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RESUMO

Uma caracteristica comum da evolugcdao dos cromossomos sexuais ¢ a acumulacdo de DNAs
repetitivos, que estdo envolvidos em sua diversificagdo e degeneracdo. Em gafanhotos o
sistema ancestral dos cromossomos sexuais ¢ o XO, mas em algumas espécies o0s
cromossomos sexuais neo-XY surgiram por translocacdo Robertsonian entre o X ancestral e
um par autossomico. Esse ¢ o caso do Ronderosia bergii (Acrididae: Melanoplinae) que
adicionalmente também apresentou uma grande inversdo pericentrica no neo-Y, fazendo com
que essa seja uma espécie singular para o entendimento da evolugdo dos cromossomos
sexuais. Nesse estudo foi caracterizado os DNA satélites e Elementos de Transposi¢ao da
espécie, com enfoque no entendimento das diferencas entre macho e fémea e que estdo
putativamente associados aos cromossomos sexuais. Foi encontrado um total de 54 familias
de DNAs satélites e 56 familias de TEs. Os DNAsat foram 13,5% mais abundantes no
genoma do macho, enquanto os TEs foram apenas 1,02% mais abundantes no genoma da
fémea, evidenciando alta amplificagdo dos DNAsat no cromossomo neo-Y € menor
envolvimento dos TEs na diferenciacao dos cromossomos sexuais. A alta diferenciag¢ao entre
0S cromossomos sexuais ¢ observada pela amplificagdo de multiplos DNAsat no neo-Y com
ocorréncia de familias exclusivamente mapeadas nesse cromossomo, entretanto, algum grau
de homologia foi observado. Os dados do mapeamento dos DNAsat evidenciou um alto
turnover dos neo-cromossomos sexuais em R.bergii em nivel intrapopulacional, causados por
multiplas inversdes paracentricas € outros rearranjos como amplificagdes e transposicoes.
Finalmente, a espécie ¢ um exemplo experimental de como apds a supressiao da
recombinacdo, os DNAs repetitivos podem estar envolvidos na geragdo de variabilidade dos
cromossomos sexuais ¢ ¢ um modelo util no entendimento da evolugdao dos cromossomos

sexuais em nivel intrapopulacional.

Palavas-chave: Elementos de transposicao, DNA satélite, variagdo intrapopulacional, neo-Y,

orthoptera



ABSTRACT

A common characteristic along sex chromosome evolution is the accumulation of repetitive
DNAs, which could account for their diversification and degeneration. In grasshoppers the
ancestral sex chromosome system is XO, but in some species neo-XY sex chromosome
emerged by Robertsonian translocation with an autosomal pair. This is the case of the
Melanoplinae Ronderosia bergii that additionally present a large pericentric inversion in the
neo-Y, making this a singular species to understand evolution of sex chromosomes. Here we
characterized the satellite DNAs and Transposable Elements of the species focused in the
understanding of differences between male and female genomes that are putatively associated
with sex chromosomes. We found a total of 54 satDNA families and 56 families of TEs. The
satDNAs were 13.5% more abundant in male genomes, while TEs were only about 1.02%
more abundant in female genome, evidencing high amplification of satDNAs on neo-Y
chromosome and minor role of TEs in sex chromosome differentiation. The high
differentiation between the sex chromosomes is demonstrated by amplification of multiply
satDNAs in neo-Y and occurrence of families exclusively mapped on this chromosome,
although some degree of homology was noticed. Our data of chromosomal mapping of
satDNAs evidenced high turnover of neo-sex chromosomes in R. bergii at intrapopulation
level, caused by multiply paracentric inversions and other rearrangements like amplifications
and transpositions. Finally the species is an experimental example of the action of repetitive
DNAs after the suppression of recombination in the generation of variability for sex
chromosomes and is a helpful model to understand sex chromosome evolution at

intrapopulation level.

Key-words: satellite DNA, transposable elements, neo-Y, intrapopulation variation,

orthoptera
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1. INTRODUCAO
1.1. Origem e evolucio dos cromossomos sexuais

O mais simples dos mecanismos heterogaméticos de determinagdo sexual baseado em
cromossomos tem uma consistente diferenga genética entre machos (XY heterogaméticos) e
fémeas (XX homogaméticas), ou ainda podendo ter a notagdo ZZ/ZW, onde a fémea ¢ a
heteragemética (BULL, 1985). O sistema heterogamético de determinagdo sexual ocorre nas
diversas classes de vertebrados (principalmente em aves e mamiferos) e em diversos
invertebrados, como insetos, nematoides e aracnideos. Alguns grupos podem ser
heterogaméticos para machos ou fémeas (ex. peixes, anfibios e lagartos), somente para os
machos (ex. mamiferos, aracnideos, gafanhotos e nematoides) ou somente para as fémeas
(aves, cobras e lepidopteros) (WHITE, 1973; BULL, 1983; SCHMID, 1983; TRAUT et al.,
2007, BACHTROG et al., 2014; WRIGHT et al., 2017).

A historia evolutiva de organismos didicos ainda nao ¢ totalmente conhecida e
envolve varia etapas: sabe-se que ocorreu a diferenciacdo de gametas em masculinos e
femininos; a separacdo dos sexos em machos e fémeas (em oposi¢do aos hermafroditas); e
finalmente a evolugdo dos sistemas de determinacdo sexual que pode ser baseado em
cromossomos, levando a um cromossomo Y ou W com pouca quantidade de informagao
genética (CHARLESWORTH, 1989; CHARLESWORTH 2017; BLACKMON e DEMUTH,
2015; DAISH e GRUTZER, 2019). Os cromossomos sexuais (X ¢ Y ou Z e W) sio
originados de um par de cromossomos autossomicos morfologicamente idénticos e evoluiram
independentemente repetidamente em uma ampla variedade de animais e plantas (OHNO,
1967; BULL, 1983, CHARLESWORTH et al.,, 2005; BACHTROG 2013). Apesar dessa
evolugdo independente, os cromossomos sexuais apresentam algumas caracteristicas
convergentes entre diversos grupos. Primeiramente, a aquisi¢do de um gene de determinagao
sexual que ¢ o fator de inicio da evolugdao dos cromossomos sexuais. O cromossomo Y ou W
apresenta uma subsequente supressao de recombinagdo com seu homologo (X ou Z), que
proporciona o acumulo de diferencas na composi¢ao molecular, que envolve genes e DNAs
repetitivos. A selecdo de alelos que sdo benéficos para um dos sexos e desvantajosos para o
outro, além do actiimulo diferencial de DNAs repetitivos ocasiona a divergéncia morfologica e
genética. Uma vez que o cromossomo Y ou W para de se recombinar, torna-se clonal no
genoma ¢ ¢ iniciado o processo de degeneragdo génica, levando a perda ou supressdo de
diversos genes ligados a eles. Rearranjos cromossdmicos (inversdes, translocagdes e fusoes)
sao documentados e aceleram o processo de degeneragao e heterocromatiniza¢ao por acumulo

de DNAs repetitivos. Enquanto que o cromossomo X ou Z continua a se recombinar nas



fémeas ou nos machos, respectivamente, € com isso, os genes ligados a esse cromossomo
persistem gerando variabilidade por recombinagdo ao longo das geracdoes (ELLEGREN,
2011; BACHTROG, 2011, 2013; WRIGHT et al., 2016; CHARLESWORTH, 2017).

ApoOs o estabelecimento dos cromossomos sexuais, sao documentados alguns casos da
total perda do elemento heteromorfico (Y ou W), levando ao surgimento de sistemas de
determinagdo sexual XO ou ZO como em alguns insetos e vermes (BLACKMON e
DEMUTH 2014; 2015b; DAISH e GRUTZNER, 2019). Além disso, cromossomos sexuais
que estdo estabelecidos, podem sofrer fusdes ou translocagdes com autossomos, resultando
em cromossomos sexuais recentes, como simples neo-XY ou neo-ZW ou ainda, sistemas
multiplos (CHARLESWORTH et al., 2005; VELTSOS et al., 2008). Curiosamente, a origem
de neo-cromossomos sexuais pode resultar no ganho de um novo Y ou W em algumas
espécies que os perderam ancestralmente, como documentado na transicdo de ZO para neo-
ZW em lepidopteros ou de XO para neo-XY em ortdpteros (TRAUT et al., 2007, MAREC et
al., 2010; CASTILLO, 2010; BIDAU e MARTI, 2001; BLACKMON et al., 2017). Essas
espécies seriam Otimos modelos experimentais para o estudo de processos envolvidos na
degeneracdo do cromossomo Y ou W, devido a evidéncias de que os neo-cromossomos
sexuais sofrem os mesmos processos evolutivos (supressdo de recombinagdo, acimulo de
DNA repetitivo, perda de genes e multiplos rearranjos) e podem apresentar estdgios de
evolugdo menos avangados, devido, a fusdes mais recentes (CHARLESWORTH et al., 2005;
VELTSOS et al., 2008; CASTILLO et al., 2010).

1.2. Cromossomos sexuais em gafanhotos

O caridtipo dos ortopteros apresenta variagdes e rearranjos nos diferentes grupos,
incluindo gafanhotos, grilos e esperancas (WHITE, 1973; HEWITT, 1979,
WARCHALOWSKA-SLIWA, 1998; FERREIRA, 2010; ZEFA, 1999; FERREIRA ET AL
2006). Mesmo com essa variacdo cariotipica, o sistema sexual XOJ/XXQ ¢ bastante
conservado em ortopteros e provavelmente evoluiu do sistema XYJ3/XXQ (WHITE 1941;
HUGHES-SCHRADER 1947; HEWITT 1979) pela perda do cromossomo Y. Entre os
gafanhotos o niimero cromossdmico mais frequente é o 2n=233/249 com sistema sexual do
tipo XXJ3/X0Q, porém, alguns outros sistemas sexuais derivados também sio encontrados,
como por exemplo 0 neo-XYJ/XXQ e os sistemas multiplos neo-X;XoY3/X1X1X2X2Q. A
sufamilia Melanopliane, que faz parte da familia Acrididae, além de ter algumas espécies
com rearranjos cariotipicos envolvendo autossomos, apresenta também um grande nimero de

espécies com neo-sistemas cromossomicos sexuais (BIDAU E MARTI, 2001; CASTILLO, et



al 2010; PALACIOS-GIMENEZ et al., 2013; PALACIOS-GIMENEZ et al., 2015a).

As causas da origem de neo-cromossomos sexuais em Orthoptera tem sido atribuida a
multiplos eventos de rearranjos cromossdémicos, como por exemplo fusdes Roberstosonianas,
translocagdes reciprocas, fissoes e inversdes envolvendo autossomos € cromossomos sexuais,
e também e em algumas espécies foram descritas inversdes e supressao da recombinagdo,
como por exemplo em Ronderosia bergii (WHITE, 1973; MESA et al., 2001; CASTILLO et
al., 2010; PALACIOS-GIMENEZ et al., 2013; 2015a;b).

Quanto a composi¢ao especifica dos neo-cromossomos sexuais em Orthoptera, o
conhecimento ¢ bastante restrito. Foi documentada a presenca de DNAs ribossomicos,
incluindo o 18S e 5S, genes de DNAsn U2 e Ul, genes de histona, além de diversos DNAs
satélites no grilo E. surinamensis (PALACIOS-GIMEMEZ et al., 2013;2015; CASTILLO et
al., 2016; JETYBAYEV et al., 2017). Esses trabalhos representam um inicio do conhecimento
sobre 0s neo cromossomos sexuais, uma vez que com a avango das tecnologias ja ¢ possivel

realizar estudos mais aprofundados das variadas sequéncias encontradas nos cromossomos.

