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RESUMO

Os cromossomos sexuais se originam independentemente de um par de homologos
autossdmicos e em varias linhagens apresentam caracteristicas comuns, representando
um exemplo fascinante de convergéncia evolutiva. Algumas destas caracteristicas
incluem a acumulagdo de varios tipos de DNAs repetitivos, restricdo de recombinagdo e
perda ou ganho de genes que derivam na diferenciacdo morfoldgica e genética entre os
cromossomos sexuais X ¢ Y ou Z ¢ W. Em Orthoptera, o sistema cromossdmico sexual
comumente encontrado na maioria das espécies estudadas é do tipo X0J/XX9;
entretanto, na subfamilia Melanoplinae sistemas cromossomicos sexuais derivados dos
tipos neo-XYJ3/XX?Q e neo-X;X,YJA/X1X1X,X,Q sdo frequentemente observados,
tendo evoluido repetidamente por fusdes Robertsonianas (Fusdao Rb) entre autossomos e
cromossomos sexuais ancestrais. Sendo assim, o objetivo do presente trabalho foi
analizar os sitemas cromossomicos sexuais em Melanoplinae utilizando como modelo
as espécies dos géneros filogeneticamente relacionados Chlorus, Eurotettix e
Dichromatos, e adicionalmente Ronderosia bergi. Assim, nés integramos citogenética
clasica, FISH para distintos DNAs repetitivos, microdissec¢do de cromossomos sexuais
e imunolocalizagdo para diferentes modificagdes de histonas. Além disso, em R. bergi
os cromossomos sexuais microdissectados foram usados como molde para a
amplificacao especifica de familias multigénicas com o objetivo de entender a variagao
destas sequéncias nos cromossomos sexuais. Com relagao as espécies filogeneticamente
relacionadas, nossos dados revelam nao propagac¢dao de blocos heterocromaticos e da
fragdo de DNA Cot-1, mas foi observada uma remarcavel propagacdo de familias
multigénicas entre os neo-sistemas sexuias de Eurotettix e Dichromatos, pricipalmente
para o DNATr 5S. Estes resultados também sugeriram uma origem comun e subsequente
acumulagdo diferencial de DNAS repetitivos nos cromossomos sexuais de Dichromatos,
e uma origem independente dos sistemas sexuais neo-XY e neo-X;X,Y
intragenericamente. Na espécie R. bergi, nossos dados suportam um neo-Y altamente
diferenciado e degenerado (incluindo genes repetitivos), refletindo o papel potencial das
fusdes-Rb e inversdes como primeiro passo para originar novos cromsossomos sexuais
e regides livres de recombinacdo em gafanhotos. As andlises para trés familias
multigénicas revelam homogeneizagao entre autossomos € o neo-Y para o DNAsn U2,
divergéncia para DNAsn Ul entre o neo-Y e autossomos, ¢ adicionalmente
homogeneizagao/diversificagdo entre neo-X, neo-Y e autossomos para sequéncias de
DNAr 5S. Embora o neo-XY de R. bergi seja bem diferenciado, o ex-autossomo
incorporado ao novo sistema sexual mantém as modificagdes poOs-traducionais de
histonas tipo autossomos, sugerindo que i) o conteido molecular ndo influencia os
padrdes transducionais de histonas, i1) que estas regides poderiam conter alguns genes
importantes que seguem as mesmas modificacdes que os autossomos atuais, iii) € que o
estabelecimento de modificagdes funcionais nos cromossomos sexuais sao mais lentas
que as modificagdes moleculares. Estes resultados fornecem novas informagdes com
relagdo a variabilidade cromossdmica para distintos DNAs repetitivos € a composicao
molecular especifica para neo-sistemas cromossdmicos de determinacdo sexual em
gafanhotos, sendo os primeiros dados relacionados a composicao especifica destes
Cromossomos.

Palavras-chave: Fusdo-Rb, inversdo, neo-cromossomos sexuais, FISH, DNAs
repetitivos, modificagdes de histonas.



ABSTRACT

Sex chromosomes have been evolved independently from a pair of homologous
autosomes and several lineages share common characteristics, representing fascinating
examples of evolutionary convergence. Some of those features include accumulation of
various kinds of repetitive DNAs, recombination constraint, loss or gain of genes that
derived in the genetic and morphological differentiation among the sex chromosomes X
and Y or Z and W. In Orthoptera, sex chromosome systems commonly found in the
most studies species is the type X0J3/XXQ; however, in the subfamily Melanoplinae,
derived variants neo-XY or neo-X;X,Y evolved several times by repeated autosome-sex
chromosome Robtersonian fusions (Rb-fusions). Thus, the aim of this study was to
analyze sex chromosome systems in Melanoplinae using as model species of the
phylogenetically related genera Chlorus, Eurotettix and Dichromatos, in addition
Ronderosia bergi. For this proposes it was integrated classical cytogenetic analysis,
cytogenetic mapping for distinct repetitive DNAs and microdisssected sex
chromosomes and immunolocalization for distinct histone modifications. Moreover in
R. bergi the microdissected chromosomes were used as source for specific amplification
of multigene families in order to address the specific variation of these sequences in the
sex chromosomes. Concerning to the phylogenetically related genera, our data indicate
a non-spreading of heterochromatic blocks and pool of repetitive DNAs (Cot-1 DNA) in
the sex chromosomes, but the spreading of multigene families among the neo-sex
chromosomes of Eurotettix and Dichromatos was remarkable, particularly for 5S
rDNA. These results also suggest a common origin and subsequent differential
accumulation of repetitive DNAs in the sex chromosomes of Dichromatos and an
independent origin of the sex chromosomes of the neo-XY and neo-X;X,Y systems
intragenerically. In the species R. bergi, our data supports the argument that the R. bergi
neo-Y is an element highly differentiated and degenerates (including repetitive genes),
reflecting the potential role of the Rb-fusions and inversions as first step to create new
sex chromosomes and free regions recombination in sex chromosomes of grasshoppers.
The sequence analysis for three multigene families revealed homogenization among
autosomes and neo-Y for U2 snDNA, divergence for Ul snDNA between the neo-Y
and autosomes and mixed (diversification/homogenization) among neo-X, neo-Y and
autosomes for 5S rDNA. However, and although the R. bergi neo-XY sex-
chromosomes are well differentiated the ex-autosomes incorporated in the new systems
retain autosomal post-translational histone modifications, suggesting that 1) the
molecular content do not influence the post-translational modification patterns for
histones; ii) that these regions could retain some important autosomal genes that follow
similar modifications to actual autosomes; ii1) and that the establishment of functional
modifications in neo-sex chromosomes are slower than the molecular diversification.
All of these results provide new information regarding chromosomal variability for
repetitive DNAs and the specific molecular composition of neo-sex chromosomes in
grasshoppers, being these the first data concerning the specific composition of these
chromosomes.

Keywords: Rb-fusions, inversion, neo-sex chromosomes, FISH, repetitive DNAs,
histone modification.



SUMARIO

1. INTRODUGAO. ...t 7
1.1- A ordem Orthoptera. .. .. ....oouiiiniii e 7
1.2- A familia Acrididae e os Melanoplinae neotropicais: Uma visao geral.................... 7
1.3- Origem e evolugdo de cromossomos sexuais em eucariotos: Uma visdo geral.............. 9
1.4- Evolucao de neo-sistemas de determinagdo sexual...............oooviiiiiiiiiiiniinn, 10
1.5- Evolucao de cromossomos sexuais em Orthoptera............ceeveeeieeniiieenienieenieeeeeee 11
1.5- Antecedentes citogenéticos e neo-sistemas em Melanoplinae............................. 14
2. 0OBJIETIVOS. . .ottt ettt et et e bt et eentesneenaeeneeeneeaeenes 16
2.1- OBJELIVO GETAL....eieiiiiiiieiieiie ettt ettt ettt tre e beestaeenbeesabeensaesnaeenseennns 16
2.2- Objetivo eSPECITICOS € METAS....ccuviervieriieriieeiietieeieeiteeteettesbeesteesebeebeeseeesaesseesseeens 16
3. MATERIAIS EMETODOS.........ooooioioioeeeeeeeeeeeeeeeeeeeeee e, 17
3.1- Animais, preparacdes cromossomicas € extracao de DNA ........cccccccvvvevviiiicieenieeeens 17
3.2- Isolamento de DNAs repetitivos atrvés de PCR. ........cccoeciieiiiiiiieiiciececee e, 17
3.3- Isolamento de DNA alta e moderadamente repetitivo: fragdo de DNA Cot-1.............. 18

3.4- Microdissec¢do de cromossomos sexuais € amplificacdo de familias multogéncias em

RONAEIOSIA DEIG.....cviivieeiiceeeeeeee ettt ettt ettt et aeeanas 18
3.5- Clonagem, sequénciamento e andlises das SEqUENCIAS...........cccveerreeevreriierreereeeneennns 19
3.6- Hibridagao iN SItU fIUOTESCENLE. ........ccveieerierieeeie ettt et 20
3.7- INMUNOAELECCAO. .....uvvieeieiiiie ettt ettt eete e e e et e e e e et e e e e eeaaeeeeeetaeeeeeeanaeeeeenreas 21
4- RESULTADOS E DISCUSSAOQ..........ooooioieieeeieeeee e 22
4.1- Capitulo 1: Traking the evolution of sex chromosome systems in Melanoplinae
grasshoppers through chromosomal mapping of repetitive DNA
L0 L1 4 Lo 23

4.2- Capitulo 2: Neo-sex chromosome of Ronderosia bergi: Insights on molecular
evolution of sex chromosome 1N GrasshOPPETS ......ccveeeeviieriieeiiie e 36
5- CONCLUSOES GERALIS..........cooomtiiiriieriinirieeiee et sssesssesssessons 80
6- REFERENCIAS BIBLIOGRAFICAS.........ooooiiiiiiiieiieeiieeiseeissesssss e 81



1. INTRODUCAO
1.1 A ordem Orthoptera

A ordem Orthoptera originou-se ha cerca de 300 milhdes de anos, com uma
importante radiacdo durante o Permiano, Tridssico e Jurassico, € com a radiacdo da
subordem Caelifera posterior a Ensifera. A caracteristica mais importante durante o
Terciario e Quaternario foi a expansdo da superfamilia Acridoidea que aconteceu ha
30 milhoes de anos (HEWITT, 1979).

Atualmente, os ortdpteros estdo representados por mais de 25.000 espécies
distribuidas mundialmente, reconhecidas principalmente por caracteres morfoldgicos,
capacidade de salto e por seus aparelhos estridulatorios (CIGLIANO e LANGE,
1998; POCCO et al., 2010). Este taxon faz parte de uma das faunas mais importantes
de insetos terrestres, sendo em sua maioria espécies fitofagas, ocupando uma grande
variedade de habitats e confinadas especialmente na regido tropical, com poucas
espécies que ocupam latitudes frias (HEWITT, 1979; CIGLIANO e LANGE, 1998).
A ordem inclui trés subordens: Grylloblattinea, Ensifera e Caelifera. A subordem
Grylloblattinea tem apenas seis espécies descritas, enquanto que Ensifera inclui os
ortopteros de antenas longas nas superfamilias Grylloidea, Gryllacridoidea,
Gryllotalpoidea e Tettigonioidea, contendo um total de 9.500 espécies descritas. Por
outro lado, Caelifera inclui os gafanhotos de antenas curtas na superfamilia
Acridoidea com 10.000 espécies de gafanhotos e bichos pau, Tetrigoidea com
aproximadamente 1.000 espécies conhecidas e Trydactiloidea com cerca de 146

espécies (HEWITT, 1979; CIGLIANO e LANGE, 1998).

1.2 A familia Acrididae e os Melanolplinae neotropicais: Uma visao geral

A superfamilia Acridoidea contém as familias Acrididae, Ommexechidae,
Romaleidae, Tristiridae, Pyrgomorphidae, Pyrgacrididae, Pamphagidae, Lathiceridae,
Dericorythidae, Lithidiidae e Lentulidae, a grande maioria destes com distribucdo
Neotropical (HEWITT, 1979; CIGLIANO e LANGE, 1998). A familia de maior
biodiversidade ¢é Acrididae, e¢ dentro deste taxén se encontra a subfamilia
Melanoplinae, que constitui 0 maior grupo de acrididos do Novo Mundo com 43
géneros e 232 espécies descritas até 0 momento, se distribuindo amplamente desde o
Alasca até o ponto mais austral do Chile e Argentina (CIGLIANO, 2007; CIGLIANO
e LANGE, 2007). Na regiao Neotropical os melanoplineos se caracterizam por serem

maioritariamente dominantes em numero de espécies e individuos nos estudos de


http://orthoptera.speciesfile.org/Common/basic/Taxa.aspx?TaxonNameID=1117715
http://orthoptera.speciesfile.org/Common/basic/Taxa.aspx?TaxonNameID=1117695

ocorréncia de ortdpteros, incluindo, além disso, diversas pragas prejudiciais a
agricultura da América (CIGLIANO, 2007), tais como Melanoplus bivitattus, M.
sanguinipes e algumas espécies do género Dichroplus.

Os melanoplineos Sul-americanos pertenecentes a tribo Dicrhoplini: Chlorus,
Eurotettix, Dichromatos, Scotussa, Leiotettix, Atrachelacris e Ronderosia foram
incluidos no grupo informal de géneros °‘Paranaense-Pampeano’’ ultimamente
chamado Scotussae, baseados principalmente em caracteres da genitdlia masculina
(DINGHI et al.,, 2009). As espécies de Chlorus, Eurotettix, Dichromatos e
Ronderosia, algumas das quais sdo discutidas neste trabalho, estdo distribuidas nas
provincias fitogeograficas Paranaense, Cerrado e Catinga (CIGLIANO, 1997,
CIGLIANO e LANGE, 2007), ocorrendo frequentemente diferentes espécies em
simpatria.

Eurotettix com doze espécies (E. femoratus, E. minor, E. monnei, E.
carbonnelli, E. raphaelandrearum, E. robustus, E. procerus, E. brevicerci, E.
bugrensis, E. concavus, E. latus e E. similraphael) se encontra principalmente nas
provincias fitogeograficas Paranaense e Cerrado, no centro-sul do Brasil e Paraguai
(CIGLIANO, 2007); Dichromatos que compde quatro espécies (D. curupa, D.
lilloanus, D. montanus e D. schrottkyi) esta melhor representado no estado do
Parand, ao sul do Brasil, leste do Paraguai e noroeste da Argentina; enquanto que
Chlorus (Ch. spatulus; Ch. chiquitensis; Ch. bolivianus; Ch. vittatus, Ch. attenuatus;
Ch. brunneus e Ch. borellii) e Ronderosia (Rondrosia bergi, Ronderosia cintipes,
Ronderosia dubius, Ronderosia gracilis, Ronderisa malloi, Ronderosia
paraguayensis, Ronderosia forcipatus, Ronderosia piceomaculatus e Ronderosia
robustus) sao os de mais ampla distribu¢do (CCIGLIANO, 1997; CIGLIANO e
LANGE, 2007).

