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RESUMO

O género Triportheus (Characiformes, Triportheidae) apresenta um cenario incomum entre 0sS
peixes, com a ocorréncia de um sistema de cromossomos sexuais ZZ/ZW para todas as espécies ja
investigadas. O cromossomo Z € metacéntrico e o maior do caritipo, permanecendo
morfologicamente conservado em todas as espécies. Contrariamente, o cromossomo W apresenta
formas variaveis e tamanhos distintos entre as espécies, podendo apresentar tamanho quase idéntico
ao do cromossomo Z até acentuadamente reduzido em relagcdo a ele, com um nitido acumulo de
heterocromatina associado ao processo de diferenciacdo desse cromossomo. Este cenario em
Triportheus, juntamente com a filogenia ja bem definida para este grupo, possibilitou uma
oportunidade excelente para a investigacdo de eventos evolutivos associados aos Cromossomos
sexuais, aspecto este que vem despertando interesse crescente na biologia evolutiva nos Gltimos
anos. Assim sendo, a proposta deste estudo foi investigar a origem e a diferenciacdo dos
cromossomos sexuais em oito espécies de Triportheus, usando ferramentas diversificadas da
citogenética convencional e molecular, como o bandamento-C, mapeamento cromossdmico de
DNAr e diversas outras classes de DNASs repetitivos, hibridizagdo gendmica comparativa (CGH),
microdissec¢do dos cromossomos Z e W e pintura cromossdmica total (WCP). O acumulo
preferencial de varias sequéncias de DNAs repetitivos no cromossomo W possibilitou destacar
a participacdo preponderante deste componente do genoma na diferenciagdo do cromossomo sexo-
especifico. Notadamente, o acumulo diferencial de microssatélites colocou em evidéncia processos
evolutivos especificos do cromossomo W entre as especies, bem como um padrdo acumulativo que
ndo apresenta correlagdo direta com a ancestralidade deste cromossomo. O mapeamento
cromossdmico do DNAr 5S e 18S e do DNAsn U2 evidenciou um cendrio bastante particular na
distribuicdo dessas familias multigénicas em Triportheus. A variabilidade em relacdo ao numero de
sitios de DNAr nos autossomos, assim como o “status” sinténico dessas trés familias, evidenciaram
0 dinamismo evolutivo desses genes mesmo entre espécies proximamente relacionadas. Além
disso, a ocorréncia de DNAsn U2 no cromossomo W de T. albus evidenciou uma novidade
evolutiva, enquanto a ocorréncia de DNAr 18S na regido Wq terminal confirmou uma condicéo
conservada no género, assim como uma peculiaridade do processo evolutivo do cromossomo W,
visto que todas as espécies analisadas até 0 momento sdo portadoras dessas sequéncias. O emprego
de WCP, e principalmente de CGH, possibilitou demonstrar a localizacdo de sequéncias que sao
compartilhadas pelos cromossomos Z e W, bem como de sequéncias que sdo exclusivas de cada um
deles. Assim, a regido Wq terminal se destacou por apresentar uma grande concentracdo de
sequéncias especificas de fémeas, em coincidéncia com a localizacdo do cluster de DNAr 18S,
possibilitando inferéncias sobre a origem destes cistrons no cromossomo sexo-especifico. Nossos
dados também demonstraram que o sistema ZZ/ZW teve, de fato, uma origem comum em
Triportheus, considerando as homologias encontradas nos mapeamentos cromossémicos com
sondas dos cromossomos sexuais Z e W. Triportheus auritus é a espécie representante direta da
primeira linhagem a se diferenciar no género e experimentos de WCP, utilizando a sonda do
cromossomo Z desta espécie, mostrou que este cromossomo se encontra notavelmente conservado
em todas as espécies investigadas. Por outro lado, o cromossomo W apresentou padrdes variaveis
de homologia entre as espécies, destacando divergéncias moleculares diferencialmente moldadas ao
longo da sua historia evolutiva. Em conclusdo, os resultados obtidos no presente estudo
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possibilitaram atestar a origem comum do sistema ZZ/ZW em Triportheus, bem como avaliar
divergéncias e similaridades gendmicas intra- e interespecificas quanto ao par sexual, obtendo-se
avangos significativos no conhecimento da origem e diferenciacdo dos cromossomos sexuais entre
0s vertebrados inferiores.
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ABSTRACT

Triportheus genus (Characiformes, Triportheidae) presents a particular scenario in fishes, with a
ZZ|ZW sex chromosomes system for all species until now investigated. The Z chromosome is
metacentric and the largest one of the karyotype, remaining morphologically conserved in all
species. In contrast, the W chromosome differs in shape and size among species, from almost
identical to markedly reduced in size in relation to the Z, with a clear heterochromatin accumulation
associated with its differentiation process. This scenario in Triportheus, along with a well defined
phylogeny for this group, provided an excellent opportunity to investigate the evolutionary events
associated with the sex chromosomes differentiation, a matter of increasing interest to evolutionary
biology in recent years. Therefore, the purpose of this study was to investigate the origin and
differentiation of sex chromosomes in eight Triportheus species, using diverse conventional and
molecular cytogenetics tools, such as C-banding, chromosomal mapping of rDNAs and several
other repetitive DNA sequences, comparative genomic hybridization (CGH), microdissection of Z
and W chromosomes and whole chromosome painting (WCP). The preferential accumulation of
repetitive DNAs on the W chromosome highlighted the predominant participation of these
sequences in the differentiation of this chromosome. Notably, the differential accumulation of
microsatellites, and a hybridization pattern with no direct correlation to the ancestry of the W
chromosome, put in evidence the particular evolutionary processes that shaped the sex-specific
chromosome among species. The chromosomal mapping of 5S and 18S rDNAs and U2 DNAsn
highlighted a very particular scenario in the distribution of these multigene families in Triportheus.
Indeed, the variability in number of the rDNA sites on the autosomes, as well as the syntenic
"status" of these three multigene families, showed their intense dynamism in the karyotype
evolution, revealing a much more complex organization of these genes than previously supposed for
closely related species. In addition, the occurrence of U2 DNAsn on the W chromosome of T. albus
appears as an evolutionary novelty, while the occurrence of 18S rDNA in the Wq terminal region of
all species pointed to a conserved condition for the genus, as well as a peculiarity in the
evolutionary process of the W chromosome. Noteworthy, the use of WCP, and especially CGH
experiments, put in evidence sequences which are shared by both Z and W chromosomes and
sequences that are unique to each one. Thus, the Wqg terminal region stood out with a high
concentration of female specific sequences, in coincidence with the location of the 18S rDNA
genes, allowing inferences about the origin of these cistrons on the sex-specific chromosome. Our
data also showed that the ZZ/ZW system had, in fact, a common origin in Triportheus, considering
the homologies found in chromosomal paintings using the Z and W probes. Triportheus auritus is
the direct representative of the first lineage to differentiate in the genus and WCP experiments,
using the Z chromosome probe of this species, have showed how this chromosome is notably
conserved in all investigated species. On the other hand, the W chromosome showed variable
patterns of homology among species, highlighting the molecular divergence emerged along its
evolutionary history. In conclusion, the results obtained in this study allowed to certify the common
origin of the ZZ/ZW sex system in Triportheus and to evaluate the intra- and inter-specific genomic
homologies and differences between the sex pair, resulting in significant advances in the knowledge
of the origin and differentiation of the sex chromosomes among lower vertebrates.
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1. INTRODUCAO

1.1. Consideragdes sobre 0os cromossomos sexuais em vertebrados

Os cromossomos sexuais representam um dos constituintes mais dinamicos do genoma,
compreendendo particularidades tanto em morfologia, conteldo génico e mecanismos
evolutivos (Ohno, 1967; Charlesworth, 1991). Cromossomos sexuais morfologicamente
diferenciados estdo presentes em muitas espécies de eucariotos, podendo constituir excelentes
modelos para estudos evolutivos. Em diversos grupos taxonémicos, a evolucdo dos
cromossomos sexuais deu-se de forma independente, sendo evidenciada tanto a heterogametia
masculina - XX/XY- como a feminina - ZZ/ZW, e abrangendo sistemas sexuais variados, desde
simples até maltiplos (Graves, 2006).

O processo de diferenciacdo dos cromossomos sexuais inicia-se a partir de um par
autossdmico, quando um locus de determinacdo do sexo (LDS) é adquirido por um dos
homoblogos (Bull, 1983; Charlesworth, 1991). Em geral, a interacdo do LDS com outros genes
sexualmente antagonistas favorece que a supressdo da recombinacdo seja facilitada entre
cromossomas sexuais nascentes (Bachtrog, 2006). Estudos em mamiferos sugerem que a
reducdo da recombinacdo € favorecida por rearranjos cromossémicos, como inversfes nas
regibes sexo-determinantes (Lahn & Page, 1999; Ross et al. 2005). Uma inversdo
corresponderia a um “estrato”, ou seja, uma regido dos cromossomos sexuais em que a
recombinacdo foi suprimida em algum momento do seu processo evolutivo. Estes “estratos”
foram também encontrados no cromossomo Z das aves (Handley et al. 2004) e no cromossomo
X do vegetal Silene latifolia (Bergero et al. 2007). Consequentemente, a perda parcial da
recombinacdo em regibes especificas do cromossomo sexo-especifico pode suportar a aquisicdo

2
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de mutagdes adicionais, a amplificacdo de sequéncias de DNA repetitivo e 0 acimulo de
heterocromatina no cromossomo, favorecendo assim a sua continua diferenciagdo morfolégica
(Charlesworth et al. 2005; Bachtrog, 2006). Assim sendo, tais processos, incluindo o acimulo
de mutacGes deletérias, tém sido associados a degeneragdo do cromossomo Y, enguanto que 0
cromossomo X mantém a maioria de seus genes originais (Charlesworth & Charlesworth,
1997; Bachtrog, 2006).

Em um contexto geral, a exemplo do que ocorre em humanos, em outros mamiferos e em
Drosophila, o cromossomo Y é frequentemente heterocromatico, notavelmente menor do que o
cromossomo X, tendo perdido a maior parte de seus genes ancestrais, mas mantendo genes com
funcdes especificas do sexo (Bachtrog, 2013). Apesar de maior parte do cromossomo Y perder
a homologia com o X, algumas regides de recombinacéo tém sido identificadas entre esses dois
cromossomos em humanos, denominadas regifes pseudoautossomicas (PARs) (Mangs &
Morris, 2007). Atualmente séo descritas trés regides pequenas de homologia (PAR1, PAR2 e
PAR3), permitindo assim o emparelhamento dos cromossomos X e Y durante a meiose
masculina (Mangs & Morris, 2007; Veerappa et al. 2013).

A heterogametia feminina € relativamente comum em vertebrados inferiores, sendo
conservada em aves (Ellegren, 2000) e serpentes (Ferguson-Smith, 2007), e também presente
em outros répteis, anfibios e peixes (Artoni et al. 2001; Devlin & Nagahama, 2002; Kawai et al.
2007; Abramyan et al. 2009; Ezaz et al. 2009; Cioffi et al. 2012a). Assim como 0 Y, 0
cromossomo W pode perder muitos dos seus genes funcionais devido a reducdo da
recombinacdo, com exce¢do de poucos loci contendo genes sexo-especificos (Zhou et al. 2014).
Este cromossomo também é geralmente heterocromatico e majoritariamente composto de

sequéncias repetitivas (Itoh et al. 2008). Contudo, apesar dessas caracteristicas em comum com
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0 cromossomo Y, o cromossomo W pode apresentar graus variaveis de diferenciacdo, desde
quase homomorficos até altamente heteromorficos em relacdo ao Z (Ohno, 1967; Shetty et al.
1999). Em aves carinatas, por exemplo, ele é altamente diferenciado e bem menor do que o
cromossomo Z, enquanto que nas aves primitivas ratitas os cromossomos Z e W sédo
praticamente indistinguiveis (Ansari et al. 1988; Shetty et al. 1999). Além disso, foi
demonstrado em algumas familias de aves que o tamanho do cromossomo W pode mudar
rapidamente em uma curta escala de tempo, mesmo entre espécies proximamente relacionadas,
refletindo mecanismos evolutivos agindo em regides codificantes e ndo codificantes deste
cromossomo (Rutkowska et al. 2012). Contrariamente, em relagdo ao cromossomo Z, Varios
estudos tém evidenciado sua natureza notavelmente conservada entre diferentes taxons (Stiglec
et al. 2007), exibindo tamanho relativamente estavel, como a exemplo das aves Gallus gallus
(75 Mbp) e Taeniopygia guttata (73 Mbp) (Rutkowska et al. 2012). Experimentos de
hibridizagdo in situ fluorescente (FISH) permitiram evidenciar que o conteudo génico desse
cromossomo também é bastante conservado, mesmo entre aves de ordens diferentes (Itoh et al.
2006).

Em contraste com mamiferos e aves, alguns grupos de vertebrados apresentam maior
variabilidade quanto aos sistemas sexuais, como répteis e peixes. Em serpentes, apenas o
sistema ZZ/ZW se encontra presente e, em geral, assim como nas aves, 0 cromossomo Z é
conservado e o cromossomo W é variavel entre os grupos, tanto em relacdo ao tamanho quanto
a posicdo do centromero e padrdo de heterocromatina (O’Meally et al. 2010). Por outro lado,
em lagartos, hd uma alta diversidade de mecanismos de determinacdo sexual, incluindo
interacdes genético-ambientais, bem como diferentes sistemas de cromossomos sexuais (XY,

XXY, ZW, ZZW), demonstrando a labilidade deste processo neste grupo (Ezaz et al. 2009).
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Além da diversidade de sistemas, a diferenciacdo dos cromossomos sexo-especificos também é
altamente variavel, incluindo desde formas homomérficas até notavelmente menor em relagéo
ao cromossomo ndo sexo-especifico, como alguns microcromossomos (Odierna et al. 2001;
Ezaz et al. 2009).

Considerando o grupo dos peixes, um cenario ainda mais diversificado tem sido verificado,
com cromossomos sexuais nao diferenciados, em estagios iniciais de diferenciacdo ou
altamente diferenciados, incluindo diversos sistemas simples ou multiplos, heterogametia
masculina e feminina (Thorgaard, 1983; Moreira-Filho et al. 1993; Bertollo et al. 2000; Phillips
& Rab, 2001; Kondo et al. 2004; Vicari et al. 2008; Silva et al. 2009; Cioffi & Bertollo, 2010;

Yano et al. 2016).

1.2. Diversidade dos cromossomos sexuais em peixes

Os peixes representam um grupo bastante diversificado de espécies, oferecendo
modelos impares para estudos genéticos, taxonémicos e evolutivos, incluindo 64 ordens e
aproximadamente 33.900 espécies, das quais 4.000 foram descritas nos ultimos dez anos
(Eschmeyer & Fong, 2016). Particularmente, a ictiofauna Neotropical de dgua doce é a mais
diversificada e rica em numero de espécies do mundo, havendo mais de 5.700 espécies
descritas, representando aproximadamente 10% das espécies de vertebrados conhecidos (Lowe-
MacConnell, 1987; Vari & Malabarba, 1998; Albert et al. 2011a). Esta regido estende-se por
mais de 17 milhdes de quilémetros de florestas tropicais Umidas, pantanais e savanas (Albert et
al. 2011b), ao longo das aguas continentais da América do Sul e Central, desde o Planalto
Central, no sul do México, até a Patagbnia, no norte da Argentina (Albert et al. 2011b). Sua

pronunciada diversidade se deve a uma combinacdo de processos climatoldgicos, geoldgicos e
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biogeograficos que vem se mantendo ao longo de um periodo de 10 milhGes de anos,
principalmente através de uma longa histéria de isolamento biotico e geoldgico (Lundberg,
1998; Ribeiro, 2006; Albert et al. 2011b).

Concomitantemente com a diversidade de espécies, uma grande diversidade
cromoss6mica tem sido também constatada entre os peixes, como a presenca de polimorfismos,
poliploidia, cromossomos supranumerdrios e diferentes sistemas de cromossomos sexuais,
(Oliveira et al. 2009). A determinacdo do sexo é bastante flexivel, podendo ser dependente de
diferentes fatores, ambientais, comportamentais e genéticos, onde genes sexo-determinantes
podem estar localizados tanto em autossomos como em cromossomos sexuais heteromarficos
(Devlin & Nagahama, 2002). Embora a maioria das espécies de peixes ndo apresente
cromossomos sexuais diferenciados, tanto a heterogametia feminina (ZW) quanto
heterogametia masculina (XY) pode ocorrer, juntamente com uma ampla variedade de
sistemas, desde simples até maltiplos (Devlin & Nagahama, 2002; Cioffi et al. 2012a).

Contrastando com os mamiferos, a maioria dos cromossomos sexuais em peixes teve
origem de forma independente em diferentes linhagens (Volff et al. 2007; Cioffi et al. 2013).
Contudo, a reducdo em tamanho do cromossomo sexo-especifico ndo € sempre observada entre
0s peixes, considerando que, em certos casos, 0 cromossomo W pode apresentar tamanho maior
do que aquele apresentado pelo cromossomo Z (Koehler et al. 1997). Paralelamente, alguns
padrdes caracteristicos da diferenciacdo do cromossomo sexo-especifico sdo conhecidos em
sistemas simples (Volff et al. 2007), o qual é frequentemente rico em heterocromatina (Koehler
et al. 1997; Artoni et al. 2001; Volff et al. 2007; Vicari et al. 2008) e em diferentes classes de
DNAs repetitivos (Nanda et al. 1990; Cioffi et al. 2011a; Splendore de Borba et al. 2013; Yano

et al. 2014a).
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Entre as espécies de peixes Neotropicais ja estudadas, aproximadamente 6% possui
cromossomos sexuais diferenciados (Oliveira et al. 2009). Em grande parte das familias, casos
esporadicos de cromossomos sexuais foram evidenciados, como acontece em Heptapteridae
(Siluriformes), como os relatos em Pimelodela boschmai (Garcia & Almeida-Toledo, 2010).
Por outro lado, encontram-se também familias onde a ocorréncia de cromossomos sexuais é
frequente entre espécies de um mesmo ou de diferentes géneros. Assim, por exemplo, na
familia Anostomidae (Characiformes), véarias espécies do género Leporinus apresentam o
sistema ZZ/ZW bem diferenciado. Contrastando com o padrdo geralmente encontrado para o
cromossomo sexo-especifico, em sete destas espécies o cromossomo W é notavelmente maior
do que o cromossomo Z, enguanto que em Leporinus geminis, 0S Cromossomos sexuais
apresentam tamanhos similares (Venere et al. 2004; Poltronieri et al. 2014). Igualmente entre os
peixes Parodontidae (Characiformes), cinco espécies de Parodontidae apresentam o sistema
simples ZZ/ZW, com o cromossomo W também maior do que o Z, enquanto que Apareiodon
affinis apresenta o sistema multiplo ZZ/ZW;W,, onde os dois cromossomos W sdo menores do
que o cromossomo Z (revisado em Bellafronte et al. 2011). A ocorréncia frequente de
cromossomos sexuais ZZ/ZW também se verifica no género Characidium (Chrenuchidae,
Characiformes). Em 10 das espécies analisadas (Characidium cf. gomesi, Characidium lauroi,
Characidium oiticicai, Characidium lanei, Characidium pterostictum, Characidium schubarti,
Characidium alipioi, Characidium spl, Characidium sp2 e Characidium sp3) se constata o
sistema ZZ/ZW, com excecdo da espécie Characidium cf. zebra, que ndo apresenta
cromossomos sexuais diferenciados (Pansonato-Alves, 2010).

Além do fato de que, para um mesmo género, existirem espécies portando ou nao

sistemas de cromossomos sexuais diferenciados, como € o caso de Leporinus, Apareiodon,
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Parodon e Characidium, um cenério ainda mais variavel pode ser encontrado em outros
grupos. De fato, formas diversificadas de cromossomos sexuais podem ocorrer dentro de uma
mesma familia, entre espécies intimamente relacionadas ou ainda entre populacbes de uma
mesma especie, atestando o dinamismo evolutivo associado a estes cromossomos (Cioffi et al.
2012a). Tal labilidade confere excelentes condicdes para estudar 0S processos que regem a
evolucdo dos cromossomos sexuais entre 0s peixes. E o que se verifica, por exemplo, na familia
Erythrinidae (Characiformes), a qual se caracteriza por uma ampla variagdo nos sistemas de
cromossomos sexuais, especificamente nos géneros Hoplias e Erythrinus (Bertollo et al. 1983;
Bertollo et al. 2000; Born & Bertollo, 2000; Bertollo et al. 2004; Cioffi et al. 2011b; Cioffi et
al. 2013). Particularmente, Hoplias malabaricus se destaca por caracterizar um complexo de
espécies, composto por sete cariomorfos (Bertollo et al. 2000). Neste grupo sao identificados
cariomorfos sem cromossomos sexuais diferenciados, com sistemas de cromossomos sexuais
simples e multiplos j& bem diferenciados, além de sistemas em fase inicial de diferenciacao
(Bertollo et al. 1986; Bertollo et al. 2000; Santos et al. 2009; Cioffi & Bertollo, 2010).
Enguanto que os cariomorfos A e E ndo apresentam cromossomos sexuais diferenciados
(Bertollo et al. 2000), o cariomorfo B apresenta um evidente sistema de cromossomos sexuais
XXIXY (Born & Bertollo, 2000) e os cariomorfos C e F um sistema XX/XY em estagios
iniciais de diferenciacdo (Santos et al. 2009; Cioffi & Bertollo, 2010). Por sua vez, 0s
cariomorfos D e G caracterizam-se por diferentes sistemas de cromossomos sexuais multiplos,
X1 X1 XX/ X1 XY e XX/IXY 1Y, respectivamente (Bertollo et al. 2000).

Casos similares também ocorrem na familia Sternopygidae (Gymnotiformes), onde
Eigenmannia virescens apresenta tanto heterogametia feminina quanto masculina (Almeida-

Toledo et al. 2002). Assim, em populacbes do rio Sdo Francisco, Ilha do Marajo e rio
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Amazonas, ocorre o sistema ZZ/ZW, enquanto que em populacfes da bacia do alto Parand,
verifica-se o sistema XX/XY (Almeida-Toledo et al. 2002) ou a auséncia do mesmo (Sene,
2011). Além disso, um sistema de cromossomos sexuais multiplos foi também descrito para 0s
espécimes de Eigenmannia sp. 2 ocorrentes no rio Tieté, tributario do alto rio Parana (Almeida-
Toledo et al. 2000).

Esta diversidade dos sistemas de cromossomos sexuais em peixes neotropicais tem sido
associada com a distribuicdo geografica das espécies, bem como eventos geoldgicos na
America do Sul (Moreira-Filho et al. 1980; Almeida-Toledo et al. 2000). A ocorréncia de
distintos sistemas, mesmo entre espécies relacionadas, pde em evidéncia a origem independente
desses sistemas, conforme demonstrado por estudos de citogenética molecular (Henning et al.
2008; Cioffi et al. 2013). A maior probabilidade de fixacdo de rearranjos cromossémicos em
pequenas populacdes isoladas, e em espécies com pouca mobilidade (Rieseberg, 2001; Faria &
Navarro, 2010), também pode explicar a diversidade de sistemas sexuais em alguns grupos. De
fato, tal associacdo tem sido feita para H. malabaricus, considerando os varios cariomorfos e 0s
distintos estagios e sistemas de cromossomos sexuais presentes nesta espéecie (Bertollo et al.

2000; Cioffi et al. 2012b; Oliveira et al. 2015).

1.3. Os DNAs repetitivos e 0s cromossomos sexuais. As familias multigénicas.

As sequéncias de DNAs repetitivos tém sido amplamente investigadas em diferentes
taxons, contribuindo para uma melhor compreensdo da complexidade do genoma, assim como
da genética evolutiva, especialmente no tocante a origem e diferenciacdo dos cromossomos

sexuais (Itoh et al. 2008; Cioffi et al. 2011a; Kejnovsky et al. 2013). As diferentes classes de
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DNAs repetitivos podem estar dispostas in tandem ou dispersas no genoma, com diferentes
niveis de repetitividade (Lopez-Flores & Garrido-Ramos, 2012).

