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RESUMO

Cromossomos B sao elementos adicionais encontrados em varios
grupos de eucariotos, incluindo plantas, fungos e animais. Apesar de terem
sido amplamente estudados, seus mecanismos de origem, evolugao e possivel
funcado ainda sado pouco compreendidos. Para avancar no conhecimento da
biologia dos cromossomos B, analises morfoldgicas e de citogenética classica
e molecular foram conduzidas no peixe ciclideo africano Haplochromis
obliquidens, portador de 1 a 2 cromossomos B. As analises de citogenética
molecular envolveram a aplicagcdo de hibridacdo in situ fluorescente (FISH)
utilizando como sondas elementos transponiveis, fracdo gendmica contendo
DNA altamente repetitivo (Cot-1 DNA), genoma total (comparative genomic
hybridization - CGH) e cromossomos artificiais bacterianos (BACs) contendo
genes/segmentos de DNA da tilapia do Nilo, Oreochromis niloticus. Os
resultados obtidos pelas analises morfolégicas mostraram que os animais com
cromossomo B apresentam niveis menores de variagdo em comparagao aos
animais sem cromossomo B, sugerindo uma possivel vantagem adaptativa aos
portadores de tais elementos visto que a escolha dos machos pelas fémeas é
de carater visual. O mapeamento das varias sondas contendo DNA repetitivo
evidenciaou similaridades entre o cromossomo B e o primeiro par
cromossOmico, sugerindo sua possivel origem a partir deste cromossomo do
complemento A. No entanto, uma atencao especial € necessaria em relacao a
esta abordagem, frente ao alto dinamismo evolutivo que governa as regides
cromossOmicas ricas em DNAs repetitivos, o que pode gerar interpretagcbes de

falsa homologia entre cromossomos.



ABSTRACT

B chromosomes are additional chromosomal elements found in a
diversity of eukaryote groups from fungi to animals. Despite B chromosomes
have been widely studied, their mechanisms of origin, evolution and possible
function are still remaining to be clearly understood. To advance in the
knowledge of B chromosome biology, morphological analysis, classical and
molecular cytogenetics analysis based on fluorescent in situ hybridization
(FISH) with transposable elements, repeated DNA genomic fraction (Cot-1
DNA), whole genome probes (comparative genomic hybridization - CGH) and
BAC clones from Oreochromis niloticus were conducted in the cichlid fish
Haplochromis obliquidens which harbor 1 to 2 B chromosomes. The results
obtained evidences that the 1B animals present less morphological variation
compared to the OB animals The mapping of several probes containing
repeated DNAs evidence similarities between the B chromosome and the 1%
chromosome pair suggesting its possible origin from this A chromosome. On
the other hand, a special attention must be exercised because the high
evolutionary dynamism that rules the chromosomal regions harboring repeated

DNA clusters may generate a false idea of homology between chromosomes.
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1. REVISAO DE LITERATURA

1.1.  Os peixes ciclideos como modelo de estudo

Inserida na ordem dos Perciformes - considerada a maior ordem
existente de vertebrados - encontram-se os peixes da familia Cichlidae,
possuindo mais de 3.000 espécies (Kocher, 2004). A familia Cichlidae
encontra-se dividida em 4 sub-familias: Etroplinae, Ptychochrominae,
Pseudocrenilabrinae e Cichlinae. A sub-familia Cichlinae, por sua vez, é
dividida em varias tribos, sendo elas Cichlini, Retroculini, Astronotini,
Chaetobranchini, Geophagini, Cichlasomatini e Heroini. A espécie em questao,
Haplochromis obliquidens, encontra-se inserida na sub-familia
Pseudocrenilabrinae (Smith et al. 2008) originaria do continente africano.
Outras sub-familias (Cichlinae, Etroplinae e Ptychochrominae) sao
caracteristicas da regido Neotropical, india e Madagascar, e Madagascar,
respectivamente. Os ciclideos africanos podem ainda ser divididos em trés
grandes grupos (pelmatochromine, haplochromine e tilapiine), mas que nao sao
reconhecidos como unidades taxonémicas validas (Lowe-McConnell, 1991).

A grande diversidade de ciclideos presente nos grandes lagos africanos
chama atencédo de cientistas, pois acredita-se que aproximadamente 2.000
espécies tenham evoluido nos ultimos 10 milhdes de anos (Kocher, 2004), o
que caracteriza esta familia como um importante grupo para estudos
evolutivos. Além de tal importancia, os peixes desta familia também séao
bastante apreciados para alimentagcao, pesca esportiva e aquariofilia, sendo a
espécie Oreochromis niloticus a mais apreciada para consumo, as espécies do

género Cichla (comumente denominadas “Tucunarés”) apreciadas para



consumo e pesca esportiva, e as de pequeno porte, por apresentarem
coloracao marcante, sdo apreciadas para aquariofilia.

Alguns grupos de ciclideos podem suportar condigcdes extremas em
variados ambientes, como por exemplo, Orechromis alcalicus grahami, que
suporta viver em aguas extremamente salinas com pH de até 10,5 ou
extremamente quentes como em lagoas proximas ao lago Magadi (Kénia)
(Maina, 2000). Essa grande resisténcia a habitats extremos & responsavel pela
alta radiacao adaptativa de membros desta familia aos ambientes dos lagos
africanos.

O cuidado parental, geralmente desempenhado pelas fémeas, e a
presengca de uma “quebra’ na linha lateral, representam caracteristicas
marcantes nos peixes desta familia (Britski, 1972).

Grande parte das informacbdes genéticas da familia Cichlidae ¢é
concentrada na espécie O. niloticus, e para as outras espécies, as informacgdes
sao em sua maioria restritas a analises de citogenética classica como por
exemplo a determinacao de numero dipléide, embora alguns estudos mais
atuais tém trazido mais informagbes acerca da composicdo e organizagao
gendbmica de espécies esta familia, como visto em Mazzuchelli e Martins
(2009), Teixeira et al. (2009), Valente et al. (2011). O numero dipldide dos
ciclideos esta relacionado com a distribuicdo geografica das espécies pelos
varios continentes onde sdo encontrados. Os ciclideos africanos apresentam
numero dipldide modal igual a 44 e os da regiao neotropical apresentam

numero modal como sendo 48 (Feldberg et al. 2003; Poletto et al. 2010b).

1.2.  DNAs repetitivos e seus possiveis efeitos no genoma



Sequéncias de DNA repetitivo estdo presentes em um imenso numero
de espécies eucariotas. Estima-se que o genoma humano é constituido por até
50% de DNA repetitivo (The Genome International Sequencing Consortium,
2001). A diferenca no tamanho apresentada pelos genomas entre diferentes
espeécies € geralmente associada a grande quantidade de DNA repetitivo
presente, incluindo elementos transponiveis, que atuam como grandes
responsaveis por alteragbes gendmicas, resultando em rearranjos
cromossOmicos € ampla variedade de cariétipos (L6énnig e Saedler, 2002;
Raskina et al. 2008).

Os elementos repetitivos apresentam presenga massiva nas regides
heterocromaticas, pericentroméricas e teloméricas dos genomas, porém podem
ser encontradas em algumas regiées eucromaticas. Um exemplo classico de
DNA repetitivo se refere ao DNA satélite alféide centromérico de
aproximadamente 170 pares de bases (pb), presente na maioria das espécies
de primatas, e que tem participacao na fungcdo centromérica (Therman e
Susman, 1996). Além disso, os DNAs repetitivos também estdo envolvidos em
varios processos, como por exemplo, na recombinagcao (Biet et al. 1999),
expressao génica (Liu et al. 2001), eventos de replicacéo (Li et al. 2002) e
diferenciacéo de cromossomos sexuais (Charlesworth et al. 2005).

A utilizagcdo de sequéncias repetitivas tém se mostrado de extrema
importancia para estudos evolutivos e cromossémicos (Ferreira et al. 2007)
onde seu mapeamento citogenético pode ajudar a esclarecer eventos de
amplitudes cromossémicas como fusdes, fissbes e inversdes, e até mesmo
podem ser utilizadas para esclarecer a origem de cromossomos

supernumerarios e diferenciacao de cromossomos sexuais.
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Incluindo sequéncias dispersas, familias multigénicas e sequéncias
distribuidas in tandem, varias sdao as formas de classificacdo dessas
sequéncias repetitivas (Figura 1). Sequéncias in tandem — aquelas dispostas
continuamente - sao divididas em trés grupos com diferentes tamanhos e
distribuicbes no genoma, sendo eles os DNAs satélites, minisatélites e

microsatélites.

- ﬂ&i'u’ﬂ
"T- — o i [l oo

Figura 1: Organizacdo dos tipos de sequéncias em genomas de eucariotos. Fonte: DNA

segredos e mistérios (Farah, 2007).

Sequéncias de DNAs satélites sao as sequéncias que apresentam de
1.000 a mais de 100.000 cépias de trechos de 100 a 300bp repetidas em
tandem, localizadas normalmente nas regides pericentroméricas e teloméricas
e compreendem um importante componente da heterocromatina constitutiva
(Miklos, 1985).

Os minisatélites consistem em curtas sequéncias compreendendo entre

5 a 65 bp, apresentando riqueza em conteudo GC e sendo concentrados em
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regides eucromaticas em todos os genomas (Charlesworth et al. 1994). A
intensa dinamica evolutiva dos minisatélites levando a um aumento no nivel de
variacao, permitiu a utilizacao destas regides para a eficaz identificacdo de
individuos, técnica que ficou conhecida como fingerprint de DNA (Jeffreys et al.
1985).

