses dados levanta-se o seguinte questionamento: quais fatores
sdo responsaveis pelo desconhecimento sobre ciéncia? O jornalista cientifico
Herton Escobar fala sobre um “abismo que sempre existiu” (Escobar, 2018). Esse
abismo também pode ser atribuido ao acesso a Ciéncia, ja que uma flutuagao entre
61% a 93% dos entrevistados raramente ou nunca consomem conteudos relativos a
ciéncia nas mais diversas midias (internet, TV, livros, jornais impressos, entre

outros).
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Figura 1 — Percep¢do da populacao brasileira sobre temas diversos. Fonte: Percepg¢édo Publica da
C&T no Brasil 2019, CGEE, MCTIC.

E nesse cenario em que apresento as minhas contribuicbes para a
divulgacdo da ciéncia brasileira baseando-me nos objetivos tragados por José Reis
do porqué divulgar ciéncia (Massarani et al., 2018). Dois canais principais foram
meu portal de comunicagdo da ciéncia com a sociedade. O Voando Alto Ciéncia
reune conteudos que vao desde desmistificagdo de noticias falsas, relagdo sobre
ciéncia e politicas publicas até temas relacionados a minha formagao: Genética e
Evolugao. Esse perfil publica seus conteudos no Instagram e YouTube.

Participo também como membro da equipe do “Ciéncia brasileira €& de
qualidade”, canal dedicado a divulgar os artigos cientificos de pesquisadores
brasileiros de forma mais acessivel ao publico leigo. O canal esta ativo com perfis
no Facebook, Instagram e Twitter.
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o “Divulga-se para atender a “fome individual de ciéncia”, [...] porque
alguns dos feitos da ciéncia, ou que dela decorrem, se tornam ‘noticia’ de
grande feito até sobre a massa dos que nao tem ‘fome de ciéncia’.” (Massarani
et al., 2018)

No relatério da pesquisa “Percepcao Publica da Ciéncia e Tecnologia no
Brasil 2019”, 79% dos entrevistados disseram ter interesse em assuntos de
medicina e saude, enquanto 76% em meio ambiente (Figura 1). Certamente,
precisariamos retomar a pesquisa para investigar o impacto da pandemia de
COVID-19 sobre esse aspecto.

Um dos trabalhos realizados envolveu a parceria com uma escola do interior
do estado de Sao Paulo. Em contato com professores, foi encaminhado uma série
de perguntas relacionadas a pandemia que seriam respondidas por um cientista
(Tabela 1). A partir dessas perguntas dois videos foram elaborados (Parte 1:
youtube.com/watch?v=0LhCJ2yVdfY&t=27s e Parte 2 youtube.com/watch?v=

LTIGLURoHj4&t=123s). Os alunos tiveram acesso as respostas e reproduziram o

conteudo aprendido na forma de desenho (Figura 2).

Tabela 1 — Perguntas formuladas pelos alunos que serviram como base para

a construcao dos videos sobre pandemia

Duvidas em relagao a pandemia

Por que o coronavirus tem contagio rapido?

Por que estamos observando ondas de contaminagao?
O uso de mascara é realmente eficaz?

Como surgiu o coronavirus?

Por que algumas pessoas sao assintomaticas?

Como o virus entra no nosso corpo?

Ha previsdo de que a pandemia acabe?

Como acontecem as mutagdes do virus?

As vacinas sao eficazes? Qual a melhor?

Por que algumas vacinas causam reagao?

Por que mesmo depois de tomar vacina a pessoa pode se contaminar?
A vacina pode causar alguma doenga?



https://www.youtube.com/watch?v=OLhCJ2yVdfY&t=27s
https://www.youtube.com/watch?v=LTIGLuRoHj4&t=123s
https://www.youtube.com/watch?v=LTIGLuRoHj4&t=123s
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Figura 2 — Desenhos produzidos pelos alunos apds assistirem aos videos sobre a pandemia. Os

nomes dos alunos foram ocultados pela professora.