As repeticdes in tandem incluem algumas familias multigénicas tais como 0s DNAs
ribossomais (DNAr), os genes que codificam os pequenos RNAs (DNAsn) e as histonas (Walsh
& Stephan, 2001), bem como as sequéncias denominadas satélites, minissatélites e
microssatélites, que sdo classificadas conforme o nimero de repeticdes de pares de bases que
apresentam (Jurka et al. 2003). As sequéncias satélites sdo constituidas de unidades de
aproximadamente 200 pb, enquanto que as sequéncias minissatélites geralmente possuem
namero igual ou maior a 9 pb (Lépez-Flores & Garrido-Ramos, 2012) e os microssatélites 1-6
pb (Téth et al. 2000). No que se refere as sequéncias de DNASs repetitivos dispersas no genoma,
0s elementos transponiveis (TES) apresentam aproximadamente 20-30 kb em tamanho, estando
inseridas aleatoriamente no genoma (Jurka et al. 2007). Os TEs podem ser agrupados em duas
classes principais, considerando 0s mecanismos de transposicdo que apresentam: oS
retrotransposons, que sao movidos via RNAs intermediarios utilizando a enzima transcriptase
reversa, € os transposons, que se deslocam utilizando o mecanismo “corta e cola”, catalizado
pelas enzimas transposases (Jurka et al. 2007).

As familias multigénicas compreendem um grupo de genes que estdo repetidos in
tandem, exibindo uma grande diversidade em nimero de unidades bem como na organizagéo
genébmica nos diferentes taxons (Walsh & Stephan, 2001). Estas sequéncias sdo produzidas
quando um unico gene é copiado varias vezes por eventos de duplicacdo (LOpez-Flores &
Garrido-Ramos, 2012). Entre elas, 0s genes que codificam os RNAr tem sido amplamente
utilizados como marcadores cromossdmicos em varias espécies de peixes (Hatanaka & Galetti,

2004; Cioffi et al. 2010a; Merlo et al. 2010; Gornung, 2013; Garcia-Souto et al. 2015). O
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DNAr desempenha um importante papel na sintese de proteinas, considerando que o DNAr 45S
compreende 0s genes que codificam os RNAr 18S, 5.8S e 28S, bem como dois espacadores
transcritos externos (ETS), dois espagadores transcritos internos (ITS1 e ITS2) e um espagador
nao-transcrito (NTS) (LOpez-Flores & Garrido-Ramos, 2012). Os RNAs 18S, 5.8S e 28S sédo
processados e parcialmente organizados no nucléolo para formar as subunidades do ribossomo.
Por sua vez, 0 DNAr 5S é composto de unidades de aproximadamente 120 pares de bases,
intercaladas por um NTS (Martins & Galetti Jr, 1999) e codifica 0 RNAr 5S que migra para o
nucléolo e se junta ao RNAr 5,8S e 28S.

Os DNAs ribossomais tém se caracterizado como ferramentas Gteis para elucidar os
processos envolvidos na evolucdo cromossomica de diferentes grupos de peixes (Gornung,
2013; Rebordinos et al. 2013). Dados de revisdo sobre a distribuicio do DNAr 45S
evidenciaram que aproximadamente 72% de 330 espécies de peixes ja analisadas,
compreendendo 22 ordens, apresentam apenas um par cromossdmico portador desses sitios,
localizados na regido terminal em 87% dos casos (Gornung, 2013). Contrariamente, 0 DNAr 5S
tem sido mapeado em posicao intersticial na maioria das espécies estudadas (Martins & Wasko,
2004), e o cenario mais comum tem sido a ocorréncia de ambos 0s genes ribossomais em pares
cromossdmicos diferentes (Martins & Galetti, 2001). Contudo, apesar deste padrédo frequente,
um namero crescente de estudos tem revelado que tanto o nimero quanto a localizacdo dos
sitios de DNAr 18S e 5S podem ser variaveis, apresentando-se também em configuracéao
sinténica em diversas espécies (Diniz et al. 2009; Calado et al. 2014; Cioffi et al. 2015; Barros
et al. 2016; Getlekha et al. 2016; Maneechot et al. 2016).

Adicionalmente, a ocorréncia de RONs ativas (Ag-RONS), bem como de sitios DNAr

18S, tem sido verificada nos cromossomos sexuais em diferentes taxons e, na maioria dos
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casos, em ambos 0s cromossomos como no caso de algumas espécies de peixes Characidium
(Scacchetti et al. 2015), no sapo-cururu Bufo marinus (Abramyan et al. 2009), na tartaruga
Pelodiscus sinensis (Kawai et al. 2007) e na serpente Notechis scutatus (O’Meally et al. 2010).
Em cangurus e “wallabies” da familia Macropodidac, Ag-NORs tém sido descritas no
cromossomo X e em algumas espécies tambem no cromossomo Y (Hayman & Martin, 1974).
Contudo, em experimentos de FISH, sequéncias de DNAs ribossomais foram mapeadas apenas
no cromossomo X em uma espécie de wallaby (Toder et al. 1997).

Tem sido demonstrado que o crossing-over desigual tem uma ocorréncia mais frequente
nos sitios de DNAs ribossomais comparado com outros loci, como demonstrado em Salmonella
typhimurium (Anderson & Roth, 1981). Além disso, tem sido verificado que a natureza
repetitiva das RONs tem levado a uma massiva amplificacdo dessas sequéncias no cromossomo
W da tartaruga P. sinensis, contribuindo igualmente para a diferenciacdo deste cromossomo
(Kawai et al. 2007). Paralelamente, tém sido também atribuido um possivel significado
funcional para a ocorréncia de RONSs ativas em cromossomos sexuais (O’Meally et al. 2010),
ou seja, sequéncias de DNAr 18S beneficiariam as fémeas, como demonstrado em rds do
género Xenopus, ja que a taxa de producdo de RNAs ribossomais é altamente elevada durante a
00génese, considerando que um grande nimero de ribossomos sdo necessarios nos periodos
iniciais do desenvolvimento do zigoto (Gilbert, 2000).

Diferentemente dos DNAs ribossomais, os genes de RNAsn tém sido pouco
investigados na citogenética de peixes (Merlo et al. 2012a). Os RNAsn sdo um subconjunto de
pequenos RNAs que estdo envolvidos no processamento do RNAmM, uma vez que sao
componentes de um complexo RNA-pequenas proteinas que formam o “spliceossomo”

(Murray et al. 2006). Dos diversos RNAsn, U1, U2, U4, U5 e U6 tém um papel importante na
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remocao dos introns do pré RNAm no processo de “splicing” (Manchado et al. 2006; Murray et
al. 2006). Em relacdo ao DNAsn U2, apesar da natureza conservada dessas sequéncias nos
eucariotos, 0 nimero e a organizacdo desta familia multigénica pode variar bastante entre as
espécies (Busch et al. 1982; Dahlberg & Lund, 1988). O mapeamento cromossdémico dos genes
de RNAsn U2 evidencia um cenario variavel, com sequéncias acumuladas em um ou mais
pares cromossdmicos, além de também serem verificas de forma dispersa (Ubeda-Manzanaro et
al. 2010; Merlo et al. 2012b; Merlo et al. 2013a; Utsunomia et al. 2014). Na maior parte dos
estudos, os DNAsn U2 e DNAr estdo localizados em cromossomos separados, e apenas dois
estudos evidenciaram organizagdo sinténica dessas familias multigénicas (Manchado et al.
2006; Ubeda-Manzanaro et al. 2010). Quanto a presenca em Cromossomos sexuais, genes de
RNAsn U2 foram mapeados apenas em Gymnotus pantanal, no cromossomo X; (Utsunomia et
al. 2014). Contudo, € importante considerar que muito poucos estudos foram até agora
realizados com estes genes, o que impossibilita uma analise mais realista sobre a distribuicao

dos DNAsN, principalmente entre as espécies com cromossomos sexuais diferenciados.

1.4. Os DNAs repetitivos e 0s cromossomos sexuais. Os microssatélites e os elementos

transponiveis.

Os microssatélites sdo considerados marcadores informativos e versateis, que podem ser
encontradas por todo o genoma (Toth et al. 2000; MacDonald et al. 2014), cuja abundancia
pode variar de acordo com a regido gendmica, bem como em relacdo ao grupo taxondmico
analisado. Devido as altas taxas de mutacdo, os microssatélites desempenham um papel

significativo na evolucdo gendmica (Tautz et al. 1986).
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Como consequéncia dos diferentes modos de heranga e dos distintos processos que
envolvem a diferenciagdo dos cromossomos sexuais, distintos padrées de acumulo s&o
esperados para alguns marcadores quando se compara estes cromossomos com 0s autossomos
(Ellegren, 2010). A expansdo inicial dos microssatélites tem sido frequentemente associada
com o deslizamento (“slippage”) da DNA polimerase durante a replicagdo do DNA (Kejnovsky
et al. 2013). Os erros de “slippage” podem ser corrigidos durante a recombinagdo, mas se
ocorrer a supressdao deste processo, como acontece na diferenciagdo e evolugdo dos
Cromossomos sexuais, a expansao dos microssatélites pode ocorrer mais rapidamente
(Charlesworth et al. 1994; Kejnovsky et al. 2013). Entre os microssatélites, os dinucleotideos
sdo as sequéncias mais frequentes e, entre eles, (CA), prevalece em todos vertebrados e
artropodes (Toth et al. 2000), seguidos de (GA), e (TA), (Ellegren, 2004).

A habilidade de expansdo dos microssatélites em regioes ndo recombinantes tem sido
demonstrada em vérios estudos. Na planta Silenia latifolia que possui 0 cromossomo Y
evolutivamente jovem, a maior parte dos microssatélites analisados esta acumulada no braco q
deste cromossomo, exatamente na regido onde a recombinacdo cessou mais recentemente,
demonstrando a expansdo dessas sequencias nas etapas iniciais de diferenciacdo (Kubat et al.
2008). Também na planta Rumex acetosa, o acentuado acimulo de (CA),, (CAA),, (GAA),,
(TAC), e (GA), encontra-se igualmente associado com o processo de diferenciacdo do
cromossomo Y (Kejnovsky et al. 2013). Em peixes, o acumulo diferencial de algumas classes
de microssatélites tem sido também evidenciado nos cromossomos sexuais, como em
Leporinus reinhardti. Neste caso, um acumulo significativamente maior de algumas classes de
microssatélites ocorre no cromossomo W desta espécie, incluindo trinucleotideos (Cioffi et al.

2012c). Em Characidium, um padrdo distinto de distribuicdo de diferentes classes de
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microssatélites foi observado nos cromossomo Z e W de cinco espécies, incluindo regibes
eucromaticas e heterocromaticas (Scacchetti et al. 2015). Em Hoplias malabaricus, uma
expansdo diferencial de microssatélites também foi verificada entre os dois cromossomos do
par sexual, sendo neste caso bem mais pronunciada no cromossomo X, o qual se diferencia do
Y por um longo segmento heterocromatico (Cioffi et al. 2011c).

Entre os TEs, aqueles pertencentes a familia Rex tém sido amplamente investigados em
diferentes espécies de peixes. Devido a sua ampla distribuicdo, esses marcadores tém
permitindo analises comparativas entre os diferentes grupos, variando desde um padréo
disperso até um acumulo diferencial em determinadas regifes do genoma (Ferreira et al. 2011;
Splendore de Borba et al. 2013). Rex1, Rex3 e Rex6 estdo entre os retrotransposons melhor
caracterizados, os quais foram isolados pela primeira vez de uma espécie de peixe do género
Xiphophorus (Volff et al. 1999; 2000; 2001). Rex1 e Rex3 codificam uma transcriptase reversa
e uma endonuclease apurinica-apirimidinica (\VVolff et al. 1999; 2000) e Rex6, alem de também
codificar uma transcriptase reversa, codifica uma endonuclease putativa similar a de uma
enzima de restricdo (REL) (\Volff et al. 2001).

Em algumas espécies, o acumulo preferencial de Rex tem sido evidenciado
principalmente em regides com baixa taxa de recombinacdo (Valente et al. 2011). Apesar de
em alguns casos estes retrotransposons serem mapeados em regides cromossémicas
heterocromaticas, eles exibem uma distribuicdo dispersa por todo o genoma em 60% das
familias de peixes (revisado em Ferreira et al. 2011). Rex1 apresentou acumulo diferencial no
cromossomo W de Leporinus obtusidens e L. macrocephalus, assim como no cromossomo Wi
de L. elongatus (Splendore de Borba et al. 2013). Em Chionodraco hamatus (Perciformes,

Channichthyidae), o acimulo preferencial de Rex3 no brago g do cromossomo Y evidenciou o
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seu envolvimento no processo de fusdo e diferenciagdo molecular deste cromossomo (Ozouf-
Costaz et al. 2004).

Adicionalmente, sequéncias repetitivas sexo-especificas também tém sido isoladas e
mapeadas nos cromossomos de algumas espécies, permitindo inferir sobre a origem dos
sistemas sexuais. Neste sentido, um fragmento de DNA de uma regido heterocromatica do
cromossomo W de Apareiodon ibitiensis foi microdissectada e usada como sonda (WAp) em
nove espécies de Parodontidae, permitindo inferir a origem comum dos cromossomos sexuais
nas espécies deste grupo portadoras desses cromossomos (Schemberger et al. 2011). Além
disso, algumas sequéncias repetitivas podem ser compartilhadas tanto pelos cromossomos
sexuais como pelos autossomos, como € o caso da familia de DNA satélite pPh2004, isolada do
DNA gendmico de Parodon hilarii (Vicente et al. 2003). Por sua vez, em roedores do género
Microtus, uma familia de DNA satélite apresentou um padrdo de hibridizacdo especie-
especifico para os cromossomos sexuais (Fernandez et al. 2001). Em M. cabrerae, por
exemplo, tais sequéncias hibridizaram intensamente por toda a regido heterocromatica do
cromossomo X, enguanto que no cromossomo Y poucas bandas foram evidenciadas na regido
heterocromatica, dando suporte a hipotese de que blocos heterocromatidos dos cromossomos
sexuais dessa espécie estdo evoluindo independentemente, com diferencas na capacidade de

amplificacdo e retencdo das classes de DNAs satélites (Fernandez et al. 2001).

16



10

11

12

13

14

15

16

17

18

19

20

21

22

23

© Cassia Fernanda Yano, Tese de Doutorado - 2016

1.5. Pintura cromossomica, hibridizacdo gendmica comparativa e a investigacdo de

Cromossomos sexuais.

Procedimentos de citogenética molecular, tais como a hibridizacdo gendmica
comparativa (CGH — comparative genomic hybridization) e a pintura cromossomica total
(WCP - whole chromosome painting), tém permitido um avango significativo no conhecimento
da composicdo e diferenciacdo molecular dos cromossomos. Em experimentos de CGH, o
DNA gendmico total (DNAg) é usado como sonda para comparar genomas intra-especificos ou
interespecificos, possibilitando uma visdo ampla das diferengas moleculares entre o0s
cromossomos sexuais, quando o DNAg das fémeas e dos machos sdo comparados entre si
(Traut et al. 1999; Symonova et al. 2015). Por sua vez, a microdissecgdo cromossOmica
também tem sido utilizada com bastante éxito na citogenética evolutiva e comparativa, isolando
Cromossomos inteiros ou parte dos mesmos para serem utilizados como sonda em experimentos
de hibridizacdo total (WCP) ou parcial (PCP) do cromossomo. Dados relevantes de
procedimentos WCP e CGH tém sido obtidos na citogenética de diferentes grupos
taxonémicos, contribuindo significativamente para a compreensdo do processo envolvido na
diferenciacdo dos cromossomos sexuais (Traut et al. 1999; Phillips et al. 2001; Fukova et al.
2007; Vitkova et al. 2007; Henning et al. 2008; Rab et al. 2008; O’Meally et al. 2010; Pazian et
al. 2013).

Entre varias espécies de diferentes taxons, portadoras de diferentes sistemas de
cromossomos sexuais, procedimentos de CGH permitiram a identificacdo de regides com maior
diferenciacdo molecular entre o par sexual. Assim, 0s cromossomos X e Y do camundongo
Mus musculus e de Drosophila melanogaster, puderam ser mais bem caracterizados, bem como
0s cromossomos Z e W de trés espécies de insetos, Bombyx mori, Ephestia kuehniella e
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Galleria mellonella. Além disso, um alto nivel de diferenciacdo foi evidenciado entre 0s
cromossomos Z e W nestas espécies, demonstrando a presenca de sequencias de DNA W-
especificas (Traut et al. 1999).

Em serpentes, o0 emprego de CGH também possibilitou a visualizacdo das regides do
cromossomo W onde estdo presentes as sequéncias especificas das fémeas, permitindo
identificar as regides cromossomicas mais diferenciadas e com menor taxa de recombinagéo
com o cromossomo Z (O’Meally et al. 2010). Microcromossomos heterocromaticos especificos
das fémeas foram identificados em lagartos da espécie Pogona vitticeps, com a utilizacdo de
diversos procedimentos citogeneticos, incluindo CGH, permitindo inferir que 0s mesmos
podem estar relacionados com a determinacdo do sexo (Ezaz et al. 2005), provavelmente
derivados da degradacéo e delecdo de macrocromossomos (Olmo et al. 1987). Também entre
0s peixes, grandes avancos tém sido alcancados no entendimento do processo de diferenciacao
dos cromossomos sexuais com 0 uso da citogenética molecular, a exemplo de Danio rerio,
Xiphophorus maculatus e Poecilia reticulata. De fato, analises de CGH possibilitaram
identificar estagios iniciais de diferenciacdo de cromossomos sexuais nestas espécies, bem
como localizar as regiGes cromossdmicas sexo-especificas (Traut & Winking, 2001).

Por sua vez, o uso da pintura cromossdmica tem fornecido um grande volume de
informacGes a respeito da origem dos sistemas sexuais. Além de poder demonstrar origens
comuns ou independentes dos sistemas sexuais entre espécies proximamente relacionadas, essa
metodologia tem permitido verificar sequéncias compartilhadas entre grupos taxonémicos que
divergiram ha milhdes de anos. Entre as aves, por exemplo, Dromais novaehollandiae (emu) e
Gallus domesticus, pertencem a duas subclasses (Ratitas e Carinatas) que divergiram héa

aproximadamente 80 milhdes de anos (Shetty et al. 1999). Sonda obtida do cromossomo Z de
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G. domesticus pintou quase toda a extensdo do cromossomo Z e grande parte do cromossomo
W de D. novaehollandiae, exceto a regido centromérica deste cromossomo que se apresenta
mais fracamente hibridizada, possivelmente representando a localizacdo dos genes
determinantes do sexo (Shetty et al. 1999). Além disso, este experimento indicou o grau de
conservacgdo do sistema de cromossomos sexuais nas aves, mostrando que apesar das diferencas
em relacdo ao tamanho do cromossomo W, o cromossomo Z se mantém bastante conservado
entre as espécies (Shetty et al. 1999).

Assim como nas aves, 0 cromossomo Z nas serpentes é tambem altamente conservado.
Por outro lado, o cromossomo W é o elemento mais varidvel no genoma das serpentes, mesmo
em espeécies intimamente relacionadas, sugerindo que este cromossomo passou por Processos
de diferenciacdo de forma independente e repetidamente depois da especiacdo (Lahn & Page,
1999; O’Meally et al. 2010). Notavelmente, a pintura cromossdmica na serpente Stegonotus
cucullatus, utilizando sonda do cromossomo W de G. domesticus, destacou notaveis sinais de
hibridizagdo no cromossomo W de S. cucullatus, evidenciando que apesar de 275 milhdes de
anos de evolucdo independente, o cromossomo W de aves e serpentes ainda compartilham
sequéncias repetitivas (O’Meally et al. 2010).

Entre os invertebrados, a correspondéncia dos cromossomos sexuais entre espécies
distintas também tem sido comprovada através de pintura cromossémica (Fukova et al. 2007;
Vitikova et al. 2007). A sonda do cromossomo W da mariposa E. kuehniella evidenciou
homologia parcial com regibes do cromossomo W de outras espécies de mariposas, Cadra
cautella e Plodia interpunctella, mas quase nenhuma homologia com a espécie G. mellonella, a
qual € filogeneticamente mais distante de E. kuehniella (Vitikova et al. 2007). Os resultados

deram suporte a hipdtese de uma divergéncia molecular acelerada do cromossomo W em
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Lepidoptera e demonstraram que a reducao de homologia deste cromossomo entre as espécies €
positivamente correlacionada com as distancias filogenéticas entre elas (Vitikova et al. 2007).

Em contraste com a estabilidade na determinacdo do sexo de grupos como mamiferos e
aves, bem como com a origem comum dos sistemas sexuais nestes grupos, 0S peixes
apresentam diferenciacbes e origens independentes dos cromossomos sexuais. Em
Eigenmannia, experimentos de pintura cromossomica cruzada, utilizando sondas dos
cromossomos Y de Eigenmannia sp.2 e X de E. virescens, mostraram auséncia de hibridizacéo
nos cromossomos sexuais de ambas espécies, indicando a origem independente entre eles,
apesar de se tratarem de espécies do mesmo género (Henning et al. 2008). Em alguns outros
grupos de peixes este cenario pode ser ainda mais variavel, como é o caso apresentado por
Hoplias malabaricus, que exibe diferentes cariomarfos e, entre eles, a ocorréncia de sistemas
sexuais simples e maltiplos. O cromossomo X do cariomérfo B (XX/XY) e X; do cariomorfo D
(X1 X1 XX/ X1 X,Y) foram microdissectados e aplicados como sonda em pintura cromossémica
cruzada, ndo sendo também evidenciado nenhum sinal de hibridizacdo reciproca nos
cromossomos sexuais dos dois cariomorfos (Cioffi et al. 2011b). Por outro lado, o género
Characidium possui espécies com ou sem cromossomos sexuais diferenciados. Sonda do
cromossomo W de C. cf. fasciatum destacou expressivos sinais de hibridizacdo tanto no
cromossomo W quanto no cromossomo Z de C. cf. gomesi e Characidium sp., as quais séo
também espécies portadoras de cromossomos sexuais (Pazian et al. 2013).

O conjunto dos dados acima relatados exemplifica 0s avancos que vém sendo obtidos
na citogenética de diferentes grupos animais, tanto em vertebrados como em invertebrados com

a utilizacdo da pintura cromossémica e a hibridizacdo gendmica comparativa, notadamente no
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que se refere a investigacdo dos processos de diferenciacdo e evolucdo dos cromossomos

sexuais.

1.6. O género Triportheus e suas relagdes filogenéticas.

O género Triportheus, anteriormente considerado na familia Characidae - subfamilia
Triportheinae (Reis et al. 2003) — é atualmente incluido na familia Triportheidae
(Characiformes), com base nos estudos de Oliveira et al. (2011). Triportheidae € um grupo
monofilético que, além de Triportheus, engloba mais quatro géneros, ou seja, Lignobrycon,
Engraulisoma, Clupeacharax e Agoniates (Oliveira et al. 2011), tendo como grupos irmé&os as
familias Bryconidae e Gasteropelecidae (Mariguela et al. 2016). As relacdes filogenéticas para
as espécies de Triportheidae foram recentemente estabelecidas com base em dados obtidos a
partir de genes mitocondriais (16S RNAr e Citocromo b CytB) e nucleares ativadores de
recombinacdo (RAG1- RAG2) e da alfa-miosina de cadeia pesada (Myh6), onde Lignobrycon
myersi corresponde a espécie irma de todas as demais espécies de Triportheidae (Mariguela et
al. 2016). Essa familia foi originada ha 38.9 = 10.2 milhdes de anos, sendo que o ancestral de
todos os géneros da familia estava presente nas drenagens costeiras do leste, nas bacias do rio
Paraguai, do baixo Parana e na bacia Amazbnica; atualmente, apenas a linhagem de
Lignobrycon ainda permanece nas drenagens costeiras do leste (Mariguela et al. 2016).

O género Triportheus é constituido por peixes de pequeno porte, com algumas espécies
alcancando 20-24 cm de comprimento, com grandes nadadeiras peitorais (Malabarba, 2004), e
é conhecido popularmente como sardinha de agua doce, destacando-se na producdo total do
mercado pesqueiro, principalmente na bacia Amazonica (Malabarba, 2004; Ruffino et al. 2006,

Gongcalves & Batista, 2008). E um grupo monofilético, que se originou ha 26,2 + 6,5 milhdes
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de anos, entre o inicio do Oligoceno e do Mioceno (Mariguela et al. 2016), com 18 espécies
vélidas (Froese & Pauly, 2016). Diversos eventos geoldgicos, hidrogeograficos e bioldgicos
que aconteceram durante este periodo influenciaram a distribuicdo da ictiofauna neotropical na
América do Sul (L6pez-Ferndndez & Albert, 2011) o que, provavelmente, também permitiu a
expansdo de Triportheidae (Mariguela et al. 2016). A morfologia externa destes peixes €
bastante conservada, sendo dificil encontrar caracteres que possam facilmente identificar todas
as espécies, mas dois grandes grupos podem ser facilmente diferenciados em Triportheus, ou
seja, espécies que possuem o corpo alongado e espécies que possuem o0 peito expandido e
comprimido, formando uma quilha (Malabarba, 2004). Suas distintas espécies sdo capazes de
explorar varios biotipos, com abrangéncia desde a bacia do rio da Prata até o Orinoco, com alta
representatividade nos rios da Amazoénia (Goulding, 1980). Entre as espécies de Triportheus, T.
auritus € um representante direto da primeira linhagem a se diferenciar no género, ha 20.7 + 6.5
milhdes de anos na Bacia Amazdnica, e corresponde a espécie irma de todas as outras do grupo
(Mariguela et al. 2016). Além disso, T. auritus apresenta também a maior distribuicao
geografica, sendo encontrada em quatro grandes bacias hidrograficas brasileiras (Malabarba,

2004).

