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Resumo

Nesta tese, estudamos uma questdo bdsica e uma aplicada: os determinantes da variacio
geografica e temporal do polimorfismo de inversdes do segundo cromossomo em populacdes
naturais de Drosophila mediopunctata; ainda, adaptamos a técnica para andlise de politénicos de
Drosophila para estudos em Cochliomyia hominivorax e assim elaboramos um mapa dos
cromossomos politénicos desta praga da pecudria.

Duas décadas depois de estudos anteriores, realizamos cinco novas coletas no Itatiaia e
observamos inesperadas mudancas nas frequéncias dos arranjos mais comuns € em sua variagao
microgeografica em relacdo aquelas antes descritas. No segundo cromossomo, o arranjo DA
continua sendo o mais frequente, porém nao detectamos mais uma correlacio significativa com a
altitude. Para os arranjos DS e DP, além de ndo haver mais correlagdes significativas com a
altitude, suas frequéncias se mostram ainda mais baixas, principalmente no inverno. Entretanto, o
ciclo sazonal observado para estas inversoes se mantém. O arranjo DI aumentou sua frequéncia
significativamente e agora mostra uma correlacdo positiva e significativa com a altitude. Estes
resultados sugerem que, depois de duas décadas, houve mudangas ambientais incluindo
alteracdes climdticas e provavelmente fatores bidticos que devem ter afetado a arquitetura
genética das populagdes.

Observamos uma diferenciacdo entre o padrdo das frequéncias de inversdes do
cromossomo II de populacdes vizinhas de D. mediopunctata. As matas estudadas estdo situadas
em duas diferentes unidades geomorfoldgicas, que apresentam diferencas marcantes em relacao
ao solo, relevo, paisagem, vegetacdo e fauna. Nossos resultados sugerem que a diferenciacio
geografica observada nas frequéncias de inversdes pode ser resultado de uma adaptacgado local as
diferencas floristicas e climaticas. Entretanto, outros marcadores genéticos devem ser
pesquisados para analisar os efeitos da fragmentagdo florestal sobre as populagdes.

Cochliomyia hominivorax, conhecida no Brasil como a mosca-da-bicheira, € considerada
uma das principais moscas causadoras de mifases primdria na regidao Neotropical. Apesar de um
fotomapa preliminar de seus cromossomos politénicos ter sido publicado anteriormente, com
resultados encorajadores, ndo havia um mapa dos cromossomos politénicos com boa resolucao
para a espécie. Desta forma, elaboramos um novo fotomapa dos cinco autossomos com uma

resolucdo total de 1450 bandas.

xii



Abstract

In this thesis, we studied a basic and an applied issue: the determinants of geographical
and temporal variation of the second chromosome inversion polymorphism in natural populations
of Drosophila mediopunctata; and, adapting the squashing technique used for Drosophila to

Cochliomyia hominivorax, we made a map of the polytene autosomes of this livestock pest.

Two decades after previous studies, we carried out five collections in Itatiaia, RJ. We
observed unexpected changes in the frequencies of the most common inversions of the second
chromosome. The DA gene arrangement is still the most common, but we no longer detect a
significant correlation between its frequency and altitude. Furthermore, the frequencies of DS and
DP inversions became even lower, especially in winter; and didn’t show a significant correlation
with altitude. However, the previously observed seasonal cycle for these inversions is still
present. DI frequency increased significantly, and it is now significantly positively correlated
with altitude. These results suggest that, after two decades, there were modifications in the
climate, but other variables — such as biotic factors —have also probably changed and may be

correlated with the changes in the genetic architecture of the Itatiaia population.

Furthermore, we report a differentiation between frequencies of inversions of the second
chromosome in neighboring populations of D. mediopunctata. The forests studied are located
over two geomorphologic units that have marked differences regarding landscape, topography,
soil, vegetation, and fauna. Our results suggest that the observed geographical variation in the
inversion frequencies may be a result of local adaptation to climate and floral and faunal changes.
However, further analysis with other genetic markers must be performed to assess the possible

effects of forest fragmentation on different populations.