1.3. Estrutura e evolucdo de DNAsat e Elementos de Transposicao

O avanco de andlises genomicas a partir de dados de sequenciamento permitiram
maior avanco e entendimento da biologia e padrdes de origem e evolucdo de DNAs
repetitivos nos genomas. Além disso, a prospeccdo de DNAs repetitivos por ferramentas

bioinformaticas tem permitido grande avanco em estudos de evolugao cariotipica.

1.3.1. DNAs satélites

Os DNAsat sao os principais componentes da heterocromatina e consistem em uma
mesma sequéncia repetida diversas vezes ao contrario dos genes repetidos em tandem que
apresentam uma alta diversidade de sequéncias (como genes e espagadores). Os DNAsat
surgem e sao fixados em diferentes familias a partir de mecanismos de mutagao seguidos de
evolugdo em concerto, que envolve homogeneizagdo dos mondmeros. Estas sequéncias
podem apresentar ampla variabilidade nos genomas quanto ao numero de familias, na
estrutura e na quantidade de repeti¢cdes, podendo variar entre mil e cem mil copias em uma
unidade de repeticdo, com tamanho de mondmero geralmente entre 100-300pb (JOHN e
MIKLOS, 1979; CHARLESWORTH et al.,1994; UGARKOVIC e PLOHL, 2002;
PALOMEQUE e LORITE, 2008; PLOHL et al., 2008). Além de encontradas clusterizadas em
regides como centromeros e telomeros, os DNAsat sdo importantes componentes dos

cromossomos sexuais, como documentado em planta (Rumex acetosa), platelminto
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(Schistosoma mansoni), grilo (Eneoptera surinamensis), mosca da fruta (Drosofila
melanogaster), dentre outros (BROSSEAU, 1960; CHARLESWORTH et al., 1994;
MARIOTTI et al., 2008; LEPESANT et al., 2012; PALACIOS-GIMENEZ et al., 2017a;
KHOST et al., 2017). Além disso, diversos DNAsat na eucromatina foram documentados em
diversos insetos (BRAJKOVIC et al. 2012; LARRACUENTE et al., 2014; PAVLEK et al.,
2015; RUIZ-RUANO et al., 2016; SILVA et al., 2019; , SPROUL et al. 2019;

Recentemente tem sido descobertas fungdes para os DNAs satélites através de
verificacdo de sua transcricdo. O besouro Tribolium castaneum apds stress por altas
temperaturas apresenta um aumento no satélite TCAST1 tanto em regides eucromaticas
quanto heterocromaticas, acarretando na supressio dos genes que estdo Proximos
(FELICIELLO et al.,, 2015). Também foi mostrada a associagdo dos DNAsat em
modificagdes epigenéticas da cromatina para a formagdo do centrdmero e manutencao da
heterocromatina através de RNA de interferéncia (RNAi1) ou pequenos RNAs de interferéncia
(siRNA) em espécies de levedura (Schizosaccharomyces pombe), arroz (Oryza
sativa spp. Japonica) e diptero (Drosophila melanogaster) (VOLPE et al., 2002; PAL-
BHADRA et al., 2004; LEE et al., 2006; USAKIN et al., 2007, GREWAL e ELGIN 2007).
Nos grilos do género Gryllus foi encontrada transcrigdo diferencial de sete DNAsat entre
quatro espécies (G.assimilis, G.bimaculatus, G.rubens e G.firmus), apresentando quantidades
diferentes de RNA nos diversos tecidos analisados, sugerindo importancia na organizacao e
regulacao dos genomas, tanto sendo responsaveis por modificacdes epigenéticas na cromatina
quanto afetando a expressao de genes (PALACIOS-GIMEMEZ et al., 2017b)

Diversos DNAsat foram descobertos por restrigdo enzimatica e eletroforese, porém
essa técnica tem mostrado limitagOes. Para a realizagdo dessa técnica era necessario o uso de
diversas enzimas de restricdo para a fragmentar o DNA e ocasionalmente encontrar um
padrao caracteristico de DNAsat que revela um padrao ladder (ladder pattern) no gel de
agarose apos a eletroforese. Apds isso, os mondmeros encontrados sao clonados e isolados
por PCR para as subsequentes analises. Contudo, varios obstaculos existem nessa técnica,
como por exemplo dificuldade em encontrar DNAsat que estio em pequena propor¢ao no
genoma, dificultando muito a quantificacdo das familias presentes uma vez que podem
escapar da identificagdo por enzima de restricdo. O surgimento e diminui¢do no custo do
Sequenciamento de Nova Geragdo (NGS) que pode sequenciar grande quantidade de
sequéncias de DNA e a aplicacdo de ferramentas de bioinformatica como o RepeatExplorer
tem permitido um avanco significativo do entendimento dos DNAsat em genomas de espécies

nao modelo. Essa ferramenta agrupa as sequéncias similares e existentes em altas quantidades
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em clusters, possibilitando a identificacdo das sequéncias repetitivas (NOVAK et al. 2013;
RUIZ-RUANO et al., 2016; GARRIDO-RAMOS, 2017). Ruiz-Ruano e colaboradores (2016)
desenvolveram um pipeline nomeado SatMiner que permite a identificacdo de familias de
DNAsat que sao menos abundantes no genoma, possibilitando que a cole¢ao completa (ou
proximo disso) de DNAsat seja encontrada. Essa colegdo foi nomeada de “satelitoma” pelos
autores e tem esclarecido varios aspectos da evolucao dos DNAsat. Usando essa pipeline os
autores verificaram a existéncias 62 familias de DNAsat no genoma de Locusta migratoria
enquanto que as técnicas classicas ndo haviam detectado nenhum DNAsat (RUIZ-RUANO et
al., 2016).

A exemplo do uso do RepeatExplorer ou seu uso aliado a outras ferramentas
(SatMiner), temos estudos em diversos grupos mostrando essas sequéncias podem ser Uteis
para o estudo do entendimento da propria evolugdo das sequencias, de um modo mais geral,
assim como para o estudo entre populacdes e espécies e ainda, para o entendimento de alguns
cromossomos especificos, como no caso do cromossomo supranumerario (B) ou
cromossomos sexuais. Em plantas, os DNAsat foram usados para o entendimento do
cromossomo holocinéticos (HECKMANN et al. 2013) logo que o RepeatExplorer foi
desenvolvido e também mais recentemente para o estudo de variagdes entre populacdes
(RUIZ-RUANO et al. 2019). Em peixes, essas sequéncias repetitivas foram usadas para o
entendimento da diferenciacdo dos cromossomos sexuais (UTSUNOMIA et al. 2019) e de
cromossomos supranumerarios (B) (SERRANO-FREITAS et al. 2019), e também para
realizar o estudo de homologias de familias de DNAsat entre espécies (SILVA et al., 2017).
Outro exemplo ¢ em Dosophila cactofilicas e em D. virilis € D. americana onde satélites mais
abundantes foram recuperados e estudado sua homologia, abundancia e distribuicao
cromossomica (Lima et al. 2017; Silva et al. 2019). Em Hemiptera o genoma de Triatoma
infestans foi estudado, sendo util para entendimento da dindmica das familias de DNAsat em
populagdes Andina e ndo Andina (Pita et al. 2017). Para gafanhotos, os DNAsat tem sido
usados para estudar de modo geral a evolugdo dos genomas e dessas sequéncias (RUIZ-
RUANO et al., 2016; 2018a), assim como sua expressao e funcao (PALACIOS-GIMENEZ et
al. 2017,a), e também para o entendimento de mecanismos de evolucao relacionados a
cromossomos especificos, como no caso dos cromossomos B (RUIZ-RUANO et al., 2017,
2018,b; MILANI et al. 2017; ) e cromossomos sexuais (PALACIOS-GIMENEZ et al. 2017,b;
2018).
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1.3. Elementos transponiveis (TEs)

Na maior parte dos eucariotos, os TEs podem compreender uma grande parte do
genoma, com sequéncias de até milhares de pares de bases em tamanho e os nimeros de
copias podem variar de algumas a centenas de milhares de inser¢des, o que contribui
significantemente para o tamanho gendmico e sua evolugdo, podendo chegar até 85% do
genoma como ¢ o exemplo do milho (SCHNABLE et al., 2009, WICKER et al., 2007,
BIEMONT e VIEIRA, 2006). A composicdo dos TEs wvaria bastante intra e
interespecificamente, e também, a ampla variacdo de abundancia entre populagdes, pode
indicar invasdo recente dessas sequéncias, podendo até conduzir a especiagdo (SERRATO-
CAPUCHINA e MATUTE, 2018). Uma das capacidades mais notdveis dos TEs ¢ sua
capacidade de movimentagao dentro dos genomas, podendo se inserir em genes ou regides
reguladoras e também, causar recombinacao ectdpica em razao da sua natureza repetitiva. Um
exemplo notavel da acao dos transposons foi genoma do arroz, onde um tnico grupo (MULEs
- Mutator-like elements) foram responsaveis pela captura e reposicionamento de
aproximadamente 1.000 fragmentos de genes (JIANG et al., 2004, GOODIER ¢ KAZAZIAN
2008; BECK et al., 2011; VELA et al., 2014). Por esse motivo os TEs foram por muito tempo
considerados como parasitas dos genomas, mas hoje, acredita-se que sdao importantes
mediadores de adaptagdes biologicas, podendo assim, influenciar trajetorias evolutivas de
diferentes espécies (WICKER et al., 2007; ARKHIPOVA, 2017; BOURQUE et al., 2018).
Devido a essas caracteristicas, os TEs sdo considerados uma forga que pode dirigir a evolugao
dos cromossomos sexuais, visto seu grande acimulo nesses, como por exemplo nas espécies
Droshoplia miranda (CARVALHO, 2002; BACHTROG, 2005), Apareiodon sp
(SCHEMBERGER et al., 2019) e Silene latifolia (MATSUNAGA, 2009; KEJNOVSKY et
al., 2013).