1.7. Triportheus como modelo para a investigacdo evolutiva dos cromossomos sexuais

entre os vertebrados inferiores

Ao contrario do cenario constatado em varios outros géneros de peixes Neotropicais,
Triportheus exibe um caridtipo bastante conservado, e todas as espécies estudadas até o
momento apresentam 2n=52 cromossomos e um sistema de cromossomos sexuais ZZ/ZW

(Bertollo & Cavallaro, 1992; Artoni et al. 2001; Artoni & Bertollo, 2002; Nirchio et al. 2007;
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Diniz et al. 2009), constituindo um excelente modelo para compreender a evolucdo dos
Cromossomos sexuais entre os vertebrados inferiores. Até 0 momento, as seguintes espécies
deste género ja foram investigadas, T. albus, T. angulatus (citado como T. flabus), T. auritus
(citado como T. elongatus/T. cf. elongatus), T. culter, T. cf. signatus, T. guentheri, T.
nematurus (citado como T. paranensis), T. trifurcatus e T. venezuelensis, todas elas também
compartilhando o mesmo numero de cromossomos e uma macroestrutura cariotipica
conservada, composta principalmente de cromossomos meta- e submetacéntricos (Falcéo,
1988; Bertollo & Cavallaro, 1992; Sanchez & Jorge, 1999; Artoni et al. 2001; Artoni &
Bertollo, 2002; Nirchio et al. 2007; Diniz et al. 2008a; 2008b; 2009; Cioffi et al. 2012c;
Marquioni et al. 2013).

Em relagdo aos cromossomos sexuais, 0 cromossomo Z é conservado e metacéntrico,
correspondendo ao maior do cariétipo, enquanto que o W é sempre menor do que o Z,
apresentando variacdes no tamanho e na morfologia entre as espécies (Bertollo & Cavallaro
1992; Artoni et al. 2001; Diniz et al. 2008a). Os diferentes graus de reducdo do cromossomo W
sdo bem evidenciados, principalmente pelos extremos verificados em T. auritus, portando um
cromossomo W de tamanho grande, préximo ao do Z, e em T. albus, que possui 0 cromossomo
W bem pequeno, o de menor tamanho entre as espécies investigadas (Artoni et al. 2001).

Em relacdo ao padrdo de heterocromatina, o cromossomo Z também € bastante
conservado, uma vez que as regides terminais de ambos 0s bracos e a regido centromérica
sempre se apresentam C-positivas (Bertollo & Cavallaro, 1992; Sanchez & Jorge, 1992; Artoni
et al. 2001; Nirchio et al. 2007; Diniz et al. 2008a). Contrariamente, o cromossomo W é sempre
mais rico em heterocromatina, compreendendo quase toda a extensdo dos bracos longos (Wq),

mas com um padrdo de acumulo variavel entre as espécies (Artoni et al. 2001).
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Regibes organizadoras de nucléolos evidenciadas pelo nitrato de Prata (Ag-RONS)
foram também identificadas terminalmente em Wq de T. auritus, T. nematurus e T. guentheri
(Artoni & Bertollo, 2002). Adicionalmente, Ag-RONs foram também verificadas na regido
telomérica do cromossomo Z de T. guentheri (Bertollo & Cavallaro, 1992; Artoni & Bertollo,
2002). Experimentos de FISH utilizando sondas de sequéncias ribossomais (DNAr 5S e 18S)
demonstraram que, de fato, sitios 18S estdo presentes em Wq de todas as espécies analisadas
(Artoni & Bertollo, 2002; Diniz et al. 2008a; 2009; Marquioni et al. 2013), assim como
terminalmente no cromossomo Z de T. venezuelensis e T. angulatus (Nirchio et al. 2007;
Marquioni et al. 2013).

Em relacdo aos autossomos, Ag-RONs tém sido usualmente localizadas no braco curto
de um par cromossémico caracteristico, portador de constricdo secundaria no bracgo curto, o que
evidencia uma condicdo de homologia para as espécies de Triportheus (Artoni & Bertollo,
2002). Contudo, cromossomos adicionais também podem ser evidenciados pela coloragdo com
nitrato de Prata, e um numero variado de marcacdes intraespecificas e interespecificas foi
verificado nas espécies estudadas (Bertollo & Cavallaro, 1992; Artoni & Bertollo, 2002;
Nirchio et al. 2007). Analises de “double-FISH” utilizando ambas sequéncias ribossomais,
também evidenciaram um numero variavel de sitios de DNAr 18S entre as espécies e um Unico
par cromossdmico portando de sequéncias de DNAr 5S (Diniz et al. 2009; Marquioni et al.
2013), com excecdo de T. auritus que apresentou 10 cromossomos com sitios 5S (Marquioni et
al. 2013). Adicionalmente, a localizacdo adjacente de sequéncias 18S e 5S sobre um mesmo par
autossdmico também foi observada em algumas espécies, contrastando com o cenario mais
comum entre 0s peixes, onde tais sequéncias geralmente se encontram localizadas em pares

cromossdmicos distintos (Marquioni et al. 2013).
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Em T. auritus foram também mapeadas vérias sequéncias de DNAs repetitivos, com
enfoque na sua distribuicdo no cromossomo W. Além do DNAr 18S, um notével acimulo de
mais oito classes de microssatélites foi observado no cromossomo W em relacdo aos
autossomos. Estes dados reforcaram a participacdo dos DNAs repetitivos no processo evolutivo
dos cromossomos sexuais e indicam que os microssatélites podem desempenhar um papel de
destaque na diferenciagdo do cromossomo sexo-especifico, podendo representar “colonizadores
iniciais” dos cromossomas sexuais (Cioffi et al. 2012c).

Experimentos de pintura cromossomica, utilizando sonda do cromossomo Z de T.
nematurus obtida por microdissec¢do, mostraram a homologia completa entre 0os cromossomos
Z de todas as espécies analisadas, reforcando a natureza conservativa deste cromossomo e a
provavel sinapomorfia do sistema ZW no género. Por outro lado, o cromossomo W apresentou
apenas pequenos sinais de hibridizacdo com a sonda do cromossomo Z, correspondendo a
regiao Wp de T. nematurus (populacdo do rio Piracicaba, SP), T. albus e T. cf. signatus e a
regidao Wq de T. nematurus (populacdo da Argentina) (Diniz et al. 2008b).

Assim, considerando 0s avancos citogenéticos que vém sendo obtidos em diferentes
grupos de organismos com o emprego das modernas metodologias da citogenética molecular, a
presente tese procurou aprofundar a investigacdo dos processos de diferenciagdo do par sexual
em Triportheus, tendo em vista a oportunidade impar que este grupo oferece pelo
compartilhamento de um mesmo sistema de cromossomos sexuais pelas suas diferentes

espécies.
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2. JUSTIFICATIVA E OBJETIVOS

A diversidade dos mecanismos determinantes do sexo entre 0s peixes, juntamente com a
auséncia de cromossomos sexuais morfologicamente diferenciados na maioria das espécies,
tornam este grupo propicio para investigacdes evolutivas. Particularmente, a possibilidade de
caracterizar passos iniciais na diferenciacdo dos cromossomos sexuais diferencia os peixes dos
vertebrados superiores, onde a estabilidade dos sistemas de cromossomos sexuais ja se encontra
fixada na maioria das espécies. Por sua vez, o género Triportheus apresenta um cenario
incomum entre 0s peixes, com a ocorréncia de um sistema de cromossomos sexuais ZZ/ZW
para todas as especies ja investigadas. Enquanto que 0 cromossomo Z permanece
morfologicamente conservado em todas as especies, 0 cromossomo W apresenta tamanho e
forma variavel entre elas, desde quase do mesmo tamanho até claramente muito reduzido em
relacdo ao cromossomo Z. Adicionalmente, ocorre uma estreita relacéo entre a diferenciacdo do
cromossomo W e o acumulo de heterocromatina e, consequentemente, o provavel
envolvimento de diferentes tipos de DNASs repetitivos neste processo.

Este cenario em Triportheus, juntamente com a filogenia ja bem definida para este grupo,
oferece uma oportunidade excelente para a analise dos eventos evolutivos no tocante a
diferenciacdo e evolucdo dos cromossomos sexuais, aspecto este que vem despertando interesse
crescente na biologia evolutiva nos ultimos anos. Neste contexto, 0S recentes avancos
metodoldgicos da citogenética molecular tornam-se promissores para a exploragdo mais ampla
e resolutiva de eventos evolutivos, notadamente direcionados aos cromossomos sexuais. De
fato, experimentos de pintura cromossdémica, CGH e mapeamento de sequéncias de DNA

repetitivo tém possibilitado investigar, de forma eficiente, o processo de diferenciacdo desses
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cromossomos em varios grupos, identificando regides cromossdmicas sexo-especificas bem
como a sua origem compartilhada ou independente entre as espécies.

Assim sendo, este projeto teve como objetivo a investigagdo dos cromossomos sexuais no
modelo Triportheus, utilizando o mapeamento de diferentes sequéncias repetitivas no genoma,
hibridizagdo genémica comparativa, microdissec¢do e pintura cromossdmica total, buscando
avangos no conhecimento da evolucdo e diferenciagdo dos cromossomos sexuais entre 0S

vertebrados inferiores.

Objetivos especificos

A) Investigagéo da origem comum do sistema ZZ/ZW em Triportheus

Esta proposta objetivou confirmar se o sistema ZZ/ZW, compartilhado pelas espécies de
Triportheus, apresenta de fato uma origem comum, pondo assim em evidéncia uma
caracteristica particular entre peixes. Triportheus auritus é a espécie representativa da primeira
linhagem que se diferenciou no género ha 20,7 £+ 6,5 milhdes de anos, sendo, portanto a espécie
mais basal dentre todas as outras espécies irmds em Triportheus, de acordo com filogenia
apresentada por Mariguela et al. (2016). T. auritus se caracteriza por apresentar 0 Cromossomo
W de maior tamanho entre as espécies analisadas. Assim sendo, os cromossomos Z e W desta
espécie foram microdissectados e empregados como sondas em experimento de pintura
cromossdmica entre as diferentes espécies de Triportheus. O padrdo de hibridizacdo obtido foi
utilizado como critério indicador da origem comum ou independente do sistema ZW entre as

espécies.
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B) Investigacdo da conservacdo x diferenciacdo gendmica dos cromossomos Z e W de

Triportheus

O cromossomo Z se apresenta conservado entre as espécies de Triportheus, enquanto
que o cromossomo W diverge entre elas em relagdo ao tamanho, morfologia e distribuicdo da
heterocromatina. Nesta proposta procurou-se investigar a ocorréncia de uma possivel
diferenciagdo gendmica do cromossomo Z, assim como do cromossomo W das diferentes
espécies de Triportheus, no tocante ao acumulo diferencial de elementos repetitivos. Diferentes
classes de DNAs repetitivos, organizados em tandem ou dispersos no genoma, foram mapeadas
por FISH avaliando sua participacdo na diferenciacdo desses cromossomos e suas possiveis
dindmicas de acumulo. Adicionalmente, a pintura cromossdmica total, utilizando sondas
obtidas da microdisseccdo dos cromossomos Z e W, também foi empregada para testar

possiveis diferenciagcdes gendémicas nos cromossomos Z e W das diferentes espécies.

C) Prospeccao de regides sexo-especificas e/ou compartilhadas entre os cromossomos Z e W

de Triportheus

Esta proposta procurou investigar a ocorréncia de regibes cromossémicas Ssexo-
especificas e/ou compartilhadas entre os cromossomos sexuais de Triportheus, procurando
assim por em evidéncia o grau de homologia ainda existente entre eles ao longo do processo
evolutivo. Para tanto, experimentos de hibridizacdo gendmica comparativa (CGH) foram
empregados para uma analise comparativa entre fémeas e machos de T. signatus, elegida para
este fim por se tratar de uma espécie que apresenta o cromossomo W com tamanho bastante

reduzido comparativamente a espécie mais basal do grupo, T. auritus.
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D) Investigacéo do padréo de distribuicdo de familias multigénicas em Triportheus

As familias multigénicas de DNAr 5S e 18S ja foram previamente mapeadas por FISH
em algumas espécies de Triportheus, apresentando um padrdo diferenciado quanto a posigdo
nos autossomos, assim como uma configuragdo sinténica varidvel dependendo da espécie.
Adicionalmente, sequéncias de DNAr 18S também ocorrem no cromossomo W de todas as
espécies analisadas até o momento. Neste estudo, procurou-se avangar no conhecimento da
organizagdo desses genes nos cromossomos e seu dinamismo evolutivo em Triportheus. Para
tanto, espécies ainda ndo estudadas a este respeito foram investigadas, assim como o
mapeamento citogenético de genes da familia RNAsn U2. Tais sequéncias foram mapeadas
pela primeira vez em Triportheus, concomitantemente com os genes DNAr 5S e 18S, em um
unico experimento de hibridizacdo (Three-color-FISH). O emprego do software “ISIS digital
FISH imaging”, foi utilizado para a analise da distribuicdo longitudinal das sequéncias

mapeadas ao longo dos cromossomos.
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3. MATERIAL E METODOS

3.1 Amostragem do material bioldgico

Foram analisados fémeas e machos de Triportheus albus Cope, 1872, T. auritus
(\Valenciennes, 1850), T. guentheri (Garman, 1890), T. nematurus (Kner, 1858), T. pantanensis
Malabarba, 2004, T. aff. rotundatus, T. signatus (Garman, 1890) e T. trifurcatus (Castelnau,
1855) de diferentes bacias hidrogréaficas brasileiras, conforme indicado na Tabela 1 e Figura 1.
As coletas tiveram autorizacdo do 6rgdo ambiental brasileiro (ICMBIO/SISBIO - licenga n°
48628-2). Todas as espécies foram devidamente identificadas e depositadas no Museu de
Peixes, do Laboratério de Biologia e Genética de Peixes da Universidade Estadual Paulista

(UNESP - Botucatu - SP), com os respectivos nimeros de depdsitos listados na Tabela 1.

Tabela 1. Espécies de Triportheus investigadas, com as respectivas bacias hidrograficas onde

foram coletadas, namero dos individuos amostrados e registro de deposito em museu.

Espécies Bacias hidrograficas N Namero de deposito
Triportheus albus Araguaia-Tocantins, MT (04 @ ; 04 &) LBP18620
Triportheus auritus Araguaia-Tocantins, MT (052 ; 04 &) LBP18622
Triportheus guentheri Sé&o Francisco, MG (122;06 ) LBP18628
Triportheus nematurus Paraguai, MT 09 9;07) LBP18624
Triportheus pantanensis Paraguai, MT (01 9;01 ) LBP18623
Triportheus aff. rotundatus Paraguai, MT (199;21 ) LBP18625
Triportheus signatus Tieté, SP (139;24 ) LBP18619
Triportheus trifurcatus Araguaia-Tocantins, MT (04 9 ;11 @) LBP18621

MT = Estado do Mato Grosso; MG = Estado de Minas Gerais e SP = Estado de Sdo Paulo
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I3 Araguaia-Tocantins

T. auritus

T. albus

T. trifurcatus
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__________________

""""""""" i Paraguai

n T. nematurus

kBl Tieté

T. aff. rotundatus
T. signatus

Figura 1. Mapa do Brasil evidenciando a procedéncia dos espécimes de oito espécies de
Triportheus utilizados no presente estudo. (A) Rio Araguaia, MT, Bacia Araguaia-Tocantins
(S15° 53° 46.16” - W52° 15° 20.58”); (B) Lago Inhuma, MG, Bacia Rio S&o Francisco
(S20°12'10,5"- W 45°52'25.07"); (C) Rio Paraguai, MT, Bacio do rio Paraguai T. nematurus e
T. aff. rotundatus (S15°05'45.53" - W 57°11'02.53") / T. pantanensis (S16°04'30.78" - W
57°42'09.63") ; (D) Rio Piracicaba, SP, Bacia do Rio Tieté (S22°37'08.6" - W 48°08'57.1").
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3.2 Preparacdo dos cromossomos mitdticos

Foi adotada a metodologia descrita por Bertollo et al. (2015) para preparagdes
cromossomicas in vivo. Os animais foram previamente colchicinizados (1 ml de solucdo de
colchicina a 0,005% / 100 g de peso do animal), por um periodo de 30 min. A seguir, apos
procedimentos anestésicos, foram extraidos fragmentos do rim anterior. Este material foi
lavado em solucdo hipoténica (KCI 0,075M) e transferido para pequenas cubas de vidro,
contendo cerca de 10 ml desta mesma solugdo. A fragmentacdo do material foi realizada com
uma seringa hipodérmica desprovida de agulha, absorvendo e eliminando vérias vezes o0s
fragmentos dos tecidos renais, facilitando assim a separacdo das celulas e a obtencdo de uma
suspensdo celular homogénea. A suspensdo obtida foi incubada em estufa a 37 °C, durante 20
min, e entdo transferida com auxilio de uma pipeta Pasteur para um tubo de centrifuga,
adicionando-se algumas gotas (10) de fixador, recém-preparado (metanol + acido aceético
glacial 3:1). O material foi entdo bem misturado com uma pipeta Pasteur e centrifugado por 10
min a 500 — 800 rpm, descartando o sobrenadante. Adicionou-se ao sedimento celular 5-7 ml
de fixador, deixando-o escorrer pelas paredes do tubo, novamente misturando bem o material
com uma pipeta Pasteur. Este procedimento de fixacdo foi repetido por mais duas vezes. Apos
a Ultima centrifugacao e eliminacdo do sobrenadante, foi adicionado aproximadamente 1 ml de
fixador ao sedimento celular, misturando-os bem. A suspensdo celular foi entdo guardada em
freezer, acondicionada em tubos Eppendorf de 1,5 ml. Os experimentos para a obtencdo de
material cromossdmico seguiram condutas éticas, de acordo com o Comité de Etica em
Experimentacdo Animal da Universidade Federal de Sdo Carlos (Processo no. CEUA

1853260315).
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3.3 Preparacéo das laminas

Entre 15-20 pl da suspensdo celular foram adicionadas em pingados sobre uma lamina
bem limpa, aquecida ao redor de 60 °C em chapa aquecedora e mantendo a umidade. As
preparacdes foram secadas diretamente ao ar e coradas com Giemsa a 5%, em tampao fosfato
(pH 6,8), durante 5 a 6 min. O excesso de corante foi retirado pela lavagem da lamina com

agua destilada e o material secado ao ar.

3.4 Deteccéo da heterocromatina C-positiva (bandamento C)

A deteccdo da heterocromatina C-positiva seguiu o protocolo descrito por Sumner (1972),
com algumas modificacdes. As preparacdes cromossdmicas foram previamente tratadas com
uma solucdo de écido cloridrico (HCI) 0,2N, a 42 °C, durante 11 min e lavadas com agua
destilada, procedendo-se entdo os seguintes passos: (a) tratamento da preparacdo em uma

solugdo de hidroxido de Bario (Ba(OH),) a 5%, recém preparada e filtrada, a 42 °C, durante 1 a

2 min; (b) submerssdo da lamina em solugdo de acido cloridrico 0,2 N e lavagem com agua
destilada; (c) tratamento da preparacdo em solugdo salina 2 x SSC, a 60 °C, durante 40 min; (d)
lavagem em agua destilada e secagem ao ar. As laminas foram coradas com solugédo de Giemsa

a 2%, em tampdo fosfato pH=6,8 durante 15 min, lavadas em agua corrente e secadas ao ar.
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3.5 Hibridizacao fluorescente in situ (FISH). Obtencéo das sondas.

3.5.1 Familia multigénica de DNAr 18S

Segmentos de DNAr 18S foram obtidos a partir do DNA nuclear de T. nematurus, a
partir de clonagem em vetores plasmidiais e propagacdo em células competentes de
Escherichia coli DH5a (Invitrogen, San Diego, CA, EUA), que ja se encontravam disponiveis
em nosso laboratério. A sonda utilizada corresponde a um segmento de 1.400 pares de bases do
gene DNAr 18S, tendo sido obtida com a utilizagdo dos primers 18Sf (5°-
CCGAGGACCTCACTAAACCA-3’) e 18Sr (5-CC-GCTTTGGTGACTCTTGAT-3"),

conforme Cioffi et al. (2009).

3.5.2 Familias multigénicas de DNAsn U2 e DNAr 5S

O DNA gendmico de T. albus foi extraido a partir do figado, de acordo com o0 método de
fenol-cloroformio (Sambrook & Russel, 2001). A seguir, as sequéncias de DNAr 5S e DNAsn
U2 foram obtidas diretamente por PCR. A sonda da familia multigénica DNAr 5S foi obtida
com os seguintes primers 5Sf (5-TACGCCCGATCTCGTCCGATC-3’) ¢ 5Sr (5°-
CAGGCTGGTATGGCCGTAAGC-3’), conforme descrito por Martins et al. (2006). A sonda
de DNAsnN u2 foi isolada usando 0S primers u2f  (5’-
CAAAGTGTAGTATCTGTTCTTATCAGC-3’) e U2r (3’-CTTAGCCAAAAGGCCGAGA-

5’), de acordo com Cross et al. (2005).
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Ligacéo de fragmentos de DNA a vetores de clonagem

Os produtos de PCR de DNAsn U2 e DNAr 5S foram ligados ao vetor de clonagem
pGEM-T (Promega, Madison, WI, EUA). A reacdo, utilizando este vetor, foi realizada
acrescentando-se a um tubo 3 pl do fragmento de DNA de interesse (produto de PCR
purificado), 5 ul de tampao de ligagdo 2x, 1 pl da enzima T4 ligase (3U), 1 pul do vetor (50
ng/ul) e 3 pl de agua estéril, totalizando um volume de 10 pl. A mistura foi agitada

cuidadosamente e incubada a 4 °C, por cerca de 12 h,

Transformacao de bactérias competentes e identificacdo de colénias recombinantes

Foram colocados 50 pl de bactérias competentes (Escherichia coli DH5a) e 2 pl da reagdo
de ligacdo em tubos estéreis, os quais foram misturados cuidadosamente. Os tubos foram
mantidos no gelo por 20 min, submetidos a um choque térmico a 42 °C, por 45s e transferidos
novamente para o gelo, onde permaneceram por mais 2 min. Em seguida foram adicionados a
cada tubo 950 pl de meio liquido SOC (triptona 2% /NaCl 1M /KCl 0,25M /Mg?* estéril
/glicose 2M /extrato de levedura 0,5%, pH 7,5), a temperatura ambiente e cuidadosamente
misturados. Os tubos foram incubados a 37 °C, por cerca de 1,5 h, sob agitacdo (200 rpm) e
depois centrifugados, por 20 s, a 10.000 rpm. O sobrenadante foi descartado e o produto da
transformacao foi misturado em 200 pl de meio liquido SOC e espalhado em placas de Petri
estéreis, contendo meio solido LB (peptona 1% /NaCl 0,17M /extrato de levedura 0,5% /agar
1,5%, pH 7,5), ampicilina (50 mg/ml/ml de meio LB) ¢ 50 ul de X-Gal (5-bromo-4-cloro-3-
indol-B-D-galatoside, 50 mg/ml). As placas foram incubadas por 16 h em estufa a 37 °C e as
coldnias de coloracdo branca, potencialmente portadoras do inserto de interesse nos plasmidios,

foram selecionadas.
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Mini-preparacbes para a purificacdo de plasmidios recombinantes (Kit NucleoSpin®
Plasmid, Macherey-Nagel)

As bactérias, contendo os plasmidios recombinantes, permaneceram em crescimento
por 16 h em 3 ml de meio de cultura liquido LB (peptona 1% / NaCl 0,17M , extrato de
levedura 0,5%, pH 7,5), acrescido de ampicilina (50mg/ml de meio LB). A seguir foram
transferidas para tubos de 1,5 ml e centrifugadas por 60 s a 13.000 rpm. O sobrenadante foi
descartado e o pellet revolvido em 250 ul de solugdo tampdo. Logo ap6s, foram adicionados
250 pl da solucdo de lise celular e os tubos foram invertidos lentamente por 6 vezes, e mantidos
em temperatura ambiente por 5 min. Foram adicionados 300 pl de solucdo de neutralizacéo,
invertendo-se novamente os tubos por mais seis vezes. O lisado foi centrifugado por 5 min, a
10.000 rpm, e a porcéo liquida obtida foi transferida para uma minicoluna (acoplada a um tubo
de 2 ml), contendo 1 ml de resina de purificacdo. A coluna contendo a porcéo liquida com o
tubo aclopado foi centrifugada por 1 min a 10.000 rpm. O liquido no tubo coletor foi
descartado e a minicoluna foi acoplada novamente ao tubo. Foram adicionados 600 ul do
tampao de lavagem a minicoluna que foi centrifugada por 1 min, a 10.000 rpm. O liquido foi
descartado e a centrifugacdo foi repetida por mais 2 min a 10.000 rpm. A seguir, um novo tubo
foi acoplado a minicoluna, acrescentando-se 50 pl de agua deionizada para eluir o DNA. Apos
1 min de incubacdo em temperatura ambiente, foi realizada mais uma centrifugacdo por 1 min,
a 10.000 rpm, para a recuperacdo do DNA. A minicoluna foi descartada e o tubo com o DNA

purificado foi armazenado em freezer a -20 °C.
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Sequenciamento e andlise das sequéncias de DNA

Os clones obtidos foram sequenciados em um sequenciador ABI 3100 Genetic
Analyzer, usando os primers T7 e SP6, com o kit de reagdo ABI BigDye Terminator 3.1 Cycle
Sequencing (Applied Biosystems, Madrid, Spain). As sequéncias nucleotidicas foram
submetidas ao software Blastn (Altschul et al. 1990) para analise de similaridade em relagdo as
sequencias depositadas nos bancos de dados do National Center for Biotechnology Information

(NCBI) website (http://www.ncbi.nlm.nih.gov/blast). A pesquisa no BlastN do NCBI

identificou similaridade entre as sequéncias DNAr 5S e DNAsn U2 de T. albus com sequéncias

encontradas entre peixes de outras ordens.

