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RESUMO

Considerando a importancia do comportamento meidtico ¢ da recombinagdo
para regular os niveis de variabilidade genética, realizamos o primeiro estudo sobre a
meiose masculina e feminina de seis membros do grupo da Drosophila willistoni, um
dos mais representativos da familia Drosophilidae na regido Neotropical.

Como ponto de partida, foi necessario padronizar condi¢des técnicas para tal,
adaptando protocolos pré-existentes e estabelecidos por outros autores para espécies
procedentes do Hemisfério Norte, como a cosmopolita Drosophila melanogaster e a D.
ananassae. A qualidade dos preparados e a resolucdo por nds encontradas para as
espécies do grupo willistoni, foi muito superior as obtidas para D. melanogaster, sendo
comparavel com a exceléncia das figuras meidticas propiciadas pela D. ananassae.

Apesar do baixo nimero de células em divisdo (cerca de 45% dos machos, em
média) detectadas, conseguimos caracterizar as fases da divisdo meiodtica em primordios
das gonadas de larvas macho de D. willistoni e o padrdo de sinapse do par sexual e dos
autossomos. Inicialmente, foi realizada a andlise de duas diferentes populacdes, cuja
prole apresenta sinais de instabilidade genética (como hipermutabilidade e atrofia
gonadal), sob condi¢des de cultivo em temperaturas fisiologica e restritiva. Em machos
de ambas as linhagens (exceto em uma delas, onde observou-se um individuo
aneuploide XO), e nos machos da primeira geracdo de cruzamento entre as duas
populagdes, ndo foram observadas irregularidades meidticas nem aberragdes
cromossOmicas, tanto sob temperatura fisiologica, quanto restritiva. Analise posterior da
populacdo hibrida, mantida em laboratorio, entretanto, permitiu a detec¢do de quebras,
de pontes anafasicas, e de figuras compativeis com quiasmas no segundo par
cromossomico. No brago esquerdo do cromossomo II (o chamado IIL) nesta populagdo

hibrida, segregam trés inversdes, a IILF (sub-terminal) e as inversdes IILD+E, (na



regido mediana). Analisando paralelamente as configuracdes dos cromossomos
politénicos interfasicos das glandulas salivares larvais e os meidticos dos primordios das
gbonadas de cada larva macho individualmente, observou-se que sempre que ocorreram
pontes anafasicas, os individuos eram heterozigotos para pelo menos a inversao IILF, e
que as quebras detectadas no segundo cromossomo ocorreram na regido subterminal de
um dos bragos. Estes achados fazem supor que nestes machos, estaria havendo
recombinagdo dentro da alga de inversdo formada em heterozigotos para a inversiao
IILF, o que necessita ser testado através de dados genéticos, em estudos futuros. Em
machos de uma populacdo natural desta espécie, também observou-se figuras
compativeis com quiasmas na parte terminal do mesmo brago esquerdo do segundo
cromossomo, onde segrega a inversao [ILH.

J4 a meiose de machos de uma populagdo de cada uma das espécies cripticas D.
paulistorum, D. tropicalis, D. equinoxialis, D. insularis e da ndo criptica D. nebulosa,
mostrou-se regular, ndo sendo encontradas evidéncias de ndo-disjuncgdes, quebras e
pontes anafasicas, como em D. willistoni, apesar de todas elas apresentarem
polimorfismo cromossdmico para inversdes paracéntricas (embora menor). O estudo
futuro de novas populagdes devera esclarecer se a D. willistoni suporta ou ndo, maiores
niveis de recombinagdo em machos do que as outras espécies, e se estes achados podem
ser interpretados como uma estratégia da D. willistoni (considerada como ancestral as
outras) para manter altos niveis de polimorfismo, sem perdas gaméticas importantes,
nem comprometimento da estabilidade de seu sistema genético.

A meiose de fémeas de Drosophila willistoni e de D. paulistorum também foi
caracterizada em linhagens igualmente polimorficas, de ambas as espécies. A detecgao

citolégica de recombinagdo, entretanto, ndo foi possivel, devido a peculiaridade dos



cromossomos de oocitos, de assumirem a forma de cariossomo, altamente compactada

justo nas fases de profase I.

SUMMARY

Considering the importance of the meiotic behavior and of the recombination to
regulate the levels of genetic variability, we performed the first study of the male and
female meiosis in six members of the Drosophila willistoni species group, one of the
most abundant in the Neotropical region.

As a starting point, it was necessary to standardize the technical conditions,
adapting pre-existent protocols, previously established for species of the North
Hemisphere, such as the cosmopolite D. melanogaster and the D. ananassae. The
quality and resolution obtained by us for the species of the D. willistoni group were
many times superior to those obtained for D. melanogaster, being comparable to the
excellent meiotic figures provided by D. ananassae.

Although the number of cells in division detected (around 45% of the males, in
average) was low, we were able to characterize the meiotic phases in imaginal discs of
gonads of third instar male larvae, and the pattern of synapsis of the sexual and
autosomal pairs. Initially, we analyzed two different populations of D. willistoni, which
offspring presented signals of genetic instability (such as hypermutability and gonadal
atrophy), under physiological and restrictive temperatures. In males of both populations
(except one individual aneuploid XO0), and in the male F1 offspring of crosses between
them, neither irregularities nor chromosomal aberrations were detected, under the two
types of temperature. A posterior analysis of the hybrid population, reared at
physiological temperature in laboratory, however, revealed the occurrence of breaks,

anaphasic bridges and chromosomal configurations compatible with the occurrence of



chiasmata in the second chromosomal pair. In the left arm of this chromosome (called
IIL), three inversions segregate in this population, the sub-terminal IILF, and the
median, overlapped IIL D+E. Analysing in parallel the configurations of the polytene
interphasic chromosomes of the salivary glands, and the meiotic chromosomes of the
gonadal primordia of the same individuals, we observed that, those individuals in which
occurred anaphasic bridges, were heterozygotes for at least the inversion IILF,
suggesting that male recombination occurred inside this inversion. In males of other
natural population of D. willistoni, we also observed meiotic figures compatible to
chiasmata in the terminal portion of the IIL chromosomal arm, in which also segregates
the terminal inversion IILH.

The male meiosis of one population per each other species studied, the sibling
D. paulistorum, D. tropicalis, D. equinoxialis, D. insularis and the non-sibling D.
nebulosa were regular, and although all of them are chromosomally polymorphic (less
than D. willistoni), no breaks, anaphasic bridges and non-disjunction were detected.
Future studies performed with different populations of each species, however, are
necessary to clarify if D. willistoni support or not, higher levels of male recombination
than the other related species, and if our findings could be interpreted as a strategy of
D. willistoni (considered as the ancestral to the others) to maintain high levels of
polymorphism without significant gametic losses or compromising of the stability of its
genetic system. Future genetic studies need to be performed in order to test this
hypothesis.

The female meiosis of the Drosophila willistoni and D. paulistorum was also
characterized in polymorphic strains of both species. The cytological detection of

recombination, however, was not possible, due to the peculiarity of the highly



compacted chromosomes of the oocytes to assume the configuration of a karyosome,

just in the prophase I, when chiasmata could be detected.



CAPITULO 1

INTRODUCAO



1.1. REVISAO E JUSTIFICATIVA

Explicar a Biodiversidade das formas de vida do Neotropico ¢ uma tarefa ardua,
devido tanto a fatores extrinsecos aos organismos, como a fatores a eles intrinsecos.
Nossa escolha do tema desta Tese recaiu sobre um importante fator intrinseco aos
genomas de espécies do grupo willistoni de Drosophila (altamente representativas da
fauna de dipteros neotropicais): o comportamento meiotico. Compreender a meiose € a
sua flexibilidade nestes organismos, ¢ uma maneira de contribuir para o entendimento
de quais estratégias foram exploradas pela selecao natural para modular os niveis 6timos
de variabilidade genética, que garantem o sucesso destas moscas na exploracdo da
ampla gama de ambientes e de inter-relacdes bidticas que caracterizam a regido
Neotropical. Nenhum estudo sistematico da meiose do grupo da D. willistoni havia sido
realizado anteriormente.

Meiose ¢ um tipo especial de divisdo celular que produz gametas haploides a
partir de células dipldides dos pais. O nimero de cromossomos ¢ reduzido pela metade,
pois um unico ciclo de replicagdo de DNA ¢ seguido por dois ciclos de segregacao
cromossdmica, sendo que a fusdo dos dois gametas durante a reproducao sexual restaura
o complemento cromossdémico dipldide (ROEDER 1997).

Assim, o estudo dos mecanismos que regem este tipo de divisdo celular, sua
universalidade e excegdes, reveste-se de grande importancia. Neste contexto, a pesquisa
sobre meiose em Drosophila serve como modelo para varios organismos, em especial
para os insetos que exploram com especial sucesso, polimorfismos cromossomicos
numéricos ou estruturais. Desta forma, iniciaremos com uma prévia explanagao sobre o

mecanismo da meiose em Drosophila.
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ORR-WEAVER (1995) aponta como vantagem do estudo da meiose em
Drosophila, a grande quantidade de mutagdes conhecidas que afetam este tipo de
divisdo celular. Dentre as mutagdes melhor estudadas, podemos citar como exemplo:
mutagdes no gene nod que € requerido para a segregacdo de cromossomos nao-
recombinantes (ZHANG & HAWLEY 1990); mutacdes que afetam os genes ord e mei-
$33,2 ambos com fun¢do de manter a coesdo das cromatides irmas (MIYAZAKI & ORR-
WEAVER 1992) e 0 gene Ncd cuja inativagdo, causa desestabilizagdo dos microtubulos
na regido central do fuso (ENDOW & KOMMA 1997).

A citologia da meiose em Drosophila melanogaster tem sido bem investigada
durante os ultimos 20 anos. Em machos de Drosophila, as células meidticas vém sendo
estudadas tanto sob microscopia otica quanto eletronica, sendo que o comportamento
cromossomico, bem como a estrutura do fuso acromatico e dos quinetocoros, tém sido
descritas em nivel de microscopia eletronica (COOPER 1950; MEYER 1960; RASMUSSEN
1974; GOLDSTEIN 1981; LIN ef al. 1981; CHURCH & LIN 1982; 1985; CENCI et al. 1994;
GIANSANTI ef al. 2001).

Em fémeas, os eventos iniciais da meiose, passando pelo pareamento homologo,
formag¢ao do complexo sinaptonémico e recombinagdo, sdo visualizados em detalhes
por microscopia eletronica de segdes seriais dos odcitos, mas sao de dificil deteccao sob
microscopia Otica (CARPENTER 1975; 1979). Mais recentemente, vém sendo feitos
estudos com anticorpos associados a fluorocromos que permitem o acompanhamento do
ciclo meiotico a partir do comportamento do fuso acromatico sob marcagao fluorescente
(ENDOW & KOMMA 1997).

Os mecanismos de divisdo meidtica em machos e fémeas de Drosophila sao bem

distintos e particulares, ¢ o estudo comparativo de ambos ¢ importante para ter-se uma
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idéia das estratégias adaptativas selecionadas ao longo da evolucdo desse grupo de

insetos (mais de 2500 espécies, segundo WHEELER 1981) em toda a sua complexidade.

Meiose em Machos de Drosophila

Os eventos da espermatogénese sao caracterizados por um alto grau de
conservagao evolucionaria, sendo que insetos ¢ mamiferos exibem algumas diferencas
morfogenéticas basicas envolvendo o desenvolvimento do espermatozoide. Assim, uma
compreensdo da meiose em um sistema modelo como a Drosophila, pode proporcionar
um interessante auxilio aos estudos de outros organismos (CENCI ef al. 1994).