As analises filogenéticas recentes, baseadas em dados morfologicos, propdem
que os géneros Eurotettix e Dichromatos juntamente com Chlorus siao grupos
monofiléticos (CIGLIANO e LANGE, 2007; CIGLIANO, 2007). Por outro lado, as
hipodteses filogenéticas sdo contraditdrias e as relacdes permanecem incertas.
Levando-se em consideracdo os estudos de morfologia da genitdlia masculina o
género Chlorus se posiciona como grupo irmado de Eurotettix, enquanto se
considerado os caracteres exo-morfologicos o mesmo seria filogeneticamente mais

préximo de Dichromatos (CIGLIANO e LANGE, 2007).



1.3 Origem e evolu¢do de cromossomos sexuais em eucariotos: Uma visao geral

Os cromossomos sexuais X € Y (ou Z e W) morfologicamente e
geneticamente distintos se originaram diversas vezes de forma independente a partir
de um par de homologos autossdmicos (OHNO, 1967; BULL, 1983). Embora os
cromossomos sexuais tenham evoluido independendemente tanto em plantas como
animais eles apresentam algumas caracteristicas comuns. Em principio, a aquisi¢ao de
um gene determinante do sexo inicia a evolu¢do de cromossomos sexuais, € em
muitas linhagens, cromossomos sexuais originalmente homomorficos se diferenciam
em cromossomos sexuais heteromorficos (BULL, 1983; CHARLESWORTH, 1996).

Um pré-requisito para que os cromossomos sexuais se diferenciem e evoluam
independentemente ¢ a diminuicdo ou abolicdo da recombinagdo entre os proto
cromossomos sexuais homomorficos. Neste contexto, alelos antagdnicos sexuais
benéficos para um sexo, mas prejudiciais para o outro, poderiam se acumular nos
proto cromossomos sexuais e seriam seleccionados para ndo recombinar
(CHARLESWORTH, 1996; KAISER e BACHTROG, 2010). Sendo assim, a
auséncia de reombinagdo em parte ou toda a extensdo dos cromossomos sexuais
limitados a um sexo (Y ou W) resultaria na degeneragdo da regido nao recombinante;
ou seja, a por¢do nao recombinate dos cromossomos Y ou W perdem a maior parte
dos seus genes ancestralmente presentes no proto-Y ou proto-W (CHARLESWORTH
et al., 1994; RICE, 1996; STEINEMANN e STEINEMANN, 2005; KAISER e
BACHTROG, 2010). O cromosomo Y muitas vezes contém uma abundancia
incomun de DNAs repetitivos (CHARLESWORTH et al., 1994), e em varios casos, a
presenca de um cromossomo Y degenerado estd associado com mecanismos de
compensagdo de doses no cromossomo X (RICE, 1996; MARIN et al., 2000), de
modo tal que a atividade da maioria dos genes ligados a o X ¢ a mesma em machos e
fémeas (CHARLESWORTH, 1996; CHARLESWORTH e CHARLESWORTH,
2000; STEINEMANN e STEINEMANN, 2005).

Em alguns grupos como por exemplo humanos (SKALESTKY et al., 2003) e
Drosophila  (CARVALHO, 2002) os cromossomos sexuais exibem poucos
remanescentes de sua historia evolutiva, enquanto outros taxons como peixes (EZAZ
et al., 2006) e cobras (EZAZ et al., 2006; VICOSO, et al., 2013a) apresentam varios
estados de transicdo de cromossomos sexuais morfologicamente idénticos até
completamente diferenciados. Atualmente, ainda ndo estd claro por que algumas

espécies suprimem a recombinacdo ao longo dos cromossomos sexuais € adquirem
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cromossomos sexuais heteromorficos XY ou ZW, enquanto que outros conservam
cromossomos sexuais homomorficos. Uma interpretagdo possivel poderia ser devido a
falta de mutagdes antagonicas sexuais em alguns grupos, ou também pela resolucao
de conflitos impostos por mutagdes antagdnicas sexuais para evolugdo sexo especifico
ou expressdo enviesada dos genes (VICOSO et al., 2013b).

Adicionalmente além da supressdo de recombinagdo 0s cromossomos sexuais
teriam a tendéncia de acumular rapidamente sequéncias repetitivas, tais como
elementos de transposicdo, DNA satélites, microssatélites e familias multigénicas
(STEINEMANN et al., 1992; STEINEMANN at al., 1993; MATSUNAGA, 2009).
Tal situacdo foi observada nas regides ndo codificantes do neo-cromossomo Y de
Drosophila miranda, caracterizada por uma alta densidade de transposons neste neo-
cromossomo sexual, se comparado com as regides homologas do cromossomo X
(BACHTROG, 2005, 2006). Este acumulo de sequéncias repetitivas poderia explicar
também porque o cromossomo Y de D. miranda tem um tamanho maior que o
cromossomo X, embora possua menor quantidade de genes. Por sua vez o acumulo
dos elementos repetitivos poderia contribuir com a degeneracdo do cromossomo Y,
afetando seu modo de expressio génica (STEINEMANN et al, 1992;
STEINEMANN at al., 1993; BACHTROG, 2005; BERGERO e CHARLESWORTH,
2008). Esta “degeneragdo genética” seria a causa da divergéncia morfoldgica e
consequentemente genética dos neo-cromossomos sexuais (CHARLESWORTH et al.,
2005; BACHTROG, 2006; KAISER ¢ BACHTROG, 2010). Assim, o neo-Y talvez é
selecionado para ndo recombinar em resposta ao acumulo de sequéncias que sao
benéficas para o macho, mas ndo para as fémeas (RICE, 1996, CHARLESWORTH et
al., 2005).

1.4 Evolucio de neo-sistemas de determinacio sexual

As evidéncias citoldgicas e moleculares em varios grupos de plantas e animais
postulam que os principais estagios durante a evolucdo dos cromossomos sexuais sao
o estabelecimento de genes determinates do sexo, supressao da recombinagao, perda
de genes, aumento massivo de elementos repetitivos e heterocromatina em regides
ndo recombinantes, além de multiplos rearranjos estruturais no cromossomo Y
(RICE, 1996; CHARLESWORTH et al., 1994, CHARLESWORTH et al., 2005;
SKALESTKY et al., 2003; STEINEMANN e STEINEMANN, 2005; HOBZA et al.,
2007 KEJNOVSKY et al., 2009; MATSUNAGA, 2009). Com base nestas evidéncias,



11

varios pesquisadores postulam que os cromossomos sexuais neo-XY originados por
fusdes Rb entre o cromossomo X e um autososomo sdao excelentes modelos
experimentais para estudar os processos envolvidos na degeneracdo do cromossomo
Y (CHARLESWORTH et al., 2005; VELTSOS et al., 2008; CASTILLO et al.,
2010b).

Ha provas suficientes onde as fusdes, inversdes e inser¢do de elementos
repetitivos (principalmente elementos transponiveis e DNAs satélites) podem afetar a
recombinagdo entre cromossomos sexuais, € portanto produzir heteromorfismos
cromossdmicos (STEINEMANN et al., 1993; CHARLESWORTH et al., 1994; 2005;
NICOLAS et al., 2003; BERGERO ¢ CHARLESWORTH, 2008; MATSUNAGA,
2009). As fusdes Rb envolvendo autossomos € cromossomos sexuais, como por
exemplo em Podisma pedestris, podem gerar uma forte ligacdo entre genes
antagonistas sexuais € cromossomos sexuais, ¢ portanto ser favorecidos pela selegdo
natural (VELTSOS et al., 2008; VELTSOS et al., 2009).

Além disso, a ligacdo de genes produto da fusdo podem exercer efeitos durante
o0 crossing over, com a exclusdo da recombinagao nas regides proximas aos pontos de
ruptura dos heterozigotos estruturais (CHARLESWORTH et al., 2005). Por outro
lado, depois da restricdo da recombinacdo 0s neo-cromossomos sexuais podem
rapidamente acumular sequéncias repetitivas, como por exemplo em D. miranda
(STEINEMANN e STEINEMANN, 1992; STEINEMANN et al, 1993;
CARVALHO, 2002; BACHTROG, 2005), Rumex acetosa (NAVAJAZ-PEREZ et al.,
2005; NAVAJAZ-PEREZ et al., 2006; NAVAJAZ-PEREZ et al., 2009) e Silene
latifolia (NICOLAS et al., 2003; MATSUNAGA, 2009; KEJNOVSKY et al., 2013).

1.5. Evolucao de cromossomos sexuais em Orthoptera

Em vérios taxons como por exemplo Orthoptera, Blattodea, Mantodea,
Phasmatodea e Lepidoptera o sistema cromossomico de determinacdo do sexo
X03/XXSP e Z0Q/ZZ3 evoluiu a partir do sistema sexual ancestral do tipo
XYJ3/XXQ ou ZWR/ZZ3, sugerindo que a reversdo para o estado X0 ou Z0 ocorreu
em um antepassado destas linhagens (WHITE, 1973; HEWITT, 1979; CASTILLO et
al., 20010a; CHARLESWORTH e MANK, 2010; KAISER ¢ BACHTROG, 2010;
YOSHIDO et al., 2013).

O sistema cromossdmico de determinagio sexual (X03/XX?Q) de Orthoptera é

bastante conservado evolutivamente comparado com as variedades de mecanismos de
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determinacdo sexual encontrados em Diptera, Coleoptera e Lepidoptera (HEWITT,
1979; YOSHIDO et al., 2013; NGUYEN et al., 2013). O mecanismo cromossdémico
de determinagio sexual X0J/XXQ envolve um equilibrio entre 0 X e autossomos
(WHITE, 1973; HEWITT, 1979; CHARLESWORTH, 1996), como foi descoberto
por Bridges em seus estudos com Drosophila melanogaster (CHARLESWORTH,
1996). Isto sugere que os genes presentes no cromossomo X controlam o
desenvolvimento feminino e os genes presentes em autossomos controlam o
desenvolvimento masculino (CHARLESWORTH, 1996; AYLING e GRIFFIN,
2002).

Em machos de grilos, tetigonidos e gafanhotos, o cromossomo X representa
um elemento Unico ndo pareado e na meiose exibe heteropicnose ao longo de toda sua
extensdao (WHITE, 1973; HEWITT, 1979). A heteropicnose do cromossomo X em
Orthoptera indica uma condi¢ao genética inerte, o que foi também demostrado pelos
baixos niveis de acetilagdo de histonas, uma modificagdo pds-translacional associada
com silenciamento genético (CABRERO et al.,, 2007). Assim entdo, poderia-se
esperar que o X carregue um namero pequeno de genes ou regides determinantes do
sexo intercaladas ao longo de toda sua extensdo. Entretanto, atualmente permanece
um mistério se o cromossomo X de Orthoptera apresenta genes determinantes do sexo
ou alguns genes relacionados com a fertilidade dos individuos.

Além do sistema sexual X0J4/XXQ, a literatura cientifica relata varias
espécies com sistemas sexuais derivados do tipo neo-XYJ/XXQ e neo-
XX, YA/X XXX, @ (WHITE, 1973; JOHN e FREEMAN, 1976; HEWITT, 1979;
MESA et al., 1982; MESA et al., 2001, MESA et al., 2002; BIDAU E MARTI, 2001;
VELTSOS et al., 2008, VELTSOS, 2009; CASTILLO et al., 2010a; CASTILLO et
al., 2010b, FERREIRA e MESA, 2010), originados principalmente por fusdes
céntricas o Robertsonianas (Rb) entre o cromossomo X ancestral e autossomos.

Com o objetivo de diferenciar os bracos dos neo-cromossomos sexuais XY,
White (1973) definiu uma terminologia a qual ¢ ainda utilizada nos trabalhos
recentes; o neo-X metacéntrico ¢ formado pelos bracos XL e XR, onde o XL
corresponde ao cromossomo X do antigo sistema sexual X0 e o XR ¢ resultado do
autossomo envolvido na fusdo. Assim o cromossomo homoélogo ao brago XR passa a
denominar-se neo-Y, de morfologia acro-telocéntrica e restrito a linhagem masculina
(WHITE, 1973; HEWITT, 1979). Em Orthoptera, exemplos de sistemas

cromossomicos sexuais neo-XY podem ser encontrados em espécies Sul-Americanas,



13

como por exemplo Dichroplus silveiraguidoi (CARDOSO et al., 1974; SAEZ ¢
PEREZ-MOSQUERA, 1977), D. maculipennis, D. vittigerum, Zygoclistron nasicum,
Z. falconicum, Z. trachysticum (MESA et al.,, 2001) e no género Ronderosia
(CASTILLO et al., 2010a). Dentro das espécies mencionadas acima, D. silveiraguidoi
¢ um exemplo de extrema divergéncia do numero diploide neste grupo, com
ocorréncia de 2n=8,XY com NF= 133/14Q (CARDOS et al., 1974; SAEZ ¢ PEREZ-
MOSQUERA, 1977).

Segundo Hewitt (1979) e Rice (1996) ¢ possivel que alelos antagonicos
sexuais se acumulem em machos e poderiam surgir novos mecanismos de
compensacao de dose como resposta ao acimulo de alelos femeninos no cromossomo
X. Uma vez que o novo mecanismo for estabelecido em todos os individuos da
espécie uma série de transformagdes ocorrem em autossomos que foram incorporados
ao novo sistema cromossomico de determinacdo sexual, como por exemplo
heterocromatinizagdo do neo-Y, ocorréncia de segmentos diferenciais e alteracdes na
distribuicdo de quiasmas entre os ex-homologos autossomicos, ou mesmo um
segundo evento de fusdo Rb Y-A, originando um sistema complexo do tipo neo-
X1 XY (MESA et al., 2001; FERREIRA ¢ CELLA, 2006; FERREIRA ¢ MESA,
2010).

Para o caso de sistemas cromossdmicos sexuais multiplos (neo-X;X,Y), os
bracos do metacéntrico neo-X; sdo chamados como descrito anteriormente para o
sistema cromossdmico de determinacdo sexual neo-XY; enquanto que o neo-Y
metacéntrio esta formado pelos bracos YL e YR, os quais compartilham homologia
com os bragos XR e o neo-X,, respectivamente (WHITE, 1973). Em Orthoptera,
exemplos de mecanismos cromossomicos de determinacao sexual neo-X;X,Y foram
observados em Paratylotropidia brunneri (WHITE, 1941), P. morsei (WHITE, 1953),
Ronderosia dubius (MESA e MESA, 1967; CASTILLO et al., 2010b) e em espécies
do género Dichromatos (CASTILLO et al., 2010a; FERREIRA ¢ MESA, 2010).

Comparado com outras regides do mundo, em ortopteros Neotropicais ¢
comum a ocorréncia de espécies com mecanismos cromossomicos sexuais derivados,
e as modificacdes morfoldgicas que eles sofrem tém sido bem discutidas por varios
autores (ver por exemplo, WHITE, 1973; HEWITT, 1979; MESA et al., 1982;
CASTILLO et al., 2010a; CASTILLO et al., 2010b). Porém, a origem, estrutura e
evolucao de neo-sistemas cromossomicos de determinagdo do sexo tém sido

estudados apenas do ponto de vista citogenético classico, como por exemplo em
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Xyleus laevipes (SAEZ e DIAZ, 1960), Neuquenina fictor (MESA, 1961), Pachyosa
signata (MESA, 1964), Dichroplus vitattus (BIDAU e MARTI, 2001), Atrachelacris
unicolor, Ronderosia malloi, R. forcipatus, R. bergi (CASTILLO et al., 2010a) e
Mariacris viridipes (CASTILLO et al., 2010b). Em N. fictor a regido de formagao de
quiasmas ocupa os dois tercos distais do neo-Y sem observacdo de regides
heterocromaticas e com a posibilidade de formar até quatro quiamas entre o neo-X e
neo-Y (SAEZ e DIAZ, 1960; MESA, 1961), enquanto que em R. bergi, a
diferenciacdo entre os cromossomos neo-sexuais ¢ notavel, onde uma inversao
pericéntrica foi estabelecida no neo-Y, além do mesmo ser completamente
heterocromatico (MESA, 1962; SAEZ, 1963; CASTILLO et al., 2010a).