3.5.3 Retroelementos Rex

As sondas dos retroelementos Rex1, Rex3 e Rex6 foram obtidas diretamente por PCR,
utilizando os seguintes primers: Rex1f (5’-TTCTCCAGTGCCTTCAACACC-3’) e Rexlr (3’
TCCCTCAGCAGAAAGAGTCTGCTC-5’); Rex6f (5>-TAAAGCATACATGGAGCGCCAC-
3°) e Rex6r (3’°GGTCCTCTACCAGAGGCCTGGG-5"), conforme Volff et al. (2001); Rex3f
(5-AGG CGG TGA YAA GCC GCA CTG) e Rex3r (5-TGG CAG ACN GGG GTG GTG

GT-3"), conforme Volff et al. (1999).

3.5.4 Oligonucleotideos enriquecidos com microsatélites

Os seguintes oligonucleotideos enriquecidos com sequéncias microsatélites foram
utilizados como sondas: d(CA)is, d(CAA)1, d(CAC)1o, d(CAG)10, d(CAT)1, d(CGG)yo,
d(GA)1s, d(GC)15, d(GAG)10, € d(TA)10. Essas sequéncias foram marcadas diretamente com
Cy3 na extremidade 5' durante a sintese, por VBC-Biotech (Viena, Austria), segundo Kubat et

al. (2008), com pequenas modificacdes.
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3.5.5 Microdissecgdo cromossdmica total

Os cromossomos Z e W de T. auritus foram microdissectados e utilizados como sondas
em analises de pintura cromossdmica. Considerando que o cromossomo Z € o maior do
cariétipo em todas as espécies, sua identificacdo é segura para realizar a microdisseccao.
Quanto ao cromossomo W, sua identificacdo nem sempre € possivel sem o bandamento C.
Entretanto, em T. auritus, esse cromossomo pode ser identificado mesmo em preparacoes
convencionais em virtude do seu tamanho, razéo pela qual esta espécie foi escolhida para esta
finalidade. Assim, 15 cOpias do cromossomo Z e 20 cépias do cromossomo W de T. auritus
foram microdissectados a partir de metafases de fémeas, utilizando a metodologia descrita por
Yang et al. (2009), com pequenas modificacdes. Tais procedimentos foram viabilizados por
parceria estabelecida com o laboratério de Molekulare Zytogenetik (Universitatsklinikum Jena

- Alemanha), chefiado pelo Prof. Dr. Thomas Liehr.

Preparacdo das agulhas de das micropipetas

As microagulhas para a raspagem cromossémica foram preparadas em um puller modelo
PB-7 (Narishige, Japdo), utilizando bastdes de vidro de 2 mm (Schott Glas, Mainz, Alemanha),
sendo expostas a luz ultra-violeta, por 30 min, antes de sua utilizacdo. As micropipetas foram
também preparadas no mesmo aparelho, utilizando pipetas Pasteur de 250 mm (Assistent,
Sondheim, Alemanha), as quais foram siliconizadas utilizando dimetildiclorosilano 1% em

tetracloreto de carbono, e incubadas a 100 °C, por 30 min.
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Preparacdo das laminulas e processo de microdissecc¢ao

Trés a quatro gotas das suspensdes cromossomicas foram adicionadas sobre diferentes
regides de uma laminula previamente tratada em solugdo 10 x SDS, e coradas com Giemsa 5%
por 3 min. Posteriormente, a microdissecgdo dos cromossomos Z e W foi realizada utilizando
um microscopio invertido Axiovert 135 (Zeiss, Jena, Alemanha), com a agulha estéril acoplada
a um micromanipulador mecénico (Zeiss, Jena, Alemanha). A agulha foi cuidadosamente
deslocada até uma posicdo um pouco acima do cromossomo alvo, possibilitando que
fragmentos do mesmo fossem progressivamente coletados até sua microdissec¢do completa. Os
fragmentos cromossomicos foram transferidos para uma micropipeta contendo uma solugéo
coletora (10 mM Tris- HCIpH 7,5 10mM NaCl, SDS 0,1%, 1 mM EDTA pH 7,5-
8,0,1% Triton X- 100, 1.44 mg/ml de proteinase K e 30% de glicerol) e inserida em uma

camara Umida a 60 °C por 1 h.

Geracdo de sondas cromossémicas por DOP-PCR

As micropipetas foram quebradas em um tudo do tipo Eppendorf contendo
100 mM de dNTPs, 5 mM de primer DOP GMW (5 -CCGACTCGAGNNNNNNATGTGG-3")
e tampdo de diluicdo Sequenase (24mM Tris HCI, pH 7.5,12mM MgCl,, 30mM NaCl). O
processo de amplificacdo foi realizado em um termociclador (Axygen Therm-1000). Os oito
primeiros ciclos de amplificacdo foram realizados utilizando a DNA polimerase T7 (USB,
Cleveland, EUA), com o seguinte programa: 90 °C/1 min; 25 °C/2 min; 34 °C/2 min. Um passo
inicial de desnaturacédo a 92 °C, por 5 min, foi adicionado a cada ciclo para inativar a atividade
da proteinase K. 0,3U de Sequenase foi adicionada a cada ciclo durante a etapa de
reanelamento. Em seguida, foram adicionados 50 pl de um mix contendo 0.1 U Taq

polymerase, 0.2 mM dNTPs, 20 uM DOP primer, 25 mM MgCl, and 34.23 ul of 4gua para
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PCR, e 33 ciclos de amplificacdo foram realizados com o seguinte programa: 92 °C/1 min; 56

°C/2 min; 72 °C/2 min, seguido por uma etapa de extenséo final de 5 minutos a 72 °C.

3.5.6 Fracéo Cot-1 DNA

DNA enriquecido com sequéncias alta e moderadamente repetitivas - Cot-1DNA - (Zwick
et al. 1997), também foi utilizado como sondas para experimentos de FISH. Para isso, 0 DNA
gendmico de T. auritus foi extraido, utilizando o procedimento de fenol-cloroférmio descrito
por Sambrook & Russel (2001). Uma biblioteca enriquecida com sequéncias repetitivas foi
construida, com base na cinética de renaturacdo de Cot-1DNA. Amostras de DNA (200ul de
100-500ng pl™ de DNA gendmico em 0,3M NaCl) foram autoclavadas por 10 min, a 1,4
atmosferas de pressdo e 120 °C e o DNA fragmentado foi separado por eletroforese, em um gel
a 1%. Os fragmentos de DNA variaram em tamanho de 100 a 1000 pares de bases. Amostras de
50 pl do DNA fragmentado foram desnaturadas a 95 °C, durante 10 min, colocadas em gelo por
10 s e transferidas para um banho de 4gua a 65 °C, para reanelamento do DNA. Apds 1 min, as
amostras foram incubadas a 37 °C, por 8 min, com 1U da enzima S1 nuclease, permitindo a
digestdo das fitas simples de DNA. As amostras foram imediatamente congeladas em

nitrogénio liquido.
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3.6 Hibridizacéo fluorescente in situ (FISH). Marcacéo das sondas.

3.6.1 Sondas de DNAs repetitivos

As sondas de DNAr 18S e 5S foram diretamente marcadas com o kit Nick-Translation
Mix (Roche, Mannheim, Germany), sendo o0 DNAr 18S marcado com Cy5-dUTP (amarelo) ou
com Spectrum Orange (vermelho), conforme o experimento, e 0 DNAr 5S com Spectrum
Green-dUTP (verde) (Vysis, Downers Grove, USA), conforme as instru¢cbes do manual do
fabricante. Para alguns experimentos a sonda de DNAr 18S foi marcada indiretamente com
Digoxigenin-11-dUTP, usando o kit DIG-Nick Translation Mix (Roche, Basel, Suica). As
sondas dos retroelementos Rex foram todas marcadas utilizando o kit DIG-Nick Translation
Mix (Roche, Basel, Suica). A sonda de DNAsn U2 foi marcada via PCR, usando 0s primers e 0
programa de amplificacdo descrito em Cross et al. (2005), incorporando o nucleotideo marcado

Spectrum Orange-dUTP (Vysis, Downers Grove, USA).

3.6.2 Sondas para os experimentos de CGH

Os experimentos de CGH foram realizados em T. signatus, representando uma
espécie portadora de um dos menores cromossomos W entre as espécies de Triportheus. O
DNA total (gDNA) da fémea foi marcada com Digoxigenin-11-dUTP, usando DIG-nick-
translation Mix (Roche, Mannheim, Germany), e 0 gDNA do macho foi marcado com biotin-
16-dUTP usando o BIO-nick-translation Mix (Roche). Para cada sonda, 1 pg de gDNA foi
usado na marcacdo. Para o processo de precipitacdo das sondas, ambos 0s gDNA (macho e
fémea) foram misturados juntamente com 50 pug de esperma de salmdo sonicado (Sigma-
Aldrich) para serem precipitados juntos (mix de hibridizacdo). No final do processo, este mix

apresentou 1 pg de sonda de gDNA do macho + 1 ug de sonda gDNA da fémea + 50 g de
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esperma de salmao sonicado + 10 mg/ml de sulfato de dextrano, 2 x SSC e 50% de formamida,

em um volume final de 20 pl.

3.6.3 Sondas de cromossomos totais

Ambas as sondas dos cromossomos Z e W foram marcadas por PCR. A
sonda do cromossomo Z foi marcada com Spectrum-Orange dUTP (Vysis, Downers Grove,
EUA), e a sonda do W com Spectrum-Green dUTP (Vysis, Downers Grove, USA), em 30
cliclos de DOP-PCR utilizando 1 pL dos produtos iniciais de amplificagdo por DOP-PCR
(Yang et al. 2009). Os ciclos de amplificagdo foram realizados utilizando a AmpliTag DNA
Polymerase (Roche, Basel, Suica), com o seguinte programa: 91 °C/1 min; 56 °C/1 min; 72
°C/2min, com um passo inicial de desnaturacéo a 92 °C por 3 min e uma etapa de extenséo final

de 5 min a 72°C.
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3.7 Hibridizacéo fluorescente in situ (FISH). Preparacédo das laminas, hibridizacdo e

deteccéo do sinal

3.7.1 Three-color-FISH (DNAr 5S, 18S e DNAsn U2) / Microssatélites / Rex

As preparagdes cromossdmicas foram inicialmente desidratadas em uma série de etanol a
70, 85, e 100% por 3 min em cada banho e incubadas com RNAse (10 mg/ml), por 1 hora a 37
°C, em camara umida. Em seguida, apés lavagem em 1 x PBS por 5 min, as laminas foram
tratadas com uma solucdo de pepsina 0.005% em HCI 10 mM por 3 min, a 37 °C. As laminas
foram lavadas novamente em 1 x PBS por 5 min e o material fixado em formaldeido 1% em
temperatura ambiente por 10 min. Apos a lavagem, as ldaminas foram desidratadas com 70%,
85%, e 100% por 3 min. e 0 DNA cromossdmico desnaturado em formamida 70%/ 2 x SSC
por 3 min a 72 °C. Seguiu-se a desidratacdo do material em etanol gelado a 70%, 85% e 100%
em temperatura ambiente por 3 min em cada banho. O mix de hibridizacéo, contendo 100 ng de
cada sonda desnaturada, 10 mg/ml de sulfato de dextrano, 2 x SSC e 50% de formamida, em
um volume final de 20 pl, foi aquecido a 85 °C, por 10 min, e entdo aplicado sobre as laminas,
sendo a hibridizacdo realizada por um periodo de 16-18 h, a 37 °C, em cadmara Uumida. As
lavagens pos-hibridizacdo foram realizadas em 1 x SSC por 5 min a 42 °C, em 4 x SSCT
usando um agitador a temperatura ambiente e em 1 x PBS. Para as sondas marcadas
indiretamente, uma etapa adicional de deteccdo foi realizada. A detec¢do das sondas foi
realizada com anti-digoxigenin-FITC (Roche) ou anti-digoxigenin-rhodamine (Roche) por 1 h.
Depois da detec¢do, as laminas foram lavadas por 3 vezes em 4 x SSCT usando o agitador a
temperatura ambiente por 5 min. Subsequentemente, as laminas foram desidratadas novamente

em etanol (70%, 85%, e 100%), por 3 min em cada banho. Os cromossomos foram contra-
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corados com DAPI (1,2 pg/ml) e foram montados em solugéo antifading (Vector, Burlingame,

CA, EUA).

3.7.2 Three-color-FISH para experimentos de pintura cromossomica total (WCP)

O experimento de pintura cromossdmica total foi realizado de acordo com Yang et al.
(2009) e envolveu o uso de sondas do cromossomo Z e W, bem como a sonda do DNAr 18S,
uma vez que o cromossomo W possui essas sequéncias em todas as espécies analisadas. Os
passos iniciais do processo de FISH como o pré-tratamento das laminas e a desnaturacdo
cromossomica em formamida, foram realizados conforme descritos anteriormente para a
hibridizacdo das sondas de DNAs repetitivos. Adicionalmente, foi usado Cotl-DNA
diretamente isolado de T. auritus (preparado de acordo com Zwick et al. 1997). O Cot1-DNA
foi dissolvido juntamente com o mix de hibridizacdo, contendo 100 ng de cada sonda
desnaturada, 10 mg/ml de sulfato de dextrano e 2 x SSC e 50% de formamida. Este mix foi
transferido para um termociclador com o seguinte programa: 75 °C por 5 min, 4 °C por 2 min e
37 °C por 30 min, e entdo aplicado sobre as laminas e a hibridizacdo foi realizada por um
periodo de 16-18 h, a 37 °C, em camara Umida. As lavagens pos-hibridizacdo foram realizadas
em 1 x SSC por 5 min a 65 °C, e em 4 x SSCT, usando o agitador a temperatura ambiente, e
uma lavagem rapida em 1 x PBS. Em seguida, as ldaminas foram desidratadas novamente (70%,
85% e 100%), por 3 min em cada banho. Os cromossomos foram contra-corados com DAPI

(1,2 pg/ml) e montados em solucdo antifading (Vector, Burlingame, CA, EUA).
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3.7.3 FISH para CGH

Os experimentos de CGH foram conduzidos conforme descrito em Symonova et al.
(2015), com algumas modificaces. As preparacdes cromossomicas foram desidratadas (70%,
85% e 100%), por 3 min em cada banho e mantidas no freezer por um dia. No dia seguinte, as
laminas foram colocadas diretamente em etanol 70% a -20 °C e depois em etanol a 85% e
100%, em temperatura ambiente. As laminas foram lavadas em 2 x SSC por 5 min e
submetidas ao pré-tratamento com RNAse e pepsina, conforme descrito em secdo anterior. O
DNA cromossdmico foi desnaturado em formamida 75%/ 2 x SSC por 3 min a 74 °C. A seguir,
0 material foi desidratado em etanol 70% gelado, e 85 e 100% a temperatura ambiente, por 3
min em cada banho. O mix de hibridiza¢do (contetdo descrito na secdo 3.6.2 - Sondas para
experimentos de CGH) foi desnaturado a 86 °C por 6 min, aplicado sobre as laminas e a
hibridizacdo foi realizada por um periodo de 3 dias, a 37 °C, em camara umida. Depois da
hibridizagéo, as ldaminas foram lavadas uma vez em formamida 50% /2 x SSC a 42 °C for 5
min, por trés vezes em 1 x SSC a 42 °C por 7 min e em 2x SSC por 20 s a temperatura
ambiente. Os sinais de hibridizacdo foram detectados usando uma solu¢do composta por anti-
digoxigenina-FITC (Roche), diluida em albumina sérica bovina 0.5% /PBS, e estreptavidina-
CY3 (Invitrogen Life Technologies, San Diego, Calif., USA) diluida em PBS contendo soro de
cabra normal a 10%. As laminas foram lavadas quatro vezes em 4 x SSCT a 42 °C, por 7 min
em cada lavagem. Os cromossomos foram contra-corados com DAPI (1,2 pg/ml) e as laminas

foram montadas em solu¢édo antifading (Vector, Burlingame, CA, EUA).
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3.8 Anélises cariotipicas

As preparagdes cromossdmicas convencionais foram analisadas em microscopio de
campo claro, estabelecendo-se o numero dipldéide modal para cada espécie. Cerca de 30
metafases foram analisadas para cada uma das metodologias propostas. As melhores
preparacdes foram capturadas com a utilizacdo do software CoolSNAP-pro, Image Pro Plus 4.1
(Media Cybernetic), acoplado ao microscépio Olympus BX50, ou em microscopio Zeiss
Axioplan, utilizando o softaware ISIS digital FISH imaging system (MetaSystems,
Altlussheim, Germany), com os filtros apropriados. Os cromossomos foram classificados de
acordo com Levan et al. (1964) em metacéntricos (m), submetacéntricos (sm), subtelocéntricos
(st) ou acrocéntricos (a), com base na relacéo de bracos (RB) apresentada (m: RB=1,0-1,7; SM:

RB=1,71-3,0; ST: RB=3,01-7,0; A: RB>7,0).
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4. RESULTADOS E DISCUSSAO

Os resultados obtidos no presente estudo e a sua discussdo encontram-se subdividos na
forma de 4 capitulos, os quais correspondem aos artigos cientificos listados abaixo que ja se

encontram publicados, aceitos ou submetidos.

- 1. Yano CF, Poltronieri J, Bertollo LAC, Artoni RF, Liehr T, Cioffi MB (2014)
Chromosomal Mapping of Repetitive DNAs in Triportheus trifurcatus (Characidae,
Characiformes): Insights into the Differentiation of the Z and W Chromosomes. Plos
One 9(3): €90946.

- 2. Yano CF, Bertollo LAC, Liehr T, Troy WP, Coiffi MB (2016) W chromosome
dynamics in Triportheus species (Characiformes, Triportheidae) - an ongoing process
narrated by repetitive sequences. Journal of Heredity 107: 342-348.

- 3. Yano CF, Bertollo LAC, Rebordinos L, Merlo MA, Liehr T, Portela-Bens S, Cioffi
MB. Evolutionary dynamics of rDNAs and U2 snDNAs in Triportheus (Characiformes,
Triportheidae): high variability and particular syntenic organization (Submetido).

- 4. Yano CF, Bertollo LAC, Ezaz T, Trifonov V, Sember A, Liehr T, Cioffi MB. Highly
conserved Z and molecularly diverged W chromosomes in the fish genus Triportheus
(Characiformes, Triportheidae). Heredity DOI: doi:10.5061/dryad.8m201
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Capitulo 1

@romosomal Mapping of Repetitive DNAs in Triportheus
trifurcatus (Characidae, Characiformes): Insights into the

Differentiation of the Z and W Chromosomes
Yano CF, Poltronieri ], Bertollo LAC, Artoni RF, Liehr T, Cioffi MB
Plos One 9(3): €90946 (2014)

-

Abstract

Repetitive DNA sequences play an important role in the structural and functional
organization of chromosomes, especially in sex chromosome differentiation. The genus
Triportheus represents an interesting model for such studies because all of its species
analyzed so far contain a ZZ/ZW sex chromosome system. A close relationship has been
found between the differentiation of the W chromosome and heterochromatinization, with the
involvement of different types of repetitive DNA in this process. This study investigated
several aspects of this association in the W chromosome of Triportheus trifurcatus (2n = 52
chromosomes), including the cytogenetic mapping of repetitive DNAs such as telomeric
sequences (TTAGGG)n, microsatellites and retrotransposons. A remarkable heterochromatic
segment on the W chromosome was observed with a preferential accumulation of (CAC)1y,
(CAG)19, (CGG)1g, (GAA)1p and (TA)is. The retrotransposons Rex1 and Rex3 showed a
general distribution pattern in the chromosomes, and Rex6 showed a different distribution on
the W chromosome. The telomeric repeat (TTAGGG)n was highly evident in both telomeres
of all chromosomes without the occurrence of ITS. Thus, the differentiation of the W
chromosome of T. trifurcatus is clearly associated with the formation of heterochromatin and
different types of repetitive DNA, suggesting that these elements had a prominent role in this
evolutionary process.

Keywords: FISH, microsatellites, sex chromosome evolution, transposable elements, ZW

system.
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Introduction

Fishes show huge chromosome diversity with interspecific variation in diploid numbers,
the presence or absence of sex and supernumerary chromosomes and other polymorphic
conditions (Oliveira et al. 2009). However, most fish species do not show differentiated sex
chromosomes. In fact, approximately only 10% of studied species present heteromorphic sex
chromosomes, with the female heterogamety representing the most common case (Devlin &
Nagahama, 2002). Included in this group is the Neotropical genus Triportheus. This genus is
widely distributed in South America and can be found from Colombia to Uruguay. Sixteen
species have been described for this group (Malabarba, 2004); thus far, all show a conserved
karyotype with 2n=52 and are composed of meta- submetacentric chromosomes together with
a well-differentiated ZZ/ZW sex chromosome system (Falcdo, 1988; Bertollo & Cavallaro,
1992; Sanchez & Jorge, 1999; Artoni et al. 2001; Artoni & Bertollo, 2002; Nirchio et al. 2007;
Diniz et al. 2008a; 2008b).

High heterochromatin formation is clearly associated with W chromosome
differentiation in Triportheus, similar to the majority of the ZW sex systems reported to date
for fishes (reviewed in Cioffi et al. 2011a). Among the different Triportheus species, the Z
chromosome is conserved, but the W chromosome differs in size (from similar to the Z
chromosome to much smaller) and in the amount and distribution of C-positive
heterochromatin (Artoni et al. 2001; Diniz et al. 2008a). Therefore, the evolutionary dynamics
of sex chromosomes in Triportheus appear to be similar to those of higher vertebrates,
considering that several DNA repeats accumulate in the sex-specific chromosome, which
results in its heterochromatinization. In some groups, however, the sex-specific W chromosome

can also be larger than the Z chromosome as a result of a huge heterochromatin amplification.
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Such amplification has been observed in some lizard (Ezaz et al. 2009) and fish species,
remarkably including those from the Leporinus genus and the Parodontidae family reviewed
in (Cioffi et al. 2011a).