A diferenciacdo dos espermatozodides, a partir de células goniais
(espermatogdnias) relativamente indiferenciadas, ¢ um dos mais complexos e
elaborados processos de desenvolvimento. Abrange dois tipos de divisdo celular: a
mitose, necessaria para a multiplicagdo das células goniais que vao entrar em meiose, €
a meiose propriamente dita, que formara as espermatides hapldides. Além disso, tanto
as células pré como as pos meioticas, sofrem uma série de mudancas drasticas na sua
morfologia que culmina na diferenciacdo funcional do espermatozoide (CENCI et al.
1994).

As duas divisdes meioticas nos espermatocitos ocorrem em rapidas sucessoes
numa pequena por¢ao do testiculo adulto, e conforme nossa observacao, também nas
gonadas de larvas. Em contraste, a meiose em fémeas inicia-se no nicleo do pro-odcito,
mas nao se completa até depois da fertilizagdo (CASTRILLON et al. 1993).

A espermatogénese em Drosophila inicia com a formacdo de uma
espermatogonia a partir de uma populagdo de células germinativas. Um niimero fixo de
divisdes mitdticas (4) acontece, seguindo-se sucessivamente por: crescimento celular,

pela propria meiose e por um elaborado caminho de diferenciacdo celular. Assim, uma
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série de processos fundamentais, incluindo interacdo célula-célula, mitose, meiose e
morfogénese, ocorre em um padrao espacial e temporal determinado. Além disso,
células de todos os estagios da espermatogénese podem ser simultaneamente observadas
em um simples testiculo (CASTRILLON et al. 1993).

Segundo estes autores, a transformagao de uma simples espermatogénia em 64
espermatozodides ocorre dentro de um fino envelope formado por duas células cisticas.
Este grupo de células germinativas e somaticas ¢ definido como um cisto. Quatro ciclos
de divisdo mitdtica resultam em um cisto de 16 espermatdcitos primarios. Estes
espermatocitos entram em fase de crescimento, na qual sofrem um aumento de volume
de até 25 vezes o seu tamanho inicial. A seguir, os espermatdcitos primarios entram em

meiose, dando origem a 64 espermatides haploides (Figura 1)

células germinativas (i3I0 -,

espermatogdnia -\.;_:5.; &4 espermdtides

espermaticitos
primdrios

elongagdo, individualizagdo,
espiralizagio e transferéncia
para a vesicula seminal

16 espermatécites primdrios |'| e

Lt Gl i e In' b

64 Espermatozoides

Figura 1 — Espermatogénese em Drosophila melanogaster. Modificado de CASTRILLON
etal. (1993).
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Os cromossomos meioticos dos machos de Drosophila passam por todos os
estagios normais da divisdo, mas seu comportamento difere dos mecanismos gerais de
segregacao homologa, pois geralmente (ndo exclusivamente, de acordo com nossas
proprias observagoes apresentadas na presente Tese), ndo ocorre recombinagao entre os
homologos e o complexo sinaptonémico nao ¢ detectado. Apesar disso, os homologos
nao-recombinantes pareiam e segregam com sucesso (ORR-WEAVER 1995).

Assim, a ndo ocorréncia de recombinacdo cromossomica em machos de
Drosophila parece ser uma protecdo favorecida pela sele¢ao natural, contra a produgio
de gametas ndo-balanceados (portadores de duplicagcdes ou delecdes) em razdo da
possivel ocorréncia de recombinacdo dentro de regides dos cromossomos que
apresentem inversdes paracéntricas. Este tipo de inversdo ¢ amplamente explorado em
espécies de Drosophila, por um bem sucedido sistema de polimorfismo adaptativo
(STEVENS 1908; MORGAN 1912; revisdao em KRIMBAS & POWELL 1992).

Quanto ao pareamento, COOPER (1964) ja havia demonstrado que os
cromossomos X ¢ Y de Drosophila pareiam em um sitio especifico chamado colocoro.
MCKEE & KARPEN (1990); MCKEE ef al. (1992) e REN et al. (1997) caracterizaram este
pareamento em bases moleculares, demonstrando que o par sexual interage via um sitio
de pareamento, um bloco de homologia presente em ambos os cromossomos, onde
genes repetidos de rDNA estdo presentes na vizinhanga dos colocoros e agem
diretamente no pareamento. Ja para os pares autossomicos, MCKEE et al. (1993) e
MCKEE (1996), mostraram que, ou nao ha sitios especificos de pareamento, ou eles
estdo muito freqiientemente espalhados ao longo da eucromatina.

Com relagcdo ao processo de segregacdo cromossomica, BONACCORSI et al.
(1998), chamam a atengdo para o fato de que, em machos de Drosophila, a formagao do

fuso acromatico ¢ mediada pelos centrossomos e segue o mecanismo normal de captura
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e segregacdo dos cromossomos em dire¢ao aos poélos opostos da célula. Mas os autores
salientam que quando se d4 uma mutacdo em um gene responsavel pela formagao
bipolar deste fuso, ocorre a auséncia do centrossomo € mesmo assim, os microtubulos
sao capazes de crescer a partir de multiplos sitios ao longo dos cromossomos,
assegurando uma perfeita segregagao destes.

Segundo CENCI et al. (1994), uma caracteristica interessante da meiose em
machos, ¢ a precisa divisdo das mitocOndrias entre as células filhas, em cada divisdo
meidtica. Na prometafase I as mitocondrias agregam-se ao redor do nucleo, alinhando-
se paralelamente ao eixo do fuso acromatico. Este arranjo persiste pela telofase I até
ocorrer a citocinese, mediando, desta forma a divisdo precisa destas organelas. Na
profase meiotica I tardia e na prometafase I inicial, as mitocondrias parecem estar
uniformemente distribuidas dentro do citoplasma. Contudo, como as células
prosseguem em prometafase I, as mitocondrias agregam-se em volta do equador no
nucleo.

Ainda segundo os autores, este arranjo persiste pela metafase I, no inicio e no
meio da anafase I, até a formagdo do fuso central. Entdo, as mitocondrias arranjam-se ao
longo desta estrutura e tornam-se a ela associadas, até a ocorréncia da citocinese, a qual
as divide em dois grupos iguais. O mesmo comportamento mitocondrial ¢ observado
durante a meiose II, sendo que os quatro produtos meidticos recebem a mesma
quantidade de mitocondrias.

Células em telofase II tem as mitocOndrias associadas com o fuso central,
movendo-se através do ntcleo e formando uma massa irregular em um lado do nucleo.
Esta massa rapidamente assume uma forma de lua crescente, passando depois a uma
forma esférica. As espermatides no estagio 3 (da telofase II) consistem de um agregado

mitocondrial associado a um nucleo menor e esférico. Durante a diferenciagdo da
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espermatide, o nucleo aumenta de tamanho e as mitocondrias progressivamente
fusionam-se para formar uma organela complexa chamada nebenkern, contendo varias
camadas de membrana mitocondrial. Quando se inicia a elongacdo da espermatide, o
nucleo permanece esférico, enquanto o nebenkern assume uma forma oval, alongando-
se cada vez mais para formar a cauda do espermatozdide. No estagio 5, a cromatina
nuclear perde a sua compactacao prévia e torna-se mais difusa dentro do nucleoplasma.
Com o prosseguimento da elongagdo, a cromatina condensa-se novamente, formando

uma massa densa e lisa.

Meiose em Fémeas de Drosophila

Em contraste com a meiose masculina, em fémeas de Drosophila os eventos
meidticos sdo mais complexos e de deteccdo mais dificil. HAWLEY et al. (1993),
descreveram com mais clareza a oogénese em Drosophila melanogaster. Cada ovario
consiste de um feixe de ovariolos, que contém odcitos arranjados em uma ordem que
segue seus estagios de desenvolvimento. O prd-odcito origina-se na posicdo mais
anterior do germario, onde ocorrem quatro divisdes mitdticas para gerar um cisto de 16
células. Uma célula ira tornar-se o oocito, o qual cresce sob o auxilio das células
germinativas irmas chamadas células nutridoras (nurse cells), também contidas na
camara do ovo.

O desenvolvimento do odcito de Drosophila ¢ dividido em 14 estagios (KING
1970), cada estagio representando um crescimento continuo, que se inicia com 0 grupo
de 16 células no germario (no estagio 1), e finaliza com o desenvolvimento completo do
oocito (no estagio 14) (MAHOWALD & KAMBYSELLIS 1980; HAWLEY ef al. 1993)

(Figura 2).
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Figura 2 - Estagios da oogénese de Drosophila melanogaster (Germarium [G]

até estagio 14). Fonte: MAHOWALD & KAMBYSELLIS (1980).

Os passos iniciais da profase I meiodtica, em f€émeas de Drosophila melanogaster,
ndo se mostram favoraveis para andlise citologica sob microscopia 6Otica, mas alguns
trabalhos detectaram e caracterizaram sinapse em paquiteno, através de microscopia
eletronica (MEYER 1964; CARPENTER 1975; 1979; RASMUSSEN 1974). Neste estagio
(paquiteno), a meiose em fémeas comporta-se de acordo com o modelo normal de

meiose, com um complexo sinaptonémico bem visivel ao longo de cada bivalente.
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A meiose da mosca das frutas e o processo padrdo, entretanto, diferem pela
auséncia de diploteno-diacinese da profase I, na Drosophila. Ao invés de passar
claramente por este estagio, depois do paquiteno I, os cromossomos se condensam em
uma massa densa, denominada cariossoma, que se mantém até a formagdo do fuso
durante a prometafase I (HAWLEY et al. 1993). Esta peculiaridade dificulta
enormemente a detecgao citoldgica das conseqiiéncias da recombinagao.

A prometafase I inicia-se no estagio 13, onde encontramos uma caracteristica
importante da meiose de fémeas de Drosophila, que é o fato de ndo ocorrer estrutura
centrossOmica evidente, no qual se organizaria o fuso acromatico. Este fendmeno
também ocorre em Xenopus e em ratos (de acordo com revisdo de ENDOW & KOMMA
1997).

Nao havendo centrossomos, os microtubulos do fuso organizam-se a partir dos
proprios cromossomos. Esta caracteristica parece ser uma regra para as fémeas de
Drosophila e ndo algo circunstancial como ocorre em machos deste género. (CHURCH &
LN 1982; THEURFALK & HAWLEY 1992; ENDOW & KOMMA 1998).

ORR-WEAVER (1995) salienta que durante a primeira divisdo meidtica em
fémeas de Drosophila, os homologos pareiam e segregam por mecanismos comuns de
recombinagdo, formagdo do complexo sinaptonémico e provavelmente por formacao de
quiasmas. Contudo, existe uma excec¢do: o pequeno cromossomo 4 de D. melanogaster
ndo sofre recombinagdo, € mesmo assim, segrega com sucesso. Cromossomos maiores
também se separam apropriadamente, mesmo quando eles falham em sofrer
recombinagao.

Durante a polarizagdo do fuso e na sua elongacdo na prometafase I, os
cromossomos nao-recombinantes, como o par 4, movem-se precocemente para oS

polos, em um modelo tamanho-dependente, de tal forma que o menor precede o maior.
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Assim, quando o odcito para na metafase I, os cromossomos nao-recombinantes estao
bem separados dos bivalentes recombinantes (THEURFALK & HAWLEY 1992).

Como referido anteriormente, em Drosophila temos um sistema de
polimorfismo adaptativo para inversdes paracéntricas (revisdes em SPERLICH & PFRIEM
1986; KRIMBAS & POWELL 1992) e isso pressupde a evolucao paralela de mecanismos
de prote¢dao contra perdas gaméticas geradas por recombinacdo dentro das algas de
inversdes em heterozigotos. Em D. melanogaster, por exemplo, ocorre 0 mecanismo

demonstrado por HINTON & LUCCHESI (1960) (Figura 3).