Outro tipo de DNA repetido, os microsatélites, sdao formados por
pequenas sequéncias que compreendem de 1 a 6 bp repetindo-se in tandem e
formando arranjos curtos no genoma de menos de 300 pb. Comparando as
taxas de mutacdo que ocorrem entre essas regides e regides codificantes, &
observado um aumento extremamente consideravel variando de 102 a 10°
eventos por loco por geragcao para os microsatélites (Ellegren, 2000) a
aproximadamente 10°° para regides codificantes (Li, 1997). Microsatélites sao
extremamente polimérficos, apresentando diferentes disposicbes em se
tratando da sequéncia de repeticdes que podem ser dispostas em
mononucleotideos, dinucleotideos, trinucleotideos e tetranucleotideos. Parte da
classificacao dos microsatélites também & baseada no fato de um motif ndo
possuir alguma interrupg¢ao por um outro (sendo denominados microsatélites
perfeitos); ser interrompido por outro tipo de sequéncia (compreendendo os
microsatélites imperfeitos); ou ainda uma juncao de dois ou mais motfifs
diferentes (denominados microsatélites compostos).

Outros dois grandes grupos de elementos repetitivos séo os elementos
transponiveis: Transposons e Retrotransposons os quais ja possuem diversas
familias identificadas. Tais elementos correspondem a sequéncias de DNA
capazes de se movimentar de uma regiao para outra do genoma por meio de

processos diferentes, que os distingue em dois grupos — os elementos
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transponiveis de classe | ou retrotransposons e os elementos transponiveis de
classe Il ou transposons de DNA.

Os elementos transponiveis foram descobertos em 1950 por Barbara
McClintock por meio de estudos em milho, o que lhe rendeu o prémio Nobel em
1983 apo6s a identificagdo dos elementos transponiveis em diversas outras
espécies como Drosophila melanogaster, Escherichia coli, Caenorhabditis
elegans e Homo sapiens (Berg e Howe, 1989).

Elementos transponiveis representam aproximadamente 45% do
genoma humano, 60% do genoma do milho € 40% do genoma de camundongo
e estdo também presentes em organismos unicelulares (apesar de estarem em
menor quantidade) correspondendo, por exemplo, a 3-5% do genoma de
Saccharomyces cerevisiae, € aproximadamente 0,3% do genoma de E. coli
(Biémont e Vieira, 2006).

A classe | de elementos transponiveis compreende os retrotransposons,
cuja principal caracteristica se assemelha aos retrovirus, sendo transpostos por
intermédio de moléculas de RNA, convertidas em DNA pela transcriptase
reversa produzida por estes proprios elementos. Outras caracteristicas dividem
a classe | ainda em dois grupos: os retrotransposons com LTR (longas
repeticdes terminais — long terminal repeats) e os transposons sem LTR (non-
LTR) (Capy et al. 1998).

Os retrotransposons com LTR possuem longas repeticbes em suas duas
extremidades que sdo necessarias para a transcricdo e inser¢ao do elemento
em outros locais do genoma (Béhne et al. 2008). Existem trés principais grupos
em vertebrados: Ty1-copia, Ty3-gypsy € BEL. Os retrotransposons sem LTR

sao divididos em outros dois grupos: SINEs (short interspersed nucleotide
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elements) e os LINEs (long interspersed nucleotide elements). Diferentemente
dos LINEs, que possuem seus proprios mecanismos para efetuar sua
transposicao, os SINEs sado elementos que nao possuem tais mecanismos, e
utilizam toda a maquinaria de transposicao dos LINEs (Smit, 1996).

A classe Il de elementos transponiveis compreende os elementos
chamados transposons de DNA. Sao também divididos em varias familias,
onde a separacao destas baseia-se na similaridade de suas sequéncias. O
mecanismo de transposicao pode variar de um grupo para outro, onde o
mecanismo mais conhecido & o “cortar e colar” em que o elemento se transpde
através de copias que sao criadas e assim inseridas em outros locais no

genoma.

1.3. Cromossomos supernumerarios

Cromossomos B ou supernumerarios sao cromossomos extras
presentes em 10-15% das espécies eucariotas (Camacho et al. 2000;
Camacho, 2005). Uma vez que estao presentes em uma pequena parcela dos
individuos, sugere de uma forma ampla que nao sao essenciais ao
desenvolvimento dos mesmos. Apresentam geralmente uma morfologia distinta
dos outros cromossomos do genoma onde se encontram e parecem estar
ausentes nas aves, ja que esse grupo apresenta inUmeros micro Cromossomos
em seu cariétipo, o que dificulta a observacdo e analise dos elementos B
(Kasahara, 2009).

Os individuos que portam tais cromossomos tém seu genoma dito
“hospedeiro”, pois possuem a presengca de um elemento supernumerario que

muitas vezes € chamado de “parasita” (Camacho et al. 2000). Podem causar
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efeitos deletérios quando presentes em grande quantidade em um mesmo
individuo, como visto em centeio, onde quanto mais cromossomos B presentes,
menos o hospedeiro se desenvolve (Jones et al. 2008). Por outro lado, podem
causar efeitos aparentemente benéficos no hospedeiro mesmo presentes em
grande quantidade, como visto no camundongo Apodemus flavicollis (Zima et
al. 2003), onde a presenca de grande numero de cromossomos B proporciona
um aumento na massa corpérea conferindo maior adaptabilidade a baixas
temperaturas.

A presenca de tais cromossomos pode ser também diferenciada por
regides geograficas, onde temos como exemplo o gafanhoto Eyprepocnemis
plorans - amplamente estudado na area de cromossomos supernumerarios -
que apresenta varios tipos de cromossomos B espalhados por diferentes
populacdes de diferentes localidades (Camacho, 2005). Como a presenca dos
cromossomos B pode afetar a taxa de recombinacao entre os cromossomos do
complemento A, isso leva a pensar que os cromossomos do complemento A
agem contra os efeitos dos cromossomos B através de variantes que possam
evitar que os cromossomos B se estabilizem no genoma, ou até mesmo
fazendo com que ele acabe por desaparecer completamente. Porém, como os
cromossomos B apresentam também uma taxa de alteragcdo em seu conteudo,
podem surgir variantes genéticas que acabam por contornar o ataque
desempenhado pelo complemento A (Camacho et al. 2000), fazendo assim
com que o cromossomo B permanec¢a no genoma (Figura 2).

Tais cromossomos também apresentam diferentes niveis de parasitismo,
causando assim variados niveis de efeitos no genoma que sao observados

através de diferenca entre os niveis de quiasmas entre grupos de diferentes
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regides (Camacho et al. 2002; Camacho, 2005). Além de apresentarem
variagbes populacionais, os cromossomos B também podem apresentar
diferencas numéricas dentro de um mesmo individuo, como visto no roedor
Akodon montensis (Kasahara, 1982).

Por conta de suas estratégias para aumentar a taxa de transmissao —
que excede os 50% previstos pela teoria mendeliana — e consequentemente
mantendo-se no genoma, esses cromossomos sao chamados de elementos
parasitas (Camacho et al. 2000). De fato, foi observado que o cromossomo B
tem uma tendéncia maior de, durante a gametogénese em fémeas, migrar para
0 odcito secundario em vez de para o primeiro corpusculo polar, como
observado em varias espécies de plantas e animais (Camacho et al. 2000).

Como relatado por diversos trabalhos, estes cromossomos podem ser
encontrados em diferentes nimeros em uma Unica espécie ou ainda de
diferentes formas na mesma espécie (Trifonov et al. 2002; Szczerbal e
Switonski, 2003; Moreira-Filho et al. 2004). Estes cromossomos nao realizam
recombinagcbes entre eles mesmos quando presentes em duplicidade, nem
com outros cromossomos do complemento A, embora existam evidéncias de
que recombinag¢des ocorram em cromossomos B da raposa Vulpes vulpes

como relatado por Basheva et al. (2010).
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Neutralizacdo

B parasitico B quase neutro

A

Transmissao
randémica
levando a perda
estocastica
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Nova variante parasitica do B

¥
Extincéo

Figura 2: llustragdo do ciclo de parasitismo dos cromossomos B no gafanhoto E. plorans

(modificado de Camacho et al. 2000).

Tais cromossomos possuem uma ampla variedade de processos de
surgimento. Um modo de detectar o surgimento de um cromossomo B € pela
verificacdo de sequéncias compartilhadas entre o B e o genoma A (Beukeboom,
1994). Se sequéncias sao compartilhadas, pode tratar-se de uma forma intra-
especifica (aquela quando o cromossomo B é originado por segmentos do
préoprio genoma em que se encontra) ou ainda de forma inter-especifica,
quando verifica-se que dado cromossomo B é originado a partir de uma
espécie proxima (Sapre e Deshpande, 1987; Schartl et al. 1995; McAllister e
Werren, 1997). Origens inter-especificas sao geralmente detectadas quando
sao encontradas no cromossomo B sequéncias que estdo ausentes no
complemento A da espécie hospedeira, porém presentes no genoma de uma
espécie proxima que nao possui Bs (McAllister e Werren, 1997). Quando
originados de forma intra-especifica, podemos diferenciar tal surgimento como

sendo de carater autossémico (no caso, surgido dos cromossomos autossomos
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— sendo esta, a forma mais aceita) ou ainda um surgimento através dos
Cromossomos sexuais.