The close relationship between heterochromatin formation and sex chromosome
differentiation is widely known. In fact, during sex chromosome evolution, selection favors the
restriction of sex-determining loci to a chromosome of the sex pair through recombination
suppression (Ohno, 1967). With the absence of recombination, repetitive sequences are
amplified in the non-recombinant region, resulting in the heterochromatinization of the sex-
specific chromosome, perhaps as a cellular defense against this amplification (Charlesworth et
al. 1994). The heterochromatin of sex chromosomes has a complex composition that mainly
contains in tandem repetitive sequences and interspersed elements, most of which are
retrotransposons (Lippman et al. 2004). Thus, repetitive DNA sequences play an important role
in the structural and functional organization of heterochromatin and are key elements for the
understanding of sex chromosome differentiation in many vertebrate species (Schueler et al.
2001; Biemont & Vieira, 2006).

As in other vertebrates, the heterochromatin of the fish sex chromosomes is also
enriched with repetitive DNA sequences, as shown by the isolation and mapping of several sex-
specific repetitive DNAs in this group. Such data have proven to be important tools for
clarifying the dynamic processes involved in sex chromosome differentiation and for
understanding genome evolution in eukaryotes (reviewed in Cioffi & Bertollo, 2012).
Therefore, in this study, we mapped 12 repetitive DNA sequences in the speciesT.
trifurcatus to analyze the degree of repetitive DNA accumulation on the differentiated ZW

chromosomes and their association with the evolution of this sex system. The results show that
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1  the differentiation of the W chromosome is clearly associated with the formation of

2 heterochromatin and different types of repetitive DNA, suggesting that these elements had a

3 prominent role in this evolutionary process.

54



10

11

12

13

14

15

16

17

18

19

20

21

22

© Cassia Fernanda Yano, Tese de Doutorado - 2016

Materials and Methods

Material Collection and Classical Analysis

Seventeen individuals of Triportheus trifurcatus (nine males and eight females) from
the Araguaia River (Brazil) were analyzed. The specimens were caught using a hand-net, and
after capture, the animals were placed in sealed plastic bags containing oxygen and clean water
and transported to the research station. The experiments followed ethical protocols, and
anesthesia with clove oil was administered prior to sacrificing the animals to minimize
suffering. The process was approved by the FAPESP committee under no. 2012/01778-2, and
the collecting permit was obtained from SISBIO under no. 10538-1. Mitotic chromosomes
were obtained from the anterior portion of the kidney, according to Bertollo et al. (1978). In
addition to the standard Giemsa staining, the C-banding method (Sumner, 1972) was employed

to detect C-positive heterochromatin.

Probe Preparation

Oligonucleotide probes containing microsatellite sequences (CA)1s, (CAA)1o, (CAC);y,
(CAG)10, (CAT)10, (CGG)10, (GA)15, (GAA)pand (TA)1s were directly labeled with Cy5
during synthesis by Sigma (St. Louis, MO, USA), as described by Kubat et al. (2008). The
retrotransposable elements Rexl, 3 and 6 were obtained by polymerase chain reaction
(PCR) (Volff et al. 1999). The 18S rDNA probe, corresponding to a 1,400-bp segment of the
18S rRNA gene, was obtained via PCR from the nuclear DNA according to Cioffi et al. (2009).
All probes were labeled with DIG-11-dUTP using DIG-Nick-translation Mix (Roche,
Mannheim, Germany) and were used for the fluorescence in situ hybridization (FISH)

experiments.
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Fluorescence in situ Hybridization and Signal Detection

FISH was conducted as follows: slides with fixed chromosomes were maintained at 37
°C for 1 hour and were then incubated with RNAse A (10 mg/ml) for 1 hour at 37 °C in a moist
chamber. The slides were then washed with PBS for 5 minutes, and 0.005% pepsin was applied
for 10 minutes at room temperature. The slides were then washed again with PBS, and the
material was fixed with 1% formaldehyde at room temperature for 10 minutes. After further
washing, the slides were dehydrated for 2 minutes each in sequential baths of 70%, 85% and
100% ethanol. The chromosomal DNA was denatured in 70% formamide/2xSSC for 3 minutes
at 72 °C. The slides were dehydrated again in a cold ethanol series (70%, 85% and 100%) for 5
minutes each. The hybridization mixture, containing 100 ng denatured probe, 10 mg/ml dextran
sulfate, 2 x SSC and 50% formamide in a final volume of 30 ul, was heated to 95 °C for 10
minutes and then applied to the slides. Hybridization was performed for a period of 16-18
hours at 37 °C in a moist chamber. After hybridization, the slides were washed for 5 minutes
with 2 x SSC and then rinsed quickly in PBS. Signal detection was performed using anti-
digoxigenin-FITC (Roche) for the 18S rDNA probe and anti-digoxigenin rhodamine (Roche)
for the Rex1, Rex3 and Rex6 probes. Telomeric (TTAGGG), repeats were detected using a
FITC-labeled PNA probe (DAKO, Telomere PNA FISH Kit/FITC, Cat. No. K5325) according
to the manufacturer’s recommendations. Subsequently, the slides were dehydrated again in an
ethanol series (70%, 85% and 100%) for 2 minutes each. After the slides were completely dry,

the chromosomes were counterstained with DAPI/Antifading (1.2 mg/ml, Vector Laboratories).
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Microscopy Analyses

Approximately 30 metaphase spreads were analyzed to confirm the diploid
chromosome number, karyotype structure and FISH results. Images were captured on an
Olympus BX50 microscope (Olympus Corporation, Ishikawa, Japan) using CoolSNAP and the
Image Pro Plus 4.1 software (Media Cybernetics, Silver Spring, MD, USA). The chromosomes
were classified as metacentric or submetacentric according to their arm ratios (Levan et al.

1964).
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Results

Triportheus trifurcatus showed 2n=52 chromosomes in both male and female specimens,
with the karyotype basically composed of meta/submetacentric chromosomes and a
heteromorphic ZZ/ZW sex chromosome system. The Z chromosome is metacentric and the
largest of the karyotype, while the W chromosome is submetacentric with a significant
reduction in size (Figure 1). C-positive heterochromatin (C-bands) was observed in the
centromeric region of most chromosomes. The Z chromosome also shows additional
heterochromatic regions in both telomeres, while the W is almost entirely heterochromatic,

except for its small short arm (Figure 1).

Chromosomal Mapping of Repetitive Elements

The chromosomal mapping of microsatellite sequences generally showed the same
distribution pattern between the autosomes of males and females (Figures 2 and 3). Most
microsatellites were restricted to the telomeric regions, although some presented a more
dispersed pattern in both the autosomes and the sex chromosomes. However, the W
chromosome differed from the autosomes and the Z chromosome by a large accumulation of
four microsatellites. Of these, (CAC)10, (CAG)10, and (TA)1s presented strong signals in the
centromeric/pericentromeric region, while the microsatellite (CGG)o accumulated across
almost its entire length (Figure 2). The Z and the W chromosomes showed a strong and
dispersed differential accumulation of the microsatellite (GAA)1o (Figures 2 and and 3). The
microsatellites (CAA)1s, (CAT)10and (GA)1s showed similar hybridization patterns between
autosomes and sex chromosomes. Conversely, the microsatellite (CA)is showed interstitial

signals in the long arm of the W chromosome, which is different from that observed in the
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autosomes and Z chromosome, where its accumulation was restricted to telomeric
heterochromatin (Figures 2 and and 3).

The retrotransposons Rex1, Rex3 and Rex6 showed a dispersed distribution on most
chromosomes of the complement (including the Z chromosome) and a distribution in small
clusters in the telomeric regions of other chromosomes. However, while Rex 3 was widely
distributed throughout the whole W chromosome (with more intense accumulation in the
telomeric region of the long arms), Rex1 and 6 preferentially accumulated in the long and short
arms of the W chromosome, respectively. The mapping of the telomeric repeats (TTAGGG)n
showed signals in both telomeres of all chromosomes (Figures 4 and5). Notably, a
conspicuous 18S rDNA cistron occurs on the W chromosome, occupying a large extent of its
long arm (Figure 5). As a result, in all FISH experiments, the 18S rDNA probe was

simultaneously applied to correctly identify the W chromosome (data not shown).

59



10

11

12

13

14

15

16

17

18

19

20

21

22

23

© Cassia Fernanda Yano, Tese de Doutorado - 2016

Discussion

One of the steps for sex chromosomes evolution is the accumulation of repetitive DNAS
that is accompanied by a heterochromatinization process. The accumulation of repetitive
elements on the sex chromosomes is favored by the absence or low frequency of
recombination, which is caused by the structural and/or DNA changes that occur during the sex
chromosome’s differentiation process (Charlesworth et al. 2005). Despite this general rule,
consensus indicates that not all events involved in the differentiation of the Y chromosome are
necessarily valid for W chromosome differentiation (Ezaz et al. 2009; Cioffi et al. 2011a). In
fact, sex chromosome evolutionary mechanisms occurred independently among lineages,
including plants, insects, fishes, birds and mammals (Vallender & Lahn, 2004). Among fishes,
this scenario is evident because the W chromosome presents different morphologies and sizes
and, in some cases, is larger than the Z chromosome (Feldberg et al. 1987; Venere et al. 2004,
Silva et al. 2009; Bellafronte et al. 2012).

The heterochromatinization of the W chromosome that occurs in T. trifurcatus is also
observed in other species of this genus, but with distinct distribution patterns. In contrast, the Z
chromosomes of all species show the conserved feature of heterochromatin that is present only
in both telomeric regions (Artoni et al. 2001; Diniz et al. 2008b). Moreover, the occurrence of a
conspicuous 18S rDNA cistron on the W chromosome may correspond to a shared condition
in Triportheus because all of the species analyzed to date showed this characteristic (Artoni &
Bertollo, 2002; Marquioni et al. 2013), with the exception of T. venezuelensis (Nirchio et al.
2007). Certainly, the increase in heterochromatin has driven the differentiation of the W
chromosome, as also occurs in other ZW systems in fishes such as Thoracocharax,

Parodon, Leporinus and Apareiodon (Cioffi et al. 2011a). Additionally, the absence of
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interstitial (TTAGGG)n signals demonstrates that the origin of the sex system in this species
did not involve rearrangements such as fusions and fissions, which is different from the
scenario found in the formation of multiple sex chromosomes reviewed in Cioffi et al.
(2012a) (Figure 4).

In addition to studies related to genes linked to the sex chromosomes, other research has
been conducted on the mapping of repetitive DNA sequences. These approaches verifed
through differential accumulation that these sequences have a prominent role in the evolution
of sex-specific chromosomes (Volff et al. 1999; Cioffi et al. 2012a). Modern cytogenetic
techniques that are more sensitive than C-banding have enabled the characterization of sex
chromosomes across a wider range of species (Ezaz et al. 2009). The FISH technique clearly
demonstrated that some microsatellites accumulated preferentially in the heterochromatic
region of the W chromosome, highlighting their probable role in the differentiation of these
chromosomes (Figures 2 and 5). This same feature was observed in other Triportheus species,
such as T. auritus, where a large accumulation of several microsatellites was found on the W
chromosome (Cioffi et al. 2012c). InT. auritus, only the (C)so microsatellite accumulated
equally in both the W chromosome and the autosomes, while eight other microsatellites showed
a large accumulation in the W chromosome, particularly in the heterochromatic regions, but not
in other chromosomes. Concerning the Z chromosome, the distribution of the microsatellite
repeats was similar to that found in the autosomes, thus reinforcing the hypothesis that the
differential microsatellite accumulation between the Z and W was an essential step for the
differentiation of the sex pair in Triportheus species.

In other fish species, microsatellites also preferentially accumulated in the

heteromorphic sex chromosomes. In fact, several microsatellites showed preferential
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accumulation  in  the  heterochromatic  region of the W  chromosome
in Leporinus species (Poltronieri et al. 2014). Similarly, the same pattern observed for the
microsatellite (GAA)o in T. trifurcatus was observed in the wolf fish H. malabaricus, with a
similar accumulation in both the X and Y chromosomes (Cioffi et al. 2011c). Thus, it is clear
that the accumulation of microsatellites plays an important role in sex chromosome
differentiation. However, microsatellites can present identical or different distribution patterns
on the sex chromosomes of different species. For example, while microsatellites accumulate
preferentially in the sex-specific chromosome in some species, in others, they have a
widespread distribution among all karyotypes (Kubat et al. 2008; Cioffi et al. 2011c; Pokorna et
al. 2011). Indeed, microsatellites are dynamic components of the genome and are formed by
distinct molecular processes such as DNA replication slippage or the insertion or deletion of
one or more repeats that can also drive their genomic accumulation and distribution (Levinson
& Gutman, 1987; Ellegren, 2000).

Transposable elements have the ability to copy or transpose themselves into non-
homologous regions of a genome. These sequences can also show different evolutionary
dynamics that result in small to large genomic fractions (Schueler et al. 2001). Among many
retrotransposons, the Rex family has been widely analyzed in different fish species because its
family members are abundant, and their distribution varies from a scattered pattern to
preferential accumulation in certain regions of the chromosomes (reviewed in Cioffi &
Bertollo, 2012). Our present data show that the distinct Rex elements accumulated in different
ways in the W and in the other chromosomes of T. trifurcatus (Figure 4). Interestingly, instead
of presenting the typical pattern of microsatellites, i.e., accumulation in the W

chromosome, Rex6 sequences were restricted to a few clusters in the W chromosome. As for
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the Rex1 and Rex3 elements, no differential accumulation between the W and the other
chromosomes was observed, suggesting that, at least for this TE family, their evolutionary
dynamics may be more diverse than previously assumed.

The analysis of the genomic composition of several microsatellites and retrotransposons
in the fish T. trifurcatus helps us better understand the correlation of repetitive DNAs with the
differentiation of the ZW sex pair. A strict correlation has clearly been shown between the
differentiation of the sex-specific W chromosome and the accumulation of several DNA

repeats, resulting in the heterochromatinization of this chromosome.
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Figure 1. Karyotypes of Triportheus trifurcatus female arranged from Giemsa-stained (above)
and C-banded chromosomes (below). The ZW sex chromosomes are boxed. Note the
conspicuous C-positive heterochromatin accumulated on the W chromosome. Bar=5 pm.
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Figure 2. Mitotic metaphase chromosomes of Triportheus trifurcatus female hybridized with
different labeled microsatellite-containing oligonucleotides. Chromosomes were counterstained
with DAPI (blue) and microsatellite probes were directly labeled with Cy3 during synthesis
(red signals). Letters mark the Z and W chromosomes. Bar=5 pum.
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Figure 3. Mitotic metaphase chromosomes of Triportheus trifurcatus male hybridized with
different labeled microsatellite-containing oligonucleotides. Chromosomes were counterstained
with DAPI (blue) and microsatellite probes were directly labeled with Cy3 during synthesis
(red signals). Letters mark the Z chromosomes. Bar=5 um.
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Rex 1 Rex 3 Rex 6 (TTAGGG)n

Figure 4. Metaphase plates of Triportheus trifurcatus probed with Rex1, Rex3, Rex6, and telomeric
(TTAGGG), sequences.These sequences show the general distribution pattern of these repeats on the chromosomes.
Letters mark the Z and W chromosomes. Bar=5 pm.
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Figure 5. C-banding and the repetitive DNA distribution between the Z and W chromosomes
2 of Triportheus trifurcatus. Note the preferential accumulation of heterochromatin and some
3 repeats on the W chromosomes.
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Capitulo 2

-~

(Characiformes, Triportheidae) - an ongoing process

W chromosome dynamics in Triportheus species

narrated by repetitive sequences

Yano CF, Bertollo LAC, Liehr T, Troy WP, Cioffi MB
\ Journal of Heredity 107:342-348 (2016)

Abstract

Characterizing the abundance and genomic distribution of repetitive DNAs provides
information on genome evolution, especially regarding the origin and differentiation of sex
chromosomes. Triportheus fishes offer a useful model to explore the evolution of sex
chromosomes, since they represent a monophyletic group in which all species share a ZZ/ZW
sex chromosome system. In this study, we analyzed the distribution of 13 classes of repetitive
DNA sequences by FISH, including microsatellites, rDNAs and transposable elements in six
Triportheus species, in order to investigate the fate of the sex specific chromosome among
them. The current findings show the dynamic differentiation process of the W chromosome
concerning changes in the repetitive DNA fraction of the heterochromatin. The differential
accumulation of the same class of repeats on this chromosome, in both nearby and distant
species, reflects the inherent dynamism of the microsatellites, as well as the plasticity that
shapes the evolutionary history of the sex chromosomes, even among close related species
sharing a same sex chromosome system.

Keywords: FISH, microsatellites, retrotransposons, sex chromosomes differentiation.
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Introduction

Sex chromosomes and their differentiation are valuable tools for evolutionary genetics.
Well-differentiated sex chromosomes, comprising male and female heterogamety, are found in
mammals and birds, respectively, contrasting with the wide range of sex chromosome systems
found in fishes, lizards, plants and insects (Graves, 2008). Indeed, fishes display a broad
scenario, which includes undifferentiated, early or highly differentiated sex chromosomes,
simple and multiple sex chromosome systems and male or female heterogamety (Thorgaard,
1983; Bertollo et al. 2000; Artoni et al. 2001; Phillips & Rab, 2001; Silva et al. 2009; Cioffi et
al. 2011a; 2011c).

Sex chromosomes are thought to evolve from an ancestral autosomal pair, in which
structural and/or DNA changes occur in the sex specific chromosome. As a general rule, partial
or complete suppression of recombination in the sex pair is required as an essential step in this
process (Kobayashi et al. 2013). With the absence of recombination, heterochromatin and
repetitive sequences can be amplified, playing an important role in the differentiation of the sex
specific chromosome (Charlesworth et al. 2005).

Relevant evolutionary information has been provided by repetitive DNA analyzes when
focusing the origin and differentiation of sex chromosomes (Itoh et al. 2008; Cioffi et al.
2011c; Kejnovsky et al. 2013). This DNA fraction is composed of satellite-, minisatellite- and
microsatellite-DNA organized in tandem and dispersed repeats, which include transposable
elements (TEs) (Jurka et al. 2007; Lépez-Flores & Garrido-Ramos, 2012). Microsatellites are
dynamic components of prokaryotic and eukaryotic genomes, mainly composed of mono-, di-,
tri- and tetranucleotide repeats (Ellegren, 2004). On the other hand, TEs have approximately

20-30 kb in size and are inserted randomly into the DNA (Jurka et al. 2007).
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Fishes from the Triportheus genus (Characiformes, Triportheidae) offer a useful model
to analyze sex chromosomes evolution, since they represent a particular group in which all
analyzed species share a ZZ/ZW sex chromosome system (Artoni et al. 2001). The basal origin
of this system is reinforced by the interspecific homology of the Z chromosome within the
genus, as evidenced by whole chromosome painting in five Triportheus species using the Z
chromosome of T. nematurus as a probe (Diniz et al. 2008b). In all Triportheus species, the W
chromosome is always smaller than the Z one, almost entirely heterochromatic (Artoni et al.
2001) and carrying 18S rDNA sites on their long arms (Marquioni et al. 2013), although
differing in sizes and amounts of heterochromatin (Artoni et al. 2001; Cioffi et al. 2012c; Yano
et al. 2014a).

In this study, we analyzed the distribution of 13 classes of repetitive DNA sequences,
including microsatellites, rDNAs and TEs in the sex chromosomes of six Triportheus species,
some of them now analyzed for the first time. The differential distribution of repetitive
elements on the W chromosomes indicated that it has differentiated from the Z in a different
fashion in each species, highlighting the ongoing dynamic differentiation process of this sex

specific chromosome.
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Material and Methods

Material collection and conventional chromosome analysis

Females and males of Triportheus albus, T. guentheri, T. nematurus, T. pantanensis, T.
aff. rotundatus and T. signatus from different Brazilian river basins were analyzed. The
samples were collected with the authorization of the Brazilian environmental agency
ICMBIO/SISBIO (License number 48628-2). All species were properly identified by
morphological criteria and deposited in the fish museum of the Laboratory of Biology and
Genetic of Fishes of the Universidade Estadual Paulista (UNESP — Botucatu — SP), with the
respective deposit numbers (Table 1). The experiments followed ethical conducts, in
accordance with the Ethics Committee on Animal Experimentation of the Universidade Federal
de S&o Carlos (Process number CEUA 1853260315). Mitotic chromosomes were obtained from
cells of the anterior portion of the kidney, according to Bertollo et al. (2015). In addition to
standard Giemsa staining, C-banding method was also applied to detect C-positive

heterochromatin (Sumner, 1972).

Probe preparation

Oligonucleotide probes containing microsatellite sequences (CA)1s, (GA)1s, (GC)is,
(TA)15, (CAA)10, (CAC)10, (CAG)10, (CAT)10, (CGG)10and (GAA)1o Were directly labeled with
Cy5 during synthesis (Sigma, St. Louis, MO, USA), as described by Kubat et al. (2008). The
retrotransposable elements Rex1 and Rex6 were obtained by PCR according to Volff et al.
(1999). The 18S rDNA probe, corresponding to a 1,400-bp segment of the 18S rRNA gene,
was obtained via PCR from the nuclear DNA of T. nematurus, according to Cioffi et al. (2009).

All these probes were labeled with Digoxigenin, DIG-11-dUTP (2'-Deoxyuridine-5'-
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Triphosphate) using DIG-Nick-translation Mix (Roche) and used for the fluorescence in situ

hybridization (FISH) experiments.

Fluorescence in situ hybridization and signal detection

For FISH method, the slides with the fixed chromosomes were first incubated at 37 °C
for 1 hour. Subsequently, they were treated with RNAse (10 mg/ml) for 1 hour at 37 °C in a
moist chamber. Next a 5-minute wash using 1xPBS was performed followed by adding of
0.005% pepsin solution to the slides for 10 minutes at room temperature (RT). The slides were
then washed again with 1 x PBS. As final step of pretreatment the material was fixed with 1%
formaldehyde at RT for 10 minutes. After further washing, the slides were dehydrated with
70%, 85% and 100% ethanol, 2 minutes each. Afterwards, chromosomal DNA was denatured
in 70% formamide/2xSSC for 3 minutes at 72 °C. The slides were dehydrated again in a cold
ethanol series (70%, 85% and 100%), 5 minutes each. The hybridization mixture, containing
100 ng of denatured probe, 10 mg/ml dextran sulfate, 2 x SSC and 50% formamide (final
volume of 30 ul), were heated to 95 °C for 10 minutes and then applied on the slides.
Hybridization was performed for a period of 16-18 hours at 37 °C in a moist chamber. After
hybridization, the slides were washed for 5 minutes with 2xSSC and then rinsed quickly in
1xPBS. The detection was performed using anti-digoxigenin-FITC (Roche) for the Rex1 probe
and anti-digoxigenin-rhodamine (Roche) for the Rex6 probe. The signal for the 18S rDNA
probe was detected using anti-digoxigenin-FITC (Roche) for simultaneous use with Rex6 probe
or anti-digoxigenin-rhodamine (Roche) for simultaneous use with Rex1l probe. After the
detection, the slides were washed for 5 minutes in 4xSSCT using a shaker at RT, for 3 times.

Subsequently, the slides were dehydrated again in an ethanol series (70%, 85% and 100%), 2
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minutes each. After the complete drying of the slides, the chromosomes were counterstained

with DAPI (4',6-diamidino-2-phenylindole)/antifade (1.2 mg/ml, Vector Laboratories).

Microscopy analyses

At least 30 metaphase spreads were analyzed to confirm the diploid chromosome
numbers, karyotype structure and FISH results. Images were captured by the CooISNAP
system software, Image Pro Plus, 4.1 (Media Cybernetics, Silver Spring, MD, USA), coupled
to an Olympus BX50 microscope (Olympus Corporation, Ishikawa, Japan). The chromosomes
were classified as metacentric (m), submetacentric (sm) or subtelocentric (st) according to their

arm ratios (Levan et al. 1964).
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Results

Karyotyping and C-banding of T. pantanensis and T. aff. rotundatus

Triportheus pantanensis and T. aff. rotundatus were cytogenetically analyzed for the
first time in the present study. They have identical karyotype features to the other Triportheus
species, i.e., 2n = 52 in males and females, composed mainly by m/sm and some st
chromosomes, with a clear heteromorphic ZZ/ZW sex chromosome system. The Z
chromosome is m and the largest one of the karyotype, while the W is sm and smaller than Z
(Figure 1). The C-positive heterochromatin has a predominant localization on the centromeric
region of majority of chromosome pairs. The Z chromosome also has additional
heterochromatin in both telomeric regions, while the W chromosome is almost entirely
heterochromatic, except for its short arms (Figures 1,3). These general patterns of Z and W

chromosomes are also shared by the other Triportheus species until now analyzed.