Cochliomyia hominivorax, the New World screwworm fly is one of the main flies causing
primary myiasis in the Neotropical region. Although a preliminary photomap of the polytene
chromosomes of C. hominivorax was previously published, a good resolution map of the
polytene chromosomes was not available for this species. Here, we present a new photomap of

the five autosomes of this species with a total resolution of 1450 bands.
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I. Introducao

I.1. Mapa de Cromossomos Politénicos

7z

Um mapa citogenético é uma ferramenta fundamental para a andlise e manipulacio
genética de qualquer espécie. Em Diptera, pela presenca de cromossomos polit€nicos, a
elaboracdo de um mapa de alta resolug@o € especialmente favordvel, ja que centenas de bandas
podem ser identificadas num unico cromossomo. Seu uso para a constru¢do de mapas
citogenéticos comegou com Painter (1933) que desenvolveu a técnica de esmagamento dos
cromossomos para Drosophila melanogaster. No entanto, foi o trabalho de Bridges (1935) que
estabeleceu o padrdo para os mapas de cromossomos politénicos. Ele dividiu os cinco bragos
principais da espécie em 102 divisdes e com grande precisdo distinguiu 2650 bandas em
sucessivas revisoes (e.g., Bridges, 1942; Zhimulev, 1996).

Desde entdo, este tipo de trabalho foi aplicado a um grande ndmero de Diptera de vérias
familias, a partir de vdrias espécies de Drosophila, alcangando também pestes agricolas e vetores
de doencgas (Foster et al., 1980; Agoze et al., 1992; Bedo et al., 1994; Puchalla, 1994; Zhao et al.,
1998; Hunter, 2002; Ananina et al., 2002; Cecilia et al., 2009; Bernhardt et al., 2009). Para uma
histéria dos mapas de cromossomos polit€énicos em Drosophila, bem como uma série de outros
detalhes, veja: Sorza (1988); Spironello & Hunter (2005); Ananina et al. (2007). Um exemplo
notavel fora do gé€nero Drosophila é o trabalho sobre varias espécies de Anophelinae (para
revisdo veja Severson et al., 2001). E, talvez os casos mais interessantes sejam o complexo
gambiae de Anopheles com suas sete espécies cripticas (Coluzzi et al., 2002), cujas relacdes
filogenéticas foram inferidas pela andlise dos cromossomos politénicos; bem como, o das
espécies do género Chironomus (Gunderina et al., 2005).

Os mapas de cromossomos politénicos representam o que hd de melhor em termos de
mapa citogenético. Eles permitem uma integracdo entre mapas fisicos e genéticos e, ainda, sdao
uteis na medida em que € possivel identificar rearranjos cromossdmicos com precisdo. Desta
forma, pode-se fazer inferéncias filogenéticas, detectar a acdo da selecao natural e, em muitas
circunstancias, caracterizar e identificar diferentes espécies (Sperlich & Pfriem, 1986; Anderson
et al., 1991; Krimbas & Powell, 1992). Além disto, eles podem ser utilizados para hibridizagao in

situ usando a técnica “fluorescent in situ hybridization” (FISH), que € importante para localizar



genes nucleares em seus locais respectivos nos cromossomos. Da mesma forma, podem servir
como ferramenta na clonagem de genes alvo de interesse (Saunders et al., 1989; Aggarwal et al.,

2009; Andreyenkova et al., 2009; Schemerhorn et al., 2009).

1.2. Inversoes Cromossomicas

Em eucariotos, rearranjos cromossdmicos como inversdes, delecdes e translocacdes sdo
bem comuns e ocorrem em diferentes organismos como fungos, plantas e humanos (Coghlan et
al., 2005). Tradicionalmente, acredita-se que as inversdes cromossdmicas sao geradas por duas
quebras independentes e simultaneas e sua posterior ligacdo ao cromossomo (Krimbas & Powell,
1992). Em Dipteros, o estudo de inversdes se torna um sistema altamente favordvel pela presencga
dos cromossomos politénicos, que em heterozigose apresentam alcas facilmente reconheciveis
(Krimbas & Powell, 1992).

Uma das propriedades das inversdes é que, em heterozigose, elas sdo capazes de suprimir
o crossing-over (Stutervant 1917, 1926, 1931). Dobzhansky (1947) postulou que as inversdes que
transportariam e manteriam esses complexos génicos ligados coadaptados seriam favorecidas
pela selecao natural e impediriam que conjuntos de genes coadaptados entre si fossem desfeitos
pela recombinagdo (Dobzhansky, 1970). Portanto, o polimorfismo de inversdes se tornou um
otimo marcador para estudos genéticos, populacionais e evolutivos como especiacao, filogenias,
clines e caracterizacdo da selecdo natural e de outras forcas evolutivas (Sperlich & Pfriem, 1986;
Anderson et al., 1991; Krimbas & Powell, 1992; Rieseberg, 2001; Hey, 2003; Navarro & Barton,
2003; Hoffmann et al., 2004; Schimidt et al., 2005; Kirkpatrick & Barton, 2006; Rasic et al.,
2007; Hoffmann & Riesemberg, 2008; McAllister et al., 2008; Schaeffer, 2008; Presgraves et al.,
2009; Rego et al., 2009; Fragata et al., 2010; Hughes et al., 2010). Em especial, destaca-se sua
importancia como um potencial bioindicador para se detectar respostas genéticas as mudancas
ambientais (Hoffmann & Danborn, 2007; Hoffmann & Willi, 2008; Balanya et al., 2009)

Desde o trabalho de Wright & Dobzhansky (1946), vérios estudos reiteradamente
mostraram que as inversdes estdo frequentemente sob selecdo. No entanto, as multiplas formas
pela quais os polimorfismos de inversdes cromossdmicas sdo mantidos continuam sendo uma

importante questio a ser investigada.