Muitas variagdes podem ocorrer em se tratando de tamanho, onde os
cromossomos B podem ser tdo pequenos quanto um simples ponto, sendo
também chamados de “dot-like”, como observado no mamifero Apodemus
penisulae (Trifonov et al. 2002), tdo grandes quanto os cromossomos do maior
par como visto em Astyanax (Maistro et al. 1992) e Haplochromis obliquidens
(Poletto et al. 2010a), e até mesmo chegando a ser considerados gigantes
gendmicos e apresentando tamanhos superiores que 0s maiores cromossomos
do complemento A, como visto no peixe Alburnus alburnus (Ziegler et al. 2003)
que pode medir até 1.5x o tamanho do maior par cromossémico do
complemento A. Esses cromossomos sao em sua grande maioria
completamente heterocromaticos e enriquecidos com elementos repetitivos,
incluindo elementos transponiveis, DNAs ribossomais e DNAs satélites.

Dentro do grupo dos ciclideos, cromossomos supernumerarios ja foram
detectados em algumas espécies sulamericanas, sendo elas Gymnogeophagus
balzanii (Feldberg e Bertollo, 1984), Geophagus brasiliensis, Cichlasoma
paranaensis, Crenicichla niederleinii (Martins-Santos et al. 1995), Cichla
monoculus, Cichla sp. e Crenicichla reticulata (Feldberg et al. 2004).
Haplochromis obliquidens e Metricalima lombardoi séao as unicas espécies
africanas desta familia em que cromossomos supernumararios foram
detectados até o momento. Além de serem encontrados apresentando-se
completamente heterocromaticos, cromossomos B em ciclideos também séao
encontrados em numeros variados, sendo de 1 a 2 em H. obliquidens (Poletto

et al. 2010a) e de 1 a 3 em Cichla monoculus, Cichla sp. e Crenicichla
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reticulata (Feldberg et al. 2004). A familia Cichlidae compreende um importante
grupo de peixes com importancia tanto para pesca e consumo como por
exemplo Oreochromis niloticus (comumente denominados tilapias) e Cichla
kelberi (comumente chamados de tucunarés), quanto para aquariofilia por
conta das inUmeras espécies que apresentam coloracao exuberante, como por
exemplo os peixes do género Symphysodon, também conhecidos como acaras.
O sequenciamento completo do genoma de varias espécies de ciclideos
juntamente com dados citogenéticos sao de extrema importadncia para a
elucidacao dos mecanismos por tras da origem e evolugao de cromossomos

supernumerarios em peixes desta familia.
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2. OBJETIVOS

O presente trabalho teve por objetivo a analise do cromossomo B da
espécie de ciclideo africano Haplochromis obliquidens pela utilizacao de
técnicas de citogenética classica e molecular, visando compreender melhor sua
organizacao genbmica e relacdo com o complemento A, assim como o0s

possiveis efeitos da sua presenca nos individuos portadores.
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3. MATERIAL E METODOS

3.1. Animais e amostragem

Foi utilizada a espécie de ciclideo africano Haplochromis obliquidens
(Figura 3), amplamente difundida na aquariofilia, como modelo de estudo para
conduzir a presente proposta de pesquisa. Esta espécie € natural dos lagos
Kyoga e Nawampasa (lagos satélites ao lago Vitoria) e esta considerada extinta
no primeiro e ameagada de extingao no segundo lago (Steeves et al. 2010). Os
animais utilizados no presente estudo foram obtidos a partir de lojas de
aquariofilia da cidade de Botucatu/SP. Apds preparagdes cromossOmicas e
retirada de tecidos para extracdo de DNA, os exemplares foram fixados em
formol 4% e estocados em etanol 70% na colecdo do Laboratério Genémica

Integrativa (LGI) - Instituto de Biociéncias de Botucatu, UNESP.

Figura 3: Exemplar adulto (macho) de Haplochromis obliquidens.

3.2. Realizagédo de medi¢cbes morfolégicas
Foram realizadas medi¢cbes morfoldégicas em 24 exemplares de H.
obliquidens (amostragem contendo individuos com e sem B) com a finalidade

de verificar se a presenca do cromossomo B leva a alteragdes na forma do
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individuo. As medi¢gdes foram realizadas utilizando um paquimetro digital. De
acordo com Trapani (2003) foram considerados 5 caracteres: Comprimento
total (TL), comprimento predorsal (PDL), didametro do olho (EW), comprimento

do focinho (SL) e comprimento pésorbital (POL) (Figura 4).

Figura 4: llustragéo dos caracteres utilizados nas analises morfolégicas.

3.3. Extracdo de DNA genbémico
O DNA genbémico foi extraido a partir de figado fixado em etanol 100%
utilizando o método de fenol-cloroférmio descrito por Sambrook e Russel
(2001) que consiste nos seguintes passos:
1- Macerar o tecido em um tubo;
2- Adicionar 500uL de tampao de digestao (Tabela 1);
3- Aquecer as amostras em banho-maria a 50°C por aproximadamente
1 hora (h) e 30 minutos (min), até que haja uma boa digestao do
tecido;
4- Adicionar 500uL de fenol-cloroformio e homogeneizar as amostras
durante 15min;
5- Centrifugar por 15min a 15.000 rotagées por minuto (rpm);

6- Transferir o sobrenadante para um segundo tubo;
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7- Acrescentar 0,2 do volume total da reacdo de NaCl 1M e dois
volumes de etanol 100% gelado. Agitar suavemente de modo a
precipitar o DNA;

8- Centrifugar por 5min a 15.000rpm;

9- Descartar o sobrenadante e acrescentar cuidadosamente 375uL de
etanol 70% para lavar;

10- Centrifugar por 15min a 15.000rpm;

11-Descartar o sobrenadante e secar o DNA (temperatura ambiente ou
estufa até 40°C);

12-Eluir as amostras com 250uL de agua ultrapura.

Tabela 1: Componentes para tampao de digestdo de tecido e suas respectivas concentragbes

e volumes iniciais (C1 e V1) e finais (C2 e V2).

Componente C1 V1 C2 V2
H,O qgsp 500uL - 430uL - 500uL
NaCl 5M 10pL 0,1M 500uL
para cada Tris-HCI ™ 5uL 0,01M 500uL
amostra SDS 10% 25uL 0,50% 500uL
Proteinase K 10mg/mL  5pL 0,Ymg/mL  500uL
EDTA 0,5M 25uL 0,025M  500uL

3.4. Obtengdo de cromossomos mitoticos

Preparagcbes de cromossomos mitdéticos foram obtidas em trabalhos
anteriores (Poletto et al. 2010a, 2010b) e encontravam-se estocadas a -20°C
no LGIl. Preparagbes adicionais também foram obtidas com base na
metodologia descrita por Bertollo et al. (1978) de modo aumentar a
amostragem anterior. Foram seguidos os seguintes passos:

1- Injetar intraperitonealmente colchicina 0,025% na propor¢cao de

0,1mL para cada 100 gramas (g) de peso do animal,

23



Deixar o animal em aquario bem aerado por cerca de 40min. Em
seguida, anestesiar e sacrificar o animal para retirar a por¢ao anterior
e posterior do rim, transferindo-o para uma solucao hipoténica de KCI
0,075M;

Divulsionar o tecido com a ajuda de uma seringa de vidro e transferir
o sobrenadante para um tubo de 12mL;

Incubar o material obtido em estufa a 37°C por aproximadamente
23min;

Pré-fixar o material com 6 gotas de fixador Carnoy (metanol:acido
acético — proporcao 3:1) e ressuspender o material pipetando-o por
aproximadamente 100 vezes;

Deixar descansar por 5min, e adicionar fixador até completar o tubo
realizando entdo uma outra ressuspensao;

Centrifugar a 800rpm por 10min e descartar o sobrenadante,
completando com mais 6mL de Carnoy seguido de outra série de
pipetagem;

Centrifugar a 1.000rpm por 10min, descartar o sobrenadante,
completar para 6mL de Carnoy, repetindo este passo por mais duas
vezes;

Apds a ultima lavagem, ressuspender o material com Carnoy até que

a amostra se apresente turva, e estocar este material a -20°C,;

10-Para preparagao das laminas, pingar 20uL em uma lamina pré

3.5.

aquecida em agua destilada a 60°C deixando secar ao ar.

Anaélise do cariétipo da espécie H. obliquidens
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Para obtencdo de um melhor padrao cariotipico foi utilizado o método de
calculo de indice Centromérico [ic = 100p / (p+q)], onde p e g representam
braco menor e brago maior, respectivamente). Foram montados 9 cariétipos a
partir de metafase submetidas a coloragdo convencional com Giemsa de trés
individuos diferentes, os quais foram submetidos a medi¢des realizadas com o
software Image Pro® Plus (Media Cybernetics). Tais medi¢cdes consistiram em
calcular o indice centromérico de todos os cromossomos. Considerando 22
pares para cada um dos 9 cariétipos, foram criadas 198 tabelas representando
cada um dos pares cromossémicos onde foram adicionados os dados
referentes aos comprimentos de cada braco dos dois homélogos.

De modo a verificar se existem diferencas morfolégicas entre dois
cromossomos B quando presentes em duplicidade em uma mesma célula
foram realizadas medi¢cdes comparativas entre 26 metafases de um mesmo
individuo. Para efeitos de analise comparativa, dois pares do complemento A

facilmente identificaveis (par 1 e par 8) também foram medidos.