Existe em uma variedade muito grande de TEs em relacdo a sua estrutura e
composi¢do. Devido a isso, estes elementos podem ser subdivididos em varias classes e
familias. A primeira divisdo € em classe, a classe I ¢ formada pelos retotransposons e a classe
IT pelos transposons de DNA. A primeira tem um mecanismo de “copia-e-cola”, onde um
RNA intermedidrio € reversamente transcrito em copia de cDNA e entdo, integrado ao
genoma. Para a segunda classe ¢ mobilizada por um intermedidrio de DNA, tanto em
mecanismo de “corta-e-cola”, quanto em mecanismo que envolve um intermediario de DNA
circular (GOUBERT et al., 2015; BOURQUE et al., 2018, PACO et al., 2019). Cada classe ¢
dividida em subclasses que sdo divididas em outros subgrupos (superfamilias), as subclasses

sao dividas majoritariamente pelo modo como seu intermedidrio ¢ produzido e quais
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mecanismos estdo envolvidos, incluindo por exemplo: endonucleases e elementos marcados
pela transcricao reversa (non-LTR ); DNAs intermediarios em fita dupla e integrases (LTR )
ou ainda DNAs circulares e tyrosina recombinase (Crypton) (BOEKE et al., 1985; VITTE e
BENNETZEN, 2006; KRAMEROV e VASSETZKY, 2011, ARKHIPOVA, 2017,
BOURQUE et al.,, 2018). Tipicamente as superfamilias sdo encontradas amplamente
propagadas em varios organismos, mas com origem monofilética comum, como por exemplo
Tcl/mariner, hAt (hobo-Ac-Tam3) e MULEs que sdo trés superfamilias de transposons que
estdo espalhadas pelos eucariotos (WITHERSPOON ¢ ROBERTSON, 2003; FESCHOTE e
WESSLER, 2002). E ainda mais detalhadamente, os TEs podem ser divididos em familias e
subfamilias, que sdo derivados de uma unidade ancestral unica, € podem ter uma sequéncia
consenso representativa para a subfamilia inteira (GOUBERT et al., 2015; BOURQUE et al.,
2018, PACO et al., 2019). Algumas ferramentas que permitem a quantificagdo e composi¢ao
dos TEs estao disponiveis, mas a maioria requer uma referéncia para assemblar e ainda nao
garante a quantificacdo das variagdes entre as diferentes familias de TEs. Mesmo com uma
referéncia, a recuperagdo dos TEs pode ser subestimada, pois a natureza repetitiva das
sequéncias € um desafio para os as linhas de comando, que podem nao capturar variacao e
abundancia dos contigs (GOUBERT et al., 2015; WEILGUNY e KOFLER, 2019; PACO et
al., 2019). Do ponto de vista cromossdmico a prospeccao de TEs e seu mapeamento tem sido
também realizados, sendo bem estudado em exemplos como em roedores (PACO et al.,2013,
2015), milho (ZHONG et al., 2002; NAGAKI et al. 2003; JIN et al., 2004), arroz (CHENG et
al., 2002; ZHANG et al., 2004) e alguns estudos recentes em grupos de dipeteros
(BRACEWELL et al., 2019; CHANG et al., 2019) e gafanhotos (RUIZ-RUANO et al., 2018).
Esses estudos nos mostram diferentes padroes de evolugdo e localizacao dos TEs e como

podem modular e interferir na evolugao dos genomas.

1.4. Ronderosia bergii como modelo para estudo dos neo-cromossomos sexuais

Estudos com ortopteros possibilitam o entendimento de como os cariotipos estao se
modificando e, além disso, como os cromossomos sexuais estdo evoluindo, uma vez que
algumas espécies apresentam cromossomos novos (considerando o tempo evolutivo) e que
ainda estao passando por processos de diferenciagdo e degeneracdo. A presenca de cariotipos
altamente dinamicos em Ortopteros mostra sua importancia como modelos em estudos de
genética evolutiva e ainda pode ajudar e responder muitas perguntas relacionadas ao

comportamento e evolugdo dos cromossomos sexuais.
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O gafanhoto Ronderosia bergii (Acrididae: Melanoplinae) possui caridtipo 2n=22 com
presenca de cromossomos neo-Y X (macho) e neo-XX (fémea). Esta espécie tem servido de
modelo para entendimento da estrutura e evolugdo de cromossomos sexuais. O cromossomo
neo-Y da espécie ¢ completamente heterocromatico e recentemente foi relatada a presenca de
alguns DNAs repetitivos envolvidos na diferenciacdo do sistema neo-XY da espécie
(PALACIOS-GIMENEZ et al., 2015b). Além disso, utilizando dados de sequenciamento
genomico Palacios-Gimenez e colaboradores (2018) encontraram dez familias de DNAsat no
genoma da espécie, sendo nove delas presentes nos cromossomos sexuais € entre essas, duas
foram encontradas exclusivamente no cromossomo neo-Y, mostrando envolvimento com sua
evolugdo. Além disso, os dados indicaram uma complexa evolu¢ao do cromossomo sexual
neo-Y na espécie ocasionada por multiplas inversdes paracéntricas, causando a ocorréncia de
variantes nao fixadas populacionalmente, e que requerem maior aprofundamento. Esses dados
mostraram uma alta variedade para um cromossomo neo-Y ja estabilizado, caso que ainda nao
havia sido descrito em ortopteros. Embora diversos DNAs repetitivos tenham sido descritos
no sistema neo-XY de R. bergii, grande parte da composi¢do ao longo da inteira extensao
deste cromossomo permanece desconhecida. Estes dados instigam a um estudo mais profundo

do sistema sexual da espécie para entendimento de sua origem e evolugao.

2. OBJETIVOS E METAS
2.1. Objetivo geral

Entender a composicao molecular e evolugao do sistema sexual neo-XY de R. bergii
utilizando como marcadores de DNAsat e TEs prospectados por sequenciamento de nova

geracdo e mapeamento por FISH.

2.2. Objetivos e metas especificas
e Analisar o maior niimero possivel de familias de DNAs satélites ¢ TEs no genoma de
R. bergii com maior representatividade em um dos sexos a partir de dados do
sequenciamento gendmico completo e analise de bioinformatica e por mapeamento
por FISH, a fim de elucidar a composi¢ao e mecanismos envolvidos na diferenciagao

dos cromossomos neo-XY.
e Utilizar os marcadores prospectados para entendimento da variabilidade dos
cromossomos sexuais de R. bergii do ponto de vista intra-populacional, tentando

entender as causas do extenso polimorfismo.



15

3. MATERIAIS E METODOS
3.1. Material biologico e obten¢ao de cromossomos

Espécimes machos e fémeas adultos de Ronderosia bergii coletados no campus da
Universidade Estadual Paulista em Rio Claro/SP, Brazil (22°24'45" S, 47°31'28" W) ja
encontram-se armazenados em freezer -20 °C no Laboratoério de Citogenética da UNESP/Rio
Claro para extragdo do DNA gendmico. Para obtengdo de cromossomos, embrides foram
obtidos a partir da disseccao do ovo com cerca de 15 dias apos a postura e diversos animais
encontram-se em caixas de criagdo para obtencdo de novas posturas. Células mitdticas serdo
obtidas de embrides seguido pelo protocolo proposto por Webb e colaboradores (1978) com
pequenas modificagdes. Células meidticas foram obtidas pelo maceramento de foliculos de
testiculos de machos que foram fixados em Carnoy (3:1, Etanol absoluto: Acido Acético
Glacial). As laminas serdao obtidas a partir da técnica classica de esmagamento e coradas com
Giemsa 5% para andlises convencionais. Posteriormente, laminas ndo coradas serdo utilizadas
para experimentos de FISH e pelo menos 15 metafases serdo analisadas para descrever os

padrdes de distribuicao das sequéncias repetitivas que foram isoladas.

3.2. Sequenciamento

O DNA do musculo do fémur da perna saltadora de macho (carregando a variante
mais comum no neo-Y para adultos, ver Palacios-Gimenez et al. 2018) e fémea foi extraido
utilizando o kit Qiagen DNeasy kit (Qiagen Inc., CA, USA), seguindo o protocolo dos
fabricantes. Os DNAs extraidos foram sonicados para obter fragmentos de aproximadamente
500pb e usados para gerar bibliotecas gendomicas paired-ends como recomendadas pela
[llumina ((Illumina Inc., San Diego, CA, USA). As bibliotecas foram sequenciadas usando o
servico da Macrogen Inc. (Seoul, Republic of Korea), usando o equipamento Illumina Hiseq
4000 paired-end. Cada genoma gerou uma amostra de ~2.4Gb (macho) e ~2.3Gb (fémea) de
2x101pb. O software Trimmomatic (BOLGER et al., 2014) foi usado para selecionar os reads

por uma qualidade minima de Q20 e tamanho minimo de 100nt.

3.3. Analise das sequencias repetitivas

Os genomas sequenciados foram usados para analises comparativas do contetido
repetitivo, focando nas diferencgas entre os sexos para obter sequencias enriquecidas nos neo-
cromossomos sexuais ¢ adicionalmente suas descricoes moleculares. Espera-se que

sequencias enriquecidas no neo-Y sejam mais representadas nos reads dos machos (neo-XY),
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enquanto as sequencias enriquecidas no neo-X, sejam mais representadas nos reads das

fémeas (neo-XX).

3.3.1. Analise dos DNAsats
Para a prospeccao dos DNAsats foi usado o protocolo satMiner (RUIZ-RUANO et al.,

2016) que ¢ disponivel no site GitHub (https://github.com/fjruizruano/satminer). O protocolo

consiste em identificar o nimero méaximo possivel de DNAsats através de varios rondas de
clusterizagio pelo RepeatExplorer (NOVAK et al. 2013) seguido de uma filtragem no
DeconSeq (SCHIMIEDER e EDWARDS, 2011) dos reads previamente recuperados no
RepeatExplorer. Para essa andlise n6és usamos um 150,000 reads de cada genoma como input
no RepeatExplorer e entdo, seguimos as mesmas opgdes padrdo usadas por Ruiz-Ruano e
colaboradores (2016). A partir do output do RepeatExplorer noés procuramos manualmente
por DNAsars selecionando os que apresentavam graficos com alta densidade (esféricos ou em
formato de anel). Esses clusters foram confirmados como arranjos em tandem pelo Tander
Repeat Finder (BENSON 1999) e pela ferramenta de alinhamento dotplot disponivel no
programa Geneious v4.8. A andlise pelo RepeatExplorer foi repetida por mais cinco vezes
com adi¢ao de 2x50,000 reads filtrados em cada interacdo até que nao fossem encontrados
novos DNAsats. A busca de homologia entre as sequéncias de DNAsats foi feita pela uma
comparacgdo all-againt-all do RepeatMasker (SMIT et al., 2017) a partir dos mondmeros
recuperados, usando 0 “rm_homology.py” script do python

(https://github.com/fjruizruano/ngs-protocols). A classificagao das sequencias de DNAsat em

superfamilias, familias ou variantes foi feita de acordo com Ruiz-Ruano e colaboradores
(2016). Os reads recuperados foram usados no Repeat Masker para calcular abundancia e
divergéncia de cada DNAsat, comparando genomas de macho e fémea. A abundancia para
uma familia de DNAsat ¢ calculada pela propor¢ao de nucleotideos alinhados com sua
sequéncia consenso de referéncia em propor¢ao com o tamanho total da biblioteca. Para isso,
foram usados 11,5 milhdes de reads pareados randémicos (23 milhdes de cada biblioteca)

obtidos pela ferramenta seqtk (https:/github.com/lh3/seqtk) para estimar abundancia e

divergéncia no RepeatMasker.