A professora relata que os alunos ficaram surpresos ao saberem que existem
cientistas em uma cidade tao proxima a deles. O que vai ao encontro da pesquisa
sobre a percepcdo da Ciéncia brasileira citada anteriormente, 90% dos
entrevistados ndao conseguiram citar o nome de um cientista brasileiro, enquanto
88% nao souberam dizer o nome de uma instituicao brasileira de pesquisa (Figura
1).

Outros temas que repercutem fortemente na midia estdo relacionados a
Genética e Evolucdo. O interesse em genética vem da curiosidade sobre doengas,
testes de ancestralidade e até mesmo temas polémicos como o racismo. Utilizei os

conhecimentos de Genética para produzir dois videos sobre a variedade das
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populagdes humanas e explicar o porqué nido existem racas humanas na nossa
especie. Um deles trata do historico do racismo, e porque movimentos como
darwinismo social e frenologia (medicdo de cranios humanos) sdo pseudociéncias

que devem ser fortemente repreendidas (link para acesso: youtube.com/watch?

v=YTIMSVU1CB0&t=179s). No segundo material, a partir das novas pesquisas de

sequenciamento de genomas e genética de populagdes expliquei a importancia de
sabermos genética no combate ao racismo (link para acesso:

youtube.com/watch?v=3HwemiKjwDs). Esse ultimo material foi utilizado em uma

aula de ciéncia, onde a professora gentilmente me mandou o registro (Figura 3).

Figura 3 — Uso de video produzido no canal Voando Alto Ciéncia em uma aula de Ciéncias do ensino

basico.

Alguns temas relacionados a Genética também séo discutidos informalmente
entre amigos, e muitas vezes as pessoas nado tem conhecimento da relagdo de um
assunto do cotidiano e a Ciéncia por tras dele. Uma situagdo dessas motivou o
artigo publicado na revista de educacgao “Genética na Escola”.

Em um momento descontraido com amigos, foi questionado a possibilidade
dos cientistas “criarem uma pilula para cessar o encurtamento dos nossos
teldbmeros e assim vivéssemos jovens para sempre”. Como geneticistas sabemos da

importancia dos teldmeros para o controle do ciclo celular e vida util saudavel do


https://www.youtube.com/watch?v=YTIMSVU1CB0&t=179s
https://www.youtube.com/watch?v=YTIMSVU1CB0&t=179s
https://www.youtube.com/watch?v=3HwemiKjwDs
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nosso organismo. Partindo desse assunto “teldbmeros” e “imortalidade” o artigo
“Conectando os teldmeros e o envelhecimento: € possivel viver para sempre?”
define a biologia das extremidades dos nossos cromossomos e responde o porqué
a imortalidade ndo é tdo viavel assim (Nascimento-Oliveira, 2020) (Figura 4a). O
artigo pode ser acessado através do link (precisa ser copiado e colado no
navegador): https://www.geneticanaescola.com/_files/ugd/b703be_1160d23fd7
9047c094f16bbd837494e3.pdf.

E por que nao falar de Genética de uma forma divertida? O Voando Alto

Ciéncia promoveu uma transmissdo ao vivo com integrantes do projeto tematico
“Cromossomos B, cromossomos sexuais e seus enigmas” (FAPESP 2015/16661-1)
em um encontro para divulgar curiosidades sobre cromossomos. A transmissao
“Arraia dos cromossomos” contou com a presenca de diversos profissionais da area,
estudantes do ensino médio, estudantes de graduagédo e populagdo em geral de
diversas regides do Brasil (Figura 4b). O evento estd disponivel em
youtube.com/watch?v=cj QAI231ZA&t=1547s.

A Histdria dos Telomeros

Elizabeth Blackburn, Carol Greider e
Jack Szostaks ganharam o prémio
Nobel por descobrir a enzima
telomerase. Em seus experimentos,
ao adicionar essa enzima em culturas
celulares os telémeros mantiveram
seutamanho.