Andfase I Fim da meiose I Fim da meiose IT

Figura 3 - Representagdo esquematica, a partir de SWANSON et al. (1967), do
mecanismo descrito por HINTON & LUCCHESI (1960).

Este mecanismo ¢ expresso pela orientagdo preferencial do fuso em uma das
extremidades do odcito, de maneira que o primeiro produto meidtico a ser eliminado
seja sempre uma das cromatides (ordem invertida ou normal) balanceadas, e como
segundo corpusculo polar a crométide dicéntrica, produto de recombinacdo dentro da
alca de inversdo formada em heterozigose. Dessa maneira, o ntcleo funcional do
gameta serd formado pela outra cromdatide balanceada (cujos genes estdo em ordem

normal ou invertida) e o fragmento acéntrico sera eliminado, pela sua incapacidade de
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orientagdo. O fato deste mecanismo também ter sido identificado em Sciara impatiens
(CARSON 1946), que também explora polimorfismos cromossdmicos para inversoes
paracéntricas, permite supor a sua generalidade em insetos que exploram este tipo de

polimorfismo.

Porque utilizar o grupo willistoni?

Considerado como paradigma para o estudo da evolugdo de espécies
neotropicais de Drosophila, o grupo willistoni € constituido de espécies, sub-espécies e
espécies cripticas. Gracas a oportunidade que oferece de se estudar especiacdo, este
grupo foi escolhido como objeto de estudo no Neotropico, pelo ilustre evolucionista
Theodosius Dobzhansky, quando de sua estadia no Brasil no periodo entre as décadas
de 1940 e de 1950.

O grupo criptico willistoni de Drosophila ¢ constituido de 6 espécies
morfologicamente muito semelhantes, inclusive do ponto de vista de sua genitalia
externa, o que dificulta a identificacio no organismo vivo, mas sdo facilmente
identificaveis, através de seus cromossomos politénicos da glandula salivar larval e de
marcadores moleculares. Sao elas: a Drosophila willistoni, remanescente do ancestral
comum que deu origem a todo o grupo; a D. paulistorum, constituida de varias ragas ou
semi- espécies; a D. tropicalis, a D. equinoxialis, a D. insularis € a D. pavlovskiana. As
duas primeiras t€ém uma distribuicdo geografica mais ampla, sendo a primeira
encontrada desde a Florida e México, na América do Norte, até o norte da Argentina o
local de seu registro mais ao sul (SPASSKY et al. 1971). Outras espécies nao cripticas do
mesmo grupo, sdo a D. nebulosa, a D. capricorni, a D. fumipennis, ¢ as espécies do
sub—grupo alagitans - bocainensis (VAl et al. 1981) que, como as demais cripticas, sdo

restritas a regides mais limitadas das Américas do Sul e Central.
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O cariotipo basico das espécies cripticas € nao cripticas do grupo willistoni de
Drosophila ¢ constituido de dois pares metacéntricos (o par sexual e um par dos
autossomos - o segundo par) e de um acrocéntrico, o terceiro par (METZ 1916;
STURTEVANT & NOVITSKI 1941; DOBZHANSKY 1950; PATTERSON & STONE 1952), ndo
sendo observado o quarto cromossomo, correspondente ao elemento F (MULLER 1940),
comumente encontrado como um cromossomo pontual em muitas espécies de
Drosophila. Uma caracteristica marcante deste grupo de espécies ¢ a sua plasticidade
cariotipica, explorada com particular sucesso pela reorganizagdo de seus elementos
cromossOomicos, através de um bem sucedido sistema de polimorfismo adaptativo para
inversoes paracéntricas. Na D. willistoni e na D. paulistorum, ambas integrantes do
grupo criptico willistoni, ja foram registradas mais de 70 variantes cromossdmicas em
heterozigose, em populagdes naturais (revisdes em EHRMAN & POWELL 1982; KRIMBAS
& POWELL 1992).

A exploragdo de tdo amplo polimorfismo cromossdmico, pressupde portanto, a
evolucdo paralela de mecanismos de prote¢do contra a produg¢do de gametas ndo -
balanceados tanto em machos como em fémeas. A existéncia de mecanismos similares
em outros insetos da suporte a esta suposigao.

As inversdes pericéntricas, que tem pontos de quebra em torno do centrémero,
por sua vez, sdo raras na natureza. Talvez isso se deva ao fato de que um unico evento
de recombinag¢do dentro da regido invertida de um heterozigoto, gere também,
cromatides duplicadas e deficientes em seu contetido génico. Diferentemente do que
ocorre com os heterozigotos para inversdes paracéntricas, entretanto, as cromatides
recombinantes nao - balanceadas s3o monocéntricas, podendo atingir nucleos funcionais

e eliminar o embrido formado pelos oocitos que os portam. Logo, a fertilidade de
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heterozigotos para inversoes pericéntricas ¢ diminuida pela metade e ndo ¢ protegida
nas fémeas por mecanismos de eliminagdo preferencial de gametas nao - balanceados.

Certamente, ¢ em funcdo deste prejuizo, que o sistema de polimorfismos
cromossdmicos para inversdes pericéntricas tenha sido pouco explorado em Drosophila,
embora a andlise comparativa dos caridtipos de varios membros de diferentes
subgéneros, tenha apontado para a ocorréncia desse tipo de rearranjo ao longo da
historia evolutiva do género (STURTEVANT & NOVITSKI 1941; PATTERSON & STONE
1952).

Exemplos classicos de polimorfismo para inversdes pericéntricas em Drosophila
foram registrados por MILLER (1939) em D. algonquin, onde a inversdo pericéntrica
estava associada a uma inversdo paracéntrica, o que facilitava a sua manutencdo; por
FREIRE MAIA (1960) em D. ananassae, porém em muito baixa freqiiéncia; e por
CARSON & STALKER (1949), que registraram em D. robusta, altas freqiiéncias (até 30%)
de portadores heterozigotos, em populagdes do Norte dos Estados Unidos. Os autores
sugeriram na época, que nao deveria ocorrer recombinacdo na regido envolvida, mas
ndo realizaram estudos comprobatdrios mais detalhados.

Recentemente, populagdes de D. willistoni coletadas em 4 ilhas e no continente
de Santa Catarina (ROHDE et al. 1998), apresentaram freqiiéncias altas (entre 10 a
42%) de uma pequena inversdo pericentromérica no cromossomo X, sugerindo alguma
vantagem adaptativa para seus portadores, bem como fluxo génico entre continente e
ilhas.

Os tipos de mecanismos envolvidos na garantia da sobrevivéncia dos
heterozigotos para inversdes pericéntricas em fémeas de Drosophila, entretanto, ndo sao

conhecidos, mas se ¢ que eles existem, devem envolver a restri¢do da recombinacio ou
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do pareamento entre os segmentos invertidos dos cromossomos na meiose, promovendo
assim, a restauracao da fertilidade integral da prole.

Na meiose dos gafanhotos dos géneros Boonacris alticola e Camnula pellucida
(HAINES et al. 1978; NUR 1968, respectivamente), esta ¢ a maneira de impedir a
formagdo de gametas andmalos, ja que o polimorfismo para inversdes pericéntricas
nestes organismos parece ser adaptativo. Na meiose desses insetos, a regido
cromossOmica que envolve a inversdo ndo se pareia em heterozigotos. Em
Trimerotropis pseudofasciata (WEISSMAN 1976) os quiasmas sdo localizados em
posicdes terminais de todos os cromossomos, ndo ocorrendo nas regioes invertidas dos
cromossomos de heterozigotos. Isto permite o estabelecimento de polimorfismo em
muitas populagdes, tanto em ilhas, como no continente, em grande parte dos Estados
Unidos.

Virtualmente nada, entretanto, havia sido feito antes da presente Tese quanto ao
estudo da meiose, tanto em homozigotos como em heterozigotos, de espécies do grupo
willistoni, que possuem, como a D. willistoni € a D. paulistorum, um nimero muito
maior de inversdes paracéntricas por individuo (até 16, como em amostras de D.
willistoni da regido central do Brasil — DA CUNHA & DOBZHANSKY 1954) do que a D.
melanogaster, onde ocorre o mecanismo demonstrado por HINTON & LUCCHESI (1960).
Além disso, FRANCA & DA CUNHA (1968) e FRANCA et al. (1968) apresentaram
evidéncias genéticas de recombina¢do em machos de D. willistoni.

Em funcdo do exposto, o presente estudo tem como objetivo geral suprir a
lacuna existente sobre o conhecimento do comportamento meidtico em espécies do
grupo willistoni de Drosophila, abrindo uma ampla gama de perspectivas para

investigagoes futuras.



23

1.2. OBJETIVOS

Padronizar as condicdes para estudo da meiose de machos de Drosophila
willistoni e, posteriormente de espécies pertencentes ao sub-grupo willistoni
(Capitulo 2).

Caracterizar as fases da meiose de machos de D. willistoni e a prole de
cruzamentos de diferentes populagdes analisando as configuracdes meidticas de
machos descendentes de cruzamento entre linhagens de D. willistoni que
apresentam atrofia gonadal sob regime de temperaturas diferentes (Capitulos 3 e
4).

Padronizar as condi¢des para estudo da meiose das fémeas de Drosophila
willistoni e D. paulistorum (Capitulo 5).

Analisar comparativamente o comportamento meidtico de D. willistoni em
paralelo com a observagdo e registro de inversdes paracéntricas em seus
cromossomos politénicos da glandula salivar (Capitulo 6).

Caracterizar o comportamento meidtico de machos de algumas espécies cripticas

e nao cripticas de Drosophila willistoni (Capitulo 7).
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1.3. MATERIAL E METODOS

Na presente Tese, foram utilizadas as seguintes populagdes do grupo willistoni:
WIP4 (coletada na Bahia -Brasil, 14°12°S, 39°22°W); 17A2 (Eldorado - Rio Grande do
Sul, 30°05°S, 51°39°W); B9sc (Ilha de Ratones — Santa Catarina); G3 (Ilha do Arvoredo
- Santa Catarina, 27°17°S,48°21°’W); D. paulistorum (Morro Santana - Porto Alegre -
Brasil, 30°02°S, 51°14°W); D. nebulosa (Porto Alegre — Brasil, 30°02°S, 51°14°W); D.
equinoxialis (Panamad); D. tropicalis (Caribe, Bowling Green Species Resource Center);
D. insularis (St. Kitts — Antilhas).

Todos os estoques utilizados foram mantidos em cultura massal em meio de
Marques et al. (1966) em temperatura fisioldgica de 17°C +1°C, com 60% de umidade
relativa. As larvas foram tratadas com solu¢do comercial de levedura ¢ mantidas em
fotoperiodo de 24 horas.

Discos imaginais de gonadas (larvas de 3° instar) e testiculos (adultos recém
emergidos), foram dissecados diretamente em citrato de sodio (1%), transferidos para
laminas de vidro e submetidos a técnica de ‘“air drying” adaptada para o grupo
willistoni, a partir de protocolo de Imai et al. (1988). Posteriormente as laminas foram
coradas em Giemsa, observadas sob microscopio 6tico e fotografadas.

Para a analise de meiose em fémeas, ovarios foram dissecados em soro
fisiologico sendo separados os oocitos de 13° e 14° estagios de desenvolvimento. Para
processar este material foi utilizada técnica de PURO & NOKKALA (1977) com pequenas
modificagdes.