3.3.2. Analise dos TEs
Para estimar a abundancia e divergéncia dos TEs entre os genomas de macho e fémea

foi utilizada a linha de comando dnaPipeTE (GOUBERT et al., 2015) que ¢ gratuitamente

disponivel no site (https://github.com/clemgoub/dnaPipeTE). Essa linha de comando ¢ uma
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ferramenta para assemblar de novo os TEs ja que ndo requer um genoma montado e usa input
com baixa cobertura de reads (<Ix cobertura do genoma). Essa linha de comando usa o
programa de montagem Trinity (GRABHERR et al., 2011), seguido por quantificagdao
automatica e anotacdo dos TEs de acordo com o banco de dados do Repbase. O dnaPipeTe
também permite a quantificacdo de elementos repetitivos recentemente ativos nos dados de
sequenciamento, ao contrario do RepeatMasker, que quantifica repeticoes com ampla faixa de
idade nos genomas. Para otimizar a quantidade de dados sequenciados para a subamostragem
de cada genoma no dnaPipeTe, foram selecionadas subamostragens entre 500,000 e 1,000,000
reads em intervalos de 100,000 reads (em 6 rodadas) para o genoma do macho. Para cada
uma das 6 rodadas, foi selecionada a subamostra que produz o maior contig N50 na
montagem do Trinity como uma medida da subamostra da leitura otimizada. A subamostra de
leitura otimizada no genoma do macho (800,000 reads) foi entdo usada para realizar o
dnaPipeTe no genoma da fémea. Para fazer a anotagdo dos TEs foi usada a op¢ao -RM_lib do
dnaPipeTE com o banco de dados de sequencias repetitivas de artropodes (Arthropoda
Repbase). O grafico de landscape gerado como output do dnaPipeTE representa a

distribui¢cnao da givergéncia BLASTn entre os reads e os contigs em que estao mapeados.

3.5. Amplificacdo dos DNAs repetitivos por PCR

Nos selecionamos as sequéncias (DNAsats e TEs) que na analise comparativa (macho
x fémea) estavam mais representadas em um dos sexos para prosseguir com isolamento por
PCR e mapeamento por FISH (ver proximo topico). As sequencias consensos obtidas de cada
familia foram usadas para desenhar primers “divergentes” para DNAsat e “convergentes”
para TEs (disponivel no material suplementar no manuscrito). Os primers foram desenhados
manualmente ou usando o programa Geneious.

O DNA genomico de machos foi usado para amplificar os elementos repetitivos por
PCR usando o mix: 10x PCR Rxn Buffer, 0.2 mM MgClI2, 0.16 mM dNTPs, 2 mM de cada
primer, 1 U of Tag Platinum DNA Polymerase (Invitrogen, San Diego, CA, USA), e 50-100
ng/ul. de DNA. As condi¢des de PCR incluem a desnaturagdo inicial em 94 °C por 5 min e
30 ciclos a 94 -C (30 s), 55 °C (30 s), € 72 °C (80 s), seguido de uma extensao final de 72 C
for 5 min. Os produtos resultantes da produtos da PCR foram separados em gel de agarose
1%. As bandas referentes aos mondmeros serdo isoladas e purificadas com o kit
ZymocleanTM Gel DNA Recovery (Zymo Research Corp., The Epigenetics Company, USA)

de acordo com as recomendagdes dos fabricantes e usadas para reamplificacdo por PCR.
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3.6. Hibridizacio in situ fluorescente

As sequéncias de DNAs satélites e TEs obtidas por PCR foram marcadas com Biotina
14-dATP (Invitrogen) ou Digoxigenina 11-dUTP (Roche, Mannheim, Germany) através da
nick translation seguindo recomendacdes do fabricante. A sonda telomérica foi obtida por
PCR sem DNA (non-template) usando primers auto-complementares (TTAGG)s e (CCTAA)s
de acordo com Ijdo e colaboradores (1991).

Laminas ndo coradas de preparagdes mitoticas e meioticas foram usadas para FISH
simples ou dupla, seguindo protocolo de Pinkel e colaboradores (1986), com modificagdes
(CABRAL-DE-MELLO et al., 2015). As sondas marcadas com digoxigenin-11-dUTP foram
detectadas usando anti-digoxigenin-Rhodamine (Roche) e as marcadas por biotin-14-dATP
foram detectadas com Alexa Fluor 488-conjugated (Invitrogen). Todas as preparacdes serdo
contracoradas com DAPI (4’,6-diamidino-2’-phenylindole) e montadas com meio de
montagem VECTASHIELD (Vector, Burlingame, CA, USA). As laminas foram observadas
utilizando-se um microscopio Olympus BX61 equipado com uma lampada fluorescente e
filtros adequados. As imagens foram documentadas utilizando uma camera digital DP70 em
escala cinza e adicionalmente pseudocoloridas. As imagens foram sobrepostas e otimizadas
em brilho e contraste usando-se Adobe Photoshop CS6. Para descrever padroes e distribuigao

de DNAsats e TEs ao menos 14 metafases foram analisadas.

3.7. Desenho experimental para localizacido de DNAsats e variabilidade dos neo-
Cromossomos sexuais.

Primeiramente, os DNAsats com abundancia diferencial entre os genomas de macho e
fémea foram mapeados em células meidticas (metafase 1) de individuo adulto portador da
variante neo-Y tipo II, que ¢ a mais comum entre os adultos (PALACIOS-GIMENEZ et al.,
2018). Posteriormente, tendo conhecimento da variabilidade para o cromossomo neo-Y
reportada por Palacios-Gimenez e colaboradores 2018, os DNAsats com sinais nos
cromossomos neo-Y e/ou neo-X , a sonda telomerica e também dois DNAsats Rber249 (nova
nomenclatura RbeSat25-166) e Rber299 (nova nomenclatura RbeSat23-285) previamente
encontrados foram mapeados em embrides da mesma e de distintas ootecas para observar a
variabilidade dos cromossomos sexuais. Foi usado um total de 20 embrides, oito foram
selecionados aleatoriamente de distintas ootecas e doze foram selecionados de quatro ooetcas
individuais (trés embrides de cada). Cada embrido foi usado para produzir nove laminas, para
permitir o mapeamento de todos os DNAsats e sonda telomética usando dupla FISH. Isso nos

permitiu verificar as variagdes encontradas no neo-Y e entdo selecionamos um individuo
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portador do neo-Y mais comum para realizar um experimento € ver como os DNAsats estao
localizados em relagdo com o outro no cromossomo neo-Y. Para isso, usamos duas laminas de
preparagdes do mesmo embrido e hibridizamos e fotografamos casa lamina depois de uma
rodada de FISH com diferentes DNAsats. Apds cada experimento de FISH, as laminulas
foram removidas e as sondas foram lavadas por trés vezes em 4xSSC com 1%Triton-100, por
5 min cada. Posteriormente, procedendo com refixacdo em formaldeido 3,7% em 1xPBD e

seguindo com o protocolo padrao para FISH.

4. RESULTADOS E DISCUSSAO
Os resultados obtidos durante o mestrado sao apresentados e discutidos no manuscrito:
The high dynamism for neo-sex chromosomes is mediated by multiples chromosomal

rearrangements and repetitive DNAs in the grasshopper Ronderosia bergii, a ser submetido

para a revista Chromosome Research (ISSN: 1573-6849)
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Abstract

A common characteristic of sex chromosome evolution is the accumulation of repetitive
DNAs, which could account for their diversification and degeneration. In grasshoppers the
ancestral sex chromosome system is XO, but in some species neo-XY sex chromosome
emerged by Robertsonian translocation between the ancestral X and one autosomal pair. This
is the case of the Melanoplinae Ronderosia bergii that additionally present a large pericentric
inversion in the neo-Y, making this a singular species to understand evolution of sex
chromosomes. Here we characterized the repeatome (satellite DNAs, satDNA; Transposable
Elements, TEs) of the species focused in the understanding of differences between male and
female genomes that are putatively associated with sex chromosomes. We found a total of 54
satDNA families and 56families of TEs. The satDNAs were 13.5% more abundant in male
genomes, while TEs were only about 1.02% more abundant in female genome, evidencing
high amplification of satDNAs on neo-Y chromosome and minor role of TEs in sex
chromosome differentiation. The high differentiation between the sex chromosomes is
demonstrated by amplification of multiply satDNAs in neo-Y and occurrence of families
exclusively mapped on this chromosome, although some degree of homology was noticed.
Our data of chromosomal mapping of satDNAs evidenced high turnover of neo-sex
chromosomes in R. bergii at intrapopulation level, caused by multiples paracentric inversions
and other rearrangements like amplifications and transpositions. Finally the species is an
experimental example of the action of repetitive DNAs after the suppression of recombination
in the generation of variability for sex chromosomes and is a helpful model to understand sex

chromosome evolution at intrapopulation level.

Key-words: satellite DNA, transposable elements, neo-Y, intrapopulation variation,

orthoptera
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Introduction

Sex chromosomes are one of the most dynamic parts of genomes, including their
repetitive DNA content (Steinemann and Steinemann 2005, Graves 2008, Matsunaga 2009,
Hobza et al. 2017). These chromosomes were originated from an ordinary pair of autosomes
independently during evolution of diverse groups and they present distinct evolutionary fates
(Charlesworth 2017, Wright et al. 2016, Bachtrog 2013, Bachtrog et al. 2011). After the first
step involved in sex chromosome origin, i.e. acquisition of a sex-determining locus in one of
the homologous of an autosomal pair, with subsequent accumulation of beneficial sex-specific
alleles for one sex that is deleterious to another sex, characteristically sex chromosomes
suppress recombination around sex determination locus and accumulate repetitive DNAs
(Bachtrog et al. 2014; Wright et al. 2016; Charlesworth 2017). Moreover, occurrences of
large chromosomal rearrangements (inversions, translocations and fusions) are documented.
These processes account for heterochromatinization and degeneration, that could result in
heteromorphization of sex chromosomes and that lead to differences in comparison to
autosomes (Ellegren 2011, Bachtrog 2013, Charlesworth 2017).

After establishment of sex chromosomes, cases of loss of the heteromorphic element
(Y or W) were documented, leading to emergence of XO or ZO sex systems, as in most
insects and worms (Blackmon and Demuth 2014, 2015b, Blackmon et al. 2017, Daish and
Gritzner 2019). Furthermore, established sex chromosomes could be involved in fusion or
translocation with autosomes resulting in newly evolved sex chromosomes, like simple neo-
XY or neo-ZW, besides multiple sex system (Charlesworth et al. 2005; Veltsos et al. 2008).
Interestingly, origin of neo-sex chromosomes can result in gain of new Y or W in some
species that lose them ancestrally, as documented during the transition from ZO to neo-ZW in
in lepidopterans or from XO to neo-XY in orthopterans (Traut et al. 2008, Marec et al. 2010,
Castillo et al. 2010, Bidau and Marti 2001, Blackmon et al. 2017).

Among grasshoppers (Orthoptera) the XO (male)/XX (female) sex system is the most
common, but in representatives of Melanoplinae (Orthoptera) high frequency of transition to
neo-sex chromosome systems were documented (Castillo et al. 2010). Interestingly within the
monophyletic group Ronderosia, chromosomal rearrangements led to the origin of neo-sex
systems, including simple (neo-XY) and multiply systems (neo-XiX>Y/X1X1X2X>). In some
members of Ronderosia, the origin of the simple neo-XY system involved independent
centric fusion of distinct autosomes with the ancestral X chromosome, while others share the
ancestral fusion involving the same autosome pair. Moreover, in R. dubia evolved a multiple

neo-X1X2Y sex system by a second centric fusion between the neo-Y and an autosomal pair.
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In R. bergii, besides the fusion that originated the karyotype 2n=22,neo-XY a large
pericentric inversion on the neo-Y and complete heterochromatinization of this element took
place (Castillo et al. 2010, Palacios-Gimenez et al. 2015, 2018). Differentially from neo-Y on
neo-X chromosome the C-positive blocks are placed on terminal and pericentromeric and in
autosomes the heterochromatin occupy primarily the pericentromeres. The composition of the
R. bergii neo-Y chromosome was studied in more details (Palacios-Gimenez et al. 2015,
2018) and interestingly using two satellite DNAs (satDNA) it was noticed occurrence of
multiple paracentric inversions in the neo-Y resulting in cryptic polymorphims in one
population located at Rio Claro, Sdo Paulo/Brazil (Palacios-Gimenez et al. 2018). This high
polymorphism instigates a deeper analysis of the sex chromosomes of this species that could
be a good model to study the dynamism of sex chromosomes at intra-population level.