3.6. Isolamento de fragdo Cot-1 DNA
Em acordo com a cinética de reassociagao de DNA (Zwick et al. 1997), a
fracao Cot-1 DNA foi obtida baseando-se no seguinte protocolo descrito por
Ferreira e Martins (2008):
1- Diluir o DNA genbémico a um concentragcao de 100-500ng/uL em 0,3M
NaCl;
2- Aliquotar 500uL de DNA em tubo de 1,5mL;

3- Autoclavar por 30min a 1,4atm/120°C;
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Realizar uma eletroforese em gel de agarose 1% para verificar os
tamanhos dos fragmentos;

Aliquotar a amostra em trés tubos (0, 3 e 5), e desnaturar em
termociclador a 95°C por 10min;

Apds a desnaturagado, resfriar os tubos em gelo por 10seg, e
imediatamente tratar o tubo 0 com S1 nuclease e incubar a 37°C por
8 minutos enquanto os tubos 3 e 5 sdo incubados a 65°C para
realizar a renaturacao;

Apds 3 minutos de renaturagao, tratar o tubo 3 com S1 nuclease e
incubar a 37°C por 8 minutos;

Apds 5 minutos de renaturacgao, tratar o tubo 5 com S1 nuclease e
incubar a 37°C por 8 minutos;

Logo apds o tratamento com S1 nuclease por 8 minutos em cada

amostra, congelar os tubos em nitrogénio liquido;

10-Adicionar igual volume de fenol-cloroférmio e inverter varias vezes o

11-

tubo suavemente para homogeneizar;
Centrifugar por 5min a 13.000rpm e transferir a fase aquosa para um

segundo tubo;

12-Precipitar o DNA com 2,5 volumes de etanol 100% gelado e deixar os

tubos a -80°C por 30min;

13-Centrifugar por 15min a 15.000rpm a 4°C;

14-Secar o pellet e eluir em 50uL de agua ultrapura cada uma das trés

fracdes (0, 3 e 5);
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15-Marcar as fragdes Cot-1 DNA com biotina através da reacao de nick
tfranslation com o kit Bionick Labelling System (Invitrogen), seguindo

as especificagdes do fabricante.

3.7. Isolamento de sequéncias repetitivas por meio de PCR

Os elementos transponiveis Rex1, Rex3 e Rex6, e gene de RNAr 5S
foram amplificados por PCR. Para realizacdo das PCRs, foram utilizados os
sequintes primers: Rex1f (5-TTC TCC AGT GCC TTC AAC ACC-3’) e RexTr
(5'-TCC CTC AGC AGA AAG AGT CTG CTC-3’); Rex3f (5-CGG TGA YAA
AGG GCA GCC CTG-3’) e Rex3r (5-TGG CAG ACN GGG GTG GTG GT-3)
(Volff et al. 1999; Volff et al. 2000); Rex6f (5-TAA AGC ATA CAT GGA GCG
CCAC-3’) e Rexér (5-GGT CCT CTA CCA GAG GCC TGG G-3) (Volff et al.
2001); 5Sf (5-TAC GCC CGA TCT CGT CCG ATC-3’) e 5Sr (5'-CAG GCT
GGT ATG GCC GTA AGC-3’) (Martins e Galetti, 1999). Estes primers tém sido
utilizados em varios trabalhos para isolamento dos respectivos fragmentos
repetitivos e tém-se mostrado muito eficientes. Apds encontrar a temperatura
de anelamento mais adequada a cada par de primer, foram seguidos
programas especificos para cada fragmento (Tabela 2). As reagbes de PCR
foram realizadas da seguinte forma: 130ng de DNA; 0,5U de Taq DNA
polimerase (/nvitrogen); 1,5mM de MgCl,; tampao de reacao a 1X; 0,8mM de
dNTP (0,2mM de cada um dos nucleotideos); 0,2uM de cada primer (forward e

reverse) e agua ultrapura para um volume final de 25pL.
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Tabela 2: Programas de ciclos de PCR utilizados para cada um dos fragmentos amplificados.

Tempo em minutos.

Rex1 Rex3 Rex6 58S
95°C - 5:00 95°C - 5:00 95°C - 5:00 95°C - 5:00
95°C - 1:00 95°C - 1:00 95°C —1:00 95°C - 1:00
62°C — 1:00 | 34x 58°C —1:00( 34x 58°C — 1:00( 34x 55°C —1:00 | 34x
72°C -1:00 72°C -1:00 72°C -1:00 72°C -1:00
72°C -5:00 72°C -5:00 72°C -5:00 72°C -5:00
4°C - hold 4°C - hold 4°C - hold 4°C - hold

3.8. Obtengéo de Bacterial Artifitial Chromosomes (BACs) para serem
utilizados como sondas cromossémicas

Foram utilizados clones BACs contendo segmentos gendmicos

provenientes de uma biblioteca de Oreochromis niloticus. Os BACs

selecionados para o estudo foram doados pelo Professor Thomas D. Kocher

(University of Maryland, USA) e possuem um tamanho variando de 145 a

194kb. Alguns dos BACs utilizados contém genes conhecidos e outros

possuem grande quantidade de sequéncias repetitivas de DNA.

3.9. Comparative Genomic Hybridization (CGH)

Analises envolvendo experimentos de hibridagdo genémica comparativa
(CGH) também foram conduzidas de modo a verificar se o cromossomo B da
espécie em questao apresentava segmentos genémicos relacionados a um dos
sexos. DNA genémico de machos (0 e 1B) foram marcados com biotina por
meio de nick translation com o kit Bio Nick Labelling System (Invitrogen) e DNA
genémico de fémeas (0 e 1B) foram marcados com digoxigenina também por
nick translation com o kit Dig Nick (Roche) seguindo respectivamente as
especificacbes dos fabricantes. Num primeiro momento, foram utilizadas as

sondas que nao possuiam cromossomo B em uma hibridagdo dupla em
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metafases de machos e fémeas ambas com cromossomos B (Figura 5A). Num
segundo momento, foi realizado o mesmo procedimento utilizando DNA
gendmico de machos e fémeas que possuiam 1 cromossomo B (Figura 5B).
Foi aplicado nas laminas uma mistura de hibridagcao contendo 800ng de DNA
genémico (400 ng de cada sexo), cobrindo as laminas com laminulas e
incubando as laminas em camara umida (2x SSC) a 37°C por 72 horas. Apés a
hibridacao, foram detectados simultaneamente os sinais de biotina (sonda de
DNA genbémico de macho) com FITC-avidina e os sinais de digoxigenina
(sonda de DNA gendémico de fémea) com rodamina. As laminas foram

contracoradas com DAPI diluido em meio de montagem antifading (Vector).

A B
. yadCll  padl
-l Il

Figura 5: Representagdo dos experimentos de CGH. Experimentos com sondas genémicas

sem cromossomos B (A) e experimentos com sondas gendémicas com cromossomos B (B),

ambas hibridadas em metafases de machos e fémeas com cromossomo B.

3.10. Marcagéo das sondas

Apés a padronizacao das PCRs para cada um dos pares de primers,
foram obtidas as sondas através de PCR utilizando incorporagdo de dATP
biotinilado (/nvitrogen). As reagcbes de PCR para marcagcao foram realizadas

com os mesmos parametros citados no item 3.7, com uma modificacdo na
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concentracao de dATP que consistiu em 0,14mM de dATP comum adicionado
de 0,06mM de dATP biotinilado (totalizando 0,2mM de dATP) somado a 0,2mM
de cada um dos demais nucleotideos, totalizando os 0,8mM de dNTP na
reacado. As sondas utilizadas nos experimentos de CGH e Cof-1 DNA foram
marcadas através da reacédo de nick-translation, utilizando o kit Bionick
(Invitrogen) para marcacbées com biotina, e Dig-nick (Roche) para as
marcagcdes com digoxigenina. Os BACs foram marcados utilizando o Kkit

Genome Plex (Sigma).

3.11. Hibridagao in situ fluorescente (FISH) e detecgdo dos sinais

Apbs preparadas, as laminas foram desidratadas em série alcodlica
gelada (70, 85 e 100%) por 5min cada. Uma mistura de hibridacao foi
preparada, contendo:

- 3uL da sonda (200ng no total);

- 7,5uL de formamida 100% (concentracao final de 50%);

- 3uL de sulfato de dextrano 50% (concentracao final de 10%);
- 1,5uL de 20x SSC (concentragao final de 2x).

Os cromossomos foram desnaturados em uma cubeta contendo
formamida 70% (70mL de formamida 100% e 30mL de 2x SSC) a 62°C por
39seg. Em seguida, as laminas foram novamente desidratadas em série
alcodlica gelada e secadas posteriormente a temperatura ambiente. A mistura
de hibridacao foi desnaturada em termociclador a 95°C por 10min, deixado em
gelo por 5min e foram aplicados os 15uL da mistura sobre a lamina, cobrindo

esta com uma laminula. As laminas foram entdo incubadas em camara
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umedecida com 2x SSC a 37°C overnight de modo a realizar a hibridagao (para

os experimentos de CGH as incubagdes foram de 72 horas).

Apoés a hibridagao, as laminulas foram removidas, as laminas lavadas

em 2x SSC a 72°C por 5min e transferidas para uma solu¢do de bloqueio

(PBD) a temperatuda ambiente de modo a prosseguir a deteccao dos sinais.

Foram seguidos entao os seguintes passos:

1-

Aplicar uma solugao conjugada de FITC-avidina (26uL de tampao C
[TC] e 4L de FITC-avidina), cobrindo-a com laminula e incubando-a
em camara umida a 37°C por 20min. (Para deteccdo de sondas
marcadas com digoxigenina, utilizar neste passo 0,25uL de rodanima
e 44,75l de TC pulando diretamente para o passo 6).