Com base nestas evidéncias, a divergéncia morfoldgica progressiva do neo-Y
em Orthoptera ¢ o resultado da perda de homologia, reducdo da recombinacao,
heterocomatiniza¢do, além de rearranjos estruturais como ocorre no neo-Y de R.
bergi. Estas evidéncias também mostram que o neo-Y do tipo diferenciado acumula
caracteristicas de cromossomo sexual com heteropicnose positiva durante os
primeiros estagios meioticos (SAEZ, 1963; MESA, 1964; WHITE, 1973; HEWITT,
1979; MESA et al., 2001; CASTILLO et al., 2010a). Porém, a diferenca de outros
organismos como humanos (SKALESTKY et al., 2003; CARVALHO e CLARK,
2013), Drosophila (CARVALHO, 2002; STEINEMANN e STEINEMANN, 2005;
CARVALHO e CLARK, 2013) e plantas (NICOLAS et al., 2003; NAVAJAZ-
PEREZ et al; 2005, MATSUNAGA, 2009; KEJNOVSKY et al, 2009;
KEJNOVSKY et al., 2013), as modificagdes moleculares que levam a diferenciacao

molecular do neo-Y de Orthoptera sdo até o momento desconhecidas.

1.6 Antecedentes citogenéticos e neo-sistemas em Melanoplinae

Dentro da familia Acrididae, embora o nimero cromossomico mais frequente
seja 2n=233/24%9 com um sistema cromossdmico de determinagdo sexual do tipo
XXJ3/X0Q, existem diversas espécies com mecanismos cromossdmicos sexuais
derivados, sendo estas modificagdes mais frequentes na regido Neotropical. Por
exemplo, dentro da subfamilia Melanoplinae os quais sao mais diversos e abundantes
na regido acima mencionada, existem pelo menos 50 espécies com mecanismos
cromossdmicos de determinagio sexual neo-XYJ/XX? e neo-X;Xo YI/X XXX, Q
(MESA et al., 1982; CASTILLO et al., 2010b). Como mencionado anteriormente a

alta frequéncia destes neo-sistemas cromossomicos de determinagdo sexual estd



15

relacionada com fusdes Rb e translocagdes entre autossomos € cromossomos sexuais,
além de ocorréncia de inversoes e perda da recombinagdo. Um exemplo da extrema
divergéncia do ntmero diploide neste grupo foi descrito na espécie Dichroplus
silveiraguidoi que possui 2n=8,XY com NF= 133/14Q (CARDOS et al., 1974; SAEZ
e PEREZ-MOSQUERA, 1977).

Sem duavida a situacdo de diversificagdo cromossdmica na subfamilia
Melanoplinae parece ser mais complexa devido as frequentes variagdes em relacao ao
cariotipo comunmente observado em Acrididae. Dentro do taxon Chlorus se conhece
apenas o numero cromossdmico de quatro espécies, todas com um mecanismo
cromossdmico de determinagdo sexual de origem simples X0J3/XX$ (MESA et al.,
1982). Porém, Ch. borellii ¢ Ch. bolivianus provavelmente apresentem polimorfismos
para fusdes Rb, por causa da redu¢dao do nimero cromossdmico observada nestas
espécies (MESA et al., 1982). Da mesma forma dentro de Eurotettix composto de
doze espécies, se conhece apenas o caridtipo de E. minor com 2n=2273/22?-neo-
XYJ3/XXQ, no qual foi proposto que a origem do sistema cromossdomico de
determinagdo sexual envolveria uma fusdo Rb X-A (MESA et al., 1982; FERREIRA
e MESA, 2010). Por outro lado, os caridtipos das quatro espécies pertenecentes ao
género Dichromatos sido conhecidos, com 2n=213/229 e um sistema de
determinagdo do sexo neo-X;XpYJ3/X X1 X,X,Q, distinto do observado para
Eurotettix e Chlorus. Estes sistemas cromossdmicos de determinag¢do sexual multiplos
em Dicromatos se originaram por fusdes Rb envolvendo autossomos ¢ X (MESA et
al., 1982; CASTILLO et al., 2010a; FERREIRA e MESA, 2010).

O uso do mapeamento de DNAs repetitivos através da hibridizagdo in situ
fluorescente tem se mostrado uma excelente ferramenta para entendimento dos
padrdes de diversificagdo cariotipica e gendmica em distintos grupos de eucariotos,
assim como na andlise de origem e evolu¢do de cromossomos sexuais. Em ortdpteros
embora se tenham realizado alguns estudos relativos a estrutura e organizacdo de
familias multigénicas (DNAr e genes de histona) e poucos DNAs satélites, os estudos
nunca enfocaram o papel destas sequéncias na origem e evolugdo dos sistemas
sexuais neste grupo. As andlises utilizando ferramentas de citogenética molecular em
R. bergi e nas espécies dos géneros filogeneticamente relacionados Chlorus,
Eurotettix ¢ Dichromatos com sistemas sexuais simples e derivados permitirdo um

melhor conhecimento e teste de hipdteses quanto a origem e padrdes de evolucao



16

destes sistemas em Ortopteros, além de seu possivel papel no processo de especiagdo

do grupo.

2. OBJETIVOS
2.1 Objetivo geral

Auxiliar no entendimento dos padrdes de origem e diversificagdo de sistemas
cromossomicos de determinacdo sexual (neo-sistemas cromossOmicos sexuais) em
espécies de gafanhotos, utilizando como modelo espécies dos géneros Chlorus,

Eurotettix, Dichromatos e Ronderosia.

2.2 Objetivos especificos e metas

e (aracterizar a macro-estrutura cromossdmica de distintas populagdes das
espécies modelo, descrevendo as caracteristicas gerais de seus caridtipos,
presenca de polimorfismos e estrutura dos neo-sistemas cromossomicos
sexuais;

e Analisar a distribuicdo e riqueza de pares de base dos blocos de
heterocromatina constitutiva e sua relagdio com 0s neo-sistemas
Cromossomicos sexuais;

e Analisar os padroes de diversificagdo de familias multigénicas (incluindo
genes de RNAr, histonas e de RNAsn Ul e U2), sequéncia telomérica e fragdo
de DNA Cot-1 nos caridtipos das espécies de Chlorus, Eurotettix,
Dichromatos elucidando o possivel envolvimento dos cromossomos
portadores destas sequéncias na origem dos sistemas sexuais derivados,
buscando tragar o caminho evolutivo do mesmo nas distintas espécies;

e Mapear distintos DNAs repetitivos (familias multigénicas, fragdo DNA Cot-1,
microssatélites e sequéncias teloméricas) e cromossomos obtidos por
microdissec¢do da espécie Ronderosia bergi, buscando elucidar a possivel

diferenciagdo entre os cromossomos sexuais neo-X e neo-Y da espécie.

e Utilizar o DNA dos cromossomos sexuais microdissectados como molde para
amplificagdo de familias multigénicas em R. bergi. As analises comparativas
entre estas sequéncias ocorrentes no genoma de fémeas serdo uteis no

entendimento dos padrdes de diversificagdo dos DNAs repetitivos ocorrentes



17

nos sistemas cromossdmicos sexuais € mecanismos de evolucdo destes
Cromossomos;

e Utilizar anticorpos para acetilacdo, metilacdo e fosforilagdo dos residuos dos
aminoacidos de proteinas histonicas: H3K4me2, H4K5ac, H3K9me2 e H3S10ph,
identificando as modifica¢des dos autossomos e do sistema neo-XY nas metafases de
R. bergi, comparando os resultados com os obtidos em espécies com sistema sexual

simples (XO0).

3. MATERIAIS E METODOS
3.1 Animais, preparacées cromossomicas e extracao de DNA

Machos e fémeas adultos de Chlorus vittatus, Ch. chiquitensis; Eurotettix
brevicerci, E. minor; Dichromatos lilloanus, D. schrottkyi e Ronderosia bergi foram
coletados em diferentes localidades de Paraguai, Argentina e Brasil. Os testiculos dos
machos foram removidos e fixados em una solugdo de etanol: acético (3:1), enquanto
que os cecos gastricos das fémeas foram removidos e fixados seguindo o protocolo
descrito por Castillo et al. (2011). Para R. bergi animais coletados foram mantidos em
cativeiro até a oviposi¢do das fémeas para obtengdo de cromossomos mitoticos a
partir de embrides, seguindo o protocolo proposto por Webb et al (1978). Todos os
espécimes foram estocados em etanol e armazenados em freezer a -20°C para
posterior extracdo de DNA.

Para visualizar as caracteristicas cromossOmicas gerais de cada espécie
utilizamos a coloracdo convencional com Giemsa 5%. O bandeamento C ¢ a
coloracdo com fluorocromos base-especificos (CMA3;/DA/DAPI) seguiram os
protocolos descritos por Sumner (1972) e Schweizer et al. (1983), respectivamente. A

extragdo de DNA gendmico foi realizado utilizando o protocolo de Fenol:

Cloroformio (SAMBROOK e RUSSEL, 2001).

3.2 Isolamento de DNASs repetitivos através de PCR

A sequéncia parcial de RNAr 5S e do gene de histona H3 foram obtidas
diretamente por PCR usando o DNA genomico de Abracris flavolineata e primers
descritos por Loreto et al. (2008) e Cabral de Mello et al. (2010) para DNAr 58S, e
Colgam et al. (1998) para histona H3. As sequéncias para DNAsn Ul e U2 foram
obtidas usando o DNA genomico de Rhammatocerus brasiliensis com os primers
descritos por Cabral de Mello et al. (2012) e Bueno et al. (2013). Estes fragmentos
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foram sequenciados para confirmagdo da obten¢do das sequéncias de interesse,
nimeros de acesso a o GeneBank KC896792 (histona H3), KC936996 (DNAr 5S5),
KC896793 (DNAsn Ul) e KC896794 (DNAsn U2).

A sequéncia de DNAr 18S foi obtida a partir de um fragmento previamente
clonado e isolado do genoma de Dichotomius semisquamosus (nimero de acesso do
GeneBank GQ443313, CABRAL-DE-MELLO et al., 2010). A sonda telomérica foi
obtida por PCR usando os primers (TTAGG)s e (CCTAA)s como descrito por Ijdo et
al. (1991).

3.3 Isolamento de DNA alta e moderadamente repetitivo: fracio de DNA Cot-1.
Amostras enriquecidas com DNAs repetitivos de cada uma das espécies foram
obtidas baseadas na cinética de renaturagdo da fragdo de DNA Cot-1 (DNA
enriquecido com sequéncias alta e moderadamente repetitivas) de acordo com o
protocolo descrito por Zwick et al. (1997), com modificagdes. Brevemente, amostras
de DNA (200 pL de 100-500-ng/uLL de DNA genomico em 0,3 M de NaCl) foram
digeridas com deoxyribonuclease I (Sigma, St Louis, MO, USA) a 0,01 U/uL durante
80 a 105 sec, dependendo da concentragdo da amostra. Em seguida, os fragmentos de
DNA foram separados em gel de electroforese em 1% de agarose. Os fragmentos de
DNA esperados variaram em tamanho de 100 a 1.000 pb. Para cada uma das espécies,
50 uL da amostra de DNA fragmentado foram desnaturadas a 95°C por 10 min,
colocadas em gelo por 10 sec e transferidas a banho maria a 65°C para reanelamento
por 25 min. Subseqiientemente, as amostras foram incubadas a 37°C por 8 min com 1
U de nuclease S1 para digerir o DNA de cadeia unica. Os fragmentos foram
purificados e extraidos usando o protocolo tradicional de Fenol: Clroroférmio

(SAMBROOK e RUSSEL, 2001).

3.4 Microdissec¢io dos cromossomos sexuais e amplificacio de familias
multigénica em Ronderosia bergi

A microdissec¢ao dos cromossomos neo-X e neo-Y foram realizadas de
células meioticas obtidas de machos. Antes da microdissec¢cdo foi gerada uma
suspensdo celular de quatro foliculos testiculares em 100 pl de 4cido acético. Em
seguida a suspensdo celular foi espalhada em uma laminula e colocada sobre uma

placa quente a ~ 50 °C. Os neo-cromossomos sexuais foram facilmente reconhecidos
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devido a sua configuragdo em C nas metafases I (CASTILLO et al., 2010b) ¢ a
segregacdo precoce de estes elementos evitou a contaminagdo cruzada.

A microdisseccao foi realizada em um micromanipulador Eppendorf 5171
acoplado a um microscépio invertido Nikon Axiphot. Dez cromossomos neo-Y € oito
cromossomos neo-X foram microdissectados separadamente e, em seguida,
amplificados através do kit GenomePlex Single Cell Whole Genomic Amplification
WGA4 (Sigma) seguido por reamplificagdo utilizando o kit GenomePlex WGA3
(Sigma). Os DNA amplificados por o kit GenomePlex WGA3 foram utilizados para
produzir sondas dos cromosomos neo-X (uLX-DNA) e neo-Y (LY-DNA).

A fim de verificar a presenga de familias multigénicas como DNAr, DNAsn
Ul e U2 nos neo-cromossomos sexuais, os DNAs dos cromossomos microdissectados
foram utilizados como molde para realizagdo PCRs. Além disso, para andlises
comparativas as mesmas repeticdes foram também amplificadas a partir do DNA
genodmico da fémea (YgDNA). Os primers usados estdo descritos em Cabral-de-Mello
et al. (2010) para DNAr 18S e 58S, Colgan et al. (1998) para histona H3, Cabral-de-
Mello et al. (2012) para DNAsn Ul e Bueno et al. (2013) para DNAsn U2. As PCRs
foram realizadas em 10 x PCR de Buffer Rnx, 0,2 mM de CI,Mg, 0,16 mM de
dNTPs, 2 mM de cada par de primers, | U de DNA Polymerase Taq Platinum
(Invitrogen, San Diego, CA, USA) e 50-100 ng/pl de DNA dependendo da amostra.
As condi¢des das PCRs incluiram uma desnaturagao inicial a 94°C por 5 min seguido
de 30 ciclos a 94°C (30 sec), 55° (30 sec) e 72°C (1 min e 20 sec), mais uma extensao

final a 72°C por 5 min.

3.5 Clonagem, sequenciamento e analise das sequéncias

Os produtos das PCRs foram visualizados em gel de agarose 1% e as bandas
foram isoladas e purificadas usando o kit Zymoclean™ Gel DNA Recovery Kit
(Zymo Research Corp., The Epigenetics Company, USA) comforme as
recomendacdes do fabricante. Para comparacdo das sequéncias todos os fragmentos
de DNA isolados e purificados foram inseridos em vetores plasmidiais e utilizados
para transformar bactérias competentes de Escherichia coli DH5a (Promega,
Madison, WI, USA).