With advance of Next Generation Sequencing (NGS) technology and bioinformatic
tools it is possible to identify and characterize repetitive DNA genome portion, allowing a
better picture about chromosomal organization and evolution of this DNA fraction. This assay
has been used successfully in recent works in many species to elucidate evolutionary ongoing
of sex chromosomes (Palacios-Gimenez et al. 2018, Schemberger et al. 2019, Lisachov et al.
2019, Rodriguez et al. 2019). In this way, extending the earlier work we aimed to understand
in deeper details the molecular composition and evolutionary history of the intriguing sex
chromosomes of R. bergii. For this we characterized the repeatome (including satDNAs and
Transposable Elements, TEs) of the species by integration of computational and cytogenetic
tools, focused in the differential composition between sexes. Our data support for
accumulation of various satDNA families exclusively in the neo-Y chromosome and paucity
of TEs in both sex chromosomes. Furthermore, extensive reshuffling for the neo-X and neo-Y
at intra-population level was evidenced, mainly as result of reorganization of satDNAs. We
hypothesize the possible mechanisms involved in the origin of multiply variants of the neo-

sex chromosomes.

Material and methods
Sample collection and chromosome preparations

Males and females of R. bergii were collected in the campus of Sao Paulo state
University in Rio Claro/Sao Paulo (SP), Brazil (22°24'45" S, 47°31'28"” W). Adult males were
anesthetized and the testis follicles were dissected and fixed in modified Carnoy’s solution
(3:1, Absolute Ethanol: Glacial Acetic Acid). Testis follicles were used for meiotic

chromosome obtaining. Some females were maintained in captivity until oviposition. After
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approximately 15 days from egg-laying oothecas were dissected for embryo neuroblasts
obtaining for mitotic chromosome acquisition, according to Webb et al. (1978). Whole
animals were stored in 100% ethanol for DNA extraction. The material was stored in freezer
at -20 °C until use. The slides were obtained by maceration of follicles or embryo in a drop of

50% glacial acetic acid followed by spreading on a hot plate at 40-45 °C.

Genome sequencing

Genomic DNA of adult male (harboring the neo-Y variant type II that is the most
common among adults, see Palacios-Gimenez et al. 2018) and adult female individuals was
extracted from femurs (saltatory legs) using Qiagen DNeasy kit (Qiagen Inc., CA, USA),
following the manufacturer’s protocol. The extracted DNAs were sonicated to obtain ~500pb
and used to generate paired-ends genomic library as recommended by Illumina (Illumina Inc.,
San Diego, CA, USA). The libraries were sequenced using a service of Macrogen Inc. (Seoul,
Republic of Korea) through Illumina Hiseq 4000 paired-end. Each sample yielded ~2.4Gb
(male) and ~2.3Gb (female) of 2x101bp. Trimmomatic software (Bolger et al. 2014) was used

to perform the quality trimming of the reads at Q20 and minimum length of 100 nt.

SatDNA analysis

The sequenced genomes were used for comparative analysis of satDNAs, focused on
differences between sexes in order to obtain sequences enriched on neo-sex chromosomes and
description of their molecular composition. Sequences enriched on neo-Y are expected to be
more represented in male (neo-XY) reads than in female (neo-XX) reads, while sequences
enriched on neo-X should be putatively more represented in female than in male genomes.
For satDNA prospection, we used the satMiner protocol (Ruiz-Ruano et al. 2016) freely

available in GitHub (https:/github.com/fjruizruano/satminer). The protocol consists in

identify the maximum number possible of satDNAs by several rounds of clustering in
RepeatExplorer (Novak et al. 2013) following by DeconSeq (Schmieder and Edwards 2011)
to filtering reads previously assembled in RepeatExplorer. For this analysis, we used 150,000
reads of each genome as input in RepeatExplorer, and then we followed the same default
options used by Ruiz-Ruano et al. (2016). From RepeatExplorer output we searched for
satDNAs selecting those clusters that had high graph density (spherical or ring-shaped
format). Those clusters were confirmed as tandemly arranged satDNAs by Tandem Repeat
Finder (Benson 1999) and dotplot alignment tool implemented in Geneious v4.8 software.

RepeatExplorer analysis were processed five times adding 2x50,000 filtered reads in each
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interaction, until no new satDNA was detected. To search for homologous satDNAs, we
performed an all-against-all RepeatMasker (Smit et al 2017) comparison of the recovered
satDNA monomers, using the “rm_homology.py” python script

(https://github.com/fjruizruano/ngs-protocols). Then, we classified satDNAs sequences into

superfamilies, families or variants according to Ruiz-Ruano et al. (2016).

We used RepeatMasker as the reads mapper to calculate abundance and divergence of
each satDNA, comparing the female and male genomes. We calculated the abundance for a
given satDNA family as the proportion of nucleotides aligned with the reference consensus
sequence in respect to total library size. To this end, we used 11.5 millions of random raw
read pairs (23 millions of each library) obtained by seqtk tool (https://github.com/lh3/seqtk) to
estimate abundance and divergence in RepeatMasker. All reads were mapped to dimers of
satDNAs consensus sequences, and for those smaller ones, several monomers were
concatenated until reaching roughly the reads length. We used the generated alignment files to
estimate the Kimura 2-parameter distances (K2P) of each satDNAs fragment against its
consensus sequences, using the calcDivergenceFromAlign.pl script from the RepeatMasker
utility tool. To visualize the temporal accumulation of satDNAs across sexes, we generated
repeat landscape depicting the relative abundance of repeat elements on one axis and the K2P
distance from the consensus on the other axis. Recently amplified elements are unlike to have
accumulated a large number of mutations that differentiate them form their consensus
sequences. The relative age thus was calculated as the K2P genetic distance between satDNA

pair.

Transposable elements (TEs) quantification
We used dnaPipeTE pipeline (Goubert et al. 2015) freely available at GitHub

(https://github.com/clemgoub/dnaPipeTE) to estimate TE abundance and divergence across

male and female genome. DnaPipeTE is suitable tool to de novo assembly of TEs since it
does not require genome assembly and uses low-coverage raw reads as input (<Ix genome
coverage). It uses Trinity (Grabherr et al. 2011) as assembler, followed by automatic
quantification and annotation of TEs in sequencing raw reads together with Repbase database.
DnaPipeTE thus allows the quantification of recently active repeat elements in sequencing
data, unlike RepeatMasker which quantifies repeats with a wide range of ages across genome.
To optimize the amount of sequencing data for dnaPipeTE subsampling of each genome, we
selected the male genome and ran dnaPipeTE on subsamples ranging between 500,000 and

1,000,000 reads in intervals of 100,000 reads (6 runs). For each of the 6 runs in male genome,
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we selected the subsample yielding the highest contig N50 metric in the Trinity assembly step
of dnaPipeTE, as a measure of optimized read subsampling. The optimized read subsample in
male genome (800,000 reads) was then used to run dnaPipeTE on the female genome. We
annotated TEs using the -RM_1ib option in dnaPipeTE with Arthopoda Repbase as database
and a not published custom database generated from grasshopper genomes. The dnaPipeTE
output landscape graph (TE age distribution) depicts the BLASTn divergence distribution

between reads and the contigs on which they map.

Amplification of repetitive sequences through PCR

We selected the sequences (satDNAs and TEs) that by comparative bioinformatics
analysis (male vs female) were more represented across sexes to proceed with PCR isolation
and FISH mapping (see next topics). We used the obtained consensus sequences of each
repeat family to design divergent primers for satDNAs and convergent ones for TEs
(Supplementary File 1). Primers were designed manually or using Geneious software.

Genomic DNA of males was used to amplify the repetitive elements by PCR using the
mix: 10x PCR Rxn Buffer, 0.2 mM MgCl2, 0.16 mM dNTPs, 2 mM of each primer, 1 U of
Tag Platinum DNA Polymerase (Invitrogen, San Diego, CA, USA), and 50-100 ng/uL of
template DNA. The PCR conditions included an initial denaturation at 94 -C for 5 min and 30
cycles at 94 °C (30 s), 55 °C (30 s), and 72 °C (80 s), plus a final extension at 72 °C for 5 min.
The PCR products were separated at 1% electrophoresis agarose gel. The monomeric bands
were isolated and purified with Zymoclen™ Gel DNA Recovery Kit (Zymo Research Corp.,
The Epigenetics Company, USA), following fabricant recommendations and used as source
for reamplification through PCR. PCR products were sequenced by Sanger method using the
service of Macrogen Inc. (Seoul, Republic of Korea) to check the correct amplification of

desired sequence.

Fluorescent in situ hybridization

The sequences of each satDNA or TEs obtained through PCR were labeled with
digoxigenin-11-dUTP (Roche, Mannheim, Germany) or biotin-14-dATP (Invitrogen) by nick
translation. Telomeric probe was obtained by non-template PCR using self-complementary
primers (TTAGG)s and (CCTAA)s according to Ijdo et al. (1991).

Unstained slides of meiosis or mitosis preparations were used to single or two-color
FISH following the Pinkel et al. (1986) protocol with modifications (Cabral-de-Mello 2015).

Probes labeled with digoxigenin-11-dUTP were detected using anti-digoxigenin-Rhodamine
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(Roche), while probes labeled with biotin-14-dATP were detected with Streptavidin Alexa
Fluor 488-conjugated (Invitrogen). After FISH, preparations were counterstained with 4’,6-
diamidino-2’-phenylindole (DAPI) and mounted in VECTASHIELD (Vector, Burlingame,
CA, USA). The slides were observed using an Olympus microscope BX61 equipped with
fluorescence lamp and appropriate filters. The images were documented with a DP70 cooled
digital camera in grayscale and then pseudo-colored. Images were merged and optimized for
brightness and contrast with Adobe Photoshop CS6. To describe the patterns of satDNA and

TEs distribution at least 15 metaphases were analyzed.