Chromosomal mapping of repetitive elements

Several microsatellites showed preferential accumulation on the W chromosome.
Indeed, this chromosome presents a remarkable accumulation of the (CA), and (GA),
microsatellites in all species (Figure 2). In a particular way, differential signals on the W
chromosome was showed by (CAC), and (CG), microsatellites in T. albus and (CAT), in T.
nematurus, while (CAG), and (GAA), showed large accumulation in T. signatus (Figure 2). In
relation to the Z chromosome, only (GAA), repeats had a differential accumulation in T. albus,
T. aff. rotundatus and T. signatus.

Concerning autosomal pairs, the (CA), and (GA), microsatellites showed a general

accumulation in the terminal position of all chromosomes of the six species. In addition, a
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compartmentalized accumulation of (CAT), was found on four chromosomal pairs of T.
guentheri. The remaining microsatellites had a well-dispersed pattern or very small signals in
the terminal region of some specific chromosomes (Supplementary Figure T1-T6).

The retrotransposons Rex1 and Rex6 did not show preferential accumulation on the W
chromosome (Figure 3). In all species, scattered signals of both TEs were observed throughout
the length of all chromosomes, in addition to small Rex6 terminal clusters in some other ones
(Supplementary Figure T7).

18S rDNA cistrons also occur on the long arms of the W chromosome in all Triportheus
species (Figure 3). The mapping of this rDNA was simultaneously applied in all FISH

experiments in order to properly identify this chromosome.
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Discussion
Distribution of repetitive DNAs in the sex chromosomes

The importance of using microsatellites investigations to analyze sex chromosome
differentiation has been emphasized in several groups of plants and animals (Schlétterer, 2000;
Pokorna et al. 2011; Yano et al. 2014b; MacDonald et al. 2014). The intrinsic ability of
microsatellites for expansion in the non-recombining chromosome regions has been supported
in some species, such as the plant belonging to the order Caryophyllales, Rumex acetosa, where
the accumulation of (CA), and (CAA), repeats in the young Y chromosome was associated
with its differentiation process (Kejnovsky et al. 2013). Although not yet completely
enlightened, the DNA slippage, or the misalignment of repetitive DNASs, has been usually
linked with the initial microsatellite expansion (Kejnovsky et al. 2013). Such slippage errors
may be corrected during recombination, but if recombination is suppressed, this provides the
opportunity for further expansion of larger arrays of microsatellites (Charlesworth et al. 1994;
Kejnovsky et al. 2013). Thus, it is possible that microsatellite accumulation represents one of
the factors acting on the differentiation process of the sex-specific chromosome.

In Triportheus species, a pronounced expansion of (CA), and (GA), repeats generally
occurs in both sex chromosomes. In addition, a large accumulation of some specific
microsatellites is also found in the W chromosome, as (CAC), and (CG), in T. albus, (CAG),
and (GAA), in T. signatus and (CAT), in T. nematurus, indicating that the differentiation of
this chromosome is clearly associated with microsatellites accumulation (Figure 2). Similarly,
the Z chromosome of T. albus, T. aff. rotundatus and T. signatus, shares a differential

accumulation of (GAA), repeats, as also previously found in T. trifurcatus (YYano et al. 2014a).
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Dinucleotides are the most frequent short repeats and, among them, (CA), microsatellite
prevails in all vertebrates and arthropods (Téth et al. 2000), followed by (GA), and (TA),
(Ellegren, 2004). The larger distribution of dinucleotides than other repeats is probably due to
their higher instability, allowing more slippage mechanisms (Katti et al. 2001). This particular
condition is probably associated with the strong (CA), and (GA), signals on the W
chromosome of Triportheus species. However, although microsatellite density is influenced by
base composition, species-specific molecular features, such as enzymes related to replication or
DNA repair, or even the proper euchromatin/ heterochromatin chromosomal organization can,
altogether, influence the density of microsatellites in the genome (Bachtrog et al. 1999; Toth et
al. 2000; Katti et al. 2001).

Transposable elements also play an important role in the evolutionary processes of the
sex chromosomes (Ferreira et al. 2011). Rex are among the most investigated TEs in fishes due
to their wide distribution in the genome, allowing a comparative analysis among different
species (Splendore de Borba et al. 2013). Although in some cases Rex retrotransposons have
been mapped in the heterochromatic regions, they show a dispersed distribution throughout the
whole genome in approximately 60% of the fish families (reviewed in Ferreira et al. 2011), as
also observed for Rex1 and Rex6 sequences in all Triportheus species yet analyzed. However,
no differential accumulation of Rex transposons was observed on the W chromosomes of
Triportheus, contrasting with Leporinus genus, where Rexl was accumulated on the W
chromosome in L. obtusidens, and L. macrocephalus and on the W; chromosome of L.
elongatus (Splendore de Borba et al. 2013). Although microsatellites are usually associated
with TEs (Kejnovsky et al. 2013), this is not the case for Triportheus. In fact, the accumulation

of microsatellites contrasts with the uniform distribution of Rex elements on the W
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chromosome, reflecting the independent path of these repetitive DNA classes in the sex-

specific chromosome, probably due to the faster dynamism of microsatellites.

Species-specific dynamics of Triportheus sex chromosomes

The Triportheidae family was established by Oliveira et al. (2011), encompassing the
genera Agoniates, Clupeacharax, Engraulisoma, Lignobrycon and Triportheus. All previously
analyzed Triportheus species share a ZZ/ZW sex chromosome system, in which the W
chromosome is smaller than the Z one and almost entirely heterochromatic (Artoni et al. 2001).
Accordingly, the same cytogenetic traits are present in T. pantanensis and T. aff. rotundatus,
reinforcing the hypothesis that this sex chromosome system represent a genus-specific ancestral
trait (Artoni et al. 2001).

According to the recent phylogenetic study, Triportheidae and Triportheus represents
monophyletic groups, in which Triportheus originated at 26.2+6.5 Myr, having T. auritus as the
most ancestral species (20.7 +6.5) (Mariguela et al. 2016). In this way, the ZZ/ZW sex
chromosome system is a basal trait for Triportheus and, perhaps, also present in other
Triportheidae species. In fact, despite the lack of additional studies, a similar ZZ/ZW sex
chromosome system is also found in Lignobrycon, a sister group of Triportheus (Rodrigues et
al. 2013).

This study, with Triportheus as a model, highlights how the sex chromosomes evolution
is a labile process, even among related species. Indeed, the W chromosome is subjected to
particular evolutionary processes among species, as evidenced by its unequal accumulation of
microsatellites. These findings are also supported by some previous studies in other
Triportheus species, such as T. auritus (Cioffi et al. 2012c), and T. trifurcatus (Yano et al.

2014a), in which the accumulation of the (CA), and (GA), microsatellites on the W

79



10

11

12

13

14

15

16

17

18

19

20

21

22

23

© Cassia Fernanda Yano, Tese de Doutorado - 2016

chromosome is similar to the pattern found in the present study. In two of the most recent
originated species, T. trifurcatus and T. signatus (Mariguela et al. 2016), more classes of
microsatellites had substantial accumulation on the W chromosome. However, it is not possible
to have a correlation between age and accumulation of repeats sequences on the sex
chromosomes, since in other more recently originated species, such as T. pantanensis, T.
nematurus and T. aff. rotundatus no preferential microsatellites accumulation was verified.
Thus, despite the role of these repetitive sequences in the differentiation process of the sex-
specific chromosome, it is put in evidence that this chromosome is subjected to distinctive
evolutionary mechanisms, maybe in view of a free selective pressure. Such plasticity of the
differentiation process of the sex specific chromosome was also found in Leporinus
(Anostomidae, Characiformes), where the heterochromatic W chromosome also has a
differential distribution of some repeats among species (Poltronieri et al. 2014).

Among other lower vertebrates, morphological variations in the sex chromosomes of
closely related lizard species or populations (Ezaz et al. 2009), with large or no accumulation of
microsatellites (Pokorna et al. 2011), were also reported. Similar scenarios can also be found in
several other animal and plant species, indicating that the sex chromosomes differentiation is an
ongoing and dynamic process. Indeed, a high degree of differentiation is frequently observed in
these chromosomes, appearing to have evolved independently many times among animal and
plant species (Schldtterer, 2000; Graves, 2008). Notably, undifferentiated sex chromosomes,
together with different sex chromosomes systems, can coexist in a same fish family or genus,
or even in different populations of a same species, providing effective models to explore
evolutionary events linked to sex chromosomes (reviewed in Cioffi et al. 2011a). For instance,

in the Neotropical Parodontidae family, several species have no differentiated heteromorphic
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sex chromosomes while some Apareiodon and Parodon species share a same ZZ/ZW sex
system, but with variations in size and morphology of the W chromosome. In addition, A.
affinis shows a distinct and particular ZZ/ZW;W, multiple sex chromosome system (reviewed
in Bellafronte et al. 2011). Accordingly, in salmonid fishes simple and multiple sex
chromosome systems can also be found in the same genus, as in Oncorhynchus (Phillips &
Ré&b, 2001). In addition, some populations of rainbow trout display a heteromorphic Y
chromosome, which is not observed in other ones (Thorgaard, 1983).

Our current findings show the dynamic differentiation process of the sex specific
chromosome concerning the repetitive DNA fraction of the heterochromatin. Besides standing
out the involvement of heterochromatin on the differentiation of the sex pair, it is highlighted
that repetitive DNAs play a differential role in this heterochromatinization process. The
differential accumulation of the same class of repeats on the W chromosome of both close and
distant species reflects the inherent dynamism of microsatellites, as well as the plasticity that

shapes the evolutionary history of the sex chromosomes.
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Figures and Table

1  Table 1. Brazilian collection sites of the Triportheus species analyzed, with the sample sizes.

Species Site Basin N Deposit number
Triportheus albus - Araguaia River - Araguaia-Tocantins (04 @ ;04 &) LBP18620
Triportheus guentheri - Inhuma Lake - S&o Francisco (129;06 3) LBP18628
Triportheus nematurus - Paraguai River - Paraguai 099;073) LBP18624
Triportheus pantanensis - Paraguai River - Paraguai 012;013) LBP18623
Triportheus aff. rotundatus - Paraguai River - Paraguai (199;21 ) LBP18625
Triportheus signatus - Piracicaba River - Tieté (132;243) LBP18619
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Figure 1. Female karyotypes of Triportheus aff. rotundatus and T. pantanensis arranged from
Giemsa-stained (above) and C-banded chromosomes (below). The ZW sex chromosomes are
boxed. Note the conspicuous C positive heterochromatin accumulated on the W chromosomes.
Bar =5 pm.

83



(CA)1s (GA)1s (CGQ)1s (TA)15 (CAA)10 (CAC)10 (CAG)10 (CAT)10 (CGG)o (GAA)10

o - ’..!"!! !!
Z W
e '!"'!.! !'
Z W
oo !!!!!I.'!'
Z W Z W
Z W Z W Z W
' E.Q:QNCm !"!."! !'
Z W Z W

© Cassia Fernanda Yano, Tese de Doutorado - 2016

Figure 2. Distribution of microsatellites on the Z and W chromosomes of six Triportheus species. Note the preferential

accumulation of some repeats on the W chromosomes.

84




© Cassia Fernanda Yano, Tese de Doutorado - 2016
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1 Figure 3. C-banding and distribution of repetitive DNA sequences on the Z and W
2  chromosomes of six Triportheus species. Note the occurrence of 18S rDNA gene and the
3 preferential accumulation of heterochromatin on the W chromosomes.
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T. albus T. guentheri T. nematurus T. pantanensis  T. aff. rotundatus T. signatus

Rex 6

Supplementary 7 — Metaphase plaes of all Triportheus species analyzed with Rex1 and Rex6 proes
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Capitulo 3

/ Evolutionary dynamics of rDNAs and U2 snDNAs in
Triportheus (Characiformes, Triportheidae): high variability

and particular syntenic organization.

Yano CF, Bertollo LAC, Rebordinus L, Merlo MA,
Liehr T, Portela-Bens S, Cioffi MB
Submetido: Zebrafish

.

Abstract

Multigene families correspond to a group of genes tandemly repeated, showing enormous
diversity in both number of units and genomic organization. In fishes, unlike rDNAs that have
been well explored in cytogenetic studies, U2 snRNA genes are poorly investigated concerning
their chromosomal localization. Triportheus (Characiformes, Triportheidae) is a freshwater fish
genus, widely distributed in most of the major river drainages of South America. All
Triportheus species studied so far carry a ZZ/ZW sex chromosomes system, where the W
chromosome contains repetitive DNAs, including a huge 18S rDNA cistron. In some species
the syntenic organization of rDNAs on autosomes was also verified. To explore this particular
organization, we performed three-color-fluorescence in situ hybridization (FISH) using 5S, 18S
rDNA and U2 snRNA genes as probes in eight Triportheus species. This work represents the
first one analyzing the chromosomal distribution of U2 snRNA genes in genomes of
Triportheidae. The variability in number of rDNA clusters, as well as the divergent syntenies
for these three multigene families, put in evidence their evolutionary dynamism, revealing a
much more complex organization of these genes than previously supposed for closely related
species. Our study also provides additional data on the accumulation of repetitive sequences in
the sex specific chromosome and their significance in the differentiation of the sex pair.
Besides, the chromosomal organization of U2 snDNAs among fish species is also reviewed.

Keywords: multigene families, FISH, sex chromosomes, repetitive DNAs
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Introduction

The repetitive DNA content of eukaryotic genomes has received particular attention for
being composed by plastic and dynamic elements, providing thus relevant information about
the chromosomal structure in genomes of various taxa. Multigene families comprise a group of
genes repeated in tandem, showing enormous diversity in both number of units and genomic
organization (Walsh & Stephan, 2001). Among them, genes encoding ribosomal RNAs (rRNA)
and U2 small nuclear RNAs (snRNAs) have been used as suited markers for chromosomal
investigations (e.g. Hatanaka & Galetti, 2004; Cioffi et al. 2010b; Merlo et al. 2010; Garcia-
Souto et al. 2015). rDNAs play an important role in protein synthesis, in which 45S rDNA
encodes for 18S, 5.8S and 28S rRNAs, and the 5S rDNA encodes for 5S rRNA (Lopez-Flores
& Garrido-Ramos, 2012). All rDNAs are processed to form ribosome subunits in which 45S
rDNAs are generated in the nucleolus (nucleolus organizer region -NOR), while 5S rRNAs are
first synthesized in nucleoplasm and latter enter the nucleolus to form a functional component
of the large ribosomal subunit (Martins & Wasko, 2004).

In fishes, rDNAs have been deeply explored in cytogenetic and genomic studies,
providing interesting data to elucidate chromosomal evolutionary process in many groups
(Rebordinos et al. 2013). Concerning the number and position of 45S rDNAs in fish
chromosomes, compiled data about 330 species from 22 orders demonstrated that karyotypes of
approximately 72% of species carry single 45S rDNA sites, which are located in a terminal
position in 87% of cases (Gornung, 2013). On the other hand, the mapping of 5S rDNA in most
studied species has showed a conservative interstitial position (Martins & Wasko, 2004).
Additionally, the most common situation is the localization of both ribosomal genes on
different chromosomal pairs (Martins & Galetti, 2001). Despite these common patterns, a
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growing number of studies have pointed to variable numbers and locations of rDNAs loci,
which are eventually present in syntenic configuration in many species (Diniz et al. 2009;
Calado et al. 2014; Cioffi et al. 2015; Barros et al. 2016; Getlekha et al. 2016; Maneechot et al.
2016).

Unlike rDNAs, U2 snRNA genes have been poorly investigated in fish chromosomes
(Merlo et al. 2012a). U2 as well as U1, U4, U5 and U6 snRNAs are components of a complex
of small nuclear ribonucleoproteins that are associated to the splicing process of mRNA
precursors (Manchado et al. 2006). Despite the fact that U2 snDNAs appear to be highly
conserved in eukaryotes, the number and organization of this multigene family can be highly
variable among species (Busch et al. 1982; Dahlberg & Lund, 1988). The chromosomal
mapping of U2 snRNA genes show a broad scenario, with these sequences accumulating in one
or more chromosome pairs, as well as dispersing through the chromosomes (Ubeda-Manzanaro
et al. 2010; Merlo et al. 2012b; Merlo et al. 2013a; Utsunomia et al. 2014). By now, only two
studies showed a syntenic organization of U2 snDNA and rDNAs among fishes (Manchado et
al. 2006; Ubeda-Manzanaro et al. 2010), since in most cases these genes are found on separate
chromosomes.

The genus Triportheus (Characiformes, Triportheidae) is a freshwater fish genus,
widely distributed in the most of the major river drainages of South America (Malabarba, 2004;
Oliveira et al. 2011). These fishes are commonly known as “freshwater sardines” and stands
out for their economic importance, constituting an important food resource for traditional
communities (Malabarba, 2004). Several species have been extensively investigated in
cytogenetic approaches, in which all of them carry a ZZ/ZW sex chromosomes system

(Sanchez & Jorge, 1999; Artoni et al. 2001). The W chromosome is highly differentiated from
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the Z, being rich in heterochromatin and in repetitive DNAs, including a huge 18S rDNA
cistron on its long arms (Sanchez & Jorge, 1999; Artoni et al. 2001; Diniz et al. 2009; Yano et
al. 2014a; 2016). Besides the unusual presence of 18S rDNAs on the sex-specific chromosome,
a variable hybridization pattern of rDNAs was also verified on some autosomal pairs, including
a syntenic organization of these genes in some species (Nirchio et al. 2007; Diniz et al. 2009;
Marquioni et al. 2013).

Although it is a well-explored group, further investigation about the organization of
multigene families, including U2 snRNAs genes are indicated, as only few data therefore is
available for fishes in general. In addition to provide new U2 snDNAs data, this study explored
the hypervariability concerning the number of loci, the particular syntenic organization of
multigene families, the conserved presence of 18S rDNAs on the W chromosome, as well as
the putative evolutionary mechanisms associated with this scenario in Triportheus species. The
results put in evidence the evolutionary dynamism of multigene families, revealing a much

more complex organization of these genes than previously supposed for closely related species.
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Materials and Methods

Materials and chromosomal preparation

Eight Triportheus species from different Brazilian river basins were collected and
analyzed: the individuals investigated, the collection locations and sexes are listed in Table 1.
The sampling permit was obtained from the Brazilian environmental agency ICMBIO/SISBIO
(License number 48628-2). All individuals were properly identified and deposited in the fish
collection of the Laboratory of Biology and Genetic of Fishes of the Universidade Estadual
Paulista (UNESP — Botucatu, SP) (Table 1). The experiments followed ethical conduct, and
anesthesia was administered prior to sacrificing the animals to minimize suffering in
accordance with the Ethics Committee on Animal Experimentation of the Universidade Federal
de Séo Carlos (UFSCar — Séo Carlos, SP- CEUA 1853260315). Mitotic chromosomes were
directly prepared from cell suspensions of the anterior kidney according to Bertollo et al.

(2015).

Probe preparation

Three multigene families were directly isolated from the genome of T. albus, cloned
into plasmid vectors and propagated in DH5 E. coli-competent cells (Invitrogen, San Diego,
Calif., USA). The 18S rDNA probe was obtained according to Cioffi et al. (2009) and
corresponded to a 1400-bp segment of the 18S rRNA gene. The 5S rDNA probe was obtained
according to Martins et al. (2006) and the U2 snDNA probe was isolated using the primers
described by Cross (2005).

Both 18S and 5S rDNAs probes were directly labeled using Nick-Translation Mix

(Roche, Mannheim, Germany), in which 18S rDNA was labeled with Cy5-dUTP (yellow) and
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5S rDNA with Spectrum Green-dUTP (green) (Vysis, Downers Grove, USA). The U2 snRNA
probe was labeled via PCR using the U2 primers and the cycle program described in Cross

(2005) with Spectrum Orange-dUTP (red) (Vysis, Downers Grove, USA).

Fluorescence In Situ Hybridization - FISH (Three-color-FISH)

Chromosomal preparations of males and females of the mentioned Triportheus species
were used for a three-color FISH experiment. The slides were first incubated at 37 °C for 1 h
and subsequently, they were treated with RNAse (10 mg/ml) for 1 h at 37 °C in a moist
chamber. Next, a 5-min wash using 1 x PBS was performed and the slides were treated with
0.005% pepsin solution in 10 mM HCI for 3 min at 37 °C. The slides were washed again with 1
x PBS for 5 min and the material was fixed with 1% formaldehyde at room temperature (RT)
for 10 min. After further washing, the slides were dehydrated with 70, 85, and 100% ethanol
series, 3 min each. Afterwards, chromosomal DNA was denatured in 70% formamide/2 x SSC
for 3 min at 72 °C. The slides were dehydrated in a cold ethanol 70% series and 85% and 100%
at RT, 3 min each. The hybridization mixture, containing 100 ng denatured of each probe, 10
mg/ml dextran sulfate, 2 x SSC and 50% formamide in a final volume of 25 pl, was heated to
°C for 10 min and then applied to the slides. Hybridization was performed during 16-18 h at 37
°C in a moist chamber. After hybridization, the slides were washed in 1 x SSC for 5 min at 42
°C, and in 4 x SSCT using a shaker at RT and then quickly rinsed in 1 x PBS. Subsequently,
the slides were dehydrated again in an ethanol series (70, 85, and 100%), 3 min each. After the
complete drying of the slides, the chromosomes were counterstained with DAPI (4, 6-

diamidino-2-phenylindole)/antifade (1.2 mg/ml, Vector Laboratories).
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Microscope analyses and image processing

At least 30 metaphase spreads were analyzed per individual to confirm the diploid
chromosome numbers, karyotype structure and FISH results. All images were captured by the
Zeiss Axioplan microscope using the ISIS digital FISH imaging system (MetaSystems,
Altlussheim, Germany). The longitudinal distribution of signals along the chromosome pair
No.3 was also analyzed using the ISIS digital FISH imaging software. The chromosomes were
classified metacentric (m), sub-metacentric (sm) or subtelocentric (st) according to their arm

ratios (Levan et al. 1964).
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Results

All Triportheus species analyzed have diploid chromosome number (2n) = 52 and
karyotype composed by m/sm and some st chromosomes, with a heteromorphic ZZ/ZW sex
chromosome systems (Figure 1), as verified before (Bertollo & Cavallaro, 1992; Artoni et al.
2001; Diniz et al. 2008a; Cioffi et al. 2012c; Yano et al. 2014a; 2016). Besides, the Z
chromosome is metacentric and the largest one within the karyotype, while the W is always
smaller than Z, but with variable shapes and sizes among species (Figure 1).

The W chromosome of all species shows an 18S rDNA cluster on the long (q) arms,
however, in T. albus, this chromosome also possesses U2 snDNA cluster in the same
chromosomal site. Concerning autosomes, the three multigene families depict a variable
distribution pattern depending on the species, being located in separate chromosomes or in a
synteny (Figures 1 and 2). The chromosome pair No. 3 of all species bears an 18S rDNA site
on the short (p) arms. Additionally, these sequences are also present on the p arms of the
chromosome-pair No. 8 in T. albus and pair No. 7 in T. trifurcatus. The 5S rDNA sequences
are located on the p arms of the chromosome-pair No. 9 in all species. In addition to this site, T.
auritus, T. nematurus, T. signatus and T. trifurcatus display 5S rDNA cluster in the
chromosome-pair No. 3, and T. auritus also in chromosome-pairs Nos. 4, 5 and 6. The U2
snDNA in each species is always clustered on the p arms of four chromosomes: the
chromosome-pair No. 7 in all species; the pair No. 3 in T. auritus, T. albus, T. nematurus, T.
signatus and T. trifurcatus and the pair No. 4 in T. guentheri, T. pantanensis and T. aff.
rotundatus (Figures 1 and 2). A review providing the chromosomal characteristics of U2
snDNAs among fish species, i.e. number of sites, location and syntenic organization with

rDNAs sites, is given in Table 2.
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In summary, each of the three multigene families is located in separate chromosomes in
T. guentheri, T. pantanensis and T. aff. rotundatus. The short arms of the pair No. 3 holds
syntenic sequences of 5S and 18S rDNAs and U2 snDNAs in T. auritus, T. nematurus, T.
signatus and T. trifurcatus, but only 18S rDNA and U2 snDNA in T. albus. T. trifurcatus also
presents an additional syntenic location of 18S rDNA and U2 snDNA on the p arms of the
chromosome-pair 7 (Figures 1 and 2).