Os plasmidios recombinantes foram submentidos a sequenciamento
nucleotidico através do sequenciador automatico ABI 3100 (Aplied Biosystems). A

qualidade das sequéncias foram verificadas e alinhadas usando o software Geneious
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4.8.5 (DRUMMOND et al., 2009). Todas as sequéncias consenso foram submetidos a
pesquisa BLAST (ALTSCHUL et al., 1990) do National Center for Biotechnology
Information (NCBI), website (http://www.ncbi.nlm.nih.gov/blast).

Além disso, analises estatisticas das sequéncias foram realizadas no programa
DnaSP v.5.10.01 (LIBRADO e ROZAS, 2009), enquanto que os analises
filogenéticas e moleculares foram realizadas utilizando o programa MEGA versao 3.1

(TAMURA et al., 2011).

3.6 Hibridizacéo in situ fluorescente

As sequéncias de DNAs repetitivos de DNAr 5S, DNAsn U (Ul e U2) e
repeticdo telomérica foram marcadas com Digoxigenina 11-dUTP (Roche,
Mannheim, Germany) através da PCR, enquanto que o plasmideo contendo o gene de
DNAr 188, os produtos de PCR do gene de histona H3, a fragdo de DNA Cot-1 e, os
produtos dos uX-DNA e pY-DNA foram marcadas com Biotina 14-dATP
(Invitrogen) através da Nick translation, seguindo recomendagdes do fabricante. Além
disso, foram usados dezesseis sondas de microsatelites marcadas diretamente com
biotina-14 dATP na propia sinteses no extremo 5’: (A)sg, (C)zo, (CA)is, (CQG)is,
(TA)1s5, (AG)10, (CAA)10, (CAC)10, (TAA) 10, (GAA)10, (CGG)10, (GAC)10, (CAT)10,
(GAG)10, (GACA)se (GATA)g (Sigma).

A hibridizagdo in situ fluorescente foi basicamente realizada usando o
protocolo descrito por Pinkel et al. (1986), com modificagdes propostas por Cabral-
de-Mello et al. (2010). As sondas foram detectadas usando anti-digoxigenin-
Rhodamine (Roche) ou streptavidina alexa fluor-488 (Invitrogen). Todas as
preparagdes foram contracoradas com DAPI e montadas com meio de montagem
Vectashield (Vector, Burlingame, CA, USA). As fotografias e sinais foram
observadas utilizando um microscopio Olympus BX61 equipado com uma lampada
fluorescente e filtros adequados. As imagens foram fotografadas usando uma camera
digital DP70 em escala de cinza. Adicionalemte, as imagens foram pseudo-coradas
em azul (cromossomos), vermelho ou verde (sinais), sobrepostas ¢ otimizadas em

brilho e contraste usando Adobe Photoshop CS2.
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3.7 Imunodeteccio

Testiculos de machos adultos foram removidos e fixados em uma solugao
fresca de paraformaldeido 2% em PBS (Phosphate-Buffered Saline) contendo 0,05%
de Tween por 15 min. Em seguida, os testiculos foram imersos em uma pequena gota
deste fixador sobre uma lamina e suavemente esmagado depois de cubrir com uma
laminula, o qual foi removida depois da imersdo em nitrogénio liquido e
inmediatamente transferida para PBS gelado. A inmunodetec¢do foi basicamente
realizada seguindo o protocolo descrito por Cabrero et al. (2007).

Anticorpos primarios (rabbit polyclonal IgG, Upstate Biotechnology, USA)
anti-H3K4me2, anti-H3K9me2, anti-H4KS5ac, and anti-H3S10ph foram diluidos
1:600 em 1% de BSA (bovine-serum albumin) em PBS. As laminas foram incubadas
durante a noite a 4°C e depois das lavagem foram detectadas com anti-rabbit IgG
FITC-conjugado (Sigma) diluido 1:60 em PBS, 1% de BSA por 60 min. Apds a
lavagem final em PBT (1x PBS, 0.01% de Tween 20), as preparacdes foram
contracoradas com DAPI e montadas em Vectashield (Vector). Finalmente, as
imagens cromossOmicas foram obtidas usando os mesmos equipamentos

mencionados acima para FISH.
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4. RESULTADOS E DISCUSSAO

Os resultados da presente dissertacdo estdo apresentados em dois manuscritos
a seguir, sendo um publicado na revista BMC Evolutionary Biology (ISSN 1471-
2148) e um a ser submetido a Heredity (ISSN: 0018-067X).



23

4.1 Capitulo 1:

Tracking the evolution of sex chromosome systems in Melanoplinae

grasshoppers through chromosomal mapping of repetitive DNA sequences

Octavio M Palacios-Gimenez, Elio R Castillo, Dardo A Marti and Diogo C Cabral-
de-Mello

Publicado na revista BMC Evolutionary Biology (2013), 13: 167.
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Abstract

chromosome systems.

systems in grasshoppers.

Background: The accumulation of repetitive DNA during sex chromosome differentiation is a common feature of
many eukaryotes and becomes more evident after recombination has been restricted or abolished. The
accumulated repetitive sequences include multigene families, microsatellites, satellite DNAs and mobile elements,
all of which are important for the structural remodeling of heterochromatin. In grasshoppers, derived sex
chromosome systems, such as neo-XYJ3/XXQ and neo-X;X,YJd /X1 XXX, Q, are frequently observed in the
Melanoplinae subfamily. However, no studies concerning the evolution of sex chromosomes in Melanoplinae have
addressed the role of the repetitive DNA sequences. To further investigate the evolution of sex chromosomes in
grasshoppers, we used classical cytogenetic and FISH analyses to examine the repetitive DNA sequences in six
phylogenetically related Melanoplinae species with X0J3/XX®Q, neo-XY3/XXQ and neo-X;X,Yd /X XXX, 9 sex

Results: Our data indicate a non-spreading of heterochromatic blocks and pool of repetitive DNAs (Cot-1 DNA) in
the sex chromosomes; however, the spreading of multigene families among the neo-sex chromosomes of Eurotettix
and Dichromatos was remarkable, particularly for 55 rDNA. In autosomes, FISH mapping of multigene families
revealed distinct patterns of chromosomal organization at the intra- and intergenomic levels.

Conclusions: These results suggest a common origin and subsequent differential accumulation of repetitive DNAs
in the sex chromosomes of Dichromatos and an independent origin of the sex chromosomes of the neo-XY and
neo-X;X,Y systems. Our data indicate a possible role for repetitive DNAs in the diversification of sex chromosome

Background

For more than a century, the evolution of the sex chromo-
somes and the genetics of sex determination have been
the source of some of the most intriguing questions in
evolutionary biology and have been the focus of many
genetic and cytological studies (see for example [1-12]).
Sex chromosomes evolve from a pair of homologous auto-
somes [13], and the restriction or absence of recombin-
ation and the further accumulation of repetitive sequences

* Correspondence: mellodc@rc.unesp.br

TUNESP - Univ Estadual Paulista, Instituto de Biociéncias/IB, Depto. de
Biologia, Rio Claro/SP, Brazil

Full list of author information is available at the end of the article

( BioMVed Central

on chromosomes Y or W are important events in the dif-
ferentiation of these elements [14-16].

Based on evidence obtained from molecular studies
in different taxa, DNA sequence restructuring occurs
within new sex chromosome regions (Y or W) during
the early evolution of the sex chromosomes, and this
process involves modifications to the chromatin struc-
ture and the insertion of repetitive DNA sequences.
These morphological and genetic changes are consistent
with the abolition of recombination, which precedes the
genetic degeneration of neo-Y or neo-W chromosomes
with unknown fates [1,15-21].

Among the inserted repetitive DNA sequences, a re-
markable preponderance of mobile elements, satellite

© 2013 Palacios-Gimenez et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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DNAs, microsatellites and multigene families, which can
remodel euchromatic structures into heterochromatin,
has been observed [17,22-25]. Non-recombining regions
of the Y chromosome containing accumulated repetitive
DNAs have been well documented in, for example,
mammalian species [11,26] and Drosophila melanogaster
[27], in which the sex chromosome systems are evolu-
tionarily ancient [8,28]. The accumulation of repetitive se-
quences, even in young sex chromosomes, has also been
observed in other organisms, such as Drosophila miranda
[19], Silene latifolia [29-31] and Rumex acetosa [23].

Grasshopper species are characterized by a high fre-
quency of 2n=237/24% Kkaryotypes comprising acro-
telocentric chromosomes and X0J/XX9 sex chromosome
determination system. According to White [32] and
Hewitt [4], this karyotype is considered atavistic, at least
for Caelifera. Although grasshoppers within Acrididae
have this form of karyotypic stability and X0J3/XX% sex
chromosome system, the Melanoplinae subfamily shows
an unusually high frequency of derived neo-sex chromo-
some systems, which have been observed in at least 50
species [33-35]. This sex chromosome variability primarily
reflects the occurrence of Robertsonian fusions (Rb-fusions),
which generate complex neo-XYJ/XX9 and neo-X;X,YJ/
XX XX, 9 sex chromosome systems [32,35-37].

In contrast with other insect orders such as Lepi-
doptera [38-41] and Diptera [6,7,21] in which the evolu-
tion of the sex chromosomes has been studied by
mapping distinct classes of DNAs, there is a complete
lack of knowledge at the molecular level concerning the
evolution of the neo-sex chromosomes in grasshoppers
and the mechanisms that underlie the degeneration of
the neo-Y chromosome. The great diversity of the
sex chromosome systems observed in Melanoplinae
suggests that this group represents an excellent ex-
perimental model to analyze any changes in patterns of
linked gene groups within the sex chromosomes. With
the aim of a better understanding of the evolution of
sex chromosomes in grasshoppers we used classical
cytogenetic techniques and fluorescence in situ hy-
bridization (FISH) to analyze five multigene families,
telomeric repeats and repetitive DNA fractions (Cyt-1
DNA fraction) in six phylogenetically related Melano-
plinae species: Chlorus vittatus and Ch. chiquitensis;
Eurotettix minor and E. brevicerci; and Dichromatos
lilloanus and D. schrottkyi [42,43]. These species pre-
sent different sex chromosomes, including X0, neo-XY
and neo-X;X,Y in males ([33,34], this work). We
focused mainly on the dynamics of repetitive DNA
incorporation into new sex chromosomes as an evolu-
tionary force that contributes to the chromosomal
diversification of this group, and we examined the evi-
dence for independent or common origins of the neo-
sex chromosome systems in the analyzed species.
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Results

Meiosis and karyotypes

Different diploid numbers were observed in the six spe-
cies studied: 2n=237/24% in Chlorus vittatus and
Eurotettix brevicerci, 2n=193/20Q in Ch. chiquitensis,
2n=223/22% in E. minor and 2n=213/22% in Dichromatos
lilloanus and D. schrottkyi (Figure 1; Table 1). The auto-
somes were, in general, acro-telocentric; however, in Ch.
chiquitensis, pair 5 was submetacentric. Three types of sex
chromosome systems were observed: X0J3/XX® in Ch.
vittatus, Ch. chiquitensis and E. brevicerci; neo-XYJ/XX9
in E. minor and neo-X;X,Y3/X X1 XoX5% in D. lilloanus
and D. schrottkyi (Figure 1; Table 1).

The X sex chromosome in the X0J/XX9 system was
acro-telocentric, showing negative heteropycnotic behav-
ior during metaphase I and variability in size among the
species (Figure 1). In E. minor, the neo-XYJ/XX$ sex
pair was formed by a metacentric neo-X, the product of
Rb-fusion between the ancestral X and an autosome,
whose homologue has become a telocentric neo-Y. The
neo-sex chromosomes showed distal contact during
metaphase I, and adopted the typical L-shaped configur-
ation (Figure 1). Finally, in the Dichromatos species,
neo-sex chromosomes were formed from the metacen-
tric neo-X;, the acro-telocentric neo-X, and the meta-
centric neo-Y, being the neo-Y chromosome the largest
element. At metaphase I, the neo-sex chromosomes
were observed in the typical convergent orientation of a
Robertsonian trivalent, with the XR arm distally associ-
ated with the YL arm of the neo-Y chromosome and the
YR arm of the neo-Y chromosome distally associated
with the neo-X, chromosome (Figure 1).

Heterochromatin, Cot-1 DNA and telomeric mapping

In all of the species analyzed here, C-positive blocks
were observed in the pericentromeric region of all com-
plements, including the sex chromosomes (Figure 2).
These C-positive regions were labeled by the Cyt-1 DNA
fractions obtained from each species, except the peri-
centromeric region of the neo-Y chromosome in D.
lilloanus. Additionally, terminal blocks were detected in
the Ch. chiquitensis, Eurotettix and D. lilloanus chromo-
somes. In E. brevicerci, interstitial blocks were also ob-
served in pairs 1, 3 and 9 (Figure 2). In the Dichromatos
species, the specimens used to perform the FISH ana-
lysis with the Cypt-1 DNA probes carried B chromosomes
that presented pericentromeric, interstitial or terminal
blocks (Figure 2).

The CMA3/DAPI fluorochrome staining revealed
homogeneous DAPI staining (results not shown) and
distinct patterns of G+C-rich blocks (CMA; positive)
as follows: Ch. vittatus, all pericentromeric regions;
Ch. chiquitensis, pericentromeric regions of pairs 3, 5
and the X chromosome; E. brevicerci, interstitial region
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Figure 1 Conventional staining of male metaphase | (left panel) and female mitotic karyotypes (right panel). The sex-chromosome
system types and the species names are shown directly in the figure. The sex chromosomes and chromosome arms of the neo-sex
chromosomes involved in Rb-fusions are indicated. XL: arm derived from the original X chromosome fused to an autosome; XR: autosomal arm
of the neo-X that shares homology with the neo-Y; YL: arm that shares homology with the XR arm; YR: arm that shares homology with the neo-

of pair 6 and pericentromeric regions of the X
chromosome and pair 9 (heteromorphic); E. minor,
pericentromeric region of pair 5 and the neo-X
chromosome and the distal region of pair 7; D.
lilloanus, pericentromeric regions of pair 5 and the
neo-X; chromosome; D. schrottkyi, pericentromeric regions of
pair 4 and the neo-X; and neo-X, chromosomes (Figure 3).

In all species with X0J/XX® sex system and those
with Rb-fusion-derived sex chromosomes (neo-XYdJ/
XX?, neo-X;X,YJZ/X X1X5X59), only terminal sites

were observed with a telomeric probe in both the auto-
somes (result not shown) and the sex chromosomes
(Figure 3, insets).

Cytogenetic mapping of multigene families

FISH analysis with an 185 rDNA probe revealed signals
in two autosomal pairs in Ch. vittatus, the X chromo-
some of Ch. chiquitensis and one pair of autosomes in E.
brevicerci and E. minor; an additional cluster in the X
chromosome of E. brevicerci was also observed (Table 1;
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Table 1 Species, locality, number of males and females (M/F), diploid numbers and chromosomal positions of
multigene families in grasshoppers from the Chlorus, Eurotettix and Dichromatos genera studied in this paper

Species  Locality Number of 2n 18S H3 histone 5S rDNA U1 U2
individuals (M/F) rDNA gene snDNA  snDNA
Ch. Parque Nacional Ybycui (Paraguay) 15/2 d23/X0  3pcg6d 7i 3i4d:61  4d 14,2091
vittatus 024/XX
Ch. Corumba (Brazil) 9/2 319/X0 X pc 7 pc 61 4d 10,21
chquitensis 020/XX
E. Botucatu (Brazil) 15/9 323/X0  Xpcg3  7pr 3i 4d 119 pc*
brevicerci ©24/xX pc
E. minor Paraguarf (Paraguay) 16/4 822/XY 3 pc 5d 3pc5oprn; 4.d; XRi; 1021
022/%XX XR i Yi
Atyra (Paraguay) 2/0
Altos (Paraguay) 1/0
Parque Nacional Ybycui (Paraguay) 101
Ybycui (Paraguay) 7/0
D. Reserva Provincial Yaguaroundi (Argentina) 30/35 421/ X1 pG 5 1-9pc X, 3§ Ylpr i 2i 156 0prn;
lilloanus Eldorado (Argentina) XiXoY pr pc; X5 pc d; YR pr YL pr
0/2 922/
XiXiXaXs
D. Eldorado (Argentina) 2/4 321/ Xipc 4 5pr 206 YLi; YR 3d 10 5pr*
schrottkyi XX pr pr, i
Q22/
XiXiXoXs

pc=pericentromeric; pr=proximal; i=intersticial; d=distal. * indicate the occurrence of heteromorphism.