Experimental design for analysis of satDNAs location and of neo-sex chromosomes
variability

First we mapped the satDNAs with differential abundance between male and female
genomes in meiotic cells (metaphase I) of one adult individual harboring the neo-Y variant
type II, which is the most common variant among adults (Palacios-Gimenez et al. 2018).
After, bearing in mind the variability for the neo-Y chromosome reported by Palacios-
Gimenez et al. (2018) we mapped satDNAs with signals on neo-Y or neo-X chromosomes
plus satDNAs Rber248 (new nomenclature RbeSat25-166), Rber299 (new nomenclature
RbeSat23-285) and telomere motif in embryos from the same ootheca and from different
ootheca to check variability of sex chromosomes. We used a total of 20 embryos, eight
selected randomly from distinct oothecas and 12 selected from four individual oothecas (three
per ootheca). Each embryo was used to produce nine slides, to allow the mapping of all
satDNAs and telomeric probe by two color FISH. This enabled us to define the position of
each satDNAs on the neo-Y. We then performed an experiment to see how the satDNAs are
located in relation to each other on the neo-Y chromosome. For this, we used two slides
prepared from the same embryo (with the most common neo-Y chromosome) and hybridized
and photographed each slide after FISH rounds with different satDNAs. After each FISH
experiment, we removed the coverslips and probes by three washes, 5 minutes each, in 4xSSC
and 1%Triton-100. After that, we proceed the refixation in formaldehyde 3.7% diluted in
wash-blocking buffer (0.4XSSC, 0.1% Triton C and 1% skimmed milk) following the
standard protocol of FISH.
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Results
Computational satellitome characterization

Computational analysis of repetitive DNAs from male and female genomes revealed
occurrence of a total of 54 satDNA families, in which 53 were shared between sexes (Figure
la,b). Among the 54 satDNA families 31 were more enriched in one specific genome (male
or female), 27 were more abundant on male genome, suggesting enrichment on neo-Y
chromosome, while four were more abundant in female genome, putatively enriched on neo-
X chromosome (Table 1, Figure 1e). We used as threshold to consider a satDNA more
abundant in one genome when the family was at least 1.1 times more abundant in one of the
genomes, considering the quotient between abundance in the sexes. These sequences were
used in FISH analysis. Similarity sequence comparison between the 54 satDNAs revealed
only two similar families, the satDNA RbeSat07-277 and RbeSat13-214, which were grouped
in on superfamily (SF), the other satDNA families did not revealed similarity between 50-
80% to be grouped in SF. They correspond to about 2.77% and 2.44% of male and female
genomes, respectively. Monomer length was variable from 11 bp to 748 bp and A+T content
was on average 58.90% (range from 36.40-79.40%). The satDNAs were named in decreasing
order of abundance based on male genome. The ten satDNAs previously identified by
Palacios-Gimenez et al. (2018) were renamed to follow this criterion. The most abundant
satDNA (RbeSat01-53) represented 0.36% of male genome and 0.43% of female genome, and
the least abundant satDNA was the RbeSat54-22 representing only 0,000015% of male
genome and it was not detected in female genome. Divergence between satDNA families was
8.58% on male genome and in female it was 10.24%, on average. The less divergent satDNA
for the male genome was RbeSat36-222 with 1.02%, and for female genome it was RbeSat52-
176 with 1.43%. The highest divergence for male genome was on satDNA RbeSatl7-175
(23.72%), while for female genome was on RbeSat21-209 (24.54%). More detailed data about

satDNAs are summarized in table 1.

Computational characterization of the mobilome

The TEs were much more abundant in comparison to satDNAs in both male and female
genomes. However the difference between sexes were lower, suggesting less accumulation on
sex chromosomes (Figure 1¢,d). We were able to identify a total of 66 families, corresponding
to 52.74% of male and 53.72% of female genomes. The most abundant TE was a LTR/Gypsy
(corresponding to 8.47% of male and 8.15% of female genomes) (Supplementary File 2).

Considering the high dynamism and large amount of TEs in grasshopper genomes, in general
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with occurrence with spread distribution along euchromatin (see for example Palacios-
Gimenez et al. 2014, Montiel et al. 2012) we used as threshold to consider higher abundance
in one genome at least five times in copy number. In this way none of the families were
highly enriched in one of the sexes, but when we analyzed the subfamilies differences were
noticed. Following the same criterion used for define higher abundance of TEs families a total
of ten subfamilies were more enriched in one of the sexes, six in male and four in female
(Figure 1f). Although enriched in one of the sexes these subfamilies were represented only by
small proportion in the genomes, as maximum of 0.33% in male and 0.37% in female

(Supplementary File 3).

Chromosomal location of satDNAs and TEs with differential abundance between sexes

As we aimed to know the repetitive DNA composition and their organization on sex
chromosomes we selected for FISH mapping repeats that were enriched in one of the sexes,
according to genomic analysis. In this way, from 31 satDNA, 27 were selected. Four of them
were excluded because they were previously mapped, RbeSat08-11 (previous name Rber61),
RbeSat12-176 (Rberl158), RbeSat37-22 (Rberl185), RbeSat40-16 (Rber370) (Palacios-
Gimenez et al. 2018). Although the RbeSat23-285 (Rber299) and RbeSat25-166 (previous
name Rber248) were previously mapped we used them in FISH experiments to compare the
neo-Y variants with descriptions from Palacios-Gimenez et al. (2018).

To have an initial scenario of satDNA chromosomal location, all 27 satDNAs were
mapped on metaphase I of one individual harboring neo-Y variant type II (Palacios-Gimenez
et al. 2018), the most common neo-Y variant of adults, revealing occurrence of loci on sex
chromosomes for 14 of them; five were located exclusively on autosomes and eight did not
revealed FISH marks (Table 1). Among the satDNAs with loci on sex chromosomes we
identified seven exclusively placed on neo-Y, none of them were exclusive for neo-X, three
were located on neo-X and neo-Y, one was located on neo-X and autosomes, and one was
located on neo-Y and autosomes (Supplementary File 4). Afterwards to know in detail the
distribution of satDNA families newly identified we mapped eleven families plus the families
RbeSat23-285 (Rber299) and RbeSat25-166 (Rber248) on one embryo harboring neo-Y
variant type I, the most common variant among embryos (Palacios-Gimenez et al. 2018). Two
satDNAs were exclusively located on the short arm, RbeSat19-162 near to terminal region
and RbeSat35-374 occupying its entire extension. On centromere occurred the RbeSat09-216
and RbeSat10-272. One locus of the satDNAs RbeSat34-312, RbeSat10-272, RbeSat15-289
and RbeSat18-239 occurred on the middle of long arm. The other satDNAs (RbeSat21-209,
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RbeSat25-166, RbeSat03-391, RbeSat44-296, RbeSat23-285) besides one loci of RbeSat34-
312, RbeSat10-272, RbeSat15-289 and RbeSat18-239 were grouped on the first half of long
arm, except the RbeSat36-222 that presented additional band in the second half of long arm.
The telomere occurred on terminal regions (Figure 2). The ten TEs subfamilies enriched in
one of the sexes by computational analysis did not revealed signals in FISH experiments
(results not shown). It could be due to the low abundance of these sequences in the genomes

or due to scattered organization, which is below the threshold for FISH resolution.

satDNA landscape of neo-Y

For the sat DNAs exclusively located on neo-Y chromosome (based in FISH data), 1.e.
RbeSat03-391, RbeSat21-209, RbeSat23-285, RbeSat25-166, RbeSat34-312, RbeSat36-222,
and RbeSat44-296, we generated comparative landscapes between sequenced found in female
and male genomes. The seven satDNA presented low divergence in male genome and were
more abundant in comparison to female. Additionally, the RbeSat03-391 presented besides

monomers with low divergence occurrence of highly divergent copies (Figure 3).

SatDNA mapping reveals variable neo-sex chromosomes

The mapping of satDNAs in distinct embryos revealed variability in regard of
distribution of satDNAs on neo-sex chromosomes. Among 20 male embryos we observed
eight distinct neo-Y chromosomes in comparison to satDNA distribution presented in figure
2, which correspond to the most common variant (occurring in twelve embryos). Based in the
analysis of Palacios-Gimenez et al. (2018) it corresponds to the neo-Y variant I. Only slight
differences were observed for two embryos that revealed additional centromeric locus for
RbeSat15-289 (Figure 4a) and for one embryo with repositioning of RbeSat36-222 and
RbeSat15-288 (Figure 4b). On the other hand, extensive reshuffling was noticed for other five
neo-Y variants, as follows: three embryos with repositioning of satDNAs RbeSat23-285,
RbeSat15-288, RbeSat36-222, RbeSat10-272 and RbeSatl18-239, but among these three
embryos the RbeSat15-288 and RbeSat36-222 occupied two distinct positions (Figure 4c,d);
one embryo that besides repositioning for these five satDNAs also presented an additional
subterminal locus on long arm for RbeSat25-166 and one centromeric band for RbeSat15-288
(Figure 4e); finally one embryo with repositioning of satDNAs RbeSat23-285, RbeSat36-222,
RbeSat10-272 and RbeSatl18-239, and with additional locus for RbeSat25-166, and
repositioning plus additional loci for RbeSat15-288 (Figure 4f) was observed. Interestingly
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among these embryos with distinct neo-Y chromosomes three belonged to the same ootheca
(Figure 4c,d).

The neo-X chromosome from the 20 male embryos studied presented small signals (dot
like), variable in position and loci number. We followed the classification from White (1973)
to describe neo-X chromosome arms, i.e. XL is the ancestral X and XR is the arm that shares
homology with neo-Y. Considering this, the short arm is XR, while long arm is XL. The
satDNAs RbeSat12-176, RbeSat25-166, RbeSat26-141, RbeSat03-391, RbeSat44-296,
RbeSat34-312, and RbeSat23-285 did not revealed loci on the neo-X chromosome (results not
shown). On the other hand, in all embryos the satDNAs RbeSat07-277, RbeSat10-272,
RbeSat09-215, RbeSat15-288, and RbeSat19-162 were placed on neo-X (Figure 5a). The
RbeSat07-277 occurred invariably in terminal region of XL; RbeSat10-272 occurred
invariably on proximal region of XR; RbeSat19-162 occurred invariably in termini of XR;
RbeSat09-215 revealed multiply loci occurring in both arms, variably in terminal, interstitial
or proximal regions; RbeSat15-288 occurred as single or multiply loci, exclusively in the XR
or in both arms. Finally, the satDNAs RbeSat35-374, RbeSat18-239 occurred in some neo-X
but not in others (Figure 5b). RbeSat35-374 and RbeSat19-162 when present occurred as
single locus terminally located on XR; RbeSat18-239 occurred mainly as single loci on XR or
XL with terminal or interstitial location, but in one embryo two loci (subterminal and
interstitial) on XR was observed. All variations observed were between individuals and no
intraindividual variability was noticed for both neo-X or neo-Y chromosomes. Some satDNAs
with loci observed on neo-X chromosome and autosomes identified in embryos were not well
visualized on meiotic chromosomes (metaphase I) probably due to high condensation state

and signal size or there is a population variability for presence and absence of loci.

Discussion

Analysis of repetitive DNA composition between sexes associated with chromosomal
mapping help in the understanding of sex chromosome composition and differentiation. In
grasshoppers repetitive DNA composition of sex chromosomes was mostly analyzed in
species with XO/XX sex system and in this way differentiation of neo-sex systems are not
well known (Palacios-Gimenez et al. 2013, 2015, 2018). In this work, we recovered the
abundant repetitive DNAs with differential accumulation on specific sex of the grasshopper
R. bergii (neo-XY sex chromosome system) and verify that some satDNAs are enriched on
neo-X and neo-Y chromosomes, six and eleven, respectively. Besides these satellites the neo-

Y chromosome is also enriched of four other satDNAs and in the neo-X chromosome it was
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reported the enrichment of other seven clustered satDNAs (Palacios-Gimenez et al. 2018).
Moreover we noticed that TEs are not highly differentially enriched on neo-X or neo-Y, with
just few TEs enriched in one specific sex, as revealed by computational analysis. Our data
allowed discussing mainly about 1) the molecular divergence between neo-X and neo-Y; ii)
possible driving forces acting for sex chromosomes differentiation and variability at
population level, clarifying the evolutionary history of the intriguing sex chromosome system
in R. bergii.