Remover a laminula e lavar as laminas duas vezes em PBD a 42°C
por 5min cada;

Aplicar 20uL de solugao de anti-avidina (1uL de anti-avidina e 19uL
de PBD) cobrir com laminula e incubar novamente em camara umida
por 20min;

Remover a laminula e lavar novamente as laminas duas vezes em
PBD a 42°C por 5min cada,;

Aplicar novamente uma solugao conjugada de FITC-avidina (26uL de
TC e 4L de FITC-avidina), cobrir com laminula e incubar em camara
umida a 37°C por 20min;

Remover a laminula e lavar duas vezes as laminas em PBD a 42°C
por 5min cada;

Montar as laminas com 15uL de DAPI-anti fading.
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3.12. Aquisi¢cédo de imagens e processamento dos dados

As imagens foram adquiridas por meio de microscopio de fluorescéncia
Olympus BX61 com filtros para FITC, Rodamina, DAPI e lodeto de Propidio, e
equipado com camera digital Olympus DP71. As imagens fotografadas foram

processadas através do software Photoshop CS2 (Adobe).
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4. RESULTADOS E DISCUSSAO
O presente tdpico sera apresentado em forma de manuscrito a ser

submetido a revista cientifica da area de genética e citogenética.
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Molecular cytogenetic mapping of the B chromosome of the cichlid fish
Haplochromis obliquidens: contributions to understanding the genomic content

and origin of B chromosomes

Key Words
Supernumerary chromosomes, Transposable elements, Evolution, Cytogenetic,

Fluorescent in situ hybridization.
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Abstract

B chromosomes are additional chromosomal elements found in a
diversity of eukaryote groups including fungi, plants and animals. Despite B
chromosomes have been widely studied, their mechanisms of origin, evolution
and possible function are still remaining to be clearly understood. To advance in
the knowledge of B chromosome biology, morphological analysis, classical and
molecular cytogenetics analysis were conducted in the cichlid fish Haplochromis
obliquidens which harbor 1 to 2 B chromosomes. The results obtained
evidences that the 1B animals present less morphological variation compared to
the OB animals. The cytogenetic mapping of several probes including
transposable elements, repeated DNA genomic fraction (Cot-1 DNA), whole
genome probes (comparative genomic hybridization - CGH), and BAC clones
from Oreochromis niloticus containing repeated DNAs, evidenced similarities
between the B chromosome and the 1% chromosome pair suggesting its
possible origin from this A chromosome. On the other hand, a special attention
must be exercised because the high evolutionary dynamism that rules the
chromosomal regions harboring repeated DNA clusters may generate a false

idea of homology between chromosomes.
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Introduction

The B chromosomes (Bs), also known as accessory, extra or
supernumerary chromosomes are dispensable chromosomes found in various
eukaryotic species including animals, plants and fungi (Camacho et al. 2000).
Around 15% of the eukaryote species do carry these chromosomes (Camacho,
2005) which can also be found in different numbers and shapes (Trifonov et al.
2002; Szczerbal and Switonski 2003; Moreira-Filho et al. 2004) in the species. It
is broadly reported that Bs are heterochromatic and enriched with repetitive
elements such as satellites DNAs, rDNAs and transposable elements
(Camacho, 2000). The Bs can arise from an intraspecific origin (from the host
genome) or interspecifically (from the genome of a related species) (Sapre and
Deshpande, 1987; Schartl et al. 1995; McAllister and Werren, 1997). When Bs
are intraspecifically originated, they can also be differentiated by an autosomal
origin - the most accepted form - or from the sex chromosomes. The size of the
Bs can also vary extremely, ranging from a simple dot-like chromosome
(Trifonov et al. 2002) to as big as the bigger chromosome pair of the A
complement (Maistro et al. 1992; Ziegler et al. 2003; Poletto et al. 2010a).

The number of Bs in the host cells can affect the fitness of the carrier
organism (Jones et al. 2008) and its presence may also affect the
recombination rate among homologous chromosomes of the A complement
(Camacho, 2005). They present non-Mendelian inheritance and meiotic
analysis of these chromosomes reveals no recombination with any other
chromosomes of the A complement nor with other Bs when they are in duplicity
(Camacho, 2005), although there are evidences of B chromosome

recombination in the fox Vulpes vulpes (Basheva et al. 2010). Although the
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presence of B chromosomes has been extensively described for a huge number
of species, several questions concerning its origin, evolutionary mechanisms
and function, are still remaining to be answered.

B chromosomes were describe in the African cichlid Haplochromis
obliquidens that was found to harbor one or two large heterochromatic B
chromosomes, including both male and female (Poletto et al. 2010a). Among
Cichlidae members, B chromosomes were also identified in the African species
Metriaclima lombardoi (Poletto et al 2010b) and in the South American species
Gymnogeophagus balzanii (Feldberg and Bertollo, 1984), Geophagus
brasiliensis, Cichlasoma paranaensis, Crenicichla niederleinii (Martins-Santos
et al. 1995), Cichla monoculus, Cichla sp. and Crenicichla reticulata (Feldberg
et al. 2004). The cichlids have attracted the attention of biologists due the rapid
radiation of some groups in the Great Lakes of East Africa, in which almost
2.000 species arose in the last 10 million years (Kocher, 2004). In addition,
some species of Cichlidae, principally the tilapiines, are very important for
aquaculture and fisheries, and the Nile tilapia represents one of the most widely
farmed freshwater fish in the world (FAO, 2008). Because of this, the cichlids
have become an important model for genetics, genomics and evolutionary
studies. Here, we investigated the genomic composition of the B chromosome
of H. obliquidens looking for contributions in relation to the origin and genetic
mechanisms that took place during the evolutionary history of this element. In
the aim to advance in understanding the B chromosome biology and also to
contribute to the knowledge of the complex evolutionary history of African
cichlids, molecular cytogenetics was conducted consisting in fluorescent in situ

hybridization (FISH) using several classes of probes including (i) the
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retroelements Rex1, Rex3 and Rex6, (ii) 5S rDNA,; (iii) BACs from a
Oreochromis niloticus genomic library; (iv) Cot-1 DNA, and (v) whole genomic
DNA. The results show a straight relationship between the genomic content of
the B chromosome and the largest chromosome pair of the A complement (pair
one) allowing inferences on the possible evolutionary history of this extra

element.

38



Material and methods

Animal samples and morphological analysis

Specimens of Haplochromis obliquidens were obtained from aquarium
trade in Botucatu/SP, Brazil. Morphological characters of 22
specimens ,comprising 11-0B and 11-1B animals, were measured using a
digital paquimeter as follow: TL (total length), POL (post orbital length), PDL
(pre dorsal length), EW (eye width) and SL (snout length). The samples were
then separated in two groups: (i) OB specimens and (ii) 1B specimens. The
measurements were submitted to correlation analysis between TL and each
one of the other characters (TL vs POL; TL vs PDL; TL vs EW and TL vs SL),
and the Coefficient of Correlation (R) (Altman, 1991) was calculated for each

correlation analysis.

Basic cytogenetic and chromosome morphology analysis

Metaphasic chromosomes were obtained from 96 animals from previous
works (Poletto et al. 2010a, 2010b) and new chromosome preparations were
obtained in this work (Bertollo et al. 1978) in order to increase the number of
analyzed specimens. C-banded chromosome preparation according to Sumner
(1972) and Chromomycin Az (CMA3) staining according to Schweizer (1976)
where performed. For a better knowledge of the karyotype of the species,
measurements were conducted on all chromosomes of nine karyotypes
prepared from three different specimens harboring one B chromosome. The
data were analyzed according to the centromeric index [100p / (p+q)] to
determine the morphology of chromosomes as metacentric (m), submetacentric

(sm), subtelocentric (st) or acrocentric (a).
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To verify morphological divergence between double Bs present in the
same cell, analysis were carried out based on the measurements of the Bs. In
order to find out if size differences between double Bs are also present between
homologous of the A complement set, the pair 1 and 8 (easily recognized in the
karyotype) were also included in the analysis. In toto, three chromosome pairs
(Bs, pair 1 and pair 8) of 26 metaphases were measured and each pair (double
Bs was analyzed as a pair) was separated in bigger and smaller chromosomes
in order to create two groups for analysis. It was calculated the difference
between the mean value of the size of the bigger and smaller chromosomes in
all the pairs. The measurements were calculated comparing Bs, 1% and gt pairs
from the same metaphase. T-test were also carried out over the measurements

of Bs, 1% and 8" pairs.

Cytogenetic mapping

DNA for purposes of probe obtention was extracted according to the
phenol-chloroform method following Sambrook and Russel (2001) using liver
tissue. Several probes were applied in the cytogenetic mapping of metaphasic
spreads, including Cot-1 DNA fraction, the retrotransposons Rex1, Rex3 and
Rex6, 5S rDNA, bacterial artificial chromosomes (BACs) of a genomic library of
the Nile Tilapia O. niloticus (Cichlidae), and whole genome used as probe for
comparative genomic hybridization (CGH) analysis.

The Cot-1 DNA fraction was obtained based on the renaturation kinetics
(Zwick et al. 1997) with some modifications (Ferreira and Martins, 2008)
consisting in digestion by autoclaving 200uL of genomic DNA at 100-200ng/pL

in 0.3M NaCl. The fragmentation was verified by electrophoresis in 1% agarose
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gel in order to obtain DNA fragments ranging from 100 to 800bp. The DNA was
then denatured at 95°C for 10min, cooled on ice for 10sec, and heated up to
65°C for reannealing for 5min. After, the fragmented DNA was then treated with
1U of S1 nuclease at 37°C for 8min in order to digest the single strand DNA,
keeping intact the highly and moderately repetitive sequences. The sample was
frozen in liquid nitrogen and the DNA extracted with the phenol-chloroform
method (Sambrook and Russel, 2001). The probe was labeled with biotin
through nick translation (Bionick Labeling System - Invitrogen) and hybridized
on 1B metaphasic spreads.