Figure 4). In the Dichromatos species, signals were
detected in the neo-X; chromosome and in one auto-
somal pair (D. lilloanus pair 5 and D. schrottkyi pair 4)
(Table 1; Figure 4).

Hybridization signals of the 5S rDNA probe were ob-
served in three autosomal pairs of Ch. vittatus, but only
in one pair of autosomes in Ch. chiquitensis and E.
brevicerci (Table 1; Figure 4). Eurotettix minor showed
clusters of the 5S rDNA genes in two autosomal pairs
and in the XR arm of the neo-X chromosome, whereas
D. lillonaus and D. schrottkyi each showed one cluster in
a pair of autosomes and multiple 5S rDNA sites in the
neo-Y chromosome (Table 1; Figure 4).

In four species, Ch. vittatus, Ch. chiquitensis, E.
brevicerci and E. minor, the Ul snRNA gene was distally
located in pair 4. Additionally, Ul snRNA was present at
interstitial sites in the XR and neo-Y chromosomes of E.
minor. Dichromatos lilloanus and D. schrottkyi showed
Ul snDNA clusters only in one bivalent (Table 1;
Figure 5). U2 snDNA clusters were located interstitially
in two autosomal pairs in the Chlorus species, and in
Ch. vittatus, U2 snDNA was detected in an additional
autosomal pair. In the Eurotettix species, these se-
quences were observed in two autosomal pairs.
Dichromatos showed hybridization signals in two auto-
somal pairs; however, this gene cluster was also located
on the YL arm in D. lilloanus (Table 1; Figure 5).

Finally, FISH analysis of histone H3 revealed con-
served hybridization signals in pair 7 of Ch. vittatus, Ch.
chiquitensis and E. brevicerci. Eurotettix minor and D.
schrottkyi presented the histone H3 cluster in the distal
and interstitial regions of pair 5, respectively; whereas in
D. lilloanus, this gene was spread throughout the
pericentromeric regions of all chromosomes, except for
the neo-Y chromosome (Table 1; Figure 6).

The FISH results showing the chromosomal locations
of the multigene families are summarized in Table 1,
and the FISH results for the sex chromosomes are sum-
marized in Figure 7, except for those obtained using the
telomeric probe.

Discussion

General organization of repetitive DNAs in autosomes
The general distribution patterns of the C-positive
blocks found in the studied species were similar to those
reported for other grasshopper species and occurred as
pericentromeric blocks in the autosomal complements
[34,44,45]. However, other repetitive DNA rich regions
were detected using the Cpt-1 DNA fraction, including
telomeres and interstitial areas.

For the multigene families, intra- and intergenomic
variability were observed for the distinct sequences and
species. Our findings revealed remarkable variability in
the number and location of major rDNA genes; this is
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Figure 2 C-banding and Cyt-1 DNA fractions in female mitotic chromosomes. The species names and the types of sex chromosome
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Figure 3 CMA; fluorochrome staining and FISH with a telomeric probe (insert) in male meiotic cells. The species names and sex
chromosome system types are indicated in each figure. Additionally, autosomes with CMA;-positive blocks are indicated. Note the absence of
interstitial telomeric sites in the neo-sex chromosomes produced by Rb-fusions. Bar = 5 um.
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Figure 4 FISH with 18S and 5S rDNA probes in meiotic cells from males. The probe, type of sex-chromosome system and name of species
are indicated in each figure. Chromosomes with positive signals and sex chromosomes are indicated. Note the presence of pericentromeric sites
for 18S rDNA on the X-chromosomes of Ch. chiquitensis and E. brevicerci and on the neo-X; chromosomes of D. lilloanus and D. schrottkyi, as well
as the 55 rDNA on the sex bivalent neo-XY chromosome of £. minor and in multiple sites on the neo-Y chromosome in D. lilloanus and D.

consistent with previous studies in which similar pat-
terns were observed in grasshopper species [45-47] and
in other insects, such as Lepidoptera [48], Coleoptera
[49] and Heteroptera [50]. The variability for 5S rDNA
also reflects common patterns seen in grasshoppers [47].
In contrast with the rDNAs, the Melanoplinae species
analyzed here showed less variability in the Ul snRNA
genes; this stability of the Ul snDNA clusters has been
previously documented in other biological models, such
as in cichlid fishes [51]. Although an additional U
snRNA gene, U2 snRNA, showed more variability than
Ul snRNA, it was also conserved in the interstitial pos-
ition of pair 1, potentially reflecting the ancestral place-
ment in these species.

According to Cabrero et al. [52], the occurrence of
one autosomal cluster of histone H3 genes represents

the ancestral placement for Acrididae. This location was
observed in our study for five of the species analyzed.
However, it is possible that the unusual dispersion ob-
served for the histone H3 genes in D. lilloanus, also ob-
served for example in Abracris flavolineata [53], could
be the result of multiple mechanisms, such as associ-
ation with mobile elements, ectopic recombination or
extrachromosomal circular DNA (eccDNA), as has been
postulated for rDNAs [46,54-56].

Diversification of the sex chromosomes

As we mentioned above, the organization of different repeti-
tive DNA sequences has been described in grasshoppers,
mainly for multigene families [46,47,52]. However, there are
no records of studies focusing on the possible role of such
genomic elements in the diversification of sex chromosomes.
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Figure 5 Chromosomal mapping of the U1 and U2 snRNA genes in meiotic cells from males. The probe type, sex chromosome system
and name of species are shown for each cell. Chromosomes with positive hybridization signals and sex chromosomes are indicated in the
images. Note the presence of U1 snDNA clusters in the interstitial region of the neo-XY chromosomes of E. minor, and the U2 snDNA clusters in
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C-positive blocks in the pericentromeric regions ob-
served in the three different sex chromosome systems in-
dicate non-spreading of heterochromatic segments after
their origin. Additionally, the mapping of Cyt-1 DNA frac-
tions reinforced the non-massive spreading of repetitive
DNA pools in these sex chromosomes, which contrasts
with the repetitive DNA accumulation expected on sex
chromosomes after recombination restriction [19,25,31,
57]. An alternative hypothesis is that these chromosomes
possess variable repetitive DNAs not isolated in the Cpyt-1
DNA fraction.

For E. minor, D. schrottkyi and D. lilloanus, the map-
ping of the Cyt-1 DNA fraction suggested different evo-
lutionary scenarios for the divergence of the neo-Y sex
chromosomes. The results could be interpreted as evi-
dence of the loss of selection pressure in the non-
recombining regions during their differentiation, leading
to a high rate of genetic diversification in the neo-Y

chromosome. In the D. lilloanus neo-Y chromosome, we
observed the absence of a Cyt-1 DNA block compared
with the E. minor and D. schrottkyi neo-Y chromosomes.
Different accumulation/diversification patterns of repeti-
tive DNAs in sex chromosomes were also documented
for example in plants from the Rumex genus [23] and
Parodontidae fish [58].

Considering the presence of all of the multigene fam-
ilies mapped in the sex chromosomes, we propose that
these sequences could be involved in the diversification
of the sex-chromosome determining mechanisms found
in Melanoplinae. The 18S rDNA mapping results indi-
cate the independent evolution of the neo-XY and neo-
X1 X,Y sex systems in the related genera Eurotettix and
Dichromatos, due to the absence and presence of this
marker in the X chromosomes, respectively. However,
we could not rule out the possibility of transposition
in these derived sex chromosomes. The noticeable
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H3 histone
X0/XX-sex system

neo-sex systems

D. schrotthyi

chromosomes, except in the neo-Y in D. lilloanus. Bar = 5 um.

Figure 6 FISH for the histone H3 gene in male meiotic cells. Divergent sex chromosomes, names of species and the chromosomes with
hybridization signals are indicated in the figure. Remarkably, the histone H3 gene cluster was found in pericentromeric regions of all

accumulation of 5S rDNA in the XR arm of E. minor
and the neo-Y chromosome of D. lilloanus and D.
schrottkyi could initially be attributed to Rb-fusion X-A
and also due to the absence of recombination between
sex chromosomes, with the gene cluster localized on the
autosome involved in the rearrangement. Moreover, the
presence of multiple sites containing 5S rDNA on
the neo-Y chromosome of D. lilloanus and D. schrottkyi
suggests the strong accumulation of these sequences
after chromosomal rearrangement or the potential action
of intrachromosomal recombination, followed by amplifi-
cation and transposition. The multiple sites observed for
these sequences could make this region less likely to
undergo recombination and allow it to play an import-
ant role in chromatin remodeling, as has been observed
for other repetitive DNAs. The rDNA locus, located on

sex chromosomes in salmonid fishes, for example, has
been suggested to be involved in the restriction of
crossing-over near the sex-determining locus [59].

The Ul snRNA gene did not show a strong relation-
ship with sex chromosome diversification, occurring
only in the neo-XY chromosome of E. minor; this result
supports the existence of divergent evolutionary path-
ways from the Dichromatos neo-sex chromosomes. For
D. lilloanus, the presence of U2 snDNA in the neo-Y
chromosome demonstrates the diversification of this
chromosome relative to the other congeneric species, D.
schrottkyi. Although the histone H3 genes were present
in the neo-X; and neo-X, chromosomes of D. lilloanus,
this sequence was not apparently consistent with sex
chromosome diversification; this phenomenon could be
associated with the intrinsic mechanism of histone H3

§
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3 U H 185 rDNA
x ® 55 (DNA
= 8 X X ® U1snDNA
£ | Ch. vittatus Ch. chiquitensis E. brevicerci U2 snDNA
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Figure 7 FISH signals with six probes in the sex chromosomes of all the species analyzed in this study. The probes and its position on
the sex chromosomes are shown. Colors on the sex chromosomal arms represent the ancestral regions of homology.
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dispersion in the D. lilloanus genome after the diver-
gence of the Dichromatos species.

Phylogenetic analyses suggest that Chlorus, Eurotettix
and Dichromatos are monophyletic groups with uncer-
tain evolutionary relationships to the rest of the Di-
chroplini tribe [42,43]. Considering the morphological
characteristics of these species with all brachypterous
species, and consequently low vagility, it is possible that
the neo-sex chromosome systems might have played a
significant role in the divergence and isolation between
populations, leading to the restriction of gene flow and
speciation. After isolation, the sex chromosomes could
undergo molecular differentiation, as observed for the
species studied here. Similar models of phenotypic diver-
gence, reproductive isolation and speciation through
neo-sex chromosomes have been proposed, for example,
for closely related species of fishes [12].

Notably, neo-sex chromosome systems derived from
autosome-sex chromosome fusion have been frequently
reported in animals [3,12,60-62]. Such rearrangement re-
sults in specific intrinsic properties, such as recombination-
free regions, due to chiasmata shifts that lead to low
intra-chromosomal recombination between involved
chromosomes, and the reduction of linkage groups,
resulting in lower rates of inter-chromosomal recom-
bination [3,15,21]. According to Charlesworth et al.
[20], these factors create strong linkage between the
genes on evolving sex chromosomes, which is favorable
in the heterogametic sex. These mechanisms might po-
tentially be involved in sex chromosome diversification
among Melanoplinae grasshoppers undergoing Rb-
fusions that result in reduced chromosome numbers.
Indeed, we demonstrated in this study that the presence
of telomeric sequences occurred only in current telo-
meres, which confirms a previous hypothesis that Rb-
fusions [32] originate from double chromosome breaks
with the loss of telomeric sequences. Although we can-
not rule out completely the occurrence of interstitial
telomeric sites not detected by FISH.

Conclusions

Different organization of repetitive sequences in the sex
chromosomes indicates independent diversification of the
sex chromosome systems in Melanoplinae grasshoppers of
the Chlorus, Eurotettix and Dichromatos genera. However,
the localization of 18S and 5S rDNA on the neo-X; and
neo-Y chromosomes of Dichromatos species suggests that
the neo-X;X,Y sex determination systems share a com-
mon origin, but these chromosomes have also undergone
distinct modifications that led to their differentiation. In
addition, the presence of structural genes (like 5S rRNA,
U1 snRNA and U2 snRNA) mapped to the neo-Y chromo-
some of E. minor and Dichromatos species would prevent
the complete degeneration and loss of these chromosomes
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(X0 reversion). The results presented in this paper provide
an initial characterization of the derived sex chromosomes
in grasshoppers at a molecular level, focusing on the pres-
ence of repetitive DNA sequences. To obtain a more
detailed picture of sex chromosome evolution in grasshop-
pers, future studies should be performed using cross-
species chromosome painting and the isolation of different
repetitive DNAs, such as transposable elements and satel-
lite DNAs.

Methods

Animals, DNA samples and chromosome spreading

Male and female adult grasshoppers from the species
Chlorus vittatus, Ch. chiquitensis, Eurotettix brevicerci,
E. minor, Dichromatos lilloanus and D. schrottkyi were
sampled from distinct localities in Paraguay, Argentina
and Brazil (Table 1). Male testes were fixed in a 3:1 etha-
nol: acetic acid solution, and female gastric caeca were
removed and fixed as described by Castillo et al. [63].
All specimens were stored in 100% ethanol until subse-
quent DNA extraction.

We used conventional staining with 5% Giemsa to
visualize the general chromosomal characteristics present
in the individuals of each species. C-banding was per-
formed according to Sumner [64], and fluorochrome
staining (CMA3/DA/DAPI) was performed according to
Schweizer et al. [65]. Genomic DNA extraction was per-
formed using the phenol-chloroform protocol [66].

The nomenclature proposed by White [3] was used to
describe the neo-sex chromosome arms in simple neo-
XY systems; the arms of neo-X chromosomes were des-
ignated XL, which is the ancestral X, and XR, which
shares homology with the neo-Y. In multiple neo-X;X,Y
systems, the neo-X; chromosome was designated as de-
scribed for the neo-XY type; the metacentric neo-Y
chromosome is formed from the YL and YR arms,
which share homology with the XR and neo-X, chromo-
some, respectively.