Os cromossomos politénicos de glandula salivar de larvas de 3° instar foram
processados segundo técnica de ASHBURNER (1967), analisados sob contraste fase e

fotografados com filme KODAK Asa 100. Para as fotografias de material meidtico,
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utilizou-se filme AGFA Asa 25, sendo que este filme de asa baixa demonstrou ser o
mais adequado para estes cromossomos, pois na ampliagdo das copias em papel, ndo ha

perda de qualidade, ndo ha granulagao nem perda de foco.

1.4. DISCUSSAO GERAL, CONCLUSOES E PERSPECTIVAS

A padronizacdo das condi¢cdes técnicas para o estudo dos cromossomos
meidticos em machos (Capitulos 2, 3, 4, 6 e 7) e em fémeas de Drosophila willistoni e
D. paulistorum (Capitulo 5) permitiu iniciarmos os primeiros estudos sistematicos
sobre este tipo de divisdo celular em espécies neotropicais de Drosophilidae.

A qualidade dos preparados obtidos tanto de testiculos de adultos, como de
gonadas de larvas de 3° instar (Capitulo 2) foi excepcionalmente boa, comparavel com a
obtida para D. ananassae (TOBARI et al. 1993) e muitas vezes superior a de D.
melanogaster (AULT & RIED 1994). Este primeiro tento facilitou bastante o avango das
abordagens previstas para a presente Tese.

Assim, no Capitulo 3, pudemos examinar o padrdo cromossdmico da meiose de
duas populacdes de D. willistoni (WIP4 e 17A2), onde foram observadas as fases de
paquiteno e diploteno da profase I, andfase I, metafase Il e anafase II, sendo que a fase
de diploteno recebeu maior atengdo, por ser nesta fase que se detecta, com maior
clareza, a eventual ocorréncia de quiasmas. Os trés pares de cromossomos foram
observados em todo o estudo, como: o par sexual (X metacéntrico e Y
submetacéntrico); o par II metacéntrico; o par IIl acrocéntrico, diferindo de METZ
(1916) e DOBZHANSKY (1950), apenas no par II, referido como submetacéntrico por
estes autores. A razdo desta discrepancia provavelmente se deve ao fato de que estes

autores tiraram suas conclusdes baseadas no estudo dos cromossomos politénicos, que
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diferem quanto a quantidade de heterocromatina centromérica. Outra caracteristica
observada, foi a associagdo entre o par sexual, na regido do centrdmero, provavelmente
pela regidao denominada colocoro, como verificado em D. melanogaster (COOPER 1964).
Os colocoros, segundo MCKEE et al. (1992) seriam pelo menos em parte, constituidos
pela regido organizadora de nucléolo. Tentativas de marcagao desta regido nos
cromossomos meiodticos de D. willistoni através de técnica de bandamento com
coloracdo a base de nitrato de prata (adaptado de BICUDO et al. 1992) entretanto, ndo
propiciaram resultados conclusivos (dados ndo mostrados). Novas técnicas, inclusive
hibridacao in situ com sondas de rDNA deverao ser utilizadas em um préoximo estudo.

A possibilidade de detectar recombinagdo em machos da prole do cruzamento
entre linhagens 17A2 e WIP4 que haviam propiciado a descoberta do primeiro caso de
disgenesia gonadal em D. willistoni por membros de nosso grupo (REGNER et al. 1999)
foi também testada no Capitulo 3. Na primeira geracdo de tais cruzamentos, tanto intra
como interlinhagens, ndo foram observados quiasmas, tanto sob condigdes de
temperatura fisiologica (25°C) como restritiva (29°C). Neste Capitulo, também foi
evidenciada a particularidade da formacao de uma configuracao do tipo alca em um dos
bragos do cromossomo X, cujo significado merece ser analisado posteriormente. Em D.
melanogaster, VLASSOVA et al. (1991) registraram o aparecimento de estrutura do tipo
alca em certas regides de cromossomos metafasicos mitoticos durante a clivagem inicial
de embrides, sugerindo que elas provavelmente correspondem a regides de separagdo de
cromatides irmas. Em cromossomos meioticos, entretanto, ndo ha registro anterior da
ocorréncia de fenomeno similar.

A continuidade da analise da meiose de machos em outras populagdes de D.
willistoni e na populacdo hibrida WIP4 x 17A2 mantida em laboratorio, sob condigdes

de temperatura fisiologica (17°C), entretanto, permitiu a detec¢do de recombinagdo em
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machos em uma freqiiéncia de 20,78% em 513 individuos analisados (Capitulo 6). Este
fendmeno em populagdes naturais de D. willistoni ja havia sido registrado por FRANCA
et al. (1968) sem registro citologico, e em D. ananassae como regra, com registro
citologico (KIKKAWA 1937; MORIWAKI 1937; MATSUDA et al. 1983; GONI 1988). Na
populagdo hibrida, ele poderia ser conseqiiéncia de algum tipo de incompatibilidade
genética ou de eventos causados por diferentes contribuigdes de elementos
transponiveis, o que estd sendo investigado por outros membros de nosso grupo de
pesquisa. O fato deste estudo ter sido feito em paralelo com a anélise do polimorfismo
cromossdmico encontrado nos cromossomos politénicos das mesmas larvas, nos
permitiu identificar as inversdes heterozigotas (IILF ou IIL D+E) dentro das quais,
possivelmente, ocorreu a recombinacao no brago esquerdo do cromossomo II (IIL).

Ja na populacdo natural G3 (5,48% de freqiiéncia de recombinagdo em 73
machos analisados) poder-se-ia sugerir que fendmenos desta natureza corresponderiam
a um subproduto do amplo polimorfismo cromossdémico para inversdes, mantido por
selecdo natural dentro de certa freqiiéncia, que ¢ bem maior em D. willistoni do que em
D. melanogaster (FRANCA et al. 1968), mas menor do que em D. ananassae (revisao em
TOBARI et al. 1993). Nesta ultima espécie, o controle genético de recombinagdo em
machos ja ¢ relativamente bem conhecido.

Como perspectiva de desenvolver essa abordagem, nosso grupo vem trabalhando
em colabora¢do com a Dra Beatriz Gofii da Universidad de La Republica do Uruguai,
que estd estabelecendo e mantendo estoques balanceados a partir de mutantes
espontaneos em D. willistoni. A partir de cruzamentos entre estes estoques mutantes,
GONI et al. (2002) encontraram evidéncias genéticas de ndo disjuncdo do par sexual,

gerando individuos XXY.
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Além da recombinagdo em machos, detectou-se também outra evidéncia de
instabilidade genética em D. willistoni, expressa como macho XO (Capitulo 4). A
configuragdo X0 foi encontrada em um individuo da populagdo WIP4, mantida em
laboratdrio, que apresentou 13 metafases no mesmo campo, onde o cromossomo Y do
par sexual estava ausente, ocorrendo apenas o X. O significado evolucionario deste
achado ainda ¢ obscuro, mas se considerarmos o fato de que uma série de linhagens com
baixa viabilidade de D. willistoni sdao coletadas na natureza e mantidas em laboratorio,
este fenomeno poderia ser mais comum do que o esperado.

No Capitulo 5, s3o apresentados os primeiros resultados propiciados pela
padronizagdo da técnica citologica para caracterizacdo da meiose em fémeas do grupo
willistoni. O que se observou inicialmete, foi a enorme dificuldade de obtencdo de
material cromossomico, devido a varios fatores, como por exemplo: ocorréncia muito
rapida das fases meidticas e cromossomos altamente condensados em uma formacao
caracteristica chamada de cariossoma, como detectado previamente em D. melanogaster
(BIER et al.1969) e apontado como caracteristica de espécies de insetos com ovarios
meroisticos. A partir de pequenos ajustes na técnica de PURO & NOKKALA (1977),
observamos em um total de 77 fémeas (69 de D. willistoni ¢ 8 de D. paulistorum)
apenas 16 (20,7%) que apresentaram algum tipo de material cromossdmico. Do material
encontrado, foi possivel caracterizar algumas fases como: prometafase I, anafase I,
metafase Il e anafase II. A principal caracteristica cromossdmica detectada nas espécies
do grupo willistoni, foi a presenga do estagio de cariossoma, no qual 0s cromossomos
permanecem unidos numa massa densa e compacta. Se por um lado, esta caracteristica
dificulta enormemente a detec¢do de recombinagdo, por outro, o cariossoma representa

uma protecdo contra a dissociacdo precoce dos cromossomos, prevenindo assim, perdas
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gaméticas e garantindo a correta distribuicdo do material genético (HAWLEY et al.

1993).

A compactacdo dos cromossomos, portanto, impediu que detectassemos os
eventos de recombinagao meiodtica das fémeas em geral, e especialmente das portadoras
de inversdes heterozigotas tanto paracéntricas como pericéntricas (como a XP1)
segregante no cromossomo X da linhagem G3 de D. willistoni, previamente identificada
por ROHDE ef al. (1998) e ROHDE (2000).

Em alguns individuos, tanto de D. willistoni como de D. paulistorum, observou-
se cromossomos endomitéticos de células nutridoras (células “nurse”). Estes
cromossomos s3ao bem menores do que os politénicos de glandula salivar de
Drosophila e ndo apresentam um cromocentro organizado. DEJ & SPRADLING (1999)
citam estes cromossomos endomitoticos de células nutridoras, como um bom sistema de
estudo da relag¢do entre estrutura cromossomica e ciclos endomitoticos. Neste material,
nio se observou a chamada fase plumosa (“lampbrush”) detectada por DAVRING &
SUNNER (1982) em od6citos de D. melanogaster.

Concluindo, o Capitulo 7 apresenta dados preliminares do estudo de
cromossomos meidticos de cinco espécies do grupo willistoni: 70 individuos D.
paulistorum, 37 de D. tropicalis, 18 de D. equinoxialis, 34- de D. insularis ¢ 73 de D.
nebulosa, sendo encontrado em todos eles, um comportamento meidtico regular, em
comparagdo com o de D. willistoni. Nesta analise, ndo chegou a ser observada nenhuma
caracteristica anormal da meiose, como por exemplo: ndo-disjun¢do do par sexual,

quebras ou pontes anafasicas.
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The cytological study of Drosophila chromosomes requires practical and simple
techniques, to guarantee abundant, good-quality material. Several requirements should
be taken into account, prior to the preparation of slides. Among them, we underline the
care with laboratory environment conditions, since the results of the “air drying”
technique change depending on the relative humidity of the air. This is particularly
important when we try to apply the classic protocols (as those of Imai et al., 1977,
1988) to endemic species of Neotropical Drosophila in hot and humid places.

The first step is to make the choice of the most suitable organs to obtain the
chromosome type desired (mitotic, meiotic, or polytene) and to define the best part of
the structure to be processed. In Drosophila, the ideal organ to allow the detection of
mitotic figures are the brain ganglia of larvae and pre-pupae (Figure 1). Good quality
metaphase plates and other mitotic phases can be obtained with relative facility. For the
detection of meiotic chromosomes, imaginal discs of gonads of larvae and pre-pupae are
the best material. In male and female adults, it is necessary to dissect testes and ovaries
(Figure 2) and to find the parts of these structures with the best chances to provide
divisions. In species polymorphic for paracentric inversions and other structural
variations, the use of larvae and pre-pupae allows the comparison of the meiotic figures

with the chromosomal arrangements present in the polytene cells of the salivary gland
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of the same individual. This is useful to evaluate the meiotic consequences of new
chromosomal variants.