Besides the satDNAs and TEs described here, the U2 snDNA and H3 histone genes and
some microsatellites were differentially enriched in one of the sex chromosomes of R. bergii
(Palacios-Gimenez et al. 2015). The accumulation of distinct classes of repetitive DNAs is a
common pattern along independent evolution of sex chromosomes. In this way, high
accumulation of distinct satDNA families, as observed here, was reported, for example in
Eneoptera surinamensis (Palacios-Gimenez et al. 2017), lizards (Giovannotti et al. 2018) and
Megaleporinus macrocephalus (Utsunomia et al. 2019). On the other hand, high involvement
of TEs in sex chromosome evolution was noticed in much other species, like Drosophila
miranda (Bachtrog et al. 2019) and Apareiodon sp. (Schemberger et al. 2019) differing from
R. bergii that the low accumulation of TEs suggest minor involvement of this class of
repetitive DNA in comparison to satDNAs in the differentiation of sex chromosomes. The
TEs differentially enriched on one specific sex represented just low amount of the R. bergii
genome and no signals through FISH analysis were observed, probably due to physical
arrangement of these sequences, not forming visible clusters. In this way, we can not
completely rule out the occurrence of TEs on sex chromosomes with scattered organization. It
is not well-known if accumulation of repetitive DNAs favor suppression of recombination or
if the repetitive DNA accumulation and amplification occurred as a result of recombination
suppression, but the interaction of these processes can allows rearrangements to occur more
freely, leading to accumulation of mutations that gradually promotes the degeneration and
differentiation of Y or W chromosomes (Ezaz and Deakin 2014, Charlesworth 2017, Daish
and Gritzner 2019). In R. bergii the sex chromosomes maintain contact from late pachytene
by terminal region of short arms of neo-X (XR) and neo-Y, that could be due homology for
these regions. This is supported by the sharing of a specific satDNA family exclusively
located in the terminal region of these chromosomes. The association of neo-sex
chromosomes of R. bergii is singular in Ronderosia species (Castillo et al. 2014) as
consequence of a large pericentric inversion, which could favor the suppression of

recombination and ultimately accumulation of satDNAs, causing differentiation.
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Considering the satDNAs mapped here and previously studied (Palacios-Gimenez et al.
2018), we can observe three main patterns of chromosomal distribution: 1) exclusive of neo-Y
chromosome; ii) highly amplified on neo-Y chromosome and dot signals in chromosomal
arms of neo-X and autosomes; iii) amplified at centromeres of neo-X and some autosomes.
These data support for extensive differentiation between the sex chromosomes by differential
accumulation of satDNAs, mainly due to high amplification in neo-Y chromosome that is in
accordance with its heterochromatic nature (Palacios-Gimenez et al. 2015). Among the
satDNAs enriched on neo-Y seven were exclusively mapped on this chromosome (FISH data)
and presented high homogeneity (low level of K2P, see results), indicating clearly recent
amplification, i.e. after origin of neo-sex chromosomes. The occurrence of these satDNA
families in low abundance in female genome suggests that they were present in the genome
before establishment of neo-Y, and they were amplified during neo-Y evolution. Interestingly
for RbeSat03-391 the abundance is higher in comparison to other six elements, it presented
more similar abundance between sexes and the landscape revealed two peaks, one with low
divergence (exclusive from male repeats) and another with higher divergence (including male
and female repeats). It is indicative of occurrence of different monomers and amplification of
one specific variant on the neo-Y chromosome, in regard to other chromosomes. The absence
of FISH signals on other chromosomes, than neo-Y, could be attributed to low number of
copies, but it could also be due differential arrangement, i.e. scattered distribution, in the case
of RbeSat03-391.

The similarity of centromeres of neo-X chromosome and autosomes indicates that the
neo-X chromosome preserved its ancestral composition, while the neo-Y suffered
composition turnover. Although, highly differentiated the neo-sex chromosomes share some
degree of similarity, and besides the occurrence of terminal satDNA exclusively shared
between neo-X and neo-Y chromosomes (RberSat35-374) these chromosomes share also
other five satDNA families, which are restrict to discrete arecas of neo-X chromosome and are
also shared with autosomes. The sharing of a RberSat35-374 and RberSat19-162 in terminal
region of XR (short arm of neo-X) and neo-Y, besides other shared satDNAs suggest
ancestral homology for the ancient autosome involved in the origin of neo-sex system, that
was preserved. As our data supported here for R. bergii mechanisms like insertion,
transposition, inversion and amplification of repetitive sequences are a convergent
characteristic observed for differentiation of sex chromosomes (Charlesworth 2017, Daish

and Griitzner 2019). Exceptionally these mechanisms generated a singular high diversity for
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the neo-sex chromosomes in the species, with occurrence of multiply variant in the same
population.

Distinct variants for neo-Y was documented in R. bergii, which was supposed that
emerged mainly from paracentric inversions (Palacios-Gimenez et al. 2018). Our mapping of
satDNAs support that the turnover of neo-Y chromosome in the species in much more
complex, involving besides multiply paracentric inversions combinations with other
rearrangements like amplifications and transpositions. It is believed that repetitive sequences
can mediate inversion by bringing the chromosomal arm closely, facilitating
intrachromosomal rearrangements, likewise, the non-homologous or ectopic recombination
and translocation breakpoints that affects preferentially repetitive regions, or between those
(L1 et al 2016, Raphael 2012, Christmas et al. 2019, Skinner and Griffin 2012, Molnar et al.
2011). These events generated highly variable distribution of satDNAs between individuals of
R. bergii, mainly for the 2/3 of long arm of neo-Y. On the lesser extend, similar situation,
with occurrence of some variants, was also observed for the neo-X chromosome, but for this
chromosome our data suggest that only amplification of minor amount of satDNAs took place
in chromosomal arms. Interestingly this high variability for satDNAs on neo-sex
chromosomes occurred at intrapopulation level, a pattern not well documented. Variability for
sex chromosomes, and putative role of repetitive DNAs in sex chromosome differentiation at
intrapopulation level as noticed for R. bergii, were revealed in other few species based in a
more superficial analysis, like in Mazama gouazoubira, Cervidae (Valeri et al. 2018), by
analysis of heterochromatin distribution and in Omophoita aequinoctialis, Coleoptera by C-
banding and mapping of few repetitive probes, i.e. 18S, 5S rDNAs (Goll et al. 2017).

In summary, our data supported for a high differentiation of sex chromosomes in R.
bergii caused primarily by action of satDNAs and events like inversions, amplification and
transpositions. The extensive role of satDNAs for neo-sex chromosome evolution could be
exemplified by the presence of 21 families in the neo-sex chromosomes (39% of families
found in the genome of the species). Especially for neo-Y the amplification of satDNAs is
evidenced by occurrence of 13.5% more satDNA in male genomes. Moreover, seven
satDNAs families were exclusively located on neo-Y, which accounted for its differentiation
for the rest of the genome. The turnover of sex chromosomes in the species caused emergence
of multiplies variants of neo-X and neo-Y at population level, being R. bergii an interesting
model for intrapopulation analysis of sex chromosome evolution. Finally, considering that in
neo-sex chromosomes of R. bergii the recombination was mostly suppressed at least since the

large pericentric took place we document an example of differential accumulation/variability
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of satDNA as a posterior force after suppression of recombination driving sex chromosome

evolution.
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Figure 1. Repeat landscapes for the satDNA families of male (A) and female (B), and for TEs
families of male (C) and (D). Note the higher amplification of satDNA for male genome

while for TEs there is almost none differences between the landscapes.

Quantitative

comparative repeat analysis between male and female genomes for (E) satDNAs families and
(F) TEs subfamilies that were differentially amplified in one of the genomes. Each column
represents 100% of the reads of a cluster with proportions in male (blue) and female (red)

genomes.
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Figure 2. FISH mapping of 13 satDNAs and telomere probes on neo-Y chromosome. Each
probe was pseudo-colored with the indicated colors (a, b) and in (c) the all probes were
merged in an ideogram showing the relative position each other. The neo-Y chromosome in
(a’, b’) is aligned by centromere and the arrow point to the middle part of long arm. As the
FISH mapping was done in distinct neo-Y chromosome from the same embryo male the
satDNAs RbeSat25 and RbeSatl5 were used to anchor the two neo-Y and precisely define
position of all FISH signals. This neo-Y chromosome represents the most common observed
in the population. Bar=2.5 um.
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Figure 4. FISH mapping of satDNAs revealing variants of neo-Y chromosome of distinct
male embryos (a-f). Colored squares next to each neo-Y chromosome indicates the location of
the satDNA on the most common neo-Y variant (see figure). The neo-Y chromosomes are
aligned by centromere and the arrowhead point to the middle part of long arm Bar = 2.5m
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RbeSat18

Figure 5. SatDNAs located on neo-X chromosome and its variants found on male embryos.
In (a) aatDNAs that presented signals on all embryos and in (b) satDNA that were present or
absent. XL represents ancestral X chromosome and XR is the arm that shares homology with
neo-Y. The neo-X chromosomes are aligned by centromere. Bar = 2.5um
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Tables

Table 1. Abundance and divergence of satDNAs recovered from six rounds of
RepeatExplorer in male and female genomes. SF = superfamilies; V = number of variants; (*)
signals that were present or absent, see results; (#) SatDNA families that were discribed by
Palacios-Gimenez et al. 2018.

SatDNA Leneth A+T Abundance (%) Divergence (%) Signal
family g (%) M F M F neo-Y neo-X A

RbeSat01-53# 53 58.50 0.3649 0.4308  9.89 9.86 Yes Yes Yes
RbeSat02-609 609 52.38 0.3044 03011 17.31 16.89 -

RbeSat03-391 391 56.27 0.2352 0.1633 19.64 23.04  Yes No No
RbeSat04-247 247 59.52 0.1760 0.1640 23.45 23.93 -

RbeSat05-297 297 60.27 0.1598 0.1921 4.81 4.65 -

RbeSat06-211 211 62.60 0.1424 0.1800 4.78 5.59 -
RbeSat07-277 277 63.90 0.1140 0.0752 232 241 No Yes Yes
RbeSat08-11# 11 63.60 0.1015 0.0909 12.6 12.67  No Yes Yes
RbeSat09-215 2158  59.70 0.0979 0.0776  2.88 3.1 Yes Yes* Yes*
RbeSat10-272 2723 59.20 0.0918 0.0422  6.92 8.21 Yes Yes* Yes*
RbeSat11-98 98.2 52.30 0.0613 0.0680 8.8 8.78 -
RbeSat12-176# 1764  56.80 0.0607 0.0179  4.25 5.34 Yes Yes Yes
RbeSat13-214 214 63.10 0.0576 0.0710  6.38 6.1 -
RbeSat14-784 784 65.60 0.0565 0.0538  6.57 5.56 -
RbeSat15-288  288.7  56.40 0.0556 0.0297 6.7 7.19 Yes Yes Yes*
RbeSat16-717 717 59.00 0.0553 0.0268 522 5.92 No No Yes
RbeSatl17-175 175 52.60 0.0548 0.0524 2372 2449 -
RbeSat18-239 239 58.60 0.0359 o.o1rr 771 9.45 Yes Yes* Yes
RbeSat19-162 162 56.20 0.0358 0.0325 19.1 18.02  Yes Yes Yes*
RbeSat20-212 212 66.50 0.0351 0.0341  7.95 8.5 -