All the multigene families are in adjacent syntenic location in chromosome-pair No. 3,
not showing an intercalary arrangement. The results obtained by the 1SIS digital FISH imaging

software, confirmed their flanking configuration (Figure 3).
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Discussion

Repetitive DNA sequences turned out to be excellent markers in cytogenetic studies,
mainly considering their inherent dynamism, contributing to identify chromosome
rearrangements and other evolutionary process (Ferreira et al. 2007; Cioffi & Bertollo, 2012).
The hypervariability in numbers of rDNA loci highlighted the intense evolutionary dynamics
related to these genes, which can generate different chromosomal patterns even in closely
related species (Nakajima et al. 2012). Previous studies conducted in Triportheus have pointed
to distinctly different organization of rDNAs among species (Nirchio et al. 2007; Diniz et al.
2009; Marquioni et al. 2013), providing already cytogenetic data for this group. However, the
present study aimed to clarify the evolutionary trends behind the particular chromosomal
organization of multigene families (including U2 snDNAs). This was realized based on the
extensive variation in numbers of loci, the syntenic configuration of these sequences and their
distribution pattern on the W chromosome of these Triportheus species.

U2 snDNA genes were mapped for the first time in Triportheus. This represents the
only available data for Triportheidae family, contributing to characterize these sequences in
Characiformes, since only some Astyanax species (Characidae Incertae sedis) were analyzed
until now (Silva et al. 2015) (Table 2). The U2 snDNAs are quite conserved in all eukaryotes,
but their genomic and chromosomal organization can be very distinct among species (Matera et
al. 1990; Manchado et al. 2006). Although dispersed U2 snRNA signals have been found in
species from the Batrachoididae family (Ubeda-Manzanaro et al. 2010), most studies have
indentified these sequences as clustered within one chromosome pair (Merlo et al. 2010; Merlo
et al. 2013a; Merlo et al. 2013b; Utsunomia et al. 2014; Garcia-Souto et al. 2015, Table 2). In

Triportheus, two autosomal pairs, each were mapped to carry U2 snRNA in the terminal region
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of the p arms in all species (Figures 1 and 2), which seems to be hint on a conserved number
of sites in this genus. However, the location of one cluster is variable, being located in
chromosome-pair No. 4 or in syntenic organization with rDNAs in chromosome-pair No. 3
depending on the species (Figures 1 and 2). Regarding the W chromosome, only T. albus
showed U2 snRNA sequences, syntenic with the 18S rDNA site. The presence of U2 snRNA
genes in sex chromosomes was only verified on the X; chromosome of Gymnotus pantanal
(Utsunomia et al. 2014). However, one can rule out their ubigquitous presence on the sex
chromosomes since only few data are currently available (Table 2).

On the contrary to the conserved number of U2 snDNAs sites, the number of rDNAS is
quite variable among the different Triportheus species. It has been assumed that a single pair of
45S rDNA site is the most common scenario found among teleosts, including the ancestral
groups (Gornung, 2013). In all Triportheus species, the 18S rDNA sequences are clustered in
the chromosome-pair No. 3 and in W chromosome, with an additional cluster present in T.
albus and T. trifurcatus (Figure 2). According to Martins & Wasko (2004), the number of 45S
rDNA loci is more variable in fishes compared to the conserved number of 5S rDNAs.
However, the scenario shown in Triportheus is quite the opposite, since 5S rDNAs are even
more variable then the 18S rDNA loci. Indeed, in spite of 5S rDNA clusters be always found in
the pair No. 9 in all species, their variability is demonstrated by additional sites being found in
T. nematurus, T. signatus and T. trifurcatus (where they occur in a syntenic organization with
18S rDNAs and U2 snDNAs in pair 3), and by the presence of eight additional sites in T.
auritus (Figure 2).

It was proposed that the relative conserved nature of 5S rDNA loci in fishes might be

due to their interstitial chromosome position, which is also found in other animal groups
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(Martins & Wasko, 2004). Therefore, the variable number of loci of these genes can be related
with their chromosomal terminal position in Triportheus. In fact, this chromosomal location
seems to facilitate frequent rearrangements, due the proximity of the chromosome ends in the
interphase nucleus allowing the spreading of sequences through the genome (Schweizer &
Loidl, 1987; Hanson et al. 1996). Moreover, some studies have also pointed out the
involvement of transposable elements (TEs) in rDNA movement, as verified in Diplodus
sargus and cichlid fishes, since the variable number of rDNA genes in these species were
associated with the presence of TEs in their flanking regions (FRs) (Nakajima et al. 2012;
Merlo et al. 2013b). In Erythrinus erythrinus, the huge chromosomal dispersion of 5S rDNAs
was associated with the activity of the non-LTR retrotransposons Rex 3, since they were co-
localized in the centromeric region of several chromosomes (Cioffi et al. 2010b). Regarding
Triportheus species, this feature seems to be less plausible, at least for Rex retrotransposons,
since neither they are found in synteny with rDNA genes nor occupy a particular chromosomal
region (Yano et al. 2014a; 2016). In addition, the movement of ribosomal genes could be also
mediated by extrachromosomal circular DNA (eccDNA), as verified in many taxa (Drouin &
S4a, 1995).

Distinct chromosomal location of 5S and 18S rDNAs is common in fishes as well as
other taxa (Martins & Galetti, 2001). The syntenic organization, not only for the rDNAs, but
also for the U2 snDNAs, reveals a very particular pattern in Triportheus species (Figures 1 and
2). Indeed, the present study shows a very rare situation for fishes, in which U2 snDNA clusters
are closely located to both rDNAs (Table 2). However, the divergent distribution of these
sequences, even in closely related species, involving the syntenic state as well as their

distribution in distinct chromosome pairs, reflects the instability of the particular region bearing
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all of the three multigene families, i.e., the heterochromatic p arms of the chromosome-pair No.
3. Alongside with other reported mechanisms, the constitutive heterochromatin is also
associated with chromosomal rearrangements (Kuzin et al. 2002; Gornung, 2013) and could
have facilitated the spreading of those sequences. The fact that these three multigene families
are arranged in an adjacent way and not interspersed with each other (Figure 3), may also
explain their turnover organization along the chromosomal evolution of Triportheus.

The presence of 18S rDNAs on the W chromosome of Triportheus seems to be a
conserved feature, since all species studied so far display this distribution. It is common sense
that sex chromosomes evolve from an ancestral autosomal pair, in which structural and/or DNA
changes occur in the specific chromosome bearing sex determining factors s (Ohno, 1967; Bull,
1983). Partial suppression of recombination in the proto-sex chromosome pair is a crucial step
in this process (Kobayashi et al. 2013). Once recombination stopped, repetitive sequences can
invade and be amplified in the sex-specific chromosome, leading its differentiation
(Charlesworth et al. 2005). Beside 18S rDNAs, the W chromosome of Triportheus is rich in
other repetitive DNA classes, as evidenced by the variable accumulation of microsatellites
(Yano et al. 2016). Additionally, the W chromosome of T. albus also bears a particular U2
snDNA cluster, reflecting the dynamic mechanisms of transposition and amplification of
repetitive DNAs, especially in the sex-specific chromosomes. The size of the 18S rDNA cluster
on the Wq is also well differentiated among Triportheus species (Figure 1). These changes in
size are probably associated with independent evolutionary process followed by the W
chromosome in this fish group, as demonstrated by their differential size, morphology and
repetitive DNA content (Artoni et al. 2001; Yano et al. 2016). The presence of 18S rDNA

sequences on the sex chromosomes has already been reported in fishes and in other groups
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(Kawai et al. 2007; Abramyan et al. 2009; O’Meally et al. 2010; Scacchetti et al. 2015). As
demonstrated in Salmonella typhimurium, unequal crossing over occurs more frequently at the
rDNA sites than at other loci (Anderson & Roth, 1981). This seems to be a powerful
evolutionary force and, among others, an attractive hypothesis to explain the occurrence of

these sequences on the sex chromosomes of several species.
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Conclusions

Our study shows a particular scenario concerning the distribution of three multigene
families in Triportheus genomes and provides new chromosomal data for U2 snRNA genes in
fish species. The variability in numbers of rDNA clusters, as well as the various syntenic status
for these three multigene families, put in evidence the evolutionary dynamism of these genes,
even in closely related species. Additionally, the fact that they are located in terminal position
and arranged in an adjacent way, may also explain their turnover organization along the
chromosomal evolution of Triportheus species. Our study also provides additional data on the
accumulation of repetitive sequences in the sex specific chromosome and their significance in

the differentiation of the sex pair.
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1 Figures and Tables

2  Table 1. Brazilian collection sites of the Triportheus species and number of individuals in this
3 study

Species Site Basin N Deposit number
Triportheus albus Araguaia river Araguaia-Tocantins (04 2 ;04 &) LBP18620
Triportheus auritus Araguaia river Araguaia-Tocantins (059 ; 04 &) LBP18622
Triportheus guentheri Inhuma lake S&o Francisco (122 ;06 &) LBP18628
Triportheus nematurus Paraguai river Paraguai 09 2;073) LBP18624
Triportheus pantanensis Paraguai river Paraguai 012;013) LBP18623
Triportheus aff. rotundatus  Paraguai river Paraguai 199;218) LBP18625
Triportheus signatus Piracicaba river Tieté (139;24 ) LBP18619
Triportheus trifurcatus Araguaia river Araguaia-Tocantins (04 2 ;11 3) LBP18621
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Table 2. Cytogenetic data of U2 snRNA genes in fish chromosomes

Chromosomal characterization of U2 snRNA genes in fishes

Number of Syntenic Syntenic With both

Orders and Species chromosomes Position 185/28S IDNA 5S [DNA DNAS References
Batrachoidiformes
Amphichthys cryptocentrus  dispersed dispersed negative negative  Ubeda-Manzanaro (2010)
Batrachoides manglae dispersed* dispersed* negative negative negative  Ubeda-Manzanaro (2010)
Halobatrachus didactylus 2 interstitial/q arms negative negative negative  Merlo et al. (2012a)
Porichthys plectrodon dispersed dispersed negative _ negative  Ubeda-Manzanaro (2010)
Thalassophryne maculosa 2/dispersed interstitial/q arms positive — Ubeda-Manzanaro (2010)
Characiformes
Astyanax altiparanae 4 proximal —_— negative negative  Silva et al. (2015)
Astyanax bockmanni 4 proximal —_— negative negative  Silva et al. (2015)
Astyanax fasciatus 4 proximal —_— negative negative  Silva et al. (2015)
Astyanax jordani 2 proximal — negative negative  Silva et al. (2015)
Astyanax paranae 4 proximal — negative negative  Silva et al. (2015)
Characidium cf. zebra 2 subcentromeric negative positive negative  Scacchetti et al. (2015)
Characidium tenue 2 subcentromeric negative positive negative  Scacchetti et al. (2015)
Characidium xavante 2 subcentromeric negative positive negative  Scacchetti et al. (2015)
Characidium stigmosum 2 subcentromeric negative positive negative  Scacchetti et al. (2015)
Characidium spl 2 subcentromeric negative positive negative  Scacchetti et al. (2015)
Characidium sp2 2 subcentromeric negative negative negative  Scacchetti et al. (2015)
Characidium sp3 2 subcentromeric negative positive negative  Scacchetti et al. (2015)
Characidium sp4 2 subcentromeric negative negative negative  Scacchetti et al. (2015)
Characidium sp5 2 subcentromeric negative positive negative  Scacchetti et al. (2015)
Characidium vestigipinne 2 subcentromeric negative positive negative  Scacchetti et al. (2015)
Characidium rachovii 2 subcentromeric negative positive negative  Scacchetti et al. (2015)
Characidium orientale 2 subcentromeric negative positive negative  Scacchetti et al. (2015)
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Characidium aff. C. vidali
Triportheus albus
Triportheus auritus
Triportheus guentheri
Triportheus nematurus
Triportheus pantanensis
Triportheus aff. rotundatus
Triportheus signatus
Triportheus trifurcatus

Gadiformes
Merluccius merluccius

Gymnotiformes
Gymnotus carapo
Gymnotus inaequilabiatus
Gymnotus javari
Gymnotus pantanal
Gymnotus pantherinus
Gymnotus sylvius

Perciformes

Argyrosomus regius
Dicentrarchus labrax
Dicentrarchus punctatus
Diplodus sargus

Pagrus auriga

Pagrus pagrus
Plectorhinchus
mediterraneus

Pleuronectiformes
Solea senegalensis

4+W

2
+
4
4
4
4
4
4
4

2

2

2
129/108 + X1

subcentromeric
terminal
terminal
terminal
terminal
terminal
terminal
terminal
terminal

subcentromeric

terminal
terminal
terminal
terminal
terminal
terminal

subcentromeric**
telomeric/q arms
telomeric/q arms
subcentromeric
subcentromeric
subcentromeric

subcentromeric

subcentromeric

negative
positive 1 pair
positive 1 pair
negative
positive 1 pair
negative
negative
positive 1 pair

positive 2 pairs

negative

negative
negative
negative
negative
negative
negative

negative
negative
negative
negative
negative
negative

negative

positive***
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negative
negative
positive 1 pair
negative
positive 1 pair
negative
negative
positive 1 pair
positive 1 pair

negative

negative
negative
negative
negative
negative
negative

negative
negative
negative
negative
negative
negative

negative

positive

negative
negative
positive
negative
positive
negative
negative
positive
positive

negative

negative
negative
negative
negative
negative
negative

negative
negative
negative
negative
negative
negative

negative

positive

Scacchetti et al. (2015)
Present study
Present study
Present study
Present study
Present study
Present study
Present study
Present study

Garcia-Souto et al. (2015)

Utsunomia et al. (2014)
Utsunomia et al. (2014)
Utsunomia et al. (2014)
Utsunomia et al. (2014)
Utsunomia et al. (2014)
Utsunomia et al. (2014)

Merlo et al. (2013a)
Merlo et al. (2010)
Merlo et al. (2010)
Merlo et al. (2013b)
Merlo et al. (2013b)
Merlo et al. (2013b)

Merlo et al. (2012b)

Manchado et al. (2006)
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Siluriformes
Mystus bocourti 2 telomeric negative negative negative  Supiwong et al. (2013)

*a degree of clustering in a specific chromosome pair in B. manglae

**in addition, the U2 snRNA gene showed minor spots scattered throughout the genome of A. regius
***see the chromosomal location of 18S rDNAs in Solea senegalensis, the data is available in Cross et al.
2006.
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I 185 rDNA I 55 rDNA
Triportheus auritus 2 Triportheus albus .-

18SDNA U2snDNA

.-

16 17 18

Triportheus nematurus

14 15 16 17 18 19 20 21 22 23

Triportheus pantanensis

14 15 16 17

Triportheus trifurcatus

5SrDNA 18SrDNA U2snDNA 5SrDNA 18SrDNA U2snDNA 18SrDNA U2 snDNA

Figure. 1. Karyotypes of eight Triportheus species arranged from chromosomes after three color FISH
experiment FISH showing the distribution of 18S rDNA (yellow), 5S rDNA (green) and U2 snDNA (red)
sequences on the chromosomes. The chromosomes bearing syntenic sites are boxed and each probe is
displayed separately. The Z and W chromosomes are highlighted. Bar =5 pm.
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Figure 2. Partial schematic idiograms showing the chromosomal pairs bearing the multigene
families analyzed in eight Triportheus species analyzed. 18S rDNA (yellow), 5S rDNA (green)
and U2 snDNAs (red). Note the number of loci and the variable syntenic organization among

them. The sex chromosomes are boxed.
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Figure 3. Analysis of the syntenic configuration of the multigene families on the chromosome-
pair No. 3 of Triportheus signatus. Metaphase plate of T. signatus and the pair No. 3 in detail;
note the longitudinal distribution of the 5S (green), 18S rDNAs (yellow) and the U2 snDNA (red)

along this chromosome pair. Bar = 5 pym.
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Capitulo 4

Highly conserved Z and molecularly diverged W
chromosomes in the fish genus Triportheus
(Characiformes, Triportheidae)

Yano CF, Bertollo LAC, Ezaz T, Trifonov V, Sember, Liehr T, Cioffi MB
\ Heredity: DOI: d0i:10.5061 /dryad.8m?201

Abstract

The main objectives of this study were to test (i) if the W chromosome differentiation matches
to species’ evolutionary divergence (phylogenetic concordance) and (ii) if sex chromosomes
share a common ancestor within a congeneric group. The monophyletic genus Triportheus
(Characiformes, Triportheidae) was the model group for this study. All species in this genus so
far analyzed have ZW sex chromosome system, where the Z is always the largest chromosome
of the karyotype, while the W chromosome is highly variable ranging from almost
homomorphic to highly heteromorphic. We applied conventional and molecular cytogenetic
approaches including C-banding, rDNA mapping, comparative genomic hybridization (CGH)
and cross species whole chromosome painting (WCP) to test our questions. We developed Z
and W chromosome paints from T. auritus for cross species WCP and performed CGH in a
representative species (T. signatus) to decipher level of homologies and rates of differentiation
of W chromosomes. Our study reveled that the ZW sex chromosome system had a common
origin, showing highly conserved Z chromosomes and remarkably divergent W chromosomes.
Notably, the W chromosomes have evolved to different shapes and sequence contents within
~15-25 MYA of divergence time. Such differentiation highlights a dynamic process of W
chromosome evolution within congeneric species of Triportheus.

Keywords: whole chromosome painting (WCP), comparative genomic hybridization (CGH),

evolutionary dynamics, Z chromosomes, fish species.
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Introduction

Sex chromosomes are thought to have evolved from an autosomal pair when a sex-
determining region or locus (SDL) evolves on one of the homologues (Bull, 1983; Charlesworth,
1991). Interaction of SDL with sexually antagonistic polymorphisms maintained in linked genes
is thought to have favored recombination suppression between the nascent sex chromosomes
(Bachtrog, 2006) and the subsequent acquisition of neutral and deleterious mutations (genetic
degeneration), amplification of repetitive DNA sequences and heterochromatinization of the sex-
specific chromosome (Charlesworth et al. 2005; Bachtrog, 2006). Therefore, differences in size
and gene content can be found among the sex chromosomes, in which the Y (or W) may undergo
variable degrees of degeneration (Graves, 2006).

Here we study sex chromosome evolution in a fish genus. In teleost fishes, although most
species lack heteromorphic sex chromosomes, a variety of sex chromosome systems including
simple and multiple ones, can be found in some species (Devlin & Nagahama 2002; Cioffi et al.
2011a). Among the approximately 10% of teleost fish species studied that have detectably
heteromorphic sex chromosomes, most have female heterogamety (Devlin & Nagahama, 2002).
We studied one such group, the genus Triportheus (Characiformes, Triportheidae) with ZW sex
chromosomes in 12 species so far analyzed. The Z is a metacentric chromosome, the largest in
the karyotype, while the W is always smaller than the Z, and varies in size and morphology
among species (Bertollo & Cavallaro, 1992; Sdnchez & Jorge, 1999; Artoni et al. 2001; Artoni
and Bertollo, 2002; Nirchio et al. 2007; Diniz et al. 2008a; Yano et al. 2014a; 2016). Besides, the
W chromosome is rich in heterochromatin and carries an 18S rDNA site on its long arms (Artoni
& Bertollo, 2002; Nirchio et al. 2007; Diniz et al. 2009; Marquioni et al. 2013; Yano et al. 2014a;
Schmid et al. 2015). Recently, a molecular phylogeny to the Triportheidae family was introduced

based on the 16S rRNA and Cytochrome b (CytB) mitochondrial genes, and on the recombination
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activating gene 1 (Ragl), recombination activating gene 2 (Rag2) and myosin heavy chain 6
cardiac muscle alpha (Myh6) nuclear genes (Mariguela et al. 2016). According to this study,
Triportheus represent a monophyletic group originated at 26.2 + 6.5 Myr, in which T. auritus is a
direct representative of the first lineage that differentiated in the genus at 20.7 + 6.5 Myr, and
correspond to a sister group to all Triportheus species (Mariguela et al. 2016), as demonstrated in
the phylogenetic tree (Figure 1).

Molecular cytogenetics provides valuable tools and insights for comparative genomics
research and has emerged as promising for understanding genome evolution and organization. In
particular, whole chromosome painting (WCP) and comparative genomic hybridization (CGH)
have been effective methods for the identification and characterization of sex chromosomes,
tracking their origin and evolution among various taxa (Traut et al. 1999; Phillips et al. 2001;
Ezaz et al. 2005; Henning et al. 2008; Rab et al. 2008; Cioffi et al. 2013; Pazian et al. 2013;
Symonova et al. 2015). However, the effectiveness of CGH technique can be limited to identify
nascent sex chromosomes with very small sex-specific sequences, as demonstrated in the iguana
Oplurus fierinensis (Altmanova et al. 2016).

In a diversity of organisms, heterochromatinization, accompanied by amplification of
tandem repeats, represents an important step in the morphological differentiation of simple sex
chromosome systems, especially in the ZW ones (Nanda et al. 2000; Kondo et al. 2004; Marchal
et al. 2004; Peichel et al. 2004; Charlesworth et al. 2005; Ezaz et al. 2009; Kejnovsky et al.
2009). Same type of studies provided evidence that rDNA cistrons can also occur on the sex
chromosomes of distinct organisms (e.g. Goodpasture & Bloom, 1975; Yonenaga-Yassuda et al.
1983; Schmid et al. 1983; Morielle & Varella-Garcia, 1988; Cioffi et al. 2010a). In this sense, the
detection of the heterochromatin by C-banding procedures, as well as the mapping of rDNA

repeats represent helpful approaches for sex chromosomes identification and characterization.
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Here we compared sex chromosomes of eight species from Triportheus genus using
multiple molecular and conventional cytogenetic tools, such as C-banding to detect
heterochromatin, rDNA mapping, CGH and WCP to characterize regions of homology between
the Z and W chromosomes, which we assume represent the ancestral state, as well as the size of
the W-specific region. Our study confirmed that the Z chromosomes are highly conserved and

revealed remarkably divergent W chromosomes shapes and sequence content.
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Materials and Methods

Fish species and sample collection

Table 1 lists the individuals investigated, the collection locations and sexes, and the
numbers of cells’ analyzed in the cytogenetic experiments. Collections had the authorization of
the Brazilian environmental agency ICMBIO/SISBIO (License number 48628-2). All species
were identified and deposited in the fish museum of the Laboratory of Biology and Genetic of
Fishes of the Universidade Estadual Paulista (UNESP — Botucatu — SP) (Table 1). The
experiments followed ethical and anesthesia rules in accordance with the Ethics Committee on
Animal Experimentation of the Universidade Federal de S&o Carlos (Process number CEUA

1853260315).

Chromosome preparations and C-banding

Mitotic chromosomes were obtained as described in Bertollo et al. (2015). Briefly, the
animals were treated with an aqueous solution of colchicine for 50-60 minutes, anesthetized and
sacrificed, and the chromosomal preparations were obtained from cells of the anterior kidney.
The C-positive heterochromatin was detected using barium hydroxide according to Sumner

(1972).

Chromosomes microdissection, probe preparation and fluorescence in situ hybridization (FISH)

Fifteen copies of the Z and 20 copies of the W chromosomes from T. auritus, since it
corresponds to a sister group to all Triportheus species (Mariguela et al. 2016), and harbors the
largest W chromosome. The chromosomes were manually microdissected and pooled before
amplifying by DOP-PCR, following protocol described in Telenius et al. (1992). Chromosome

paints were prepared following Yang et al. (2009). The Z probes were labeled via PCR with
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SpectrumOrange-dUTP (Vysis, Downers Grove, USA) and the W probes with SpectrumGreen-
dUTP (Vysis, Downers Grove, USA) in a 30 cycle label-PCR with DOP primer, using 1 ul of the
primary DOP-PCR products as template DNA (Yang et al. 2009). 18S and 5S rDNA probes were
obtained according to Cioffi et al. (2009) and Martins et al. (2006), respectively. The 18S rDNA
probe was labeled with Cyanine 5-dUTP, while de 5S rDNA was labeled with Spectrum Green-

dUTP, using nick-translation method (Roche, Mannheim, Germany).

Three-color-FISH for Whole chromosome painting (WCP)

Cytogenetic preparations of males and females of the eight mentioned Triportheus species
were used for a three-color FISH experiment, combining microdissected Z and W chromosomes,
together with 18S rDNA probe, according to Yang et al. (2009). Since commercial salmon sperm
blocking DNA (Sigma-Aldrich) was not sufficient to block the hybridization of high-copy repeat
sequences, Cotl-DNA directly isolated from T. auritus female genome (prepared according to
Zwick et al. 1997), was used instead. Hybridization was performed for 16-18 h at 37 °C in a
moist chamber. After hybridization, the slides were washed for 5 min with 1x SSC at 65 °C, and
in 4x SSC/Tween using a shaker at RT and then rinsed quickly in 1xPBS. Subsequently, the slides
were dehydrated again in an ethanol series (70, 85 and 100%), 2 min each. After the complete
drying of the slides, the chromosomes were counterstained with DAPI/Antifading (1.2 mg/ml,

Vector Laboratories).