1.3. Drosophila mediopunctata

Drosophila mediopunctata Dobzhansky & Pavan 1943 pertence ao grupo tripunctata, do
subgénero Drosophila. O grupo tripunctata € o maior entre os grupos de espécies de Drosophila
de florestas neotropicais com 79 espécies (Bichli, 2009). D. mediopunctata tem ampla
distribuicdo geografica, tendo sido encontrada em matas de vdrias localidades do Brasil, da
América do Sul e Central, até El Salvador (Val et al., 1981). Durante o inverno, principalmente
na regido sul do Brasil, ela chega a ser a mais comum entre as Drosophila coletadas (Saavedra et
al., 1995); no entanto ela € rara ou ausente nas caatingas e cerrados (Tidon-Sklorz & Sene, 1995;
Tidon, 2006; Hatadani et al., 2009).

Esta espécie apresenta caracteristicas marcantes em relacdo a outras espécies do género.
Primeiramente, apresenta um ciclo de vida longevo — de aproximadamente 28 dias em baixas
temperaturas — enquanto outros modelos, como Drosophila melanogaster, D. willistoni, D.
pseudoobscura — que pertencem ao subgénero Sophophora — apresentam ciclo de vida curto. Ela
€ uma espécie exclusiva de floresta tropical, ainda que esteja melhor adaptada a temperaturas
mais frias. Por fim, apresenta um tempo longo de maturidade sexual; e uma fecundidade
relativamente baixa. Estas caracteristicas a candidatam a ser um bom modelo bioldgico,
justamente por contrastar com a biologia dos outros modelos e, portanto, ter o potencial de
revelar peculiaridades e fendmenos que os outros modelos ndo mostram (Klaczko, 2006).

Drosophila mediopunctata, como muitas espécies pertencentes ao grupo tripunctata,
apresenta uma ornamentacao na regiao abdominal sob a forma de trés pintas na por¢ao média dos
ultimos tergitos (Frota-Pessoa, 1954). Verificou-se que este cardter apresenta uma variagao
genética e alta plasticidade fenotipica em resposta a temperatura de desenvolvimento, associada
ao polimorfismo do segundo cromossomo (Hatadani er al., 2004). Rocha et al. (2009)
caracterizaram a norma de reacdo deste cardter em funcdo da temperatura para alguns genétipos e
verificaram que na maioria dos casos estudados ela podia ser descrita por uma func¢io nao-linear
cuja curvatura estava correlacionada ao valor médio do cardter.

Bitner-Mathé & Klaczko (1998) descreveram a variacdo e estimaram a herdabilidade
“natural” do ndmero de ramos das aristas na populacdo do Parque Nacional do Itatiaia, RJ. Eles
mostraram que fémeas do campo apresentavam um nimero de ramos de arista significativamente

menor que o de suas filhas criadas em condi¢des padronizadas no laboratorio; e que o carater nao



apresentava nenhuma variacdo altitudinal, nem entre as diferentes coletas realizadas no Parque
Nacional do Itatiaia, RJ entre setembro de 1986 e novembro de 1988. Analisando os machos
coletados, que tiveram seu caridtipo para as inversdes do cromossomo II determinado, esses
autores nao detectaram nenhuma diferenca significativa entre os vdrios caridtipos para o nlimero
de ramos da arista.

Entretanto, para a mesma populagdo, Bitner-Mathé et al. (1995) mostraram que, para o
tamanho da asa, hd uma interagcdo entre o cariétipo dos animais e a data de coleta, evidenciando
uma interagdo gendtipo ambiente; enquanto que, para a forma da asa, hé claras diferencas entre
cariétipos, mas ndo ha interacdo com a data de coleta. J4, Bitner-Mathé & Klaczko (1999a)
descreveram um cline altitudinal tanto para o tamanho quanto para a forma ao analisar as filhas
de moscas coletadas em diferentes altitudes, porém nas moscas do campo esse cline ndo era
significativo.