Muller ganha o prémio Nobel por
demonstrar que os raios X provocam
mutagdes no DNA. Ainda, seus estudos
mostraram que ac induzir quebra das
extremidades dos cromossomos de
Drosophila os mesmos ndo eram passados
a geragdo seguinte.

1938 1946 1983

O geneticista Hermann Bérbara McClintok ganhou o prémio Nobel por

Joseph Muller cunha o descobrir os “genes saltadores”. Também,

termo  “teldmero”. Do realizou diversos experimentos envolvendo

grego telos, "extremidade” telomeros. Em um deles mostrou que os

e meros, “parte”, cromossomos do milho, quando, sem suas
extremidades, tinham a tendéncia de se fundir |
uns aos outros, Ao passo que Cromossomos
intactos nio apresentavam esse ™
comportamento.



https://www.geneticanaescola.com/_files/ugd/b703be_1160d23fd7%209047c094f16bbd837494e3.pdf
https://www.geneticanaescola.com/_files/ugd/b703be_1160d23fd7%209047c094f16bbd837494e3.pdf
https://www.youtube.com/watch?v=cj_QAl231ZA&t=1547s
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Figura 4 — A genética no cotidiano. Acima: Imagem publicada no artigo “Conectando os teldmeros e

o envelhecimento”. Abaixo: Evento “Arraia dos cromossomos” transmitido no YouTube.

o “Divulga-se no interesse da prépria ciéncia, e por influéncia dos
cientistas ou dos que compreendem o valor da ciéncia no mundo moderno,
para conseguir apoio cada vez maior para as atividades cientificas.”
(Massarani et al., 2018)

E preciso aproximar a populacdo da realidade da Ciéncia no Brasil. Sozinhos,
cientistas ndo sado capazes de movimentar multiddes em prol da Ciéncia. Essa
reflexdo é colocada por Herton Escobar no artigo “Divulgacéao cientifica: faga agora

ou cale-se para sempre” (Escobar, 2018):

A comunidade cientifica ndo pode mais delegar a imprensa a
responsabilidade de educar a sociedade sobre a importancia
da ciéncia — porque néo cabe a ela essa responsabilidade, e
mesmo que coubesse, ela nao tem condigbes de fazer isso
sozinha. O abismo é fundo demais para ser preenchido sé
com folhas de jornal e alguns minutos de televiséo.

Historicamente, no Brasil, os cientistas nunca precisaram diretamente do
apoio da populagao para conseguir fomento para a Ciéncia. Desta forma sempre
existiu um abismo entre os dois lados, cientistas e sociedade, que nao gerava
incOmodo. No entanto, a atual situagcdo das pesquisas brasileiras, sucateamento de
universidades, cortes de bolsas e projetos, mostra que sozinhos os cientistas nao
conseguirdao apoio que precisam (Escobar, 2018). Nesse sentido, o Voando Alto
Ciéncia também dedicou diversas postagens para explicar a populagdo qual o
impacto das decisdes politicas para a pesquisa e educagédo no nosso pais (Figura
5).

O estrangulamento do investimento a Ciéncia brasileira compromete a
soberania nacional (André et al., 2021). As consequéncias do sucateamento das
verbas repassadas a ciéncia ativam um evento cascata sem fim. Vivemos a atual
“fuga de cérebros” em que diversos pesquisadores encontram refugio e amparo
para continuar a se dedicar a ciéncia fora do Brasil. Outra fuga sdo de centenas de
milhares de jovens doutores desempregados, que sem alternativas e perspectivas

acabam migrando para outra area para garantir meios de sustento. Estima-se que a



113

taxa de desemprego entre os recém doutores no Brasil fica entre 35 e 25%, contra

2% no resto do mundo (Rosa, 2020).
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Figura 5 — A Ciéncia e a politica brasileira. Conteudos produzidos pelo Voando Alto Ciéncia

explicando as relagcdes e o impacto das decisdes politicas na ciéncia.