The retroelements Rex1, Rex3 and Rex6, were obtained by polymerase
chain reaction (PCR) using the primer sets as follows: Rex7f (56°-TTC TCC AGT
GCC TTC AAC ACC) and RexTr (5-TCC CTC AGC AGA AAG AGT CTG CTC)
designed to amplify Rex1 segments corresponding to the coding domains 3-7 of
the reverse transcriptase (RT) gene (Volff et al. 2000); Rex3f (5'-CGG TGA
YAA AGG GCA GCC CTG) and Rex3r (56°-TGG CAG ACN GGG GTG GTG GT)
that were designed to amplify the coding domains 1, 2, 2A, A and B of the RT
gene (Volff et al. 1999); and Rex6f (5-TAA AGC ATA CAT GGA GCG CCA C)
and Rex6r (5'-GGT CCT CTA CCA GAG GCC TGG G) that amplify the C-
terminal part of the restriction enzyme-like endonuclease of the retrotransposon
element (Volff et al. 2001). PCR was also applied in the obtention of 5S rDNA
repeats with the primers 5Sf (5-TAC GCC CGA TCT CGT CCG ATC) and 5Sr
(5'-CAG GCT GGT ATG GCC GTA AGC) (Martins and Galetti, 1999). Firstly,
each PCR reaction was standardized and analyzed in a 1% agarose gel in
order to get specific products of each primer set. The probes were obtained

through PCR labeling with 130ng of genomic DNA, 1U of Tag DNA polymerase,
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0.5uM of each primer, 1.5mM MgCl,, 1X Buffer reaction, 0.2mM of each dNTP
(where dATP were: 0.14mM of normal dATP and 0.06mM of dATP-biotinilated —
comprising a total of 0.2mM dATP) and ultra pure water up to 25uL of reaction
volume. The PCR obtained DNA probes were then fragmented with DNase to
be used on chromosome hybridizations.

Ten BAC clones selected from a genomic library of O. niloticus were also
applied as probes on the hybridizations on 1B metaphasic spreads (Table 1).
The BACs selected belong to the linkage groups (LG) 1, 3 and 5 of O. niloticus.
Most BACs used as probes were from linkage group 3 and contain markers
located in the larger chromosome pair of O. niloticus that is homologous to the
chromosome 1 of H. obliquidens (Poletto et al. 2010b). It was previously
demonstrated that chromosome 1 of H. obliquidens shares repeated DNAs with
the B chromosome (Poletto et al. 2010a). The genomic content of the BACs
was estimated based on restriction physical mapping data available (Katagiri et
al. 2005) and nucleotide sequence of BACs (Cnaani et al. 2008). BACs were
labeled with the kit Genome Plex (Sigma).

Comparative genomic hybridizations (CGH) were carried out in order to
observe if the B chromosome of H. obliquidens possess sex specific genomic
segments. Genomic DNA of a male and female (both without B chromosomes)
where used to perform the first round of CGH experiments. In the second round,
genomic DNA of male and female containing B chromosomes was used as
probes. Genomic DNA probes (OB male, OB female, 1B male and 1B female)
were labeled through nick translation. Male DNA was labeled with biotin
(Bionick Labelling System - Invitrogen) and female DNA with digoxigenin (Dig

Nick - Roche). Double hybridizations were performed using 400ng of each sex
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genomic DNA. In the first part of the experiments, the OB probes (female
[digoxigenin] + male [biotin]) were double-hybridized on a 1B male spread and
1B female spread. In the second part, the 1B probes (female [digoxigenin] +
male [biotin]) were double-hybridized also on a 1B male spread and 1B female
spread.

For the probe hybridizations, the chromosome spreads were incubated
for 3 minutes in a pepsin solution containing 50mL of water, 250uL HCI 0.2N
and 250uL of pepsin 1%. The slides were then washed twice in 2x SSC for
5min each at room temperature, dehydrated in cold ethanol series (70, 85 and
100%) for 3 minutes each and air dried. The chromosomes were denatured in a
70% formamide solution (70mL formamide 100% and 30mL of 2x SSC) at 65°C
for 39 seconds followed by another cold ethanol series washes for 3 minutes
each and air dried. The hybridization mixture were prepared with 3uL of labeled
PCR product (100ng), 7.5uL of formamide 100% (final concentration of 50%),
3pL of dextran sulfate (final concentration of 10%) and 1.5uL of 20x SSC (final
concentration of 2x). For CGH, the mix was prepared with 3uL of male probe
(400ng), 3uL of female probe (400ng) and the final concentrations of other
components were kept. The probe mixtures were then denatured at 95°C for 10
minutes, cooled in ice for 5 minutes, applied on the slides, covered with a cover
slip and incubated in a moist chamber (2x SSC) overnight at 37°C (72h for CGH
experiments). After hybridization a wash in 2x SSC at 72°C for 5 minutes was
conducted and the slides were placed in a PBD solution at room temperature
until to address the detection of signals. The detection were performed with a
incubation at 37°C with FITC-avidin conjugated in C buffer (0.1M NaHCOs and

0.15M NaCl) for 20 minutes, followed by 2 washes in PBD buffer at 42°C for 3
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minutes each, a incubation with anti-avidin and PBD buffer at 37°C for 20
minutes, 2 washes with PBD buffer at 42°C for 3 minutes each, a second
incubation with FITC-avidin and 2 washes in PBD buffer at 42°C for 3 minutes
each. Biotin signals were detected using FITC and digoxigenin signals were
detected using rhodamine. The slides were then mounted with antifading
containing DAPI and visualized under an Olympus BX61 fluorescence
microscope equipped with a CCD camera Olympus DP71. The images were

then analyzed and the figures were merged using Photoshop (Adobe).
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Results

Morphological analysis of specimens and karyotypes

Morphological analyses were conducted based on the total length (TL) of
the fish body versus each one of the other body measurements (POL, PDL, EW
and SL) through a correlation plot. The R analyses showed a very close
relationship between the specimens in the two groups analyzed (OB and 1B).
Nevertheless, despite the low number of animals included in the sample (11-0B
and 11-1B animals), there was a small difference between the 0B and 1B group
correlations (Table 2). The 1B group shows less morphological variation
between each character compared to the 0B one.

Chromosome morphology analysis showed the karyotype is composed of
7 meta/submetacentric chromosomes (m/sm) and 15 subtelo/acrocentric
chromosomes (st/a) (Fig. 1) plus one or two B chromosomes. The size of the B
chromosomes had an average of 3.35um comprising 6.48% of the whole
genome of the species (Supplementary material 1 and 2).

Comparative analysis of the 2B karyotypes showed higher differences in
the size between the 2Bs (when observed in the same cell) than the differences
between the members of the 1% and 8" chromosome pairs also in the same cell.
The mean difference between the large and the small B was 0.45um whereas
the difference between members of the 1% and 8" chromosome pairs was
0.23um for both pair members (Supplementary material 3 and 4). The t-test
carried out showed significant differences between Bs and no differences

between the members of the 1% and 8" pairs (Supplementary material 5).

Basic cytogenetic: C-banding and CMA; staining
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Heterochromatic blocks were observed in the centromeric region of most
A chromosomes, in 1p and in the whole extension of the B chromosome, as
observed previously by Poletto et al. (2010a) (Fig. 1). CMA3; staining detected
positive sites on 1p, in the pericentromeric region of pairs 1, 7, 13 and 14, in the
short arm of chromosomes 8, 9, 12, 16 and 17, and both pericentromeric and

subtelomeric regions of the B chromosome (Fig. 1).

Hybridization of chromosomal probes

The Cot-1 DNA fraction from a 0B genome generated strong hybridization
signals on the pericentromeric region of all chromosomes of the A complement,
but no signal was observed in the B chromosomes (Fig. 1).

5S rDNA probe generated signals on the pericentromeric region of 15
chromosomes (pairs 1, 8, 9, 11, 14, 15, 18 and 20). The pair no. 14 presented
signals only in one of the homologous whereas no signal was observed on the
B chromosome (Fig. 1).

The transposable elements Rex7, Rex3 and Rex6 hybridized in several
chromosome pairs, being most signals dispersed in the chromosomes (Fig. 1)
with a more intense clustering in pericentromeric regions. Rex1 presented
dispersed signals in most pairs of the karyotype, with high concentration in the
distal portion of 1q, dispersed over the pericentromeric areas of most
chromosome pairs, and present in the full extension of the B chromosomes (Fig.
1). Rex3 was accumulated in the pericentromeric regions, dispersed on pairs 1,
8p, in an interstitial site of 8q, and dispersed on the entire extension of the B

chromosomes (Fig. 1). Rex6 showed dispersed signals in several
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chromosomes including the long arm of chromosome 1 and were not detected
on B chromosomes (Fig. 1).