Isolation of multigene families and telomeric repeats

The partial sequences of the 55 rRNA and histone H3
genes were amplified by polymerase chain reaction
(PCR) using genomic DNA obtained from Abracris
flavolineata and the primers described by Loreto et al.
[67] and Cabral-de-Mello et al. [68] for 5S rDNA and
Colgan et al. [69] for histone H3. The sequences for the
U snDNAs were obtained from the Rhammatocerus
brasiliensis genome using primers described by Cabral-
de-Mello et al. [51] for Ul snDNA and Bueno et al. [53]
for U2 snDNA. The amplified fragments were sequenced
and deposited in GenBank under the accession numbers
KC936996 (5S rDNA), KC896792 (histone H3 gene),
KC896793 (Ul snDNA) and KC896794 (U2 snDNA).
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The 18S rDNA sequence was obtained from a cloned
fragment previously isolated from the Dichotomius se
misquamosus genome (GenBank accession number
GQ443313, Cabral-de Mello et al. [68]), and the telo-
meric probes were obtained by PCR using the comple-
mentary primers (TTAGG)s and (CCTAA)5 [70].

Cot-1 DNA isolation

Repetitive DNA-enriched samples from each species
were obtained based on the renaturation kinetics of Cyt-
1 DNA (DNA enriched for highly and moderately repeti-
tive DNA sequences), according to the protocol
described by Zwick et al. [71] with modifications [68].
Briefly, the DNA samples (200 pL of 100-500-ng/puL
genomic DNA in 0.3 M NaCl) were digested with deoxy-
ribonuclease I (Sigma, St Louis, MO, USA) at 0.01 U/uL
for 80 to 105 sec, depending on the sample concentra-
tion, and the fragmented DNA was separated using 1%
agarose gel electrophoresis. The expected DNA frag-
ments ranged in size from 100 to 1,000 base pairs (bp).
For each species, 50 pL samples of the fragmented DNA
were denatured at 95°C for 10 min, placed on ice for 10
sec and transferred to a 65°C water bath to reanneal
for 25 min. Subsequently, the samples were incubated at
37°C for 8 min with 1 U of S1 nuclease to digest the
single-stranded DNA. The DNA was purified and extracted
using a traditional phenol-chloroform protocol [66].

Fluorescence in situ hybridization

The plasmid containing the 18S rRNA gene, the PCR
products from the histone H3 gene and the Cyt-1 DNA
fraction were labeled by nick translation using biotin-
14-dATP (Invitrogen, San Diego, CA, USA). The 5§
rDNA, U snDNAs (Ul, U2) and telomeric probes
were PCR labeled with digoxigenin-11-dUTP (Roche,
Mannheim, Germany).

Single- or two-color FISH was performed according
to Pinkel et al. [72], with modifications [68] using
distinct mitotic and meiotic cells. Although some two-
color FISH assays were performed, the same meta-
phase is shown separately for each probe. Probes
labeled with digoxigenin-11-dUTP were detected using
anti-digoxigenin-rhodamine (Roche), and probes labeled
with biotin-14-dATP were detected using streptavidin,
alexa fluor 488 conjugate (Invitrogen). The prepara-
tions were counterstained using 4’, 6-diamidine-2'-
phenylindole dihydrochloride (DAPI) and mounted
using Vectashield (Vector, Burlingame, CA, USA). The
chromosomes and FISH signals were observed using an
Olympus microscope BX61 equipped with a fluores-
cence lamp and appropriate filters. The photographs
were recorded using a DP70 cooled digital camera. The
images were merged and optimized for brightness and
contrast using Adobe Photoshop CS2 software.
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Abstract

Sex chromosomes have evolved several times from morphologically identical
autosome pairs, presenting gradual constraint and accumulation of repetitive DNAs. In
Orthoptera, the X0 sex chromosome systems is observed in most species studied;
however, in the subfamily Melanoplinae, derived variants (neo-XY or neo-X;X,Y)
evolved several times. Aiming the understanding of neo-sex chromosomes evolution in
grasshoppers here we used as model the species Ronderosia bergi that presents a neo-
XY/XX system. For this propose it was integrated (i) classical cytogenetic analysis; (i)
cytogenetic mapping for some repetitive DNAs and microdisssected sex chromosomes;
and (ii1) immunolocalization for distinct histone modifications. Moreover the
microdissected chromosomes were used as source for specific amplification of
multigene families in order to address the specific variation of these sequences in the
sex chromosomes. Our data supports the argument that the R. bergi neo-Y is an element
highly differentiated and degenerates (including for repetitive genes), reflecting the
potential role of the Rb-fusions and inversions as first step to create new sex
chromosomes in grasshoppers. The sequence analysis for three multigene families
revealed homogenization among autosomes and neo-Y for U2 snRNA, divergence for
Ul snRNA between the neo-Y and autosomes and mixed
(diversification/homogenization) among neo-X, neo-Y and autosomes for 5S rDNA.
However, and although the R. bergi neo-XY sex-chromosome are well differentiated the
ex-autosomes incorporate at the new systems retain autosomal post-translational histone
modifications, suggesting that (i) the molecular content do not influence the post-
translational modification patterns for histones; (ii) that these regions could retain some
important autosomal genes that follow similar modifications to actual autosomes; and

(ii1) that the establishment of functional modifications in neo-sex chromosomes are
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slower than the molecular diversification. These results provide new information
regarding chromosomal variability for repetitive DNAs in grasshoppers and the specific

molecular composition of neo-XY sex chromosome.

Keywords: Rb- fusions, inversion, neo-sex chromosomes, FISH, repetitive DNAs,

histone modification.
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Introduction

Sex chromosomes have evolved several times from morphologically identical
autosome pairs within of a wide range of organisms, including plants and animals
(Ohno 1967, Bull 1983). It is widely assumed that the gradual constraint of
recombination between sex chromosomes leads to morphological and genetic
divergence of the between X and Y or Z and W chromosomes (Rice 1996, Filatov
2000). The ultimate fate of this process is the genetic degeneration and loss of many
genes on the Y or W chromosomes, due to the accumulation of repetitive DNAs which
are strong after the abolition of recombination and that sometimes can lead to complete
disappearance of these chromosomes (Charlesworth et al. 1994; Rice 1996, Steineman
and Steinemann 1997, 2005; Navajaz-Pérez et al. 2005, 2009; Bachtrog 2006;
Kejnovsky et al. 2009; Pokorna et al. 2011; Palacios-Gimenez et al. 2013).

There are some well-documented examples of the role of repetitive DNAs
accumulation and gene degeneration as important requirements for the generation of
morphological and genetic differences between sex chromosomes. Thus for example,
the human Y chromosome carries just 27 distinct protein coding genes and only 16
genes have homologs on the X chromosome. About half of the human Y chromosome is
entirely heterochromatic, while the euchromatic portion is a mosaic of X degenerated, X
transposed and ampliconic sequences (Skalestky et al. 2003). Similarly the Drosophila
melanogaster Y chromosome is almost completely heterochromatic and distinct from
the X chromosome, carrying just a total of ~ 15 genes (Carvalho 2002). These Y
chromosomes are relatively ancient and have evolved from autosomes ~ 300 millon
years ago (m.y.a) and actually containing low gene density (Skaletsky et al. 2003;
Carvalho 2002). In plants, the Silene latifolia XY sex chromosomes evolved recently

from autosomes through chromosomal inversion ~ 20-30 m.y.a, but a strong
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accumulation of repetitive DNAs has been also reported (Nicolas et al. 2003;
Matsunaga 2009).

Among insects it is assumed that the sex systems X0/XX and Z0/ZZ in certain
groups, like Orthoptera, Blattodea, Mantodea, Phasmatodea and Lepidoptera evolved
from an ancestral XY/XX or ZW/ZZ sex chromosomes, suggesting that the reversion of
the X0 or Z0 state occurred in the common ancestors of these lineages (White 1973;
Hewitt 1979; Castillo et al. 20010a; Charlesworth and Mank 2010; Kaiser and Bachtrog
2010; Yoshido et al. 2013). In grasshoppers the sex system X0/XX is observed in most
part of species studied, which male are the heterogametic sex (X0); however, in the
subfamily Melanoplinae, derived variants neo-XY or neo-X;X,Y evolved several times
by repeated autosome-sex chromosome Robtersonian fusions (Rb-fusions), that besides
the emergence of neo-sex systems also resulted in reduced chromosome numbers
(White 1973; Hewitt 1979; Bidau and Marti 2001; Castillo et al 2010b; Palacios-
Gimenez et al. 2013).

The data concerning sex chromosomes evolution in grasshoppers is concentrated
in classical descriptions (Castillo et al. 2010a) and the molecular content and patterns of
evolution for neo-sex chromosomes at molecular point to view still poorly known (see
Palacios-Gimenez et al. 2013). In order to an increase the understanding of molecular
content and patterns of evolution for neo-XY sex-chromosome in grasshoppers here we
used as model for analysis of sex chromosome evolution the species Ronderosia bergi
(Acrididae, Melanoplinae) that harbor a neo-XY sex bivalent, 2n=22,neo-XYJ (Castillo
et al. 2010b). For this propose it was integrated (i) classical cytogenetic analysis; (ii)
cytogenetic mapping through fluorescent in situ hybridization (FISH) for distinct
probes, such five multigene families, sixteen microsatellites, telomeric probe, Cot-1

DNA fraction, and paint for microdisected X and Y chromosomes; and (iii)
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immunolocalization for distinct histone methylations, acetylation and phosphorylation.
Moreover the microdissected chromosomes were used as source for specific
amplification of five multigene families in order to address the specific variation of

these sequences in the sex chromosomes.

Materials and methods
Animals, DNA samples and chromosome spreading

Adult males and females of R. bergi were collected at the campus of the Univ
Estadual Paulista - UNESP (Rio Claro, Sdo Paulo State, Brazil) from December 2012 to
March 2013. Male testes were dissected and fixed in a 3:1 ethanol: acetic acid solution.
For immunolabeling the fixation was performed using 2% paraformaldehyde (see
below). In addition, some individuals were kept in captivity until females oviposition
occurred. The cytological preparations of embryos were done as Webb et al. (1978)
with slight modifications. All specimens were stored in 100% ethanol for posterior
DNA extraction.

In order to describe the general chromosomes aspects we used conventional
staining with 5% Giemsa for each individual. The C-banding procedure was conducted
according to Sumner (1972. The female and male genomic DNA extractions were

performed using the phenol-chloroform procedure (Sambrook and Russel 2001).

Probes for multigene families and telomeric repeat

DNA probes for four multigene families were obtained through Polymerase
Chain Reaction (PCR) from the genomes of Abracris flavolineata (5S rDNA and H3
histone gene) and Rhammatocerus brasiliensis (Ul and U2 snDNA) using primers

designated by Cabral-de-Mello et al. (2010, 2012), Colgan et al. (1998) and Bueno et al.
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(2013). The fragments amplified were previously sequenced to confirm the sequence of
interest and they are deposited in GeneBank under the accession numbers KC936996
(5S rDNA), KC896792 (H3 histone gene), KC896793 (U1 snDNA) and KC896794 (U2
snDNA). For 18S rDNA the probe was obtained from a cloned fragment previously
isolated from the Dichotomius semisquamosus genome (Cabral-de Mello et al. 2010,
GeneBank accession number GQ443313). The telomeric probe was obtained through
PCR using the self complementary primers (TTAGG)s and (CCTAA)s following the

indications described by Ijdo et al. (1999).

Cyt-1 fraction obtaining

The obtaining of repetitive DNA-enriched sample was based on the renaturation
kinetics of Cot-1 DNA (DNA enriched for highly and moderately repetitive DNA
sequences), according to the protocol of Zwick et al. (1997), with modifications
(Cabral-de-Mello et al. 2010). The DNA samples were digested (200 pl of 100-500-
ng/ul genomic DNA in 0.3 M NaCl) with Deoxyribonuclease I (Sigma, St Louis, MO,
USA) at 0.01 U/ul for 50 s and the fragmented DNA was checked in 1% agarose gel
electrophoresis. The expected DNA fragment ranged in size from 100 to 1,000 bases
pairs (bp). 50 ul samples of the DNA fragments was denatured at 95°C for 10 min,
placed on ice for 10 s and transferred into a 65°C water bath for reannealing for 25 min,
and subsequently, incubated at 37°C for 8 min with 1 U of S1 nuclease to digest the
single-stranded DNA. The DNA was purified/extracted using a traditional phenol-

chloroform procedure.
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Sex chromosomes microdissection and multigene families amplification

Microdissection of neo-X and neo-Y chromosomes was performed from male
meiotic cells. Before microdissection it was generated a cell suspension of four
testicular follicles in 100 pl of 50% acetic acid which was spread onto a coverslip on a
warm plate at ~ 50 °C. The neo-sex chromosomes were easily recognized due to their C-
shape configuration at metaphase I (Castillo et al. 2010b) and the early segregation of
these elements avoided the cross contamination.

Microdissection was conducted in an Eppendorf 5171 micromanipulator coupled
to a Nokon Axiphot inverted microscope. Ten neo-Y chromosomes and eighth neo-X
chromosomes were microdissected separately and then amplified by means of
GenomePlex Single Cell Whole Genomic Amplification kit WGA4 (Sigma, St Louis,
MO, USA) followed by reamplification using GenomePlex WGA3 kit (Sigma). We
used the DNAs amplified by GenomePlex WGA3 kit for generate probes of the neo-X
(uX-DNA) and neo-Y (nY-DNA) chromosomes.

In order to check the presence of multigene families for rDNAs, Ul and U2
snDNAs and H3 histone gene in the neo-sex chromosomes PCRs were employed using
as model the microdissected chromosomes separately. Moreover for comparative
analysis the same repeats were also amplified from genomic DNA from female
(?gDNA). The primers used are described in Cabral-de-Mello et al. (2010) for 18S and
5S rDNAs, Colgan et al. (1998) for H3 histone, Cabral-de-Mello et al. (2012) for Ul
snDNA and Bueno et al. (2013) for U2 snDNA. PCR was performed in 10 x PCR Rnx
Buffer, 0.2 mM Cl,Mg, 0.16 mM dNTPs, 2 mM of every primer, 1 U of Taq Platinum
DNA Polymerase (Invitrogen, San Diego, CA, USA) and 50-100 ng/ul of DNA
depending of the samples. PCR condition included an initial denaturation at 94°C for 5

min and then 30 cycles at 94°C (30 s), 55° (30 s), and 72°C (Imin and 20 s) plus a final
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extension at 72°C for 5 min. The PCR products were visualized in 1% agarose gel and
the bands were isolated and purified using the kit Zymoclean™ Gel DNA Recovery Kit
(Zymo Research Corp., The Epigenetics Company, USA) according to manufacture
recommendations.

For sequence comparison the purified PCR products were cloned using the
cloning kit pGEM-T (Promega, Madison, WI, USA) and DHS5a Escherichia coli
competent cells. A total of 120 recombinant colonies were chosen for DNA sequencing
using the service of Macrogen Inc. (Korea), being 33 clones of Ul snDNA, 35 clones of

U2 snDNA and 52 clones of 5S rDNA.

Sequence analysis

The quality of the sequences was checked using Geneious 4.8.5. Software
(Drummond et al. 2009). All consensus sequences were subjected to BLAST (Altschul
et al. 1990) searches in the NCBI website (http//: www.ncbi.nlm.nih.gov/blast) and as
expected were recognized as 5S rRNA, Ul and U2 snRNAs genes. The sequences are
deposited in the NCBI database under the following accesses numbers (XXXX).

For DNA sequences analyses it was computed basic sequences statistics with the
program DnaSP v.5.10.01 (Librado and Rozas 2009). Phylogenetic and analysis

molecular evolutionary were conducted using MEGA v.5 (Tamura et al. 2011).