Some changes here presented were made after changing the basic technique of
Imai et al. (1977, 1988), aiming to optimize the preparation of slides with Neotropical
species, such as those from the Drosophila willistoni group under the room conditions
commonly found in Brazil and other tropical countries, that are subject to similar
climates. They are: a) before the use, water-soap cleaned slides are stocked in a ethanol:
sulfuric ether (3:1) solution up to several months. They are dried in paper tissue
immediately before the preparation of the material, helping to eliminate residues that
could form wundesirable background; b) the pre-treatment with colchicine was
eliminated, and the time to dry the slides reduced to two hours, instead of the 24-h
period used by Imai et al. (1988), before the staining with Giemsa. This procedure
allows the analysis of the material in the same day, which could be important in the case
of species that are difficult to rear in laboratory; c) the slides should lie for a minimum
time of 15 min in Giemsa 3%; d) the excess of Giemsa is subsequently removed in
current water, and then a gentle wiping of the opposite (back) surface of the slide using
a paper tissue soaked in alcohol is suggested to improve the conditions of analysis of the
material. This care helps again to avoid the occurrence of “background”.

The apparatus and material used are: slides with depressions, fine forks,
hypodermic needles, clean slides (as above referred), paper tissue, bottles for the
fixative solutions, and Pasteur pipettes. The solutions used are as follows:

1. Hypotonic solution of sodium citrate (1%)
l1g dihydrated trisodium citrate(Na3;C¢HsO72H,0)
100mL distilled H,O

2. Fixative solution I: acetic-ethanol (60%)
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The fixation solutions should be prepared immediately before the processing of the
slides: they cannot be stocked.

3mL ethanol, 3 mL acetic acid, 4 mL distilled H,O

3. Fixative solution II: acetic-ethanol (100%)

2 mL ethanol, 2 mL acetic acid

4. Fixative solution I1I:

Glacial acetic acid

5. Phosphate Buffer pH 6.8:
4.75g dibasic sodium phosphate (Na,HPOj,), 4.5g monobasic potassium phosphate

(KH,POy), 1000 mL distilled H,O

6. Giemsa - this solution can be used only two times-do not stock.

0.76g Giemsa, 50 mL glycerol, 50 mL methanol

7. Staining solution (Giemsa 3%)

20 mL phosphate buffer, 77 mL distilled H,O, 3 mL Giemsa

Dissect the material in sodium citrate solution (see Figure 3) and:
a) transfer the material to a slide adding a drop of sodium citrate for at least 5 min; b)
remove the excess citrate with the tip of a Pasteur pipette; ¢) place two drops of fixative
solution I around the material, spreading with the tip of the hypodermic needle; d) place

again two new drops of fixative solution I; e) observe the material under microscope
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and remove the excess of tissue; f) cut the material into small pieces using the
hypodermic needle; g) add another drop of the fixative solution I; h-i1) after the
retraction of the fixative solution I, place small rolls of filter paper in the extremities of
the slides to absorb the excess of liquid and add two drops of fixative solution II; j-1)
take care for the fixation solution II to uniformly cover the material, allowing the
spreading and sticking of the cells to the slide; m) after around 30 sec, add two drops of
fixative solution III; n) wait for the complete retraction of fixative solution III and
remove the excess. Leave the slide drying for at least 2 h at room temperature; o) stain
the slide with Giemsa 3%, in phosphate buffer pH 6.8, forl5 min.

It is important to call attention to the fact that in brain ganglia preparations,
mitotic figures (Fig. 4a) are found in almost 100% of the slides, whereas meiotic male

figures (Figure 4b) are detect in around 10% of the testes or imaginal discs processed.
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Figure legends

Figure 1. a) Male larva of Drosophila willistoni; b) larval brain ganglia dissected; c)

larval salivary gland dissected; d) larval imaginal discs of gonads dissected.

Figure 2. Adults of Drosophila willistoni. a) female; b) male; c) ovaries dissected; d)

testes dissected.

Figure 3. Schema adapted to that of Imai et al. (1988), indicating the steps of the
modified protocol here presented to obtain mitotic and meiotic chromosomes of

Neotropical Drosophila. h.s.= hypotonic solution; or = organ; f.p. = filter paper.

Figure 4. a) Mitotic metaphase of Drosophila willistoni female larva; b) meiotic

chromosomes of a Drosophila willistoni male larva. Bars = 10pum.
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Running Title: The meiotic chromosome of D. willistoni.
Abstract

The male meiotic chromosomes of Drosophila willistoni are described and compared to
Giemsa stained mitotic chromosomes. Meiosis was examined in males from two wild
type stocks: WIP-4, an almost monomorphic stock, and 17A2, a high-inversion
polymorphic stock. Hybrids between these stocks were also examined. Stocks and
hybrids were cultured at 25°C and at 29°C, a temperature condition thought to induce
male recombination associated with transposable element(s) mobilisation. Chromatin in
primary spermatocytes is seen as pachytene and early diplotene bivalents, representing
the two autosomal bivalents and a steady association between X and Y. Bivalents
remain relatively extended from diplotene through anaphase I, which is followed by the
conventional stages of meiosis II. Neither chiasmata nor chromatid bridges and
fragments were detected in both control and experimental males. Thread-like bubble

structures on the distal region of the X chromosome were observed in early diplotene
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cells from F1 male offspring between WIP-4 and 17A2 reared at 29°C; their functional

meaning is unknown.

Keywords: Drosophila willistoni, meiosis, chromosome behaviour, paracentric

inversions.

INTRODUCTION

Drosophila willistoni is a widely distributed Neotropical species (SPASSKY et
al. 1971) able to successfully inhabit the hot and humid South American forests and
other regions at Southern temperate latitudes, including urban environments
(VALENTE et al. 1993; GONI et al. 1998). High levels of chromosome inversion
polymorphism were described in natural populations of D. willistoni by Dobzhansky
and Brazilian scientists in the 1950s (CORDEIRO and DOBZHANSKY 1954; DA
CUNHA et al. 1950, 1959; DA CUNHA and DOBZHANSKY 1954; DOBZHANSKY
1957; PAVAN et al. 1957) and were recently re-examined by VALENTE and co-workers
(VALENTE and MORALES 1985; VALENTE and ARAUJO 1986; VALENTE et al.

1993, 2001; ROHDE 2000).

With few exceptions, little attention has been paid to Drosophila male meiotic
chromosomes. Cytological studies of Drosophila male meiosis have been carried out to
study chromatin organisation (KREMER ef al. 1986), chromosome pairing (COOPER
1964; for review see MCKEE 1998), gene function (GOLDSTEIN 1980; GATTI and
GOLDBERG 1991) and recombination (HENDERSON et al. 1978; MATSUDA et al.
1983). It is known that under normal conditions crossing over in males of Drosophila
does not occur and the conventional early meiotic stages, i.e., leptotene- pachytene are

absent; chromosomes are ready visualised as compact chromosomes at the onset of the
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first meiotic division (COOPER 1950). Chromosome bridges and fragments in primary
spermatocytes have been observed in hybrid males from D. melanogaster heterozygotes
for a paracentric inversion on the second chromosome, and interpreted as crossover
events (HENDERSON et al. 1978). Evidence for the meiotic origin of male
recombination in Drosophila ananassae has been produced by the presence of
chiasmata in diplotene bivalents at frequencies that account for the observed genetic
recombination, the occurrence of U-type chiasma, and anaphase I with bridges and

fragments in males inversion heterozygotes (MATSUDA et al. 1983, GONI 1988).

Low but significant rates of male recombination between two inverted segments
on the second chromosome in D. willistoni had been formerly reported by FRANCA et
al. (1968). A dysgenesis-like phenomenon in D. willistoni was reported by REGNER et
al. (1999). Temperature-dependent gonadal dystrophy in hybrids, accompanied by the
appearance of several mutations was observed in the offspring from crosses between
two stocks that differed in the number and genomic positions of P elements (REGNER
et al. 1996), in the offspring from crosses between nine other stocks (KLEIN 2002), and
by the presence of hobo and gypsy elements (LORETO et al. 1998) in the genomes.
Previous reports indicate that the hybrid dysgenesis system in D. melanogaster
attributed to the P transposable element includes temperature- sensitive sterility,
reduced fertility and fecundity (as found in D. willistoni by REGNER et al. 1999 and by
KLEIN 2002), and male recombination (KIDWELL et al. 1977). The occurrence of
high rates of male recombination in D. melanogaster produced by end-deleted P
elements (SVOBODA et al. 1995) opens the question whether the male recombination
in D. willistoni could be associated with mobilisation of any transposable element
and/or with the phenomenon of gonadal atrophy of the offspring from crosses between

several strains cited above.
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As a starting point to approach those questions in further studies, this article
describes the meiotic chromosome behaviour in male of D. willistoni heterozygous for
paracentric inversions (in the second and third chromosomes) and reared at high
temperature to test for the induction of male crossing over. For reference, the mitotic
chromosomes of D. willistoni are re-examined in the light of modern cytological

methods.

MATERIALS AND METHODS

Two wild type stocks, WIP-4 and 17A2, were chosen to examine both mitotic
and male meiotic chromosomes in D. willistoni. WIP-4 is an old laboratory stock
(collected 30 years ago) from Bahia State, North-eastern Brazil (14°12'S, 39°22'W),
nearly monomorphic for inversions (except for the inversion III J). 17A2 is a wild type
laboratory stock collected in 1991 from the Southern Brazilian locality of Eldorado,
State of Rio Grande do Sul (30°05'S, 51°39'W) and is polymorphic for several
paracentric inversions (only chromosomes II and III are considered): IIL A, B, D, E, F,
H and I, which comprise between 11 to 33% of the total euchromatic arm length; IIR E
comprises 16% of the arm length; and III A, B, C V, and J, which comprise between 5
to 13% of the total euchromatic chromosome length. As reported by REGNER et al.
(1996), these stocks differ in the number and position of P elements: 24 euchromatic
insertion sites were detected in the 17A2 stock but a unique chromocenter insertion site

was found in the WIP-11A, a subculture of WIP-4.

REGNER et al. (1999) reported temperature dependent levels of gonadal
dysgenesis in the progeny of both inter- and intra-strain crosses involving WIP-11A and
17A2 populations. Based on these observations, male meioses were examined in

individuals from the stocks indicated above and their (F;) reciprocal hybrids reared at
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25°C (control males) and at the restrictive temperature of 29°C + 1°C (experimental
males) to assay the occurrence of male crossing over. For crosses, six-hour virgin flies
were crossed to young males more than one day old, in all cases, two additional
replicates of each cross were performed. All flies were cultured on a standard

Drosophila culture medium (MARQUES et al. 1966).

Meiosis was examined in cytological preparations from testes of newly emerged
males processed individually following the air-dry method originally described by IMAI
et al. (1977) and adapted by MATSUDA et al. (1983). Because a low number of cells at
meiosis [ and II were found in a given individual, a large number of flies (around 300
per sample) were processed. For the examination of mitotic chromosomes, cytological
preparations on cerebral ganglia from third instar larvae of both sexes cultured at 25°C

were made according to the method of IMAI ef al. (1977) and IMAI et al. (1988).

RESULTS AND DISCUSSION

The mitotic chromosomes

As shown in Fig. 1, Giemsa stained metaphase chromosomes of D. willistoni are
characterised by two autosomal pairs and one heteromorphic sex chromosome pair in
male cerebral ganglia cells, confirming the description reported by METZ (1916) and
DOBZHANSKY (1950). The large autosome pair is metacentric and corresponds to the
second chromosome (II) while the other, about half that size, is acrocentric and
corresponds to the third (III) chromosome. The second chromosome is slightly smaller

than the X (Fig. la), and both chromosomes show blocks of heterochromatin at
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pericentromeric regions. The X and Y chromosomes are well-distinguished by their size
and centromere position (Fig. 1b). The Y chromosome is smaller than the X
chromosome, has the centromere on a sub-median position is entirely heterochromatic.
As stated by DOBZHANSKY (1950) the mitotic figures of D. willistoni do not show
the dot chromosome; however, its existence was reported by METZ (1916) and
WHARTON (1943) and was suggested as fused with the third chromosome by

PAPACEIT AND JUAN (1998).