Hatadani & Klaczko (2008) mostraram, em condi¢des controladas no laboratério, que o
tamanho e a forma da asa sofrem influéncia do cariétipo do cromossomo II, do sexo e da
temperatura. Encontraram, ainda, evidéncias sugestivas da interagdo entre o caridtipo e a
temperatura sobre a forma da asa, sugerindo a existéncia da interagdo gendtipo-ambiente sobre
este cardter, e que esta interagdo pode estar correlacionada com diferencgas sazonais. Dessa forma,
pode ser que o conteido genético das inversdes esteja acumulando diferentes alelos adaptados a
diferentes temperaturas.

Por fim, um novo método para a analise morfométrica da asa foi proposto usando como
modelo a figura geométrica da elipse (Klaczko & Bitner-Mathé, 1990; Bitner-Mathé & Klaczko
1999b), com resultados consistentes com os observados usando outras metodologias mais
complexas de andlise morfométrica.

A variagdo morfolégica do edeago da espécie também foi estudada por Andrade et al.
(2005) que testaram a influéncia da temperatura sobre este Orgdo. Eles mostraram que esta
varidvel ambiental afeta o tamanho e forma do 6rgido fazendo com que as moscas criadas em
temperaturas mais baixas tenham edeagos maiores. Andrade et al. (2009) caracterizaram a
variabilidade natural para o tamanho e a forma do edeago, sua correlacdo com o tamanho e a
forma da asa e, também, demonstraram que o tamanho do edeago sofre influéncia do cariétipo do

segundo Cromossomao.



Carvalho et al. (1989) descreveram o fendmeno sex-ratio (proles afetadas com grande
excesso de fémeas) em D. mediopunctata, demonstrando que ele estd associado ao polimorfismo
do cromossomo X, em especial, associado ao haplétipo In(X)21. Machos X:21/Y tém proles sex-
ratio enquanto machos X:S#/Y t€m proles normais. O estudo das causas genéticas da variacdo da
expressdo de sex-ratio, revelou a existéncia de genes supressores localizados em cada um dos
autossomos principais (Carvalho & Klaczko, 1993). Como também, foi identificado um
complexo sistema de supressdo ligado aos cromossomos X e Y (Carvalho & Klaczko, 1994;
Carvalho et al., 1997).

Por fim, aproveitando-se da complexa determinagdo genética deste fendmeno, Carvalho et
al. (1998) fizeram uma demonstrag¢ao do principio de Fisher no laboratoério.

Entre outros marcadores genéticos desenvolvidos para esta espécie, destacam-se as
mutacOes de efeito visivel e microssatélites. Diversas linhagens de mutantes recessivos e
dominantes com fenétipos semelhantes aos dos genes Antennapedia e Delta em D. melanogaster
foram obtidos por raios X e tiveram sua localizacdao cromossdmica determinada (Marques et al.,
1991; Anannina, 2003). Tais linhagens sdo estoques fundamentais para diversas andlises
genéticas. Além disso, 134 loci de microssatélite foram desenvolvidos para D. mediopunctata
com uma alta taxa de amplificacdo em outras 30 espécies do género (Laborda et al., 2009a, b). O
uso de microssatélites abre uma série de possibilidades de estudos com objetivos de estudar

estruturas de populacgdes, ou identificar genes associados a caracteristicas quantitativas.

1.3.1. O polimorfismo de inversoes em Drosophila mediopunctata

Drosophila mediopunctata apresenta cinco pares de cromossomos acrocéntricos € um par
de pontuais, que ndo se politeniza (Katristsis, 1966). Ananina et al. (2002) publicaram o mapa
dos cromossomos polit€nicos com uma resolu¢do de 2111 bandas e marcagdes dos pontos de
quebra das inversdes que ocorrem naturalmente nessa espécie. Os cromossomos polimorficos
sd0: o cromossomo X, com quatro arranjos; o cromossomo IV, com dois arranjos; e o
cromossomo II, o mais polimoérfico nesta espécie, que apresenta oito inversdes na regidao distal
(DA, DI, DV, DP, DS etc.) e nove na regidao proximal (PAO, PBO, PCO etc.), 17 no total (Peixoto
& Klaczko, 1991; Ananina et al., 2002).