Fluorescence in situ hybridization (FISH)

The plasmid containing the 18S rRNA gene, the PCR products from the H3
histone gene, the Cot-1 DNA fraction and the uX-DNA and pY-DNA chromosomes
were labeled through nick translation using biotin-14-dATP (Invitrogen). Additionally,

we used 16 synthetic oligonucleotide probes directly labeled with biotin-14 dATP
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during their synthesis at 5’ end: (A)so, (C)30, (CA)1s, (CG)ys, (TA)1s, (AG)10, (CAA),
(CAC)10, (TAA)10, (GAA)1, (CGG)1g, (GAC)10, (CAT)10, (GAG)10, (GACA)4 and
(GATA)s (Sigma). The 5S rDNA, U snDNAs (Ul and U2) and telomeric probes were
PCR-labeled with digoxigenin-11-dUTP (Roche, Mannheim, Germany).

Single or two color FISH was performed according to Pinkel et al. (1986), with
modifications (Cabral-de-Mello et al. 2010) using meiotic cells. Probes labeled with
digoxigenin-11-dUTP were detected using anti-digoxigenin rhodamine (Roche), and
probes labeled with biotin-14-dATP were detected using streptavidin, alexa fluor 488
conjugated (Invitrogen).

The preparations were counterstained using 4’, 6-diamidine-2’-phenylindole
dihydrochloride (DAPI) and mounted in Vectashield (Vector, Burlingame, CA, USA).
The chromosomes and signals were observed using an Olympus microscope BX61
equipped with a fluorescence lamp and appropriate filters. The photographs were
recorded using a DP70 cooled digital camera in gray scale. The images were pseudo-
colored in blue (chromosomes) and red or green (signals), merged and optimized for

brightness and contrast using Adobe Photoshop CS2.

Inmunolabeling

Testes from two adult males were removed and fixed in freshly prepared 2%
paraformaldehyde in PBS (Phosphate-Buffered Saline) containing 0.05% Tween for 15
min. Subsequently, the testes were immersed in a small droplet of the fixative on a glass
slide and gently squashed after setting a coverslip, which was them removed after
immersing the preparation on the liquid nitrogen, and the slides were immediately
transferred to cold PBS. Inmunulabeling followed the technique described by Cabrero et

al. (2007). Primary antibodies (rabbit polyclonal IgG, Upstate Biotechnology, USA)



251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

47

anti-H3K4me?2, anti-H3K9me2, anti-H4K5ac, and anti-H3S10ph were diluted 1:600 in
1% BSA (bovine-serum albumin) in PBS. The slides were incubated overnight at 4°C
and after washed were detected with FITC-conjugated anti-rabbit IgG (Sigma) diluted
1:60 in PBS, 1% BSA for 60 min. After final washing in PBT (1x PBS, 0.01% Tween
20), the preparations were counterstained using DAPI and mounted in Vectashield
(Vector). Finally, the chromosomal images were recorded using the same equipment

mentioned above for FISH.

Results
Conventional staining, heterochromatin and Cot-1 DNA fraction

As described by Castillo et al. (2010b) all individuals of Ronderosia bergi
presented karyotype composed by 2n=227/229 with ten pairs of acrocentric autosomes
and a neo-XYJ/XXQ sex-chromosome mechanism. The sexual pair of this species is
formed by a metacentric neo-X, product of the Roberstonian fusion (Rb-fusion)
between the ancestral X and an autosome, while the homologue of the translocate
autosome becomes the acrocentric neo-Y. The neo-Y chromosome is easily
recognizable because its short arm is larger than those observed in autosomes (Figure
la).

At the meiosis and using White’s (1973) terminology, the arms of the neo-X
chromosome will be referred as XL the arm derived from the original X-chromosome
and XR the arm that shares homology with the neo-Y. Due to the position of both
centromeres the sexual pair adopts a C-shape configuration at metaphase 1. Therefore,
the sex bivalent oriented with the neo-Y parallel to the XL arm of the neo-X, at right

angle with XR (Figure 1a, insert).
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C-positive blocks were observed throughout the neo-Y chromosome, while only
centromeric and terminals blocks were observed in the neo-X chromosome; concerning
to autosomes just centromeric blocks were observed (figure 1b). The Cot-1 DNA
fraction obtained of a male generated positive hybridization signals in the centromeric
region of the neo-X chromosome and in some centromeric and proximal regions of the

autosomes; no signals on the neo-Y chromosome were detected (Figure 1c¢).

Multigene families, microsatellites and telomeric mapping

FISH analysis indicated that the 18S rRNA is located in the pairs 7 and 8, with
centromeric and interstitial location, respectively (Figure 1d), while multiple sites of 5S
rRNA were identified in pairs 3 (centromeric and interstitial), 4 (proximal and
subterminal), and 7 (proximal) (Figure le). Like 5S rRNA, multiples sites for H3
histone gene were observed, i.e. pairs 1, 3-5, 9, neo-X (centromeric) and pair 2
(centromeric and proximal) (Figure le). The Ul snRNA gene presented positive
hybridization signals in the proximal region of the pair 4 (Figure 1f), while the U2
snDNA clusters were observed in the interstitial region of the pair 1 and in the neo-Y
(Figure 1g). Finally, telomeric DNA was located on both ends at each chromosome,
including the metacentric neo-X chromosome, being remarkable the intensity of
labeling in the long arm of neo-Y chromosome (Figure 1h).

Microsatellite arrays like (A)szo, (C)30, (CG)1s, (CGG)ro, (GAA)19, (TAA),
(GACA)4 and (GATA)g were spread along whole chromosomes including both the neo-
X and the neo-Y sex-chromosomes, moreover for some of these repeats enrichment in
some regions of autosomes were observed (result not shown). On the other hand, other
microsatellites arrays like (CA)is, (CAC)19, (CAA), (GAC)p and (GAG);y also

showed specific and scattered signals, including the sex chromosomes (Figure 2).
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Finally, some specific and differential accumulation for (AG);o, (TA);5 and (CAT);¢ on

the autosomes and neo-X chromosome were observed (Figure 2).

Chromosome painting of the neo-sex chromosomes

The probe obtained by chromosome microdissection from neo-Y probe painted
exclusively the entire neo-Y chromosome (Figure 3a, c¢), while the neo-X probe
revealed positive signals in the centromeric regions of pairs 4, 5 and neo-X

chromosome (Figure 3b, d).

Inmunolabeling of H4K5ac, H3K9me2, H3K4me2, and H3S10ph

In autosomes, the inmunostaining against H3K4me?2 begins at early diplotene,
but at metaphase I the pericentromeric regions were hypomethylated. Regarding the
neo-sex chromosomes this modification also starts in early diplotene, although the XL
arm of the neo-X chromosome (ancestral X chromosome) revealed not signals for this
marker (Figure 4a), being this characteristic maintained throughout meiotic cycle.
Additionally, although the neo-Y chromosome always exhibited a staining patterns
similar to autosomes it was noticed that at metaphase I this chromosome presents
stronger signals in the centromeric region (Figure 4a). The inmunostaining against
H3K9me2 also beginning at early diplotene reaching its maximum peak during
metaphase I (Figure 4b), being similar to autosomes and sex chromosomes.

For acetylation the H4K5 revealed hypoacetylation at prophase I and at
metaphase I the XL arm of the neo-X chromosome remained hypoacetylated, while the
remaining chromosomes were strongly acetylated, including the neo-Y and the XR arm

of the neo-X chromosome (Figure 4c). For phosphorylation the onset of H3S10



324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

50

modification was observed at early diplotene (results not shown) being more intense
during metaphase I (Figure 4d).

In the ideogram of the figure 5 shown the chromosomal location of markers
applied in FISH analysis and the histone post-translational modifications (at metaphase)

observed in the neo-XY sex chromosomes.

Comparative analysis for multigene families in autosomes and sex chromosomes

For all five multigene families mapped through FISH only the 5S rDNA and U1
and U2 snDNA were successfully amplified through PCR from the DNA of
microdisected chromosomes. Coincident with FISH results the U2 snDNA was
amplified through PCR in the neo-Y, while the Ul snDNA and 5S rDNA although not
detected under FISH mapping were obtained in the neo-Y and neo-X/neo-Y through
PCR, respectively. For the sequence analysis we eliminated the primers regions and
used as outgroup sequences from Drosophila virilis.

From the partial Ul snDNA sequence were analyzed 33 clones: 17 clones of
QgDNA and 16 of uY-DNA. The sequences analyzed presented 102 nucleotides
containing an average of 57.45 % G+C. When they were analyzed separately, both the
uY-DNA and the QgDNA sequences presented 2 and 3 haplotypes, respectively (see
Table 1); and when the whole set of sequences was pooled and analyzed they showed
five different haplotypes, indicating not overlapping among the haplotypes between
QgDNA and pY-DNA. Nucleotide diversity per site (Pi) in the $gDNA sequences
(0.00332) was almost three times higher than in the pY-DNA sequences (0.00123), and
the mean number of nucleotides substitution per site (K) of the QgDNA sequences
(0.33824) was also almost three times higher than the pY-DNA sequences (0.125). The

phylogenetic analysis using the whole set of Ul snDNA sequences and the Drosophila
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virilis resulted in a neighbor-joining tree showing the existence of two clades separated,
one clade including only QgDNA, while the other included only the puY-DNA,
suggesting non homogenization and distinct mechanisms of molecular evolution
between these sequences (Figure 6a).

Regarding to the partial U2 snDNA sequences it was analyzed 34 sequences, 18
clones of YgDNA and 16 clones of pY-DNA. These DNA sequences have a size of 141
nucleotides and G+C content 48.3%. When these sequences were analyzed separately
showed 2 (PgDNA) and 4 (uY-DNA) haplotypes, respectively. Thus, the nucleotide
diversity per site of the pY-DNA (0.00485) was four-fold higher than the QgDNA
(0.00158), and the mean number of nucleotides substitution per site of the pY-DNA
(0.683) was also three-fold higher than the YgDNA (0.222) (Table 2). Differentially
from observed for Ul snDNA the phylogenetic analysis using the whole set of U2
snDNA sequences retrieved a neighbor-joining tree showing just one clade, suggesting
homogenization and similar mechanisms of molecular evolution between autosomes
and nY-DNA sequences (Figure 6b).

In the case of 5SS rDNA 52 sequences were analyzed: 14 clones of $gDNA, 19
clones of uX-DNA and 19 clones of uY-DNA. The length of 5S rDNA sequences was
93 nucleotides and these sequences contained overall mean in G+C of 56.9%. In the
three types of samples different haplotypes were found, i.e, 4 in the YgDNA, 7 in the
uX-DNA and 7 in the uY-DNA. Remarkably, high polymorphic sites were presented in
the neo-sex chromosomes in contrast with the YgDNA (Table 3), and when whole set
of sequences was analyzed showed that 18 haplotypes were different among themselves.
Nucleotide diversity per site was 0.01037 in the YgDNA, 0.17418 in the uX-DNA and
0.09666 in the uY-DNA. The mean number of nucleotides substitution per site in the

QgDNA (0.54945) was comparatively lower than both the uX-DNA (5.12281) and the
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LY-DNA (8.88304). Thus, the phylogenetic analysis using the whole set of 5S rDNA
sequences revealed a neighbor-joining tree showing two distinct clades, the first clade
including a mix of YgDNA, pY-DNA, uX-DNA and D. vrilis 5S rDNA sequences, and
the second containing only sequences from sex chromosomes. In the clade formed by
sex chromosomes the sequences from neo-X and from neo-Y were also separated. This
date suggest that 5S rRNA gene have undergone distinct patterns of molecular evolution
(homogeneization/diversification) after the origin of neo-sex chromosomes (Figure 6c¢).
As the 5S rDNA was amplified from pX-DNA, when used the YgDNA as template

some repeats from neo-X could also be obtained.

Discussion
Molecular diversification of sex chromosomes in R. bergi

The macro-chromosomal structure and the C-shaped orientation of the R. bergi
neo-XY sex bivalent is similar to previous description to Castillo et al. (2010b),
evidencing the complex origin of the system, involving a Rb-fusion X-A followed by a
pericentric inversion in the neo-Y and similarity among distinct populations. The FISH
for telomere repeat confirms this notion and the absence of internal telomeric repeats
indicate that this sequence was lost with the rearrangement or it was eliminated along
sex chromosomes differentiation; however, the possibility of internal telomeric sites not
detected by FISH could be also conceivable. As in other well studied species, such as
for example Drosophila melanogaster (Carvalho 2002), D. miranda (Zhou et al. 2013),
and humans (Skalestky et al. 2003) the neco-Y chromosome of R. bergi presents
widespread heterochromatin, although the Cot-1 DNA fraction indicate the non-massive
scattering of highly/moderately repetitive DNA in its chromosome, indicating a variable

composition of repetitive DNAs not sufficient to be isolated in the Cot-1 DNA fraction,
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which contrast with the awaited buildup of repetitive DNAs after constraint of
recombination (Steinemann and Steinemann 1997, Charlesworth et al. 1994,
Charlesworth et al. 2005).

The wide expansion/distribution of microsatellite repeats throughout the R. bergi
genome, also observed in Abracris flavolineata (Milani and Cabral-de-Mello in
preparation), may be related to the substantial increase of genome size in grasshoppers
(Westerman et al. 1987, Ruiz-Ruano et al. 2011), similar to dispersion of other
repetitive element as in Drosophila, humans and plants (San Miguel et al. 1996; Vieira
et al. 1999; Matula and Kypr 1999; Hurst and Werren 2001). Although the evolutionary
dynamics of microsatellites at chromosomal point to view is little understood there is
one well-document example in the large and young non-recombining Y chromosomes
of Rumex acetosa (Kejnovsky et al. 2013). As well differential accumulation of
microsatellites were also observed in R. bergi with more evident bands for (AG);,,
(CA)15, (TA)s, (CAC)10, (CAT)10, (CAA) 10, (GAC)p and (GAG);p in both the
autosomes and the neo-X, which reinforces mainly the differentiation among the neo-X
and neo-Y chromosome. In Rumex acetosa, the abundance of microsatellites are
preferentially localized in the vicinity of transposable elements (TEs), suggesting that
microsatellites arrays are probably target for TEs insertions and in which both repetitive
elements could also spread via ectopic recombination (Kejnovsky et al. 2009;
Kejnovsky et al. 2013). Although in grasshoppers, we have no evidence that these
mechanisms could be operating during the propagation of microsatellites arrays, there is
sufficient evidence in other taxa that TEs accumulate preferentially in regions with high
rates of recombination and possibly recombination machinery use for dispersion
(Rizzon et al. 2002), while other repetitive elements are accumulated in regions less

prevalent or absent recombination (Charlesworth et al. 1994). Hence, the wide
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distribution of microsatellites in the R. bergi genome is probably the result of
combining multiple poorly understood processes, such as ectopic recombination,
replication slippage and transposition, which contribute the dynamism of
oligonucleotides in regions of high and low recombination, as well as observed here to
autosomes and neo-XY sexual system.

The molecular differentiation between the neo-sex chromosomes of R. bergi,
suggested by the heterochromatin, Cot-1 DNA, two microsatellites and U2 snDNA
could be definitely corroborated by the use of probes from microdissected neo-X and
neo-Y. The use of neo-Y as probe indicated that the neo-Y is a highly differentiated
element and share few or no repetitive sequences with the ex-autosomal homologous
(XR arm) of the neo-X involved at the Rb-fusion. The neo-X probe also led to similar
conclusion for this differentiation, although some similarity with centromeres of some
autosomes was observed, that could indicate centromeric sequences conserved in these
elements.