Preparation of probes for Comparative genomic hybridization (CGH)

The CGH experiments were performed in T. signatus, representing a species with one of
the smallest W chromosomes found among Triportheus species. The female gDNA was labeled
with Digoxigenin-11-dUTP using DIG-nick-translation Mix (Roche, Mannheim, Germany), and

the male gDNA was labeled with biotin-16-dUTP using BIO-nick-translation Mix (Roche), in

117



10

11

12

13

14

15

16

17

18

19

20

21

22

23

© Cassia Fernanda Yano, Tese de Doutorado - 2016

which 1 pg of gDNA was used, each. Hybridization mixture for one slide (25-30 pl) was
composed of 1 pg of labelled male gDNA, 1 pug of labelled female gDNA and 50 pg of sonicated

salmon sperm blocking DNA (Sigma-Aldrich).

FISH for CGH

The CGH experiments followed the methodology described by Symonova et al. (2015).
The hybridization signal was detected using a solution composed by anti-digoxigenin-FITC
(Roche) diluted in 0.5% bovine serum albumin (BSA) in PBS; and streptavidin-CY3 (Invitrogen
Life Technologies, San Diego, Calif., USA) diluted in PBS containing 10% normal goat serum
(NGS). The slides were then washed 4 times in 4x SSC and 0.01% Tween, 7 min each at 42 °C.
After the complete drying, the chromosomes were counterstained and mounted in antifade

containing 1.5 pg/ml DAPI (Cambio, Cambridge, United Kingdom).

Two-color FISH with 18S and 5S rDNA probes

18S and 5S rDNA sequences were mapped on female chromosome preparations of T.
signatus species, following the protocol described in Marquioni et al. (2013). For this
experiment, the 18S and 5S rDNA probe were labeled with SpectrumOrange-dUTP and
SpectrumGreen-dUTP, respectively, using nick-translation method (Roche, Mannheim,

Germany).

Microscopic analyses

At least 20 metaphase spreads were analyzed per individual to confirm the diploid
chromosome numbers, karyotype structure and FISH results. Images were captured by the
CooISNAP system software, Image Pro Plus, 4.1 (Media Cybernetics, Silver Spring, MD, USA),

coupled to an Olympus BX50 microscope (Olympus Corporation, Ishikawa, Japan).
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Results

C-banding and rDNA mapping

C-positive heterochromatin was consistently localized in the centromeric regions of
autosome pairs (data not shown). The Z chromosomes have additional heterochromatin in one or
both telomeric regions, depending on the species, while the W chromosomes were almost entirely
heterochromatic, except for the p arms in all species (Figure 1), in agreement with previous
studies (Artoni and Bertollo, 2002; Diniz et al. 2009; Yano et al. 2014a).

The two color FISH with 18S and 5S rDNA showed that both sites are co-localized on the
p arms of the chromosome pair 3 in T. signatus, with an 18S rDNA additional site adjacent to the

W(q telomere (Figure 2).

Comparative genomic hybridization (CGH)

CGH using male and female gDNA probes developed from T. signatus identified Z- and
W- specific sequences. In females, all chromosomes except the W stained equally with these
probes. The female- gDNA probe painted the whole W chromosome, with a very bright signal on
most of the Wq, as well as the telomeric region of both Z chromosome arms. Additionally, the p
arms of pair 3 also showed an extensive homology with the Wq region. With the male gDNA
probe, the W chromosome showed signals on Wp and the proximal region of Wq. The merged
images revealed that sequences from both sexes are shared on Wp and the proximal region of the
W(q arm, whereas female-specific sequences are concentrated in the terminal region of the Wq

(Figure 2).
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Sex chromosome paint preparation and cross species sex chromosomes painting

The quality of both Z and W chromosome paints were validated by mapping them back
onto T. auritus metaphase spreads with salmon sperm DNA and T. auritus female specific Cot1-
DNA as suppressor. The probe mixed with salmon sperm DNA produced non-specific signals
(data not shown), while 5 pg/ul of T. auritus female specific Cot1l-DNA was sufficient to block
non-specific signals, giving clear hybridization signals on Z and W chromosomes, and
identifying probes that are largely or completely Z- or W-specific (Figures 3 and 4).

Together with the Z and W probes, an additional 18S rDNA probe was used in a three
color FISH experiment to clearly identify the W chromosome in the metaphase plates, since the
W chromosome carries a huge 18S rDNA cistron in the Wq arms of all Triportheus species. The
Z probe from T. auritus completely painted the Z chromosome of all other species. The W
chromosome of this species also displayed fluorescence signals in the p arms, but there were
remarkable differences among species, with only T. guenteri, T. nematurus and T. albus showing
strong hybridization signals across the whole Wp. A major part of the Wq arms was also painted
with the Z probe in all species, with the exception of T. aff. rotundatus and pantanensis (Figures
3and 4).

A high level of homology was found for the W chromosome among species, but with
different hybridization patterns (Figures 3 and 4). Using the W-probes, the W chromosome was
homogeneously painted along its entire length in all species, except for the Wq telomeric region
and the centromeric region of T. aff. rotundatus and T. pantanensis (Figures 3 and 4). In all
species, the W probe also painted the Z chromosome in the centromeric and telomeric regions of
the p arms, with the exception of T. auritus, in which only the telomeric region was painted
(Figures 3 and 4). Since the whole chromosome painting experiments were performed using a T.

auritus female Cot1-DNA as a competitor, the W-specific region (terminal part of the q arm) was
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thus blocked and did not hybridized. Accordingly, on the euchromatic Z chromosome, only the
centromere (a highly repetitive region) and the ancestral homologous region (terminal part of the
p arm) were painted with the W probe, with the exception of the centromeric region of the Z

chromosome of T. auritus, which was also blocked or suppressed (Figure 4).
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Discussion

Our study demonstrated that the ZW sex chromosome system in Triportheus had a
common origin, considering the homology found in all species using the Z and W chromosomes
probes from T. auritus; however, the W chromosomes have undergone rapid discordant
differentiation, since differential hybridization patterns was verified for these chromosomes in
WCP experiments. In fact, the W chromosomes display a differential molecular composition, size
and morphology among species despite their evolutionary relationships, highlighting the dynamic
process that shapes the differentiation of the sex chromosomes. In addition, our study provided
molecular cytogenetic evidence of the chromosomal rearrangement involving rDNA locus,
highlighting its probable role in the evolution of the sex chromosomes by facilitating the reduced
recombination and the subsequent accumulation of repetitive sequences on the W chromosome,
which ultimately led the evolution of highly differentiated sex chromosomes within this

congeneric group.

Chromosomal rearrangements and sex chromosomes differentiation

It is clear that size reduction and accumulation of heterochromatin are events that are
associated with the differentiation of the W chromosome within Triportheus species (Figure 1).
However, CGH and WCP experiments were able to clarify additional details on this evolutionary
pathway. In fact, both techniques were critical to demonstrate the sequences that are still shared
by both sex chromosomes or, otherwise, that those are more exclusive to one of them.
Noteworthy, it was evidenced that the end of the Wq has a high concentration of female specific
sequences (Figures 2-4), where an 18S rDNA cluster is also located in all Triportheus species so
far analyzed (Artoni & Bertollo, 2002; Nirchio et al. 2007; Diniz et al. 2009; Marquioni et al.

2013; Yano et al. 2014a). Sex chromosomes carrying 18S rDNA sequences have already been
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reported in several other vertebrates, such as Characidium fishes (Scacchetti et al. 2015), cane
toad Bufo marinus (Abramyan et al. 2009), Chinese softshell turtle Pelodiscus sinensis (Kawai et
al. 2007) and tiger snake Notechis scutatus (O’Meally et al. 2010). However, the Triportheus
case deserves further considerations due to the unusual and particular location of these sequences,
which do not occur in both homologues of the sex pair (only on the W chromosome) and in some
autosomes.

Unusually, the Triportheus sex chromosomes do not have 18S rDNA sequences on both
homologues, but they are present only on the W chromosome. A huge 18S rDNA block is also
located on the p arm of the 3rd chromosome pair in all Triportheus species. Besides, in some
species additional 18S rDNA sites are verified in other autosomes (Yano et al. submitted). The
18S rDNA region of the 3rd chromosome also showed high homology with the Wq, in our CGH
experiments, suggesting either that part of the 18S rDNA block was transposed from the W
chromosome to the 3p arm, or vice versa. Evidence for an 18S rDNA cluster in the telomeric
region of the Z chromosome was reported in T. venezuelensis and T. angulatus (Nirchio et al.
2007; Marquioni et al. 2013), which represent two of the most recently derived species, since
their lineage originated at 5.2 + 2.3 and 2.6 = 1.4 Myr, respectively (Mariguela et al. 2016).
Considering the fact that most species, including those originated from older Triportheus
lineages, does not show an 18S rDNA cluster on the Z chromosome, it is more plausible to
assume that these sequences were firstly translocated onto W and latter transposed from the W to
the Z chromosome in T. venezuelensis and T. angulatus, in independent events. However, an
alternative scenario in which these sequences were originally carried on both sex chromosomes,
and that their present distribution reflects subsequent loss from the Z in some species, cannot be

fully excluded (Artoni and Bertollo, 2002).
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It is tempting to speculate that maintenance and amplification of the rDNA sites on the W
chromosome might have promoted reduced recombination between the ZW pair (see Figure 5).
It has been proposed that polymorphisms in the rDNA locus in Salvelinus species may have acted
in a similar way to limit crossing over near the sex locus (Reed & Philips, 1997). Besides 18S
rDNA, the W chromosome of Triportheus is rich in other repetitive DNA classes, as evidenced
by the variable accumulation of microsatellites and U2 snDNA (Yano et al. 2016; Yano et al.
submitted). Therefore, we cannot rule out the possible involvement of distinct classes of
repetitive DNA sequences in the differentiation process of W chromosome. Our WCP and CGH
experiments clearly demonstrate that much of the Wq is a W-specific region (Figures 2-4), but
that differentiation of the W chromosome morphology, associated with heterochromatinization,
and probably with degeneration, evolved independently in different Triportheus lineages (Figure
5). These changes are specific to the W chromosome, whereas other chromosomes, including the
Z, remain similar in the Triportheus species so far analyzed, supporting the monophyletic status
of this genus, but indicating that the female-specific sex chromosome is subject to particular
evolutionary forces not shared by other chromosomes. Moreover, as the sex specific chromosome
can experience different evolutionary forces, parameters like effective population size and sexual
selection may also affect how the recombination suppression evolves (Graves, 2006; Bachtrog et

al. 2011), even among closely related species as Triportheus case.

Common origin of the ZW sex system in Triportheus and differentiation of the W chromosome

The Triportheidae include four other genera, including Lignobrycon, in which L. myersi
represents the only species currently described, corresponds to the sister group of all other
Triportheidae (Mariguela et al. 2016). Recent analyses indicate a similar ZW sex chromosome

system in L. myersi (Rodrigues et al. 2016), suggesting an early origin of the ZW system in the
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family, an unusual situation among fishes, where sex chromosomes have evolved independently
among congeneric species, or even within the same species (Cioffi et al. 2013).

The molecular divergence, demonstrated by cross species WCP, and the variable
morphological forms, underline the process shaping the evolution of the sex-specific
chromosome in Triportheus. Rapid degeneration of recently formed Y chromosomes has been
demonstrated in Drosophila (Bachtrog et al. 2008) and sticklebacks (Peichel et al. 2001).
However, there are few empirical data for W chromosomes. The data presented here suggest that
the W chromosomes of Triportheus have evolved during a relative short (~15-25 MYA)
divergence time (phylogenetic data from Mariguela et al. 2016), displaying different genomic
composition in terms of repetitive DNA sequences, size, and morphology among species,
including accumulation of microsatellites, TEs and rDNAs on the W chromosomes (Yano et al.
2014a), like the situation in the W chromosomes of pyralid moths (Vitkova et al. 2007).

The current situation in Triportheus resembles sex chromosome evolution in other taxa, such
as birds and snakes. In primitive ratite birds, the W chromosome is almost the same size as the Z
(Shetty et al. 1999), and this may represent the ancestral condition from which other bird W
chromosomes have evolved (Ferguson-Smith, 2007). Similarly, T. auritus, the earliest branching
extant Triportheus species (Mariguela et al. 2016), has the largest W chromosome, with a size
comparable to the Z (Figure 1). However, we detect no correlation between the size reduction of
the W chromosome and the divergence time between Triportheus species (Figure 1). Similarly,
various bird species also show variations in the morphology of the W chromosome, but no clear

pattern of gradual reduction in size over time (Rutkowska et al. 2012).
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Conclusions

Overall, our study provides evidence for the common origin of a sex chromosome system
within a congeneric group, which corresponds to an uncommon event among fish species, even
among much related ones, where independent evolution is more common. It is also remarkable
that rapid differentiation of the sex specific chromosome occurred in size, shape and sequence
content, likely favored by recombination reduction between the sex pair in view of the
maintenance and amplification of specific genome sequences in the W chromosome. Our study
provides unique opportunity for fine scale analysis of sex chromosome sequences in this group
through sequencing and sequence analysis of microdissected sex chromosomes which will assist
in discovering novel sex determining genes and mechanisms of sex chromosome evolution in

vertebrates in general.
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1 Figures and Table

2  Table 1. Brazilian collection sites of the Triportheus species and number of individuals in this
3  study

Species Site Basin N Deposit number
Triportheus albus Araguaia river Araguaia-Tocantins (04 2 ;04 &) LBP18620
Triportheus auritus Araguaia river Araguaia-Tocantins (059 ; 04 &) LBP18622
Triportheus guentheri Inhuma lake S&o Francisco (122 ;06 &) LBP18628
Triportheus nematurus Paraguai river Paraguai 09 2;0738) LBP18624
Triportheus pantanensis Paraguai river Paraguai 012;013) LBP18623
Triportheus aff. rotundatus  Paraguai river Paraguai 192;218) LBP18625
Triportheus signatus Piracicaba river Tieté (139;243) LBP18619
Triportheus trifurcatus Araguaia river Araguaia-Tocantins (04 2 ;11 3) LBP18621
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Figure 1. Adapted phylogenetic tree for the Triportheus genus, based on the phylogenetic data
generated by Mariguela et al. (2016), with the respective C-banded Z and W chromosomes
evidencing the divergence in size of the later. Besides the species analyzed in this study, T.
venezuelensis and T. angulatus (indicated in asterisks) were also included. Note that T. auritus,
which corresponds to a sister group to all Triportheus species, carries the larger W chromosome,

while T. albus has the smaller one compared with its congeneric species.
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Figure 2. CGH on female metaphase of T. signatus, with emphasis on the Z and W
chromosomes. The superposition of male and female gDNA probes highlights chromosomal
regions sharing male and female sequences and the prevalence of female or male specific
sequences. DAPI staining (a). Hybridization with gDNA female probe (b). Hybridization with
gDNA male probe (c). Superposition of female and male gDNA probes (d). In (e) the sex
chromosomes after the superposition of female and male gDNA probes are highlighted in
enlarged forms, together with schematic diagrams summarizing the results, evidencing the
accumulation of female-specific sequences in the terminal region of the Wq. The chromosome
pair 3 and the W chromosome harboring 18S and 5S rDNA are boxed. Bar =5 pm
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Figure 3 - Cross species chromosome painting using W-chromosome (green), Z-chromosome
(red) probes, both obtained from T. auritus, together with an 18S rDNA probe (yellow) in a three
color FISH experiment. The sex chromosomes are highlighted in boxes. Note the location of 18S
rDNA sequences on the telomeric Wq. The additional 18S rDNA sites located on autosomes are

not shown. Bar = 5 pum.
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Figure 4 - Hybridization patterns on the sex chromosomes of Triportheus species using Z and W
chromosome probes (a). Note that the sex chromosomes showed evident FISH signals with both
Z and W probes, although with a variable pattern among species. In (b), the diagrams explaining
the observed hybridization patterns, taking account the use of Cot11-DNA from a female of T.
auritus as a competitor. The W-specific regions (terminal part of the g arm) were thus blocked
and did not hybridize. Accordingly, on the euchromatic Z chromosome, only the centromeric
highly repetitive region and the ancestral homologous region (terminal part of the p arm) were
painted with the W probe. In (c) ZW chromosomes after CGH experiments performed in T.
signatus are highlighted.
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Figure 5 - Schematic diagram summarizing the proposed chromosome rearrangements leading to
the evolution of sex chromosomes in Triportheus species. Fission and translocation event
involving the p arm of an ancestral chromosome 3 occurred within an 18S rDNA cluster onto the
W chromosome, or vice versa, in a common ancestor (a). Subsequently, such 18S rDNA cistron
was amplified in W chromosome (b). Finally, while the Z kept morphologically conserved, the
W had extensive morphological and size variations, due to TrDNA expansion,
heterochromatinization and repetitive DNA accumulation, in which the degree of degeneration
and the differentiation later evolved independently in each Triportheus species (c). W; = T.
auritus; W, = T. guentheri; W3 = T. signatus; W, = T. rotundatus; Ws = T. nematurus; 6 = T.
pantanensis; W; = T. trifurcatus; Ws = T. venezuelensis (data from Nirchio et al. 2007); Wy = T.
angulatus (data from Diniz et al. 2009); W0 = T. albus.
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5. CONSIDERACOES FINAIS

A proposta deste estudo foi investigar os processos evolutivos associados a origem e
diferenciacdo dos cromossomos sexuais nas espécies de Triportheus, considerando o excelente
modelo apresentado por este género. De fato, o cenério presente em Triportheus propiciou uma
abordagem comparativa aprofundada sobre a dindmica evolutiva dos cromossomos sexuais entre
varias de suas espécies, usando ferramentas diversificadas da citogenética convencional e
molecular, como o bandamento-C, mapeamento de DNAr e diversas outras classes de DNAs
repetitivos, hibridizacdo gendémica comparativa (CGH) e pintura cromossémica total (WCP). Os
resultados obtidos possibilitaram avaliar divergéncias e similaridades gendmicas entre 0s
Cromossomos sexuais, obtendo-se avancos significativos no conhecimento da histéria evolutiva
do sistema ZZ/ZW nesse grupo da nossa ictiofauna.

O actmulo preferencial de varias sequéncias de DNA repetitivo no cromossomo W
destacou o papel deste componente do genoma na diferenciacdo desse Ccromossomo.
Notadamente, o acumulo diferencial de microssatélites no cromossomo W evidenciou processos
evolutivos especificos entre as diferentes espécies, bem como um padrdo acumulativo que nédo
apresenta correlacdo direta com a ancestralidade desse cromossomo, evidenciando emergéncias
evolutivas aparentemente aleatOrias entre as espécies. Por sua vez, o acimulo desigual de uma
mesma classe de microssatélites, tanto entre espécies mais distantes como intimamente
relacionadas, colocou em evidéncia o dinamismo dessas repeticdes no processo evolutivo, bem
como a plasticidade da diferenciacdo dos cromossomos sexuais entre espécies estreitamente
relacionadas e que compartilham de um mesmo sistema. Em contraste, 0 cromossomo Z se
caracteriza por um padrdo de hibridizacdo bastante conservado, similar ao que ocorre nos

Cromossomos autossomos, com raras excegﬁes.
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O mapeamento cromossdmico do DNAr 5S e 18S e do DNAsn U2 também evidenciou
um cenario bastante particular na distribuicdo dessas familias multigénicas em Triportheus. A
variabilidade em relacdo ao niumero de sitios de DNAr, bem como o “status” sinténico dessas
trés familias, evidenciaram a participacdo diferenciada desses genes ao longo do processo
evolutivo, mesmo entre espécies proximamente relacionadas. Estudos prévios ja haviam
apontado para uma organizacdo distinta dos DNAr entre as espécies de Triportheus. Porém, os
dados agora obtidos com o emprego do software “ISIS digital FISH imaging”, possibilitou
constatar a distribuicdo longitudinal e adjacente dessas sequéncias quando situadas em um
mesmo cromossomo. A ocorréncia de DNAsn U2 no cromossomo W de T. albus representa uma
novidade evolutiva, correspondendo ao segundo relato na literatura sobre o acumulo dessas
sequéncias em cromossomos sexuais de peixes. Por sua vez, a ocorréncia de DNAr 18S no
cromossomo W de Triportheus confirmou sua condicdo conservada no género, assim como uma
peculiaridade do processo evolutivo deste cromossomo, visto que todas as espécies analisadas
até o momento séo portadoras dessas sequéncias.

O emprego de WCP, e principalmente de CGH, possibilitou demonstrar a localizagéo de
sequéncias que sdo compartilhadas pelos cromossomos Z e W, bem como de sequéncias que
sdo exclusivas de cada um deles. Assim, a regido Wq terminal se caracteriza por uma grande
concentracdo de sequéncias especificas de fémeas, em coincidéncia com a localizacdo do
cluster de DNAr 18S nesse cromossomo. Adicionalmente, um grande bloco de DNAr 18S esta
também localizado na regido terminal 3p de todas as espécies, a qual evidencia destacada
homologia com o segmento terminal Wq. Tendo em vista que a ocorréncia de sequéncias de
DNAr em cromossomos sexuais ndo constitui uma condicdo usual entre as espécies, foi
considerada como uma hipdtese provavel que parte do sitio DNAr 18S 3p tenha sido

transferido para o proto-par sexual. Consequentemente, tais sequéncias estariam entdo
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presentes em ambos os homologos deste par numa fase inicial de sua diferenciagdo, sendo
posteriormente eliminadas do cromossomo Z da maioria das espécies apds a aquisi¢do de um
I6cos sexo-especifico pelo cromossomo W e a restricio de recombinacdo entre o0s
cromossomos Z e W. No entanto, sequéncias de DNAr 18S na regido telomérica do
cromossomo Z s6 foram até agora constatadas em T. venezuelensis e T. angulatus. Assim
sendo, tendo em vista que conforme filogenia do grupo essas duas espécies se situam entre as
mais recentes do género, uma hipétese alternativa inclui a possibilidade de que esses cistrons
estariam originalmente presentes apenas no W e que foram transferidos para o cromossomo Z

dessas espécies como eventos independentes.

Nossos dados também demonstraram que o sistema ZZ/ZW de cromossomos sexuais
teve, de fato, uma origem comum para as espécies do género Triportheus, considerando as
homologias encontradas nos mapeamentos cromossémicos com sondas dos Cromossomos
sexuais Z e W. Triportheus auritus é o representante direto da primeira linhagem a se
diferenciar no género e experimentos de WCP, utilizando a sonda do cromossomo Z desta
espécie, mostrou que este cromossomo Se encontra notavelmente conservado em todas as
espécies investigadas. Por outro lado, o cromossomo W apresentou padrdes variaveis de
homologia entre as espécies, indicando a aquisicdo de sequéncias W especificas durante o
processo evolutivo, incluindo elementos repetitivos. De fato, a divergéncia molecular do
cromossomo W, demonstrada pelos experimentos WCP cruzados entre as espécies, assim como
as suas diversas formas morfoldgicas, evidenciam que este cromossomo foi diferencialmente
moldado ao longo da sua historia evolutiva. De fato, a associacdo dos dados citogenéticos e

filogenéticos destacam que o cromossomo W de Triportheus evoluiu durante um tempo

136



10

11

12

© Cassia Fernanda Yano, Tese de Doutorado - 2016

relativamente curto (~15-25 milhGes de anos), exibindo diferencas interespecificas na

composic¢do gendmica, tamanho e morfologia.

Em conclusdo, os resultados do presente estudo possibilitaram atestar a origem
comum do sistema ZZ/ZW em Triportheus, destacando a participacdo de diferentes classes de
DNAs repetitivos na diferenciagdo do cromossomo sexo-especifico entre as espécies, em
contraste com o acentuado conservadorismo apresentado pelo cromossomo Z. Por sua vez,
seqliéncias cromossdmicas sexo especificas ou compartilhadas pelo par sexual puderam ser
evidéncias pela hibridizagdo gendmica comparativa, possibilitando inferir sobre as homologias
ainda existentes entre esses cromossomos e suas divergéncias decorrentes do processo
evolutivo. Assim sendo, avancos significativos foram alcangados no tocante ao entendimento
da origem e diferenciacdo dos cromossomos sexuais entre os vertebrados inferiores, tendo

como enfoque o modelo particular apresentado pelos peixes do género Triportheus.
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