Em principio, é possivel a ocorréncia de 72 possiveis combinacdes — haplétipos — entre
inversoes das regides distal e proximal, j4 que ndo hd sobreposicdo entre essas duas regides do
segundo cromossomo (Ananina et al., 2002; Klaczko, 2006). No entanto, hd um forte
desequilibrio de ligacdo entre as inversdes nas duas regides. Peixoto & Klaczko (1991)
mostraram que em uma amostra de 2130 cromossomos, apenas 31 dos 72 possiveis hapl6tipos
foram encontrados com valores altos do indice de Desequilibrio de Ligacdo Normalizado (D’;
Lewontin, 1964; 1988). Entre os 1086 cromossomos com a inversdo DA na regido distal, 1015
(94%) estavam associados a inversdo proximal PAO formando o haplétipo DA-PAO; com um
coeficiente de desequilibrio de ligacdo normalizado D’ = 0,976. Da mesma forma, 91% dos 473
cromossomos DI estavam associados a PB0 formando o haplétipo DI-PBO (D’ = 0,857); 96% dos
284 DS associados a PCO (DS-PCO) (D’ = 0,948), e 98% dos 156 DP a PCO (DP-PCO0) (D’ =
0,974). Estes quatro haplotipos representaram 87,2% dos haplotipos observados na populacdo do
Itatiaia (Peixoto & Klaczko, 1991). As frequéncias destes quatro arranjos distais somam em torno
de 90% nas populacdes do Sudeste do Brasil. Se acrescentamos a inversdo DV, elas representam
cerca de 95% das inversoes distais observadas em todas as populacdes estudadas até agora.

Dessa forma, levando em conta o desequilibrio de ligagcdo e as frequéncias dos haplotipos,
podemos restringir as andlises das populacdes do Sudeste brasileiro desta espécie apenas aos
quatro arranjos mais frequentes da regidao distal do cromossomo II. E, mesmo com essa
simplificagdo, teremos capturado a maior parte da informagao relevante.

Ananina et al. (2004) analisaram o polimorfismo de inversdes da populacdo do Parque
Nacional do Itatiaia, RJ; eles mostraram que trés dos arranjos mais comuns (DA, DP e DS)
apresentam variacdo sazonal ao longo do ano. A frequéncia de DA aumenta nos meses mais frios,
enquanto que as frequéncias de DP e DS apresentam o padrdo oposto. Consistentemente, foi
verificada ainda a correlacdo das frequéncias destes arranjos com a altitude. O arranjo DA
apresentou alta correlacdo positiva com a altitude e negativa com a temperatura média do més de
coleta; enquanto que DP e DS apresentaram correlacdo negativa com a altitude, e positiva com a
temperatura. J4, DI ndo apresentou correlacdo nem com a altitude nem com a temperatura. Esses
dados levados em conjunto sugerem fortemente que as frequéncias das inversdes reflitam a
adaptacdo da populacdo, na qual DA estaria adaptada ao frio e DS+DP adaptadas ao calor. Essa

correlagdo poderia explicar tanto a variacdo sazonal quanto o cline altitudinal.



Entretanto, quando se fez uma andlise macrogeogrifica comparando-se coletas de
diferentes latitudes observou-se que amostras da cidade de Porto Alegre, RS apresentavam
frequéncia de DA baixa e de DS e DP alta. Justamente, o oposto do esperado pelo padrio
altitudinal que seria uma frequéncia mais elevada da inversdo DA correlacionada ao frio (Ananina
etal.,2004).

Ainda no nivel macrogeografico, outro resultado surpreendente foi a alta diferenciacdo
entre as frequéncias de inversdes cromossdmicas das populacdes da Mata Santa Genebra, SP e da
Serra do Japi, SP, que distam aproximadamente 40 km. Em contraste, a Serra do Japi apresentou
frequéncias semelhantes as da populagdo do Itatiaia que estd a aproximadamente 270 km
(Ananina et al., 2004). Isso levou esses autores, a época, a duas conjecturas: ou a diferenciacao ¢
fruto da deriva genética, pois a Mata Santa Genebra é um remanescente florestal isolado; ou a

diferenciagdo representa uma adaptacao as diferencas floristicas e climdticas locais.

I.4. Geomorfologia da regiao de Campinas.

A Geomorfologia € a parte da Geografia Fisica que estuda a origem e as classificagdes das
diferentes formas do relevo e da paisagem (Aratjo, 2005). O relevo brasileiro tem formacao
antiga e resulta principalmente da ac@o das forcas internas da Terra e da sucessdo de ciclos
climéticos. A alternancia de climas quentes e imidos com &4ridos ou semi-dridos favoreceu o
processo de erosdo e a conformacao da paisagem atual (Casseti, 1991).