Stages of male meiosis

As in other species of Drosophila, the apical third of the testis in D. willistoni is
largely occupied by cysts of growing spermatocytes (LINDSLEY and TOKUYASU
1980). Table 1 shows the data of the meiotic stages observed in the four male genotypes
examined at control (25°C) and restrictive (29°C) temperatures. Our data indicate that at
most, 45% of the males in a given male genotype showed any meiotic cell division, then
in order to observe meiosis in adult males the examination of large number of
individuals is required. The frequency of each of the two meiotic divisions at individual
level is indicated in Table 1. In general, our data suggest that the duration of meiosis I is
greater than that of meiosis II. Similar results had been observed in the male meiosis of
D. ananassae (HINTON and DOWNS 1975) suggesting that the observations of the

different meiotic stages may depend on their relative time to maturation.

Meiotic chromosomes in control and experimental males

Fig. 2 shows male meiotic chromosomes of D. willistoni. Under Giemsa
staining, in large primary spermatocytes, the chromatin of chromosomes II and III is
rendered into pachytene and early diplotene bivalents, and a steady association between
the X and Y chromosomes. Bivalents remain relatively extended from diplotene through

anaphase. As reviewed by COOPER (1950), the Drosophila male autosomal bivalents,
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in both the rod- and V-shaped bivalents, “remain in parallel association except of the
vicinity of the divergent kinetochores”. In D. willistoni males, the autosomal bivalents
also show the customary configuration described in other Drosophila. The metacentric
bivalent corresponding to the second chromosome stands out as a large bivalent
associated side by side along its entire length (Fig. 2e,f and g), however, in early
diplotene cells, the chromatids are associated at regular points showing chromosome
twists and loops (Fig. 2c, arrow). These loops may be characteristic inversion loops
found in individual heterozygotes for gene arrangement as found in D. ananassae
(GONI 1988). The acrocentric bivalent is smaller than expected from the mitotic
complement and, in early diplotene cells, the non-sister chromatids may dissociate at the
procentric region (Fig. 2a) while they remain in parallel association in later diplotene

(Fig. 2e).

In all primary spermatocytes, the X and Y chromosomes associate by putative
chromosome pairing sites located at the proximal centric region of the X chromosome
and the pro-centric region of the short arm of the Y chromosome (Fig. 2¢, f and g, see
arrows). It has been proposed that the achiasmate conjunction of normal or inverted X
chromosome with one or more Y chromosomes at meiotic prophase in D. melanogaster
may be accounted for the localised, cohesive elements, or collochores on the X
heterochromatin (Xh) and the Y chromosome (COOPER 1964). More recent data
indicate that the collochores consist, at least in part of the nucleolus organisers (NOs),
suggesting that the X-Y pairing in Drosophila males is based on underlying DNA
homology with the apparent exclusion of heterochromatic sequences other than that of

the rDNA (see MCKEE et al.1992).

A peculiar morphological feature of the X chromosome was observed in early

diplotene cells from F1 males offspring between WIP-4 and 17A2 reared at 29°C. The
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distal region of the X chromosome (the one which does not associate with the Y
chromosome) is seen as a thread-like bubble structure (Fig. 2b, ¢ and d, see arrows) that
collapses in late diplotene. The functional meaning of this transient structure in the X
chromosome awaits further analysis. VLASSOVA et al. (1991) reported loop-like
structures in particular regions of the metaphase chromosomes during early cleavage
nuclei of D. melanogaster, suggesting that they probably correspond to regions of sister
chromatid separation. These authors suggest that this morphological peculiarity of the
mitotic chromosomes are presumably associated with the relative absence of
transcription during the corresponding interphases, and may also be associated with the

very rapid replication of the chromosomes at this stage.

No chiasma in diplotene cells and/or chromosome bridges and fragments in
anaphase I cells (as indicative of a crossing-over in the inversion loop) were detected in
136 the primary spermatocytes of the hybrids examined (Table 1). No apparent gonadal
distrophy was observed in testis from these highly inversion rich males (data not shown)
though REGNER et al. (1999) reported 14 to 20% gonad dystrophy in males hybrids
from crosses between 17A2 and WIP-11%. Our data suggest that the restricted
temperature treatment alone does not guarantee the occurrence of hybrid dysgenesis

and/or male recombination in D. willistoni.
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Figure Legends

Fig. 1 - Giemsa-stained mitotic chromosomes of D. willistoni (a) female and (b) male.

Bar =10pm.

Fig. 2 - Meiotic chromosomes in D. willistoni in experimental (a-f) and control (g-j)
males. The meiotic stages are indicated in (a) prophase, (e, f and g) diplotene, (h) early
anaphase I, (i) metaphase II and (j) anaphase II. First spermatocytes showing in (b), (¢),
and (d) a tangled morphology of the sex chromosome pair (arrow indicates the thread-
like bubble structure of the X chromosome), and in (c) the arrow head indicates the
large autosome bivalent with loops and twists; (e) well extended chromosomes in
diplotene cells from F1 males hybrids (from crosses between males 17A2 x females
WIP-4), (e, f and g) the visible sex pair is indicated (arrow indicates the pairing region

between X and Y chromosomes). Bar =10 pum.



Table 1- Meiotic stages in males of D. willistoni.

Male Temperature  Total males Percent of males N° of primary N°. of second
genotype* O examined with meioses spermatocytes in spermatocytes in
diplotene  anaphase I metaphase Il anaphase II

17A2 25 45 333 22 19 0 2

29 32 28.1 16 4 0 22

WIP4 25 46 45.7 24 39 7 25

29 37 3.9 3 0 0 0

F; WIP4/17A2 25 22 40.9 24 1 0 0
29 89 32.6 47 6 3 30

F, 17A2/WIP4 25 21 19.0 8 0 0 8
29 78 37.2 40 10 5 18

* In F; males, the female contribution is on the left side of the column.
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As reviewed in Ashburner (1989), XO males found in Drosophila melanogaster
are viable and phenotypically indistinguishable of the normal XY males, in spite of their
sterility. We do not have information about the occurrence of this condition in D.
willistoni, although a lot of sterility seems to occur in the offspring of several strains
reared in laboratory. The XO chromosome configuration was found in several meiotic
metaphasic plates obtained in gonads of a male larva of a laboratory stock (WIP4, from
the State of Bahia, Brazil) of D. willistoni. This stock is normally reared as massal
culture, at 17° + 1° C, 60% r.h. in Marques et al (1966) medium, and the slide was
prepared according to the protocol of Imai et al. (1988), adjusted by us (Santos and
Valente, submitted) to D. willistoni. In Figure la, a XY metaphasic plate of a normal
male is shown. Note the high size of the Y chromosome. In 1b shows the aspect of an
optical microscope field in which 13 metaphases present both second (II) and third (III)
chromosomes and only one X chromosome, without pair.

The evolutionary meaning of this finding is still obscure, but it call attention to
the fact that in several unproductive strains of D. willistoni collected in nature and
maintained in laboratory, this phenomenon could be more common that we previously

suspected.
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Figure 1. Meiotic metaphases found in gonads of males of the stock WIP4 of

Drosophila willistoni. a) XY male; b) XO male. Bars = 10 um.
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Meiosis in Drosophila willistoni and D. paulistorum females
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Female meiosis in Drosophila have has been a hard matter for study due to the
intrinsic characteristics of this process, which includes very rapid phases, highly
condensed chromosomes, and low quantity of meiotic figures available in the
cytological preparations. In Drosophila females, the first events of the meiosis, the
pairing of the homologues, the formation of the synaptonemical complex and chiasmata
were visualized under Electronic Microscopy (EM) of serial sections of oocytes, but
they are of difficult detection at the optical level (CARPENTER 1975, 1979). It was only
after the studies of SUNNER et al. (1971), DAVRING and SUNNER (1973, 1976, 1977) that
the methods for analysis of the female meiosis at the Optical Microscopy (OM) were
considerably improved. These authors described carefully the appearance of the meiotic
female chromosomes of Drosophila melanogaster, each step of the process, and its
particularities.

The study of the female meiosis in Drosophila willistoni and in its sibling
species is extremely important for the comprehension of the evolutionary strategies
employed by these species, to escape from the putative adverse consequences of
crossing-over inside the loops formed by the pairing of homologous chromosomes in
individuals heterozygous for paracentric inversions. The karyotypic plasticity of these

species is expressed mainly by a successful chromosomal polymorphism for more than
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70 paracentric inversions in D. willistoni and D. paulistorum, and is a paramount
characteristic of this species group (reviews in EHRMAN and POWELL 1982; KRIMBAS
and POWELL 1992).

The exploration of so wide a chromosomal polymorphism, however, needs to be
accompanied by the parallel evolution of protective mechanisms against the production
of unbalanced gametes (with deletions and duplications) formed by recombination
inside the inverted region in heterozygotes for inversions. In Sciara impatiens (CARSON
1946) and in D. melanogaster (HINTON and LUCCHESI 1960), which also explore
paracentric inversion polymorphisms the existence of a protective mechanism against
gametic losses has been demonstrated. It consists of the preferential orientation of the
achromatic spindle for one of the extremities of the oocyte, allowing that one of the two
balanced chromatids (either that with the normal order, or that with the inverted order)
to be always the first meiotic product to be eliminated as the first polar body. The
putative dicentric chromatid, which is the product of recombination in the inverted
region in heterozygotes is eliminated as a second polar body. By this mean, the
functional nucleus of the gamete will be formed by the other balanced chromatid
(normal or inverted), whereas the acentric fragment will be lost, due to its failure in
orientation.

We have been studying chromosomal polymorphism in South American
populations of D. willistoni and D. paulistorum during two decades (VALENTE and
ARAUJO 1985, 1986; VALENTE et al. 1993, 2001; VALIATI and VALENTE 1997). Along
this time, we faced some complex inversion configurations, formed by the encounter of
chromosomes highly rearranged, raising the need for well knowledge on the meiotic
behavior of these heterozygotes, in order to understand the mechanism of meiosis in

these species. The present report is the first study of meiosis in D. willistoni and D.
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paulistorum females, and our scope was primarily to describe this process at the optical

level in these species, and subsequently in their other sibling species.

MATERIAL AND METHODS

Female flies used in this work were of the following stocks: D. willistoni (WIP4,
17A2, G3 and B9sc) and D. paulistorum (MS). Except the WIP4 strain, that is virtually
monomorphic (only one inversion segregates in the third chromosome), all the others
are very polymorphic for paracentric inversions. They are reared as massal cultures in
the medium of MARQUES et al. (1966), in 17°C +1°C chambers, with 60% R.H. The
cultures were well-nourished daily with two drops of a Baker’s yeast solution.