Ten selected BAC clones representative of LG 1, 3 and 5 were
hybridized against 1B karyotypes of H. obliquidens (Fig. 2) giving the
hybridization patterns as follow. LG 1: the BAC #5 yielded a strong interstitial
signal on 9q and dispersed small signals on 1q and in other chromosomes; the
BAC #9 presented a strong pericentromeric signal on chromosome pair 3 and
small signals dispersed in some chromosomes. No signal was identified on the
B chromosomes with BACs of LG 1. LG 3: the BAC #1 generated dispersed
signals on few chromosomes and pericentromeric signals on most
chromosomes. Additionally, strong signals dispersed on 1q and 1p were
observed and an interstitial site was observed on 8g. No signal was observed
on B chromosomes: the BAC #3 gave strong hybridization signals in most
pericentromeric regions, strong signals on the whole extention of 1p and 1q, a
interstitial block in 8q, and dispersed signals in the entire length of the B
chromosome (Fig. 2); the BAC #4 showed one interstitial strong signal on 1q
and few small signals in some other chromosomes; the BAC #7 presented
dispersed signals over 1q, a strong signal close to the centromer of 1q, and no
signal in the B chromosomes; the BACs #8 and #10 showed pericentromeric
signals on chromosome 1 and no signal on Bs. LG 5: the BAC #2 showed
dispersed signals on most chromosomes, an interstitial site in 8q, dispersed
signals in 1qg, and absence of signals in the Bs. The BAC #6 generated an
interstitial signal in 11q and absence of signals in the Bs.

The CGH experiments evidenced a close relationship between the

genomes with and without Bs. In the first analyses, CGH probe from a 0B
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genome was hybridized on 1B male and 1B female spreads (Fig. 3). No
differences were observed between sexes. The hybridization pattern obtained
shows very strong signals on the pericentromeric region of all the chromosomes
using both male and female probes in both male and female metaphasic
spreads. The B chromosome exhibit very weak signals on the pericentromeric
and subtelomeric regions under both probes of male and female genomes. The
second analyses of CGH involved 1B male genomic DNA and 1B female
genomic DNA as probes hybridized against 1B chromosome samples of both
sexes. The results showed the same strong signal patterns on pericentromeric
regions of all the A chromosomes, but also yielded strong signals on the full
extension of B chromosomes on both male and female spreads and strong

signals dispersed on 1p and in the distal portion of 1q.
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Discussion

General features of B chromosomes of H. obliquidens

The chromosomal set of H. obliquidens comprised 44 chromosomes plus
one or two heterochromatic B chromosomes as previously observed (Poletto et
al. 2010a). The B chromosomes of this species were similar in size to the 1%
chromosome pair, occupying 6.48% of the genome. Among fishes, the
presence of large Bs were also observed in Astyanax scabripinnis (Maistro et al.
1992), Microlepidogaster leucofrenatus (Andreata et al. 1993), Rutilus rutilus
(Hafez et al. 1978), and Alburnus alburnus that present the larger B among
vertebrates (Ziegler et al. 2003; Schmid et al. 2006).

The comparative analysis of the two Bs (when observed in the same cell)
evidenced some level of divergence between their sizes. Variation in the size
among members of a chromosome pair is commonly observed probably as a
consequence of different degree of chromatin condensation, as here observed
for the 1% and 8" chromosome pairs, or as a consequence of genomic gain or
los between homologous. The differences between double B chromosomes are
considered significant through the student's t-test. Although the probe
hybridizations evidenced the same pattern on both Bs, indicating the same
genomic content, it is suggested that both Bs could represent two types of Bs in
initial stage of differentiation maybe with variation in the copy content of
repeated DNAs.

It is known that the presence of Bs may affect the development and
fertility of the host (Jones et al. 2008), and affect even other physiological
processes in both animal and plants (Camacho, 2000). The performed

morphometric analyses show that the presence of the B chromosome could
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drive morphological variations among the animals. Although the morphological
analyses evidenced a high correlation (R value close to 1) for all the different
measurements (including animals with and without B chromosome), the R
values were slightly higher for the B carrying animals, except for two
correlations (SL vs EW and POL vs SL) suggesting that the 1B population tend
to have a more uniform body shape compared to the 0B group. Despite the low
number of animals sampled, is possible that the B chromosome presence on
this species may affect the body shape, providing the more homogeneous
pattern observed, and consequently giving any type of adaptive advantage to
the B carriers. In other organisms, the presence of such elements do causes
beneficial or deleterious effects. In maize for instance, the presence of Bs cause
a negative variation on growth and in pollen grains development as more Bs are
present (Jones, 2008). On the other hand, in Apodemus flavicollis, B
chromosomes apparently affects the body mass, performing a possible
heterotic effect on growth, thus giving better adaptation to the cold winter (Zima
et al. 2003) with positive relationship between low temperatures and high

number of Bs.

Genomic content and origin of B chromosome

The presence of heterochromatin in the entire extension of the B
chromosome of H. obliquidens is a common characteristic of Bs among fishes
(Pauls et al. 1983; Almeida-Toledo et al. 1992; Venere et al. 1999) though
euchromatic Bs were also described (Foresti et al. 1989; Venere et al. 1999).
GC rich chromatins were observed both in pericentromeric and subtelomeric

regions of the B and in several chromosomes of the A complement, including
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short arms of several pairs. The CMA; sites seem to be evidencing NORs
(nucleolar organizer regions), as observed for several fish karyotypes. The
previous cytogenetic mapping of 18S rRNA genes in H. obliquidens evidenced
rDNA sites in the pericentromeric and subtelomeric regions of the B and in the
short arm of three chromosome pairs supporting that this extra chromosome
may have originated from these A chromosomes (Poletto et al. 2010a).

The Cot-1 DNA probe of a 0B H. obliquidens sample hybridized
intensively in the pericentromeric areas of all chromosomes of the A
complement in coincidence with heterochromatin blocks but did not generate
signals in the B chromosome, indicating that the pool of highly repeated
sequences present in the Bs are divergent from that of the A complement. This
difference on the pattern of Cyt-1 DNA fraction probably is a consequence of the
high differentiation rate occurring on Bs as consequence of low selective
pressure, compared to the A chromosomes, and absence of recombination
between Bs and A chromosomes. On the other hand, the retroelements Rex1
and Rex3 hybridized in the entire extension of the B chromosome and also in
the A genome. This result suggests that the Cot-1 DNA fraction does not contain
the Rex elements that are present on the B chromosome, and also do not
contain 18S rDNA segments since there are blocks of 18S rDNA on Bs.

The Rex6 TE was previously detected in various species as Xiphophorus
maculatus, Oryzias latipes, Fugu rubripes (Volff et al. 2001) and various cichlid
species (Teixeira et al. 2009; Valente et al. 2011) and seems to have a
restricted distribution, not being detected in various fish families as
Nototheniidae, Bathydraconidae, Channichthyidae and Tetraodontidae (Ozouf-

Costaz et al. 2004) and nor in Homo sapiens (Volff et al. 2001). Although Rex6
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is present in H. obliquidens genome and is distributed in the A chromosomes in
the same fashion of Rex7 and Rex3, it is absent from the B chromosome of H.
obliquidens. The Rex6 element could even be present on Bs, but in a very low
copy number making then impossible to be detected through the limit of
fluorescent in situ hybridization resolution. Considering the absence of Rex6 in
several genomes and also in the B chromosome here investigated, it seems
that this TE had a more dynamic behavior compared to the other Rex TE being
lost or restricted to specific chromosomes or genomes.

CGH assays showed no differences between the genomic content of
male and female B chromosome, since the signals obtained showed the same
pattern between sexes. The application of 0B genomic probe generates intense
signals in the pericentromeric regions, in coincidence with heterochromatic
blocks and the Cot-1 DNA, indicating the presence of a large amount of
repetitive DNA based on CGH probe. The pericentromeric and subtelomeric
regions of Bs presented a weak but visible signal in both sexes. On the other
hand, the 1B genomic probes exhibit the same signal pattern, added by strong
signals on the full extension of Bs for both male and female probes in both male
and female chromosomes. Strong signals were also observed on 1p and
dispersed over the distal portion of 1q in coincidence with the other repetitive
probes hybridized.

One important characteristic of the three Rex elements was their
abundance in the first chromosome pair. Although Rex6 was not clustered in
the B chromosome, the other elements were most enriched in the first
chromosome and in the B, suggesting some possible homology of both

chromosome elements. To test this assumption, BAC clones of linkage group 3
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(BACs #1, #3, #4, #7, #8, #10) that are supposed to occupy the first
chromosome pair of H. obliquidens (Ferreira et al. 2010) were hybridized in 1B
karyotypes. Except the BAC #3 that hybridized intensely in the first pair and in
the B chromosome, the other BACs fail to reveal signals located on the B
chromosome. BAC #3 hybridization pattern was similar to the pattern previously
observed in H. obliquidens chromosomes under the hybridization of BACs
enriched of repeated DNAs (Poletto et al 2010a).

Other BACs of linkage groups 1 and 5 were also included as probes
because they contain single copy sequences and repeated DNAs (Cnaani et al
2008). As expected, the BACs produced signals mainly in the 1% chromosome
pair, but there was no high concentration of signals on the distal portion of 1q as
seen with BAC #3, Rex71 and Rex3. Only the BAC #4 shows signals on 1q
concentrated on an interstitial block and not present in a high concentration on
distal portion. Considering that the 1B probe of CGH experiments, the Rex7 and
Rex3 TE, and BAC #3 probes gave very strong signals on distal portion of 1q
and in the B element, we can hypothesize that the distal portion of 1q is the
possible source of segments that had participated on B chromosome origin in H.
obliquidens. On the other hand, the presence of 18S rRNA genes in the B
chromosomes suggests it possible origin from the A chromosomes that carries
rRNA genes (Poletto et al. 2010a).