Diversos autores realizaram vdrias classificacoes baseadas em diferentes critérios, que
refletem a orientacdo metodoldgica utilizada e, por vezes, o estdgio de conhecimento a época de
sua elaboragdo. Talvez, o marco pioneiro neste campo seja a publicacdo de Ab’Saber (1958) que
propds uma classificacdo considerando ndo s6 a altitude, como também os processos
orogenéticos formadores da paisagem. Numa abordagem distinta, Azevedo (1968) considerando
principalmente a altitude, classificou e identificou oito unidades de relevo no Brasil.
Posteriormente, Ross & Moroz (1997) baseando-se nos resultados do projeto Radambrasil — um
levantamento realizado entre 1970 e 1985 que fotografou o solo brasileiro com um equipamento
especial de radar instalado num avido — retomaram e aprofundaram a classificagdo de Ab’Saber

(1958) e propuseram uma nova classificagdo com 28 unidades de relevo, divididas em planaltos,



planicies e depressdes. Finalmente, baseando-se neste trabalho, o Instituto Brasileiro de
Geografia e Estatistica publicou o mapa de Compartimento de Relevo (IBGE, 2000).

Neste mapa, o estado de Sdo Paulo apresenta divisdes morfoestruturais; dentre as quais
podemos destacar: a) a provincia do Planalto Atlantico; b) a Depressao Periférica da bacia do
Parana.

O Planalto Atlantico caracteriza-se por uma topografia mais acidentada, com formas de
relevo mais altas — cujas altitudes oscilam entre 900 m e 1000 m — que, historicamente,
ofereceram maior dificuldade a erosdo. Os planaltos podem ser encontrados em qualquer tipo de
estrutura geoldgica como os dobramentos modernos, os macicos antigos (escudos cristalinos) e
bacias sedimentares. Nesta dltima, os planaltos se caracterizam pela formacdo de escarpas
(terreno muito ingreme, que lembra um degrau) em dreas de fronteira com as depressdes. Nos
planaltos que correspondem aos cinturdes orogénicos — dobramentos modernos - predominam
morros € montanhas, canais e vales profundos, que dificultam naturalmente a expansdo urbana e
o desenvolvimento de praticas agricolas (Martinelli, 2009).

A margem oeste do Planalto Atlantico, encontra-se a Depressido Periférica. Esta unidade é
uma darea rebaixada, em conseqiiéncia da atividade erosiva, que se forma entre as bacias
sedimentares e as estruturas geolégicas mais antigas. E uma drea deprimida entre as escarpas e o
planalto atlantico com desniveis entre 200-300 m e aproximadamente 450 km de comprimento
por 100 km de largura, cujas rochas predominantes sdo arenitos e basaltos. A Depressao
Periférica do estado de Sdo Paulo possui altimetria variando entre 500 e 650 m (Almeida, 1964).

A regido metropolitana de Campinas se localiza no encontro dessas duas provincias, com
partes situadas numa e partes noutra. A cidade apresenta um clima tropical de altitude,
mesotérmico de inverno seco, com verdes quentes e estacdo chuvosa no verdo. Apresenta
temperatura média do més mais quente acima de 22°C e, no inverno, uma temperatura média do
més mais frio abaixo de 18°C, com média anual de 20°C. O indice pluviométrico anual € da
ordem de 1400 mm, com chuvas concentradas principalmente nos meses de outubro a marco
(Almeida, 1964).

I.4.1. Fragmentacio Florestal na Regiao de Campinas

A fragmentacdo de habitat € uma das mudancgas mais evidentes da paisagem natural em

diferentes ecossistemas do globo e suas consequéncias podem ser drasticamente prejudiciais a
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biodiversidade e a estrutura genética de uma populacdo (Keyghobadi et al., 2005; Laurance,
2008). Em funcdo das altas taxas de desmatamento, os ecossistemas das regides tropicais se
encontram atualmente fragmentados e descontinuos (Whitmore, 1997). Na Africa, por exemplo,
grandes areas de savana e florestas temperadas separam “ilhas” de florestas tropicais (Cobb et al.,
2000). Rozza (2003) aponta que as florestas tropicais estdo entre os principais ecossistemas
ameacados pela ocupacdo humana. Segundo Petenusci (2004), além da expansdo urbana, a
expansdo da fronteira agricola no Brasil a partir da década de 1970, ocorrida sem um
planejamento ambiental prévio, acelerou a devastagdo das vegetacdes das margens dos rios e de
mananciais.

Os efeitos da fragmentagcdo e da acdo antrdpica ja foram explorados sob diversas dticas
(Stuchbury, 2007) Seus efeitos podem ndo sé variar com o ecossistema, mas também com a
espécie e os vdrios bioindicadores — em nosso caso, marcadores genéticos (Keyghobadi, 2007;
Schiffer et al., 2007; Laurence, 2008; Vandersgast et al., 2009; Zellmer & Knowles, 2009).