Ovaries of 4-6 days old females were dissected in saline solution (EPHRUSSI and
BEADLE 1936) and processed according to PURO and NOKKALA (1977), with slight
modifications, as follows: a) the dissected ovaries are transferred to a depression glass
slide containing KCl 0.075M (0.559g in 100ml distilled water) recently prepared,
during 10 minutes; b) the ovaries are then removed of the KCI solution using a needle
with the hooked extremity, and placed in Carnoy fixative solution (60mL ethanol: 30mL
chloroform: 10mL acetic acid during 2 hours; c) after this time, the material is
transferred to a plastic tube containing ethanol 100 % (4°C) by 2 hours, at least; d) after,
the ovaries should be placed in alcohol 70% at 4°C, overnight; e) in the next morning,
treat the ovaries in a sequence of alcohols and water: 50% for 30 minutes, 30% for 5
minutes and distilled water for 1 minute; f) transfer the material for HCl 1N (3.64mLlI
in 100mL distilled water) at 25°C by 30 minutes and submitt it to hydrolisis at 60°C by
8 minutes; g) immerse the ovaries in Feulgen for 10 minutes and soon after, transfer
them to distilled water during 5 minutes; h) transfer the ovaries to a depression slide,

and liberate the oocytes (13° and 14° stages of the ovary development, according King
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[1970]), which will be after dechorionated; 1) put the oocyte in a slide and add a drop of
acetic acid 45% by 30 seconds; j) put the coverslip and squash the oocyte; 1) remove the
coverslip in liquid N2, transfer the slide to ethanol 100% for 3 minutes and after to
glacial acetic acid for 20 seconds, air-dry for at least 1 hour; m) stain with Giemsa 3%
in phosphate buffer pH 6.8 for 15 minutes; n) rinse the slide in distilled water to remove

the excess of Giemsa, air-dry and analyse under optical microscope.

RESULTS AND DISCUSSION

Good-quality female meiotic chromosomes were obtained from the four D.
willistoni strains (WIP4, 17A2, B9sc e G3) and the one of D. paulistorum (MS), as
shown in Table 1.

Due to the proper characteristic of Drosophila meiosis to maintain the
chromosomes together, we were not able to detect all the meiotic phases in D. willistoni
and in D. paulistorum. From the 16 individuals that presented chromosomal material,
we only observed pictures compatible with prometaphase I, metaphase I and anaphase I1
(Fig.2).

Besides the phases above cited, some individuals presented also the karyosome
stage, in which the chromosomes are strongly condensed (Fig. 1). This stage presents
certain peculiarities: considering that the karyosome is a characteristic of all insects
with meroistic ovaries (BIER et al. 1969), PURO and NOKKALA (1977) cited that in
the end of the meiotic prophase, the centromeres associate in a common chromocenter,
which persists until the start of the metaphase I starts, maintaining the bivalents
together. HAWLEY et al. (1993) suggest that Drosophila melanogaster females escape
of the common pattern of meiotic division, due to the absence of the diplotene-

diakinesis phases. In these flies, instead of going through these phases, the
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chromosomes condense in a dense mass, forming the karyosome, which starts in the
stage 3 of the oocyte, so remaining until the formation of spindle during the
prometaphase I, in the stage 13 of the oocyte development. Such particuliarity of the
female meiosis in Drosophila (CHANDLEY 1966) renders the cytological detection of
recombination enormously difficult. This was probably the reason why we were not able
to detect differences in the meiotic behavior between the different strains of D.
willistoni, with different inversions and levels of chromosomal polymorphism.

In several organisms, in which the chromosomes are able to pair but the
chiasmata do not occur, bivalents can dissociate themselves precociously, as a
consequence of the repulsion between the homologues in the diplotene-diakinesis phase.
So, the organization of the karyosome appear to avoid the precocious dissociation,
preventing chromosome losses (HAWLEY et al. 1993). In females of Drosophila,
however, crossing-over occurs as a rule, as opposed to males, in which recombination is
commonly abolish (review in ORR-WEAVER 1995) pointing to other functions for the
karyosome.

Since the chromosomes of the Drosophila oocyte are not metabolically active,
we can suppose that it acquired other functions along the evolutionary process,
guaranting the correct distribution of the genetic material. For instance, it should be
advantageous for the spindle mechanism function, that the chromosomes remain inside
a small volume, as that of the karyosome, instead to remain freely fluctuating in the
great space of the roomy nucleus (PURO and NOKKALA 1977).

In some individuals, we observed the endomitotic chromosomes of nurse cells
(Fig. 3). These chromosomes are many times smaller, being not so wide as the salivary
gland chromosomes of Drosophila, and did not present a chromocenter organized as

that detected in the polytene nuclei of larval salivary glands. According to DEJ and
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SPRADLING (1999), ovary cells are a suitable system to study the relationship between
the chromosomal structure and the endomitotic cycles. In D. melanogaster, 15 nurse
cells synthetize the most of the egg content that is transported to the oocyte in
development. After 2.5 days, the nurse cells grow enormously, suffering 10-12
endocycles. The function of the nurse cells, is to nourish the oocyte and to syntethize the
future content of the oocytes (mRNA and proteins) at extremely high rates, promoting
the velocity of the oogenesis. DEJ and SPRADLING (1999) also established that the
chromosomes of the nurse cells are polytene in the stages 2-4 of the oogenesis and
dissociates during the stages 4-5. The duration of this stage in D. willistoni and D.

paulistorum remains to be better defined.
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Table 1. Meiotic figures detected in oocytes of D. willistoni (WIP4, 17A2, B9sc and

G3) and D. paulistorum (MS) females.

Strains Number of slides

Number of slides with chromosomal

Meiotic phases observed

material
WIP4 25 5 karyosome, anaphase 11
17A2 9 2 metaphase |
B9sc 14 4 karyosome, metaphase |
G3 18 1 karyosome, prometaphase
MS 8 2 karyosome
Total 77 16




79

Figure Legends

Fig. 1 - Karyosome in females. a) D. paulistorum; b) and d) D. willistoni G3; ¢) D.
willistoni B9sc. Bars=10pum.

Fig.2 - a) prometaphase I of 17A2; b) metaphase I of 17A2; c¢) anaphase II of 17A2; d)
anaphase II of WIP4. Bars=10pum.

Fig 3 - Endomitotic chromosomes of nurse cells of D. willistoni. a) 17A2; b) WIP4.

Bars=10pum.
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Fig.2
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Summary Present report aims to record the occurrence of male recombination, detected
in cytological preparations of testes in two Drosophila willistoni population samples. By
comparatively analyzing meiotic figures in imaginal discs of testes and the salivary
gland polytene chromosomes of male third instar larvae, we observed anaphasic bridges,
suggestion of chiasmata and fragmented chromatids involving the second chromosomal
pair and the heterozygous inversions IILF and IILD+E, segregating in the same
individuals. This finding was observed in non-stressed larvae maintained in
physiological temperature, and opens a wide field to study the factors that regulate
crossing-over in natural populations of the highly polymorphic D. willistoni. We also
observed suggestion of crossing-over in the tip of chromosomal arm IIL, in one male

heterozygote for the inversion IILH of the G3 natural population.
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Male recombination is an uncommon phenomenon in Drosophila (Morgan 1912,
1914). This absence of recombination in males is probably a consequence of
mechanisms that improve the successfully exploration of paracentric inversion
polymorphism in the great majority of Drosophila species around the world. It seems to
be advantageous for Drosophila to be polymorphic for paracentric inversions, since
heterozygous larvae seem to be succeed better in several fitness components (reviews in
Sperlich and Pfriem, 1986 and Krimbas and Powell 1992). In females, the strategy used
to prevent recombination between chromosomal sections involved in paracentric
inversions, was the dislocation of the acromatic spindle position towards one of the
extremities of the oocyte (Hinton and Lucchesi 1960). This preferential orientation of
the division apparatus promotes the expulsion of one non-recombined chromatid (with
the standard or the inverted order) as the first polar body, and the compulsory expulsion
of the dicentric chromatid resultant of a putative recombination inside the inverted
segment as the second polar body. Consequently, this results in the maintenance of a
balanced chromatid as the functional nucleus of the oocyte, since the acentric fragment
generated by the same recombination process will be lost in the cytoplasm.

The refinement of this mechanism, accompanied by the increasing repression of
male recombination in Drosophila, is certainly the result of strong selective pressures
operating along the time of evolutionary diversification of these insects. Nevertheless,
some Drosophila species tolerate a certain degree of recombination in males. This is the
case of D. ananassae, in which crossing-over in male meiosis seems to be a common
event (Kikkawa 1937, Moriwaki 1937, Matsuda et al. 1983, Gofii 1988) and genetic
factors influencing this process were discovered in widespread natural populations

(reviews in Matsuda et al., 1993, Tobari et al. 1993).
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In D. willistoni, the highly adaptive chromosomal polymorphism for paracentric
inversions, holds properties that differ from those of D. melanogaster and other non-
Neotropical species. For instance, in this fly, male recombination has been detected
(Franga et al. 1968), as well as a high rate of crossing-over between inversions
(Battaglia and Birch 1956, Franca et al. 1968). The first authors reported 19.7%
recombination between two inversions in the second chromosomes and 11.7% between
two others in the third chromosomes, and Franca et al. (1968) reported the occurrence
of a certain level of male recombination (one recombinant in 207 chromosomes),
detected as the result of segregation of certain inversions. This rate of recombination is
considerably higher than those obtained in other Drosophila species, such as D.
melanogaster, in which Patterson and Suche (1954) detected one recombinant in 8329
chromosomes. Findings such as those render difficult the use of the ordinary methods to
produce homozygous flies and stocks, based on the assumptions that no crossing-over
occurs in males and that heterozygous inversions suppress crossing-over outside the
limits of inversions (Franca et al. 1968).

Genetic evidences of male recombination are difficult to be obtained, due to the
extremely high level of reorganization of the D. willistoni karyotype and the lack of
stable balanced stocks. We recently (Santos-Colares ef al. submitted) described the male
meiotic chromosomes of Drosophila willistoni, comparing the meiotic behavior of
males of two strains, one monomorphic and other chromosomally polymorphic for
paracentric inversions, and their offspring reared both at 25°C and at a restrictive
temperature (29°C). In the offspring of this type of cross, we previously detected the
occurrence of a gonadal dysgenesis-like phenomenon (Regner et al. 1999). The analyses
of the meiotic behavior of these strains were performed in an attempt to detect clues to a

possible role of transposable element promoting male recombination, which is a well-
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known characteristic of the classical hybrid dysgenesis phenomenon described in D.
melanogaster by Kidwell et al. (1977). No cytological evidence of D. willistoni male
recombination was gathered from that study. The hybrid stock, however, was
maintained in the laboratory and some mutations have been occasionally detected (data
not shown) suggesting genetic instability. With a view to chromosomally characterize
this derived population and to monitor the effect of the cross along time, we studied
both the male meiotic and polytene chromosomes. Males of a recently collected strain
of D. willistoni were also included in our analysis, in which a pericentric inversion in
the X chromosome is segregating (Rohde et a/, 1998), and which have been studied for

other purposes.

Material and methods

The “hybrid” Drosophila willistoni strain studied was descendent of the cross
between 17A2 and WIP4, corresponding to flies collected respectively in Eldorado
county (30°05°S-51°39°W) in 1991, State of Rio Grande do Sul, and in Ipitanga, State
of Bahia (12°54°S-38°19°W) Brazil, in the 1960°s decade by Drs. Antonio Cordeiro and
Helga Winge, used by Regner ef al. (1999) and by Santos-Colares et al. (submitted).
The G3 stock was collected by Dr. Daniela De Toni in the Arvoredo Island (27°17°S;
48°21”W) in the Brazilian State of Santa Catarina, in 2000.

The stocks were reared as mass culture in the medium described in Marques et
al. (1966), in a constant-temperature chamber (17°C +1°C), under 60% relative
humidity and for a 24h- photo-period. Third instar male larvae were dissected in
physiological solution (Ephrussi and Beadle 1936) and the primordia of testes were

subject to the technique described in Imai ef al. (1988), Matsuda et al. (1983), Santos-
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Colares et al. (2002) for Drosophila. The salivary glands of each dissected larva were
also processed according to the method described in Ashburner (1967). All good
preparations were analyzed, computed, and the meiotic figures were
photomicrographed. The configurations of all chromosomal arms, and the
presence/absence of each inversions in the slides obtained of the male larval salivary

glands, were registered.