Esse desperdicio de m&o de obra altamente qualificada desencadeia a
dependéncia do pais para se importar solugdes cientificas e tecnolégicas. Um
exemplo é a corrida pelas vacinas durante a pandemia de COVID-19, se néao
fossem os laboratérios das instituicdes publicas, o Brasil ndo teria como produzir
suas proprias vacinas. As consequéncias do constante abandono da Ciéncia
apontam para um futuro incerto, dependente e nada soberano (André et al., 2021).

Desta forma, é urgente divulgar a situagdo em que a Ciéncia brasileira se
encontra (Escobar, 2018). Um dado simples a ser apresentado € comparar o
fomento a Ciéncia de 20 anos atras. O valor de 4,8 bilhdes de reais investidos em
Ciéncia em 2000, se corrigidos pela inflagdo e seguissem 0 mesmo montante para
os dias de hoje (ano 2021), deveriamos ter um investimento de aproximadamente

25 bilhdes de reais. No entanto, em 2021 o investimento para Ciéncia foi de 2,8
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bilhdes de reais, metade do valor, sem correcado, de 20 anos atras. Considerando a
corregdo, o valor investido corresponde a apenas aproximadamente 11% do
investimento feito em 2000 (célculo IGPM-FGV https://www3.bcb.gov.br

/CALCIDADAO/publico/exibirFormCorrecaoValores.do?method=exibirFormCorrecao

Valores).

Devemos lembrar que o contingente de alunos de poés-graduagao, pos-
doutorandos e projetos de pesquisa aumentaram significativamente nas ultimas
décadas. Em 1996 o numero de pos-graduandos foi de 67.820 alunos, em 2021
esse numero cresceu para 122.295 alunos (PORTAL MEC). Ou seja, apenas corrigir
o valor da inflagdo n&o bastaria para garantir o progresso € o crescimento da
Ciéncia em nosso pais. Informagdes como essa deveria se tornar publicas, Ciéncia

€ cara, mas nao é gasto, € investimento.

o “Tentei ensinar aos outros o que de outrem nao pude aprender.” Dom
Duarte Nunes de Ledo (Massarani et al., 2018)

Um dado otimista do relatério sobre a Percepcdo Publica da Ciéncia e
Tecnologia no Brasil 2019 é que 82% dos entrevistados acredita que “a maioria das
pessoas € capaz de entender o conhecimento cientifico se ele for bem explicado”.

Pode-se concluir, que de forma geral, a populagdo brasileira entende a
importancia da Ciéncia para o avango da sociedade, mas sabe pouco sobre ela
(Jornal da USP, 2019). Sobre esse diagnéstico podemos atribuir dois desafios: (1)
acesso a informacgao de qualidade e (2) educagao cientifica.

Segundo o relatério sobre a Percepgao Publica da Ciéncia, a maioria das
pessoas buscam assuntos relacionados a ciéncia em sites como YouTube e
Facebook. No entanto, estudo aplicado na América Latina revela que mais de 60%
dos brasileiros entrevistados ndo sabem reconhecer uma noticia falsa (Rodrigues,
2020). Padrao semelhante repete-se para outros paises da América Latina e beira
0s 40% no Reino Unido, como revelou outra pesquisa (Breakstone et al., 2021).
Desta forma, como a populacdo sabe se a informagao que ela consome na internet
esta cientificamente correta? A conclusdo: ndo sabe (Breakstone et al., 2021).

Os obstaculos para se popularizar a ciéncia € muito mais que desmistificar

noticias falsas. E preciso fortalecer a sociedade com o pensamento critico, para que
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ela por si s6 tenha autonomia de reconhecer uma pseudociéncia ou uma fonte
duvidosa e assim nao espalhar desinformacao (Gomes et al., 2020; Santos, 2007).

Desta forma, torna-se inviavel combater a desinformacéo em si, pois, toda
vez que encontrarmos uma noticia falsa para desmistifica-la estaremos um passo
atras, uma vez que essa desinformacdo ja foi passada adiante. Infelizmente os
algoritmos promovem engajamento e nem sempre a ciéncia consegue competir com
publicagcdes sensacionalistas nas redes sociais (Gomes et al., 2020). O letramento
cientifico, ou educacgao cientifica, auxiliaria na pratica social da populagao leiga,
para que ela por si s6 possa reconhecer as armadilhas das redes sociais (Santos,
2007).