Dessa forma, € preciso nao s6 reavaliar o que os modelos predizem, como também, tomar
cuidado com generalizacdes precipitadas sobre suas consequéncias em animais € plantas. As
implicacdes destes resultados sobre as politicas de preservacdo e de manejo podem ser
catastréficas (Ewers & Didham, 2006). Simulagdes com modelos baseados nos dados e
parametros de cada regido representam opg¢des para obter conclusdes mais acuradas sobre o
impacto da devastacdo ambiental sobre os organismos (Bohringher & Jochem, 2007; Miller &
Hobbs, 2007; Storfer et al., 2007).

O municipio de Campinas apresenta 197 remanescentes florestais entrecortados por
paisagem urbana (Santin, 1999), formando um mosaico de tipos de vegetacdo. Alguns estudos
mostraram que essas florestas sao bastante heterogéneas (Salis et al., 1995; Fonseca et al., 2004;
Cielo Filho et al., 2007). Apesar desta heterogeneidade, os fragmentos florestais do interior do
Estado de Sdo Paulo podem ser classificados na categoria Floresta Estacional Semidecidua, com
areas de contato com cerrados e com Floresta Ombréfila Densa (Oliveira, 2006).

As duas maiores e mais bem preservadas matas da regido sdo a Mata de Santa Genebra e a
Mata do Ribeirdo Cachoeira-Colinas do Atibaia, com 250 ha e 233,7 ha de extensao
respectivamente. A primeira mata estd inserida na Depressdo Periférica, desse modo, estende-se

por terrenos de rochas cristalinas na sua por¢ao sudeste e rochas sedimentares associadas com



magmadticas no restante de sua drea (Fonseca et al., 2004). J4 a Mata do Ribeirdo Cachoeira-
Colinas do Atibaia estd localizada na provincia geomorfolégica do Planalto Atlantico, situada na
porcdo nordeste do municipio. Contudo, as duas provincias demarcam fronteira na regido da
bacia do ribeirdo Anhumas (Futada, 2007).

Uehara-Prado e Freitas (2009) ndo observaram o efeito da fragmentagdo sobre os indices
de diversidade e riqueza de espécie da subfamilia Ithomiinae em populacdes de fragmentos
vizinhos localizados sobre o Planalto Atlantico. Brown & Freitas (2002) mostraram que ha
diferengas significativas na estrutura, composicdo e variagdo da fauna de borboletas das
populacdes dos fragmentos florestais de Campinas. Tais diferencas estdo correlacionadas com a
heterogeneidade dos fragmentos em relacdo ao seu tamanho, vegetacdo, solo, topografia,
umidade, grau de distdrbio e recursos usados por borboletas. A composi¢do do grupo Ithominii
em fragmentos também se mostrou diferente de acordo com cada unidade geomorfoldgica. Além
disto, os tdxons Dismorphiinae, Papilionidae e Pierinae também mostram o mesmo padrao geral

(Figuras 2c e 3a de Brown & Freitas, 2000).

L.5. Aquecimento Global

O Painel Intergovernamental sobre Mudancgas Climaticas (/PCC), em seu ultimo relatério
em 2007, mostrou que nos ultimos cem anos a temperatura média do ar aumentou
consideravelmente seu valor de 0,5 a 0,92°C. Este aumento estaria correlacionado com o aumento
da concentragdo de CO2 na atmosfera em consequéncia do Efeito Estufa.

Resumidamente, estudos independentes no mundo inteiro t€ém mostrado que a fauna e
flora global vém sofrendo com as alteracdes climaticas recentes (Parmesan, 2006). E diversos
cendrios podem ser feitos a partir destas consideracoes. Joly (2007) acredita que a principal
consequéncia das mudangas climaticas € o aumento exponencial nas taxas de extincdo de
espécies, particularmente na regido Neotropical. Colombo (2007) em um estudo realizado com 38
espécies arboreas tipicas de Mata Atlantica mostra dois cendrios: num cendrio mais otimista, que
prevé um aumento médio superior a 2°C na temperatura da regido, haverd uma reducgdo de 30%

da area hoje ocupada pela Mata Atlantica; e num cendrio pessimista, com um aumento médio

superior a 4°C, esta redu¢ao pode atingir 65%.
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Por outro lado, Ab’Saber projeta que os efeitos do aquecimento global podem proteger e
ser benéficos para a Mata Atlantica. Ele acredita que no Brasil, o aquecimento causa maior
evaporacdo na regido costeira, tornando-a mais imida. Consequentemente, a Mata Atlantica fica
mais protegida (Ab’Saber, 2009). Entretanto, esse autor ressalta que € preciso separar os efeitos
das mudancgas climdticas antropogénicas dos fendmenos geocliméticos ciclicos, como El Niiio,
para se obter uma proje¢do mais realista (Ab’Saber, 2010); bem como é fundamental ndo

esquecer a expansdo da fronteira agricola e da urbanizagao.