Results and discussion

Table I shows the characterization of the Drosophila willistoni samples. The
ubiquity of bridges and fragments can be observed in the anaphasic meiotic figures
studied. The aspect of these bridges is shown in Fig. 1. The meiotic figures obtained
allows to identify the three chromosomal pairs of D. willistoni: (i) the sexual pair X
(metacentric) and Y (submetacentric), (ii) the second pair, metacentric, apparently
involved in the bridge formation, and (iii) the acrocentric third chromosome.

When we analyzed both the meiotic and the salivary gland polytene
chromosome configurations in each male individual larvae, we observed that in those
individuals in which bridges were detected (suggesting the occurrence of crossing-over
inside the inversion loop), the presence of heterozygotes inversions IILF and IILD+E
(Fig. 2), in the left arm of the second chromosome was likewise detected. These
inversions are extremely common in natural populations of D. willistoni studied by
since Da Cunha et al. (1950, 1959); Da Cunha and Dobzhansky (1954); Dobzhansky
(1957), and more recently by members of our research group (Valente and Araujo 1985,
1986, Valente et al. 1993, 2001). Inversion IILF occurs in the short arm (the left one-

IIL) of the second chromosome of D. willistoni, involving sections 50 to 53 (Da Cunha
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et al.1950). The complex arrangement D+E involves the sections 42 to 48, and the
individual inversions (D or E) are rarely detected in homozygosis. When this separation
occurs, the E inversion is the most commonly detected (Valente et al. 1993). In the
hybrid WIP4 x 17A2 population, a break in the distal part of the left arm of the second
chromosome (IIL) was clearly observed (Fig. 3). Such meiotic instability could be
paralleled with other characteristics of this hybrid population (Regner et al. 1999).
Along the time after its establishment in laboratory, several mutant phenotypes appeared
(Regner et al. 1999) but as the temperature was kept at 29°C, they presented very low
viability and it was not possible to rear these flies and to perform crosses between them.
At physiological temperature (25°C+1°C, or 17°C+1°C), however, some spontaneous
mutants have been detected and studied (Gofii ef al. 2002). The causal agent of this
genetic instability, however, remains unknown.

In a male larva of the population G3, heterozygote for the inversion IILH,
involving sections 53 to 55 in the distal tip of the short arm of the second chromosome
(Da Cunha et al. 1950), we observed in diplotene, a probable consequence of chiasma in
the tip of IIL chromosomal arm, suggesting the occurrence of recombination inside the
inversion loop of IILH (Fig. 4). The explanation of this phenomenon in a natural
population by itself should be different, since this strain was recently collected in a
natural environment: in this case, we need to evoke previous studies of Fran¢a and Da
Cunha (1968), Franca et al. (1968) that registered recombination between heterozygous
inversions in males and females of D. willistoni. Though not so common as in D.
ananassae, in which the genetic basis of the control of crossing-over is well known
(review in Tobari ef al. 1993), male recombination in D. willistoni could be imagined as

a by-product of the highly adaptive chromosomal polymorphism of this species.
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Considering these findings and the fact that heterozygous inversions in one
chromosome may increase crossing-over in others, as a way to maintain the integrity of
the genetic system of polymorphic species (as reviewed by Da Cunha 1955, 1956),
Krimbas and Powell (1992), we set forth the proposal that a small fraction of male

recombination in D. willistoni should be desirable.
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Figure legends

Fig. 1. Anaphasic bridges in meiotic chromosomes of male larvae of the hybrid (WIP4

x17A2) population of Drosophila willistoni. Bars=10 um.

Fig. 2. Analysis of anaphase I male meiotic chromosomes in parallel with the polytene
chromosomes of the same individual larvae of the hybrid (WIP4x17A2) population of
Drosophila willistoni. Arrow and arrowhead indicates heterozygotes inversions in IIL

arm. Bars = 10 um.

Fig. 3. Male meiotic nucleus of the hybrid (WIP4x17A2) population of D. willistoni

showing breaks at the second pair. Bar = 10 um.
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Fig. 4. Diplotene bivalents of spermatocytes of Drosophila willistoni male of population
G3. a) arrow indicates probable consequence of chiasma between bivalents of the
second pair (II); b) salivary gland polytene chromosome, heterozygote for the inversion
IIL-H (arrowhead), in the terminal portion of the second chromosome segregating in the

same individual. Bar = 10 um.
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Table 1 . Caracterization of the male meiotic behavior of two samples of Drosophila

willistoni

Strains Number of slides Number of slides with Number of slides with
chromosomal material anaphasic bridges

hybrid 513 154 (30%) 32 (20,78%)

G3 73 25 (34.25%) 4 (16%)
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CAPITULO 7
Male meiotic chromosomes of five species of the Drosophila willistoni

Sturtevant, 1916 (Diptera, Drosophilidae) Group

(trabalho em preparagéo para ser submetido a Iheringia)



MALE MEIOTIC CHROMOSOMES OF FIVE SPECIES OF THE
DROSOPHILA WILLISTONI STURTEVANT, 1916 (DIPTERA,
DROSOPHILIDAE) GROUP

Marisa Conceicao dos Santos-Colares'
Beatriz Goii’

Vera Lucia S. Valente'”

ABSTRACT

Meiotic chromosomes were obtained from gonads of male Drosophila paulistorum, D.
tropicalis, D. equinoxialis, D. insularis (sibling) and D. nebulosa (non-sibling) species
of the Neotropical Drosophila willistoni group, and comparatively analyzed with D.
willistoni, trying to well know their meiotic behavior and to understand the
mechanisms used by these species to deal with their vast chromosomal polymorphism
for paracentric inversions. Regular meiotic chromosomal behavior was found in all
species studied, including D. willistoni, for comparative purposes, suggesting well

buffered genetic control.
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INTRODUCTION

The Drosophila willistoni species group is highly represented in forests and
other environments along all the Neotropical region (SPASSKY ef al., 1971). One of its
paramount characteristics is the rich chromosomal polymorphism for paracentric
inversions, well recognized as adaptive (BURLA et al.,1949; DA CUNHA et al., 1950,
1959; DA CUNHA & DOBZHANSKY, 1954; DOBZHANSKY 1957; PAVAN et al., 1957,
KRIMBAS & POWELL, 1992). The interest in their meiotic behavior became from the
putative risk of to occur unbalanced gametes, if crossing-over events were produced
inside the inversion loops formed by pairing in heterozygous individuals. In
Drosophila males, however, male recombination is normally absent or restricted
(MORGAN, 1912,1914), although in species such as D. ananassae, (review in TOBARI,
1993) it is very common and subject to rigid genetic control. In Drosophila willistoni,
FRANCA & DA CUNHA (1968), FRANCA et al. (1968) reported male recombination
through analysis of genetic segregation of inversions. We also recently detected
cytologically (SANTOS-COLARES et al., submitted) the occurrence of anaphasic bridges
and chromosome breaks in male meiosis of a hybrid population between two strains of
D. willistoni from different geographical origin, which promoted the appearance of
genetic instabilities: hypermutability and gonadal atrophy (REGNER et al., 1999). The
objective of the present report is to contribute to the characterization of the meiotic
bahavior of other species related, whith D. willistoni whose also explore chromosomal
polymorphism, as: D. paulistorum (BURLA et al., 1949; PAVAN et al., 1957,
KASTRITSIS 1966, 1967, 1969; SANTOS & VALENTE 1990, VALIATI & VALENTE 1997),
D. tropicalis and D. equinoxialis (PAVAN et al, 1957) and D. nebulosa (PAVAN, 1946;

REGNER et al., 1991; BONORINO et al., 1993).



103

MATERIAL AND METHODS

Fly stocks used were also reared at the same culture medium (MARQUES et al., 1966) in
controlled temperature and humidity conditions (17° C+1°C, 60% R.H.). They were:
Drosophila willistoni WIP4 (Bahia State, Northeastern Brazil); D. paulistorum (Morro
Santana, Porto Alegre, Rio Grande do Sul, Brazil); D. insularis (St. Kitts, Antilles); D.
tropicalis (Caribe, Boowling Green Stock Center); D. equinoxialis (Panamé) and D.
nebulosa. (Porto Alegre, Rio Grande do Sul, Brazil). Imaginal discs of gonads were
dissected from male third instar larvae, directly in sodium citrate (1%), submitted to a
“air drying” technique according to SANTOS-COLARES ef al., (2002a), adapted to the
species of the D. willistoni group of the protocol of IMAI et al. (1988), Giemsa stained,

and photomicrographed.

RESULTS AND DISCUSSION

Good-quality diplotene figures were obtained in male gonads of all studied species
(fig.1), and several other phases, allowing to observe regular meiotic chromosome
behavior. Evidences of non-disjunction of the sexual pair in D. willistoni were
genetically detected by LANCEFIELD & METZ (1921) and recently by GONI ef al.(2002),
and cytologically by the finding of the X0 males by SANTOS-COLARES & VALENTE,
(2002b). Besides those studies, we recently also detected meiotic bridges and
chromosomal breaks in the offspring of certain inter-strain crosses and in one natural
populations of D. willistoni (SANTOS-COLARES et al., submitted). In the present study,

we did not observed none of such irregularities in the meiosis of all specimens and
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species dissected. In fig. 1, the three chromosomal pairs, characteristic of the D.
willistoni species group (METZ, 1916; DOBZHANSKY, 1950) are clearly identified, as can
also be observed in mitotic cells of brain ganglia of larvae exemplified by D. willistoni
and D. paulistorum males (fig.2).

The proper staining with Giemsa allowed the induction of bands that revealed
certain chromosomal regions rich in centromeric heterochromatin mainly in the X
chromosome (exemplified by D. willistoni and D. equinoxialis in figs.3 a and b) as also
found by GARCIA et al., 2000, after C, A/ul and Haelll banding techniques applied to D.
willistoni mitotic chromosomes of brain ganglia.

The regularity of the meiotic behavior of species chromosomally polymorphic is
not unexpected, since natural selection have been operating at long time to optimize the
levels of variability and the integrity of their genetic systems. We are interested,
however, in to know what is the level of naturally-occurring male recombination in
species related to D. willistoni. The analysis of different populations of each species of
the willistoni group (in progress) could be useful to confirm or not our present

observations.
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Figure legends

Fig. 1. Giemsa stained diplotene in male larvae gonads of a) Drosophila willistoni; b)
D. insularis; c) D. equinoxialis; d and e) D. paulistorum; f) D. nebulosa and g) D.
tropicalis. Bars = 10 um.

Fig.2. Giemsa stained mitotic metaphases of larvae brain ganglia in a) D. willistoni
and b) D. paulistorum. Bars = 10 um.

Fig.3. Giemsa stained meiotic chromosomes of a) D. willistoni and b) D. equinoxialis

showing a heavy band in the X chromosome (arrows). Bar = 10 um.
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Fig.1
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Fig.2

Fig.3
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¢ as siglas das InstituigSes compostas de 4 letras, segundo 0 modelo abaixo:

VENEZUELA, Sucre: San Antonio del Golfe, 59, 8.V 1942, S. Karpinski col. (MNHN, 2547). PANAMA, Chiriqui: B
(Volcén de Chiriquf) 37, 3 ©, 24.VL1901, Champion col. (BMNH, 1091). BRASIL. Goids: Jatai, (Fazenda Aceiro), 3 .,
15XL1915, C. Bucno col. (MZSP); Parani: Curitibs, 1 9, 10.XIL1925, F:Silveira col. (MNRJ): Rio Grande do Sul: Viamio,
5, 17.X1.1943, S. Carvalho col. (MCNZ, 2147).
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