E for fim, o acesso a Ciéncia € um direito descrito no artigo 27 da Declaracao
Universal dos Direitos Humanos: “Todo ser humano tem o direito de participar
livremente da vida cultural da comunidade, de fruir as artes e de participar do
progresso cientifico e de seus beneficios” (Piovesan, 2014).

E direito do ser humano ter acesso ao conhecimento cientifico e usufruir do
Seu progresso, € nesse quesito nao limitando-se apenas ao conhecimento formal,
mas também acesso a informagéo cientifica fora do ambiente escolar (Orsi, 2021).
Desta forma, popularizar a ciéncia e promover educagao cientifica é garantir um

direito fundamental.
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3.5 Consideracoes finais: discussdo dos capitulos

“Na vida ndo ha nada a temer, mas a entender”

— Marie Curie
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O que os ncRNAs tem a revelar sobre o cromossomo B

Nos capitulos 1 e 2 foram apresentados os impactos do cromossomo B para
a atividade de pequenos RNAs nao-codificantes, mais especificamente miRNAs e
piRNAs. Devido a facil identificagdo de sequéncias de miRNAs pela alta
conservagao, disponibilidade de estudos e depdsitos em bancos de dados,
esperava-se inicialmente encontrar genes de miRNAs no cromossomo B. Para os
piRNAs, por consequéncia ao acumulo de elementos transponiveis no B, a hipotese
inicial era que algum mecanismo do genoma do hospedeiro estaria atuando contra
os TEs do cromossomo B. Ambas as hipoteses foram refutadas.

A partir das diversas estratégias utilizando sequenciamento de DNA e RNA,
nenhum miRNA foi encontrado no cromossomo B. miRNAs sdo sequéncias
altamente conservadas nos organismos sob forte pressédo de selegédo (Bartel, 2018).
Desta forma, a origem de miRNAs pode ser um evento raro, por estar sob fortes
pressdes seletivas, novas sequéncias sado rapidamente eliminadas (Bartel, 2018;
Loh et al., 2011). Além disso, a deteccao de novos miRNAs torna-se mais dificil
devido a baixas taxas de expressao que geralmente moléculas de origem recente
possuem (Bartel, 2018). Adicionalmente, miRNAs sdo comumente localizados em
regides intergénicas, eucromaticas com alta densidade de genes codificadores de
proteinas (Ledda et al., 2020; Lin et al., 2006). Portanto, o ambiente fortemente
heterocromatico, baixa pressdo de selecdo em cromossomos ndo-recombinantes e
baixa densidade génica ndo parece ser propicio para a origem de novos miRNAs.

A relacado entre miRNAs e cromossomo B de A. latifasciata parece ter muito
mais impacto fisiolégico do que gendmico. Diversos miRNAs foram encontrados
diferencialmente expressos comparando amostras com e sem cromossomo B de
machos e fémeas, de cérebro, musculo e gbnadas. Esses miRNAs mesmo sendo
tecido especifico possuem alvos em comum, mostrando que 0S mesmos processos
controlados por miRNAs estao sofrendo influéncia do cromossomo B em diferentes
tecidos. Além disso ja foi proposto que pseudogenes do cromossomo B quando
transcritos competem com suas copias originais (Banaei-Moghaddam et al., 2013).
Desta forma, sequéncias regulatérias, como miRNAs, preferencialmente interagem
com esses transcritos truncados do cromossomo B elevando a expressao da copia

do complemento A. Foram encontrados diversos miRNAs diferencialmente
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expressos que tem como alvos genes identificados no cromossomo B. Uma
interagdo com um gene com copia incompleta no cromossomo B foi detalhada,
aplicando a afirmagao anteriormente proposta por (Banaei-Moghaddam et al., 2013).