Considering the absence of recombination between A and B
chromosomes, the sharing of DNA sequences among them could be related to
transposition events that does not means homology by origin. In fact the
presence of huge amount of repeated DNAs including rRNA gene sequences in

the B chromosome make difficult to address strong considerations concerning
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the possible origin of the B element, because the high evolutionary dynamism
that rules the chromosomal regions harboring repeated DNA clusters generate
thousands of paralogous copies in the genome giving a false idea of homology
between chromosomes.

The 1% chromosome pair of H. obliquidens is considered homologous to
the 1%' chromosome pair of O. niloticus (Ferreira et al. 2010) which is thought to
be the sex chromosome pair of this species (Foresti et al. 1993; Carrasco et al.,
1999). As seen in the present analysis, there is a sharing of genomic content
between the B chromosome and the 1! pair. Although the Bs of H. obliquidens
occurs both in male and females, we cannot exclude their participation in the
drive of sex in this cichlid species. Such assumption will be better addressed
though the integration of genomic and cytogenetic analysis of the B
chromosome, and also in the advancing of the knowledge on sex determination

among cichlids.
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Tables

Table 1: BAC clones employed as probes for chromosome hybridizations.

BAC ID Probe Linkage Marker Genomic content
ID group
b04TI071004 BAC #1 3 GM204 Repeated DNAs

b04TI1010022 BAC #2 5 Green opsin
b03TI066P02 BAC #3 3 GM354 Repeated DNAs
b03TI086K09 BAC #4 3 UNH115 Repeated DNAs
b04TI071H11 BAC #5 1 UNH995 Repeated DNAs
b04TI053F24 BAC #6 5 ATPase
3
3
1
3

b03TI0O73M01 BAC #7 Trp1
b03TI088C14 BAC #8 UNH106
b04TI008J05 BAC #9 CYP19A1 Ovarium aromatase

b03TIO67N14  BAC GM256
#10

Table 2: Coefficient of correlation (R) of OB and 1B specimens. All the R values are closer to 1
in 1B specimens than in OB specimens, except SL vs EW, and POL vs SL. Total length (TL),

pre dorsal length (PDL), eye width (EW), snout length (SL) and post orbital length (POL).

TL PDL EW SL POL

TL 0.85 0.77 0.92 0.83
PDL 10.99 0.91 0.96 0.87 (0B
EW 094 0.93 0.90 090 (1B
SL 0.94 0.97 0.89 0.91

POL 0.94 0.91 0.95 0.81
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Figures
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Figure 1: Karyotypes of H. obliquidens submitted to Giemsa staining, C-banding and
hybridization with retrotransposable elements Rex7, Rex3 and Rex6, Cyt-1 DNA fraction, CMA;

staining, and 5S rDNA. The B chromosome is showed in the box. Bar indicates 5um.
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Figure 2: Karyotypes of H. obliquidens hybridized to representative BAC clones of linkage
groups 1 (BAC probes #5 and #9), 3 (BAC probes #1, #3, #4, #7, #8 and #10) and 5 (BAC

probes #2 and #6) O. niloticus. The B chromosomes are showed in the box. Bar indicates 5um.
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Figure 3: CGH experiments using OB genomic probes and 1B genomic probes hybridized
against 1B metaphasic spreads of male and female. Arrows indicate the B chromosomes and

arrowheads indicate the 1% chromosome pair. Bar indicates 5um.
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gt g2 g3 hi h2 hs

Figure 4: B chromosomes in detail. (a) Giemsa staining, (b) Rex17, (c) Rex3, (d) Rex6, (e) BAC
#3, (f) CMA;, (g1-g3) 0B genomic probe CGH, (h1-h3) 1B genomic probe CGH (g1 and h1)
FITC (male genomic probe), (g2 and h2) rhodamine (female genomic probe), g3 is a merged

figure of g1 and g2, and h3 is a merged figure of h1 and h2.
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Supplementary material

Supplementary material 1. Haplochromis obliquidens karyotypes used on measurements. Bar indicates 5um.
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Supplementary material 2: All the measurements obtained from the nine karyotypes. Each colour represent a morphology. The first left column represent each

karyotype, and each colour in this column represent a specimen. Measurements are in um. B chromosomes measurements are not shown.

Karyotype Pair 1

4.7 0.78
40.8 1.14

Pair 11

0.38
1.8

17.4

Continued...
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Karyotype Pair 12 Pair 13 16 Pair 17 Pair 18

I I

0.43 0.37
1.49 1.42
0.53 0.41
2.11 2.11
0.45 0.61
1.76 1.9
0.39 0.38
1.82 1.71
0 0.4
1.48
0.62 0.63
1.61 1.24
1

4

0

.6
.39
1.4
0.11 0.5
1.56 1.
.19
1.53

0.61
1.19

0.28 0.33 0.68
1.42 1.36 : 1.32

Total mean Pair 12 Pair 13 | Pair 14 Pair 15 Pair 16 Pair 17 Pair 18 Pair19 | Pair 20 Pair 21 Pair 22

1.63 1.56 1.61 1.51 2 1.9 1.71 g 1.65
|

.75
Morphology 18.8 18.7 5 25.1 15.5 15.9 4.23 3.24 4.42 2.65

6
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Supplementary material 3: B chromosomes and members of pairs 1 and 8 of 26

metaphases (1 to 26) used for comparative measurements. Each pair group corresponds to

the same metaphase. Bar indicates 5um.
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Supplementary material 4. Measurements of each pair, and mean values and t-test.
Measurements are in um.

Bs 1% pair 8" pair
B < B> Homologous <  Homologous > Homologous <  Homologous >
2.726 3.009 3.083 3.137 2.717 2.947
4.112 5.280 3.244 4.436 3.572 3.897
3.039 3.332 3.143 3.410 2.876 2.907
3.088 3.574 3.684 3.722 3.139 3.208
2.601 2.737 2.812 2.886 2.232 2.366
2.713 3.201 2.898 3.201 2.666 3.130
2.659 2.931 3.057 3.132 2.582 2.632
2.594 2.984 3.311 3.339 2.881 2.979
3.016 3.675 3.581 3.594 2.774 3.131
2.473 2.896 2.651 2.884 2.283 2.781
3.920 4.616 4.566 4.764 3.731 4.502
2.888 3.590 3.715 3.871 3.457 3.556
3.100 3.225 3.086 3.277 2.794 2.993
3.054 3.388 3.213 3.527 2.657 2.854
3.034 3.399 3.046 3.326 2.889 3.144
2.943 3.335 2.945 3.140 3.091 3.199
2.033 2.170 2.258 2.455 1.930 2177
3.033 3.686 3.568 3.710 3.276 3.593
3.019 4.275 3.703 4.097 3.199 3.371
3.438 3.785 3.390 3.585 3.076 3.266
2.230 2.790 2.948 3.223 2.841 2.854
2.837 2.840 2.986 3.041 2.529 2.646
3.706 4.336 4174 4.485 3.206 3.294
2.734 3.129 2.752 3.200 2.381 2.978
2.786 3.342 3.113 3.622 2.910 3.290
3.081 3.184 3.146 3.187 2.776 2.848
Total Total Total Total Total Total
76.857 88.709 84.073 90.251 74.465 80.543
Mean Mean Mean Mean Mean Mean
2.956038462  3.411884615 3.233576923 3.471192308 2.864038462 3.097807692
Mean Mean Mean
difference: 0.455846154 difference: 0.237615385 difference: 0.233769231
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Supplementary material 5: Tables with t-test calculations.

Bs t-test
Variable 1 Variable 2
Mean 2,956038462 3,411884615
Variance 0,212678998 0,426555626
Observations 26 26
Pooled Variance 0,319617312
Hypothesized Mean Difference 0
df 50
t Stat 2,907199421
P(T<=t) one-tail 0,002712078
t Critical one-tail 1,675905025
P(T<=t) two-tail 0,005424157
t Critical two-tail 2,008559112
1st pair t-test
Variable 1 Variable 2

Mean 3,233576923 3,471192308
Variance 0,230361854 0,278624962
Observations 26 26
Pooled Variance 0,254493408
Hypothesized Mean Difference 0
df 50
t Stat 1,698274793
P(T<=t) one-tail 0,04783586
t Critical one-tail 1,675905025
P(T<=t) two-tail 0,09567172
t Critical two-tail 2,008559112
8th pair t-test
Variable 1 Variable 2
Mean 2,864038462 3,097807692
Variance 0,173524838 0,218216882
Observations 26 26
Pooled Variance 0,19587086
Hypothesized Mean Difference 0
df 50
t Stat 1,904469882
P(T<=t) one-tail 0,031305128
t Critical one-tail 1,675905025
P(T<=t) two-tail 0,062610255
t Critical two-tail 2,008559112
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5.

CONCLUSOES

1- A presenca do cromossomo B em Haplochromis obliquidens pode estar

associada a alteracbes no formato do corpo do animal, produzindo
padrées morfologicos mais homogéneos quando comparados com
animais 0B.

Os dois cromossomos B presentes nesta espécie apresentam tamanhos
significativamente diferentes, podendo ser consequéncia de diferentes
guantidades de copias dos elementos repetitivos em cada cromossomo.
O cromossomo B analisado compartilha varios tipos de sequéncias com
o complemento A, sustentando a hip6étese de uma origem intra-
especifica.

O cromossomo B compartilha sinais de FISH por diversas sondas de
DNAs repetitivos com o par cromossémico 1, sugerindo que estas
regides podem ter participado do processo de origem do cromossomo B

nesta espécie.
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