The chromosomal mapping of multigene families, i.e. tDNAs, Ul and U2
snDNAs and H3 histone genes, revealed that these sequences, at least large clusters
revealed by FISH, are almost exclusively autosomal, except for U2 snDNA that is
amplified in the neo-Y chromosome, and is involved with sex chromosome
diversification in R. bergi. Although though PCR amplification using microdissected
chromosomes as template we also identified the presence of repeated for Ul snDNA
and 5S rDNA in the sex chromosomes, indicating that at least some repetitions for these
sequences, not detected by FISH, are present in these elements, and are also involved in
the process sex chromosome differentiation in the species studied.

In insects as general, the evolution of snDNA is ruled primarily by purifying

selection, unequal crossing over, gene conversion and evolution of birth and death
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(Mount et al. 2007). In R. bergi, comparative analysis of Ul snDNA between both the
QgDNA and the pY-DNA did not shown the high intragenome homogeneity
characteristic of concerted evolution, indicating non-homogenization and divergence of
sequences, possibly consequence of relaxed purifying selection of Ul snDNA on the
neo-Y. Another alternative is that this gene may has transposed recently to the neo-Y
after the origin of the neo-sex chromosomes following divergent evolutionary ways, or
this gene is being continuously degraded due the heterochromatic and non recombinant
nature of the neo-Y. These hypotheses are supported by the absence of Ul snRNA gene
on the neo-X chromosome, and also by presence of distinct haplotype between both the
QgDNA and the neo-Y chromosome. Concerning the U2 snDNA, the presence this
sequence in the neo-Y and absence in the neo-X chromosome could also indicate recent
transposition for this chromosome, which in this case was followed by amplification,
allowing detection of large cluster through FISH. This amplification could be also
responsible by the low variability for this sequence in the neo-Y chromosome probably
caused by homogenization along this process. In addition, the U2 snRNA sequences
analysis shows strong homogenization among the autosomal repeats (detected by FISH
in the pair 1) and the neo-Y, which is in accordance with the mechanisms of concerted
evolution proposed for this gene (Nei and Rooney 2005). The occurrence of these
repeated for Ul and U2 snDNA in the autosome involved in the Rb-fusion with the
ancestral X is also conceivable, and these repeats could be eliminated from the neo-X
along sex chromosome differentiation.

The most complex picture for molecular evolution between sex chromosomes
and autosomes was observed for the 5S rDNA, and this variability could be attributed to
distinct factors, (i) the multiplicity of sites for 5S rDNA, corroborated by FISH analysis,

(i1) the occurrence of sites in both sex chromosomes that apparently after their origins
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have been experienced distinct evolutionary fates. The evolution of divergent variants of
5S rRNA within of the genome have been reported in several organisms including
Drosophila melanogaster (Lohe and Roberts 1990), Salmo trutta (Castro et al. 2001),
Paracentrotus lividus (Caradonna et al. 2007), Lens species (Fernandez et al. 2005) and
fungi (Rooney and Ward 2005), although in most case this variation is attributed to non-
transcribed spacer region (Williams et al. 1987; Martins and Wasko 2004; Rooney and
Ward 2005; Vierna et al. 2011; Vizoso et al. 2011). The occurrence of neo-X and neo-Y
haplotypes together with QgDNA haplotypes in the same grouping indicate that initially
the germ sequence for 5S rDNA present in the neo-sex chromosomes could be
autosomal, suggesting that the ancestor autosome involved in the X-A Rb-fusion carried
5S rDNA repeats. Some of these repeats were maintained in the neo-XY and are
experiencing specific modifications, higher for the neo-Y, generating exclusive
sequences for these elements that not appear to be fully deleterious, but they are
constitutively inactive repeats or pseudogenes. These results also suggest inefficient
purifying selection and faster molecular diversification for this genome content. The
mechanisms of molecular evolution for 5S rDNA in R. bergi is not clear, but based on
our evidence we conjecture that mechanisms of evolution concerted and birth and death
are actually occurring. In fact, this idea is reflected by a mix of
homogenization/diversification among sequences present in both the autosomes and the

neo-sex chromosomes.

Post-translational modifications in chromosomes of R. bergi
In order to better understand of the differentiation of sex chromosomes in
comparison to autosomes the patterns of post-translational modifications were also

analyzed, mainly in the metaphase I, in which the sex chromosomes are well
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recognized. The methylation of H3 histone is a modification linked to the
transcriptionally inactive euchromatin or heterochromatin, being the H3K4me2 highly
conserved euchromatic modification among eukaryotes (see for example Turner 2000;
Kouzarides 2007; Fuchs and Schubert 2012; Houben et al. 2013). In R. bergi autosomes
the pattern for this modification was similar to those reported, for example in plants,
occurring at high levels in euchromatic arms and just absent in C-positives
heterochromatic regions, that could be related the centromeric activity, which are
important for proper meiotic segregation (Oliver et al. 2013; Fuchs and Schubert 2012).
Regarding to neo-sex chromosomes, the absence of signals for H3K4me?2 in the XL arm
may be due to its facultative heterochromatin nature. The XR and neo-Y conserve the
marks associated to autosomes even after the involvement in the origin of the neo-sex
system.

H3K9me?2 is commonly associated with heterochromatin and has been observed
also in the unsynapsed heterochromatin of sex chromosomes (Fuchs and Schubert 2012;
Page et al. 2012). No differences between autosomes and sex-chromosomes were
observed for this modification and the strong marks for H3K9me?2 suggests that this
modification is not heterochromatin-specific, at least in R. bergi and another
grasshopper Abracris flavolineata (Palacios-Gimenez et al., in preparation). A possible
explanation could be the abundance of microsatellites arrays and TEs interposed in the
euchromatin, which could be silenced by heterochromatinization involving
heterochromatin-specific methylation marks. Similar observations to strong H3K9me2
along whole nucleus have been observed in some plants (Houben et al. 2003).

The H4K5ac modification pattern observed in R. bergi are apparently constant
throughout the genome and independent of the compaction degree of chromatin, a

different scenario to those described in plants like Aegilops and Secale cereale (Oliver
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et al. 2013). High acetylation levels similar to those observed in R. bergi have been
reported by several authors, which are connected with decondensation of the
nucleosomal structure facilitating the binding of proteins associated with transcription
and DNA replication, recombination, and repair (Lee et al. 1993; Grunstein 1997; Ikura
et al. 2000; McBlane and Boyes 2000; McMurry and Krangel 2000; Bird et al. 2002).
However, some differences were seen in the neo-sex chromosomes, mainly in the XL
arm which remains hipoacetylated throughout meiosis. These results contrast with the
pattern observed for H3K4me?2 and could be also related with the facultative nature of
this part of neo-X chromosome. Additionally as for H3K4me2 the XR and neo-Y
conserve the marks associated when they were autosomes.

The H3S10ph is a post-translational modification highly conserved among
eukaryotes and primarily associated with chromatin condensation during mitosis and
meiosis (Cobb et al. 1999a, b; Manzanero et al. 2000, 2002; Fuchs and Schubert 2012
Houben et al. 2013). The onset for H3S10ph in early diplotene are in agreement with
previously reported in E. plorans (Manzanero et al. 2000), Mus musculus (Cobb et al.
1999a, b) and some other insects (Sotero-Caio et al. 2011). Considering the sex
chromosomes the patterns observed for the XL (that correspond to the ancestral X) with
strong signals is similar to described by Manzanero and colleagues (2000) in E. plorans,
but differ to observed for two other grasshopper species (Sotero-Caio et al. 2011),
indicating that the H3S10ph could be highly dynamic for sex chromosomes in

grasshoppers.

Conclusions
Our data supports the argument that the neo-Y in R. bergi is an element highly

differentiated and degenerates (including for repetitive genes), reflecting the potential
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role of chromosomal rearrangements (Rb-fusions and inversions) as first step to create
new linkage groups and sex chromosomes in grasshoppers. As consequence, as also
observed in other groups, these recombination-free regions accumulate repetitive DNAs
and heterochromatic regions are established, followed by structural, functional and
morphological differentiation of neo-sex chromosomes. Although the neo-X and neo-Y
chromosomes are well differentiated in R. bergi the regions that correspond to the
autosome involved in the Rb-fusion retain autosomal post-translational histone
modifications, suggesting that (i) the molecular content do not influence the post-
translational modification patterns for histones; (ii) that these regions could retain some
important autosomal genes that follow similar modifications to actual autosomes; and
(i11) that the establishment of functional modifications in neo-sex chromosomes are

slower than the molecular diversification.
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Figure captions

Figure 1. Classical cytogenetic (a,b) analysis and repetitive DNA mapping (c-h) at
mitotic cells of R. bergi. Each technique and probe type used are indicated directly on
the images using colors. The neo-XY sex-chromosomes and some autosomes that

carries positive signals are indicated. The insert in (a) shows the sex bivalent neo-XY at



789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

813

69

the meiosis (metaphase I); the chromosome arms of the neo-sex chromosomes involved
in Rb-fusions are indicated. XL: arm derived from the original X-chromosome fused to
an autosome; XR: autosomal arm of the neo-X that shares homology with the neo-Y
chromosome. Note in (b) the neo-Y entirely heterochomatic and in (e) the multiples

sites for 5S rRNA and H3 histone gene.

Figure 2. FISH for microsatellite probes in male mitotic cells of R. bergi. Each probe
used is indicated directly on the images. Observe the specific signals for microsatellites
arrays in (a), (¢) and (e), and specific and dispersed signals in (b), (d), (f-h). The sex

chromosomes are indicated.

Figure 3. Chromosome painting of the neo-Y (uY-DNA) and neo-X (uX-DNA)
chromosomes obtained from microdissection in R. bergi. Each probe used is indicated
directly on the images. The cells in (a) correspond to metaphase I and (b) metaphase 11,

while (c) and (d) are the neo-XY sex bivalent selected from meiotic metaphase 1.

Figure 4. Chromatin post-translational modification on the neo-XY bivalent of R. bergi
selected from metaphase 1. Each type of histone modification is indicated directly in the

images.

Figure 5. FISH signals and histone modification in the R. bergi neo-XY sex
chromosomes analyzed in this paper (upper panel). The probes, histone modification
and its relative position on the neo-XY bivalent are indicated using lines and colors. The
down panel shows selected sex chromosomes evidencing the position of some marks

obtained through FISH.
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Figure 6. Relationship among sequences obtained from genomic DNA female
(RgDNA) and mocrodissected neo-X (uX-DNA) and neo-Y (nY-DNA) chromosomes
inferred by neighbor-joining method. (a) Relationship derived of Ul snDNA sequences
between the QgDNA and the pY-DNA, (b) relationship among the $gDNA and pY-
DNA for U2 snDNA sequences and (¢) relationship between the $gDNA, nY-DNA and
uX-DNA for the 5S rDNA sequences. The haplotypes of the YgDNA, pY-DNA and
uX-DNA are shows on the image in blue, red and green, respectively. The trees are

drawn to scale, with branch lengths expressed in number of substitutions.
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Table 1. Polymorphism, nucleotide diversity and distribution of substitutions in the Ul

snDNA sequence from female genomic DNA (PgDNA) and Y-chromosome DNA

obtained by microdissecction (LY-DNA). * indicates overall sum and * average values.

QgDNA nY-DNA All
Number of sequences 17 16 33%*
Number of haplotypes 3 2 5%
Number of sites 102 102 204*
Number of variable sites 2 1 3*
Number of mutations 2 1 3*
G+C 0.570 0.579 0.5745"
Nucleotide diversity (Pi) 0.00332 0.00123 0.002275"
Average numbers of nucleotide 0.33824 0.125 0.23162"
differences (K)
Haplotypes diversity (Hd) 0.324 0.125 0.22455"
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Table 2. Polymorphism, nucleotide diversity and distribution of substitutions in the U2

snDNA sequence from female genomic DNA (PgDNA) and Y-chromosome DNA

obtained by microdissecction (LY-DNA). * indicates overall sum and * average values.

QgDNA pY-DNA All
Number of sequences 18 16 34%*
Number of haplotypes 2 4 6*
Number of sites 141 141 282%*
Number of variable sites 2 3 5*
Number of mutations 2 3 5%
G+C 0.483 0.483 0.483"
Nucleotide diversity (P1) 0.00158 0.00485 2#00321
Average numbers of nucleotide 0.222 0.683 0.4525"
differences (K)
Haplotypes diversity (Hd) 0.111 0.442 0.2765"
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Table 3. Polymorphism, nucleotide diversity and distribution of substitutions in the 5S
rDNA sequence from female genomic DNA (?gDNA) and Y-chromosome DNA (pY-
DNA) and X-chromosome (uX-DNA) obtained by microdissecction. * indicates overall

#
sum and " average values.

QgDNA pY-DNA pX-DNA All
Number of sequences 14 19 19 52%
Number of haplotypes 4 7 7 18*
Number of sites 53 53 53 159%*
Number of variable 3 19 17 39%
sites
Number of mutations 3 20 18 41%*
G+C 0.566 0.534 0.608 0.569"
Nucleotide diversity 0.01037 0.17418 0.09666 0.09373
(Pi) '
Average numbers of 0.54945  8.88304 5.12281 4.8517"
nucleotide differences
(K)
Haplotypes diversity 0.396 0.749 0.608 0.584"
(Hd)
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5. CONCLUSOES FINAIS

1. A organizagdo diferencial de DNAs repetitivos nos sistemas cromossdémicos
de determinagdo sexual dos géneros relacionados Chlorus, Eurotettix e
Dichromatos indicam uma origem independente dos mencionados sistemas
cromossOmicos sexuais intergenericamente. Por outro lado, a localizagdo de
genes de DNAr nos cromossomos sexuais das espécies de Dichromatos
refletem possivelmente uma origem comun para estes cromossomos sexuais

seguido de distintas modifica¢des que levaram a sua diferenciacgao;

2. A presenga de genes, tais como para RNAr 18S, 5S e RNAsn Ul e U2
mapeados nos cromossomos neo-Y de distintas espécies estudadas poderiam

prevenir a completa degeneracdo e perda destes cromossomos (reversao X0);

3. O cromossomo neo-Y de R. bergi ¢ um elemento diferenciado ¢ degenerado
(incluindo genes de DNA repetitivos), refletindo o papel potencial das fusdes-
Rb e inversdes para gerar novos grupos de ligacdo e novos sistemas

cromossomicos de determinagdo sexual em gafanhotos.

4. Embora o neo-X ¢ neo-Y de R. bergi sejam bem diferenciados, as regides
correspondentes ao autossomo envolvido na fusdo-Rb (bragco XR) e ao neo-Y
conservam as modificacdes post-translacionais de histonas similares aos
autossomos. Estes dados indicam que o conteudo molecular pode nao
influenciar nestas modificacdes e que o estabelecimento de regides funcionais

diferenciadas ¢ mais lento em relag@o a divergéncia molecular no neo-XY.

5. A ampla diversidade observada para os distintos sistemas sexuais nas espécies
estudadas indicam que assim como em outros grupos de organismos os
padrdes de evolucao de sistemas sexuais em Orthoptera ¢ complexo e ocorreu

distintas vezes ao longo de sua historia evolutiva.
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