Contrariamente, esperava-se encontrar piRNAs do genoma de A. latifasciata
atuando no silenciamento dos TEs do cromossomo B. Uma alternativa mais
parcimoniosa foi revelada, mostrando que o proprio cromossomo B carrega
sequéncias de piRNAs originadas a partir da degeneracgao de insercdes de TEs.

Diferentemente dos miRNAs, piRNAs evoluem rapidamente (Biscotti et al.,
2017; Song et al., 2019; Yi et al.,, 2014). A localizagdo gendmica de clusters de
piRNAs em regides altamente repetitivas e heterocromaticas indicam a baixa
pressao de selegao dessas sequéncias e uma grande possibilidade para surgirem e
se manterem nos genomas rapidamente (Kofler et al., 2018; Luo et al., 2020;
Wierzbicki et al., 2021). Desta forma, o cromossomo B reune caracteristicas de um
ambiente propicio a evolugao de novas sequéncias de piRNAs: fortemente repetitivo
e heterocromatico. Outra questdo que reforga a possibilidade de origem de novos
clusters de piRNAs no cromossomo B é o aumento da propor¢ao de elementos
transponiveis em relagdo ao genoma do hospedeiro. Parece haver um equilibrio
entre o tamanho do genoma, cobertura de elementos transponiveis e piRNAs
atuando no silenciamento de TEs (Kofler, 2020). Durante a evolugdo do genoma a
expansao de TEs se nao seguida de surgimento de piRNAs pode drasticamente
diminuir a aptiddo da populagédo e consequentemente leva-la a extingao (Kofler,
2020). Baseando-se nessa ideia, sugere-se que para nao interferir na aptiddo da
populagdo, o cromossomo B carrega seus proprios piRNAs e mantém a proporgao
TE e piRNAs compativeis com as novas inserg¢oes. Investigagdes em cromossomos
B de outros organismos podem auxiliar na confirmagao dessa hipotese.

Além disso, as proteinas envolvidas no processamento de piRNAs e
silenciamento de TEs, tais como PIWI, possuem taxas de evolugdo mais rapidas se
comparadas com as proteinas envolvidas na via de miRNAs (Tao et al., 2016; Yi et
al., 2014). Essa diferenga parece estar relacionada com a pressao que a rapida
evolugdo de elementos transponiveis exerce na via de silenciamento (Tao et al.,
2016). Mais especificamente em peixes, a diversidade de TEs é mais alta em
comparagdo a mamiferos. Consequentemente isso pode refletir na variedade de

proteinas adaptadas a via de piRNAs, onde a diversidade de TEs exerce pressao no
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sentido de uma via apta a controlar um maior numero de familias de TEs (Song et
al., 2019; Yi et al., 2014; Zhou et al., 2014).

Como reportado no Capitulo 2, o cromossomo B de A. latifasciata contém
copias do gene pld6 (Valente et al., 2014), responsavel por processar os transcritos
precursores de piRNAs em transcritos primarios (Ishizu et al., 2012; Kabayama et
al.,, 2017). Além da validacdo da presenga dessas coépias no cromossomo B,
encontramos evidéncias da transcricdo desse gene nas gdnadas. Outrossim, pld6
carrega sitios que estao sob pressao de selegéo. Por estar transcricionalmente ativo
e com sinais de selegéo, essas evidéncias podem explicar o porqué esse gene nao
sofreu processo de pseudogenizagao no cromossomo B e trazem luz a fungdes em
que esse elemento extra participa (Banaei-moghaddam et al., 2015; Banaei-
Moghaddam et al., 2013).