RbeSat21-209 209 57.90 0.0322 0.0002  7.98 2454  Yes No No
RbeSat22-41 41 68.30 0.0306 0.0035 18.08 17.82 No No No
RbeSat23-285# 285 55.80 0.0295 0.0002 2.44 18.06  Yes No No
RbeSat24-227 227 62.60 0.0292 0.0335 691 6.55 -
RbeSat25-166# 166 59.00 0.0272 0.0011  6.87 19.11 Yes No No
RbeSat26-141 141 79.40 0.0197 0.0181 13.48 13.97 -
RbeSat27-196 196 71.40 0.0196 0.0082  3.86 333 No No Yes
RbeSat28-380 380 63.90 0.0187 0.0301  3.19 2.96 -
RbeSat29-21 21 52.40 0.0170 0.0041 1844 6.85 No No Yes
RbeSat30-188 188 55.30 0.0168 0.0090 1022 16.58 No No No

RbeSat31-123# 123 63.40
RbeSat32-143 143 72.30

0.0157 0.0216 10.89 10.04 No Yes Yes
0.0148 0.0164 11.79 1141 -

RbeSat33-95 95 67.40 0.0145 0.0109 8.42 8.17 No No No
RbeSat34-312 312 59.00 0.0139 0.0003  1.75 10.61 Yes No No
RbeSat35-374 374 60.40 0.0133 0.0023 343 11.83 Yes Yes* No
RbeSat36-222 222 51.80 0.0131 0.0002  1.02 3.56 Yes No No
RbeSat37-22# 22 54.50 0.0130 0.0235  9.79 8.94 No No Yes
RbeSat38-328 328 68.00 0.0128 0.0125  6.37 6.27 -
RbeSat39-232 232 59.90 0.0128 0.0312  5.95 6.12 No No No
RbeSat40-16# 16 56.20 0.0126 0.0092 11.03 11.68 No Yes Yes
RbeSat41-90 90 55.60 0.0124 0.0060  9.76 13.91 No No No
RbeSat42-124 124 63.70 0.0116 0.0014  9.99 14.13  No No No

RbeSat43-415 415 61.70
RbeSat44-296 296 53.70
RbeSat45-5# 5 60.00

0.0108 0.0117 15.17 14.88 -
0.0101 0.0028 7.77 23.04 Yes Yes* Yes*
0.0088 0.0108 11.6 10.81 No Yes Yes

Il VS I S S R S e \S IV, T O (S R US VS R S T SN e R S N ™A Wi e e SN | <
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SM 1. Primers used for amplification of repetitive DNAs used for FISH mapping.

Sequence name

Primer Forward

Primer Reverse

RbeSat03
RbeSat07
RbeSat09
RbeSat10
RbeSat15
RbeSat16
RbeSat18
RbeSat19
RbeSat21
RbeSat22
RbeSat27
RbeSat29
RbeSat30
RbeSat33
RbeSat34
RbeSat35
RbeSat36
RbeSat39
RbeSat41
RbeSat42
RbeSat44
RbeSat46
RbeSat47
RbeSat49
RbeSat52
Penelope-92
Mariner-N27
Penelope-72
Jockey-3B
Jockey-7
Penelope-117
Nimb-37
LINE/L2-rnd-2

RC/Helitron-
rnd-4
Penelope-1

TTCGCAATGCCTGCCCATG
TGCTCCACATTTCACTCGTG
CCCTCTGCACGATGTAGTAT
AGCTTAGCAGCTACCAGGC
GCTTTGTGACCGTTACTGGA
GTCTATGCCATGCTTATTTCT
TGAGGAGAGGCTAGTCTACA
CGCGTCTCGATATCTCTACT
CGTGTATACAATGTTGCTCTC
TACACATGCTATAAAAGCTTG
AGATTTGATGTTTGCACTGCTT
ATCTCCATACTGTCGCAGAC
ACAAGGACGTTGGGTTCGTA
TAAATGCGATGTACAACCTAA
TCGAAGTACAGTCACAGATAC
CCATTCGTCGTCCCTGGAT
AGCAGAGAAGCACGACGC
GCTACAGTGAGACTGAACTAA
TGCACTGGTCTAAGGCGTAT
GAACCAACAACTAGTTCACTAA
CTCGCAGTACCCTTAGGTAA
GGAGCCAGAAGTAATCCACT
ATTGAGACTGTCAGGGAGTC
TTACAAGACCAGTGCTCTGC
GCTGGACCCAGAATCCAGT

CGCAAGTGTATATAAAACGTAGACTGA

TTGAGCGCTTTCACGAAACA
GTCATCCACGAATTGCACCG
GCGGAGATGGAGAGTTGGAG
CCTGGAGGAGTGTGTAGGGA
GACAGGAGAGACCCACTTGC
ATCGAGCTTTCGTCCGATCC
GGAGGTGCTTCCCCATAGAA
CATGTACCAGCAACAACCGC

CGTCATGAACTTGGAGAAAAGGT

GGTAAATGGTCTGCAAGATCG
GTCAGTGCGTCTGAGAAAGA
CCCTCGTTGAGCAGATTTCA
ACTGGTTGATTCAAGTAACGC
GTGCAAAATCCGGTTTCCCT
TTACCCTATACACGACTTTCT
CTCAGCGACCAGCAGCAG
GTAAAAAGCGTTCGGTTGCA
TGAGGTGAGTGATCGATCAAT
AGCATACTCTTATGCTTAAAC
TGTTAGCACTCGAAATGTTAAC
TGTCTGCGACAGTATGGAGA
CCTGCGCCCTTAGATAACTA
GTTCACATTTCACTGACTTTA
GCTATATTCTTCAGTCGGTGT
AGTACGAGATGCTGTCTTCC
TGCGCGTTGTTGAGGTTAGA
CAGCATGTAGTCACCAGCTT
CCATCTGCTAAGAGTGACAG
ATTTGTAAATCCAATTGCAGCC
CGGATCAACTTTCCTAC
ACTGGAGAAAAGCAGTCCTG
GCTATCTGCTGAAGGATCGT
ACCAGGGGTTGTGAGTTCG
AGTGCTCTCTGTCTCACTCA
ACCAATTTTACATCGGACAAACTGG
GTTCGTCTCACGTTCGGACA
TTCTGTCTGTGCTTGTCCCA
CCTCATCTCCGTTCCATCCG
ATCATCCCCACCCTCCTTGA
CACGAGTGGCTGGCTTTTTC
CTGTGTACACGACCGTCCAA
TCCATTCTTGGCCCATTGCT
TCACGCGCTATCAAGTTGGT

AGCTGCAGTGGTATCACCTTT




SM 2. Abundance and divergence of TEs prospected on male and female genomes.

Genome percentage (%)

TE subclass/ family

Male Female
DNA 1,95% 1,23%
Academ-1 0,12% 0,10%
CMC-Chapaev-3 0,23% 0,26%
CMC-Transib 0,03% 0,03%
Ginger 0,02% 0,03%
Kolobok-E - 0,00%
Kolobok-Hydra 0,18% 0,12%
Kolobok-T2 0,00% 0,00%
MULE-MuDR 0,07% 0,03%
MULE-NOF -- 0,00%
Maverick 4.28% 4,88%
P 0,20% 0,20%
PIF-Harbinger 0,20% 0,24%
PiggyBac 0,60% 0,96%
Sola 0,03% 0,01%
Sola-1 0,25% 0,26%
Sola-2 1,27% 1,22%
TcMar 0,02% 0,00%
TcMar-Fotl 0,01% 0,01%
TcMar-Pogo 0,01% 0,02%
TcMar-Tcl 5,04% 4.97%
TcMar-Tc2 0,02% 0,03%
TcMar-Tc4 0,15% 0,23%
TcMar-Tigger 0,13% 0,14%
TcMar-m44 0,33% 0,33%
hAT 0,08% 0,07%
hAT-Ac 0,22% 0,17%
hAT-Blackjack 0,25% 0,20%
hAT-Charlie 0,45% 0,59%
hAT-Tip100 0,68% 0,79%
hAT-hAT19 0,02% 0,02%
hAT-hATx -- 0,01%
hAT-hobo 0,02% 0,01%
LINE 0,05% -
CR1 2,82% 3,10%
I 0,86% 0,85%
I-Jockey 1,59% 1,96%
I-Nimb 0,04% 0,03%
Jockey 0,13% 0,08%
L1 0,01% 0,01%

L1-Tx1 0,72% 0,85%



L2 3,41% 2,67%

Penelope 5,23% 5,51%
R1 0,30% 0,30%
RI-LOA 1,31% 1,31%
RTE-BovB 5,24% 5,09%
RTE-RTE 0,05% 0,07%
RTE-X 0,00% 0,01%
LTR - -
Copia 1,34% 2,08%
Gypsy 8,47% 8,15%
Pao 0,22% 0,20%
RC - -
Helitron 1,19% 0,99%
SINE 0,03% 0,04%
tRNA 0,10% 0,17%
tRNA-Deu-RTE 0,05% 0,06%
tRNA-RTE 0,07% 0,09%
Unknown 0,87% 0,89%

SM 3. TEs subfamilies that were differentially amplified in one of the genomes.

Genome proportion

Subfamily TE
Male Female

Jockey-3B 0,10% 0,01%
Jockey-7 0,23% 0,03%
Nimb-37 0,16% 0,00%
Penelope-72 0,33% 0,02%
LINE/L2-rnd-2 0,15% 0,02%
RC/Helitron-rnd-4 0,23% 0,02%
Mariner-N27 0,01% 0,07%
Penelope-117 0,01% 0,06%
Penelope-1 0,02% 0,37%

Penelope-92 0,01% 0,10%




SM 4. FISH mapping of satDNAs that presented differential quantification in male or female
genomes. SatDNAs that were not clustered (no signals) are not shown. Each satDNA is
pseud-colored with indicated color directly in each panel. Bar = 10um.
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5. CONCLUSOES FINAIS

Nossos dados dao suporte para uma grande diferenciacdo entre 0s neo-cromossomos
sexuais de R.bergii, causado primariamente pela agdo de DNAs satélites e eventos como
inversoes, amplificagcdes e transposigoes. A extensiva participacdo dos DNAsat na evolugao
dos neo-cromossomos sexuais pode ser exemplificada pela presenca de 21 familias de
DNAsat nesses cromossomos (totalizando 39% das familias encontradas no genoma da
espécie). Especificamente para o neo-Y, a amplificacio de DNAsat ¢ evidenciada por sua
ocorréncia ser 13,5% no genoma do macho do que da fémea. Além disso, esse cromossomo
apresenta sete familias de DNAsat que estdo localizadas exclusivamente nele, o que também
contabiliza para sua diferenciagdo. As alteracdes causadas pelos DNAsats e rearranjos dos
Cromossomos sexuais nessa espécie causou o aparecimento de multiplas variantes do neo-Y e
neo-X em nivel populacional, fazendo com que essa espécie seja um modelo interessante para
analises intra-populacionais da evolugao dos cromossomos sexuais. Finalmente, considerando
que para 0s neo-cromossomos sexuais de R.bergii a recombinagdo foi, em sua maioria,
suprimida desde a grande inversdo paracentrica do cromossomo neo-Y, nesse trabalho foi
possivel documentar um exemplo de como o acimulo e variabilidade diferencial de DNAsat
pode agir como uma for¢a dirigindo a evolugdo dos cromossomos sexuais apds a supressao da

recombinagao.
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