Nao somente pequenos RNAs, mas também uma infinidade de classes das
porcdes nao traduzidas que compdem o cromossomo B, podem trazer informagdes
importantes para o entendimento da origem, fungdo e comportamento desse
elemento extra no genoma. Como revisado no Capitulo 3, o estudo da relagcao de
RNAs e cromossomos B iniciaram concomitantemente aos avancos de técnicas de
biologia molecular. Embora esses avangos tenham sido explorados pela
comunidade que investiga cromossomo B, a caracterizacao funcional de RNAs nao-
codificantes na presenca desse elemento extra é pouco explorada. Além de
comporem boa parte do genoma de eucariotos, a porgdo nao-codificante também
esta presente em alta densidade no cromossomo B, uma vez que esse cromossomo
tem baixa concentragcao de genes codificadores de proteinas. A partir dessa revisao,
sugerimos que investigacdes funcionais principalmente concentradas na
caracterizagao da porcdo ndo-codificante do cromossomo B sao perspectivas
interessantes para desvendar a origem e comportamento desse elemento extra nos

genomas.

O que é cromossomo B?

Um dos objetivos suplementares dessa tese foi produzir conteudo de
divulgacao cientifica ao longo dos quatro anos de doutorado. Como apresentado no
Capitulo 4, esses conteudos estiveram associados a alguns objetivos explanados

por José Reis sobre “o porqué divulgar Ciéncia” (Massarani et al., 2018).
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Os resultados obtidos a partir do engajamento com os conteudos vao ao
encontro do ultimo relatério sobre “Percepgao publica da Ciéncia e Tecnologia
2019”: a populagdo em geral tem interesse sobre ciéncia, mas sabe pouco sobre
ela. Além disso, destaca-se a importancia da educacéao cientifica para a construgao
de uma sociedade auténoma (Gomes et al., 2020; Santos, 2007).

Desta forma além de tornar a ciéncia acessivel ela precisa estar em uma
linguagem entendivel ao grande publico. Exercendo esse compromisso, esta tese
conta com um “Resumo para a sociedade” que foi apresentado a alguns familiares.
A avaliagao feita por eles, e ndo por pares, rendeu algumas perguntas: o que é
eucarioto? O que € RNA? O cromossomo B é igual sindrome de Down? E até
algumas reflexdes para poder explicar ciéncia: como as mutagdes do cromossomo
B foram parar |1a? Nem os cientistas sabem responder essa ultima, e é por isso que

continuamos estudando.
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4 Conclusdao

- A presenga do cromossomo B provoca alteracdo na expressdo de miRNAs em
diversos tecidos analisados. Ainda, foi sugerido que o cromossomo B pode in cis
impactar diversos processos celulares através das interagdes produzidas pelos
miRNAs diferencialmente expressos.

- O acumulo de elementos transponiveis no cromossomo B originou novos piRNAs.
Desta forma, devido ao aumento de TEs e consequentemente aumento do tamanho
do genoma do hospedeiro pela presenga do cromossomo B, sugere-se que outros
cromossomos B de outros organismos também tenham experenciado eventos de
origem de piRNAs, equilibrando a mobilizagdo de TEs e evitando a eliminagao do B.
- As evidéncias funcionais do cromossomo B através do estudo de RNA foram
descritas em organismos extensivamente estudados, como insetos, peixes,
mamiferos e plantas. Esse o padrdo é encontrado para as evidéncias citogenéticas
quanto a presenca do cromossomo B. A arvore da vida do cromossomo B em uma
perspectiva de RNA demonstra a importancia de avangarmos tanto nos estudos
citogenéticos como funcionais para se completar questdes nao respondidas.

- A populagéo sabe a importancia da ciéncia, mas sabe pouco sobre como a Ciéncia
funciona e sobre a prépria Ciéncia. Trés aspectos temporais podem ser levados em
conta do porqué divulgar ciéncia. (1) A curto prazo: é urgente mobilizarmos a
populagdo e resgatarmos o investimento da ciéncia para a retomada do
desenvolvimento do pais. (2) a médio prazo: a educacao cientifica para que a
populagao por si s saiba reconhecer pseudociéncias e noticias falsas. (3) a longo
prazo: entendendo ciéncia uma populagdo autbnoma pode pensar melhores
estratégias de projeto de pais. Outro aspecto transcendente é: aproximar a
populacao da ciéncia é garantir um direito fundamental.
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