L.5.1. Aquecimento Global e o Polimorfismo de Inversoes Cromossomicas de Drosophila

Andlises temporais de longo prazo do polimorfismo de inversdes cromossOmicas em
diferentes espécies de Drosophila se mostraram uma ferramenta poderosa para detectar rdpidas
alteracdes genéticas causadas pela mudanca das condicdes climaticas (Hoffmann & Riesemberg,
2008). Knibb (1982) estudando populagdes australianas de D. melanogaster descreveu um cline
latitudinal para a inversdo In(3R)Payne, no qual sua frequéncia aumentava em populagdes mais
proximas do equador. Apds cerca de vinte anos, Anderson et al. (2005) e Umina et al. (2005)
mostraram que houve aumento da frequéncia desta inversao em todas as populacdes da Austrélia,
sugerindo que esta € uma resposta direta aos efeitos do aquecimento global. Observacgdes
semelhantes em diferentes populagdes norte-americanas de D. robusta foram descritas por
Levitan & Etges (2005; 2009) e Etges & Levitan (2008).

Um padrao similar foi observado para os arranjos do cromossomo O de D. subobscura.
Primeiro, Rodriguez-Trelles et al. (1996) e Rodriguez-Trelles & Rodriguez (1998) mostraram o
aumento da frequéncia de arranjos tipicos do sul da Espanha no final da década de 90 em
populacdes espanholas. Balanya et al. (2006, 2009) comparam as frequéncias de inversdao em
populacdes de D. subobscura de trés continentes; e descreveram alteracdes nas frequéncias de
inversdo consistentes com as alteragdes climaticas observadas para as localidades, sugerindo que
estes padrdes podem ser uma resposta as alteracdes do aquecimento global. No entanto, ndo se
tem certeza de como a temperatura € diretamente responsavel por tais mudancas genéticas.

Contrastando com estes exemplos, populagdes norte-americanas de D. pseudoobscura nao
apresentaram nenhuma variacao consistente em 40 anos de monitoramento do polimorfismo de

inversdes cromossomicas (Anderson et al., 1981), apesar de Schaeffer (2008) apontar uma
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oscilagdo nas frequéncias das populacdes da Costa do Pacifico. A andlise do polimorfismo em
populacdes indianas de D. ananassae também nado indicou uma diferenciacdo temporal em vinte
anos de acompanhamento da frequéncia das inversdes cromossdmicas (Singh & Singh, 2007).
Cabe ressaltar que nenhum dos exemplos acima mencionados foi realizado com uma espécie
neotropical, o que deixa uma 6bvia lacuna nos estudos das consequéncias do aquecimento global.

Além disso, outro aspecto que merece especial atencdo € o fato de haver, em alguns
locais, medidas implantadas pelo poder publico no sentido de preservar e recuperar o ambiente.
No entanto, ainda ndo hd consenso para a escolha de indices ou indicadores capazes de avaliar
possiveis progressos das diferentes medidas de preservacdo. Nem tampouco quais sao os
marcadores biologicos e/ou genéticos mais informativos para esta tarefa. Naturalmente, no
momento, a posi¢do mais indicada é a de explorar diversos marcadores, em diversos grupos de
espécies e diferentes ecossistemas, de tal forma a acumular informagdes para melhores decisoes

que guiem e avaliem as politicas publicas (Dramstad, 2009; Stork et al., 2009).

1.6. Cochliomyia hominivorax

Cochliomyia hominivorax Coquerel 1858 (Calliphoridae) é conhecida no Brasil como a
mosca-da-bicheira. Junto com Dermatobia hominis (Oestridae), a mosca do berne, elas sido
consideradas as mais importantes moscas causadoras de mifase priméria na regido neotropical
(Zumpt, 1965; Guimaraes et al , 1983). C. hominivorax € um ectoparasita obrigatdrio e seu ciclo
de vida € de aproximadamente 21 dias, em temperatura ambiente (25°C). As fémeas depositam
seus ovos — 200 em média — em feridas recentes que estdo expostas ou em orificios corporais dos
hospedeiros. Apés 12 horas, as larvas emergem e passam a se alimentar dos tecidos vivos do
hospedeiro por aproximadamente sete dias até atingir o terceiro instar, quando caem no solo e se
transformam em pupas (Thomas & Mangan, 1989). O periodo de pupa dura seis dias em média,
sendo seguido pela emergéncia dos adultos. Apds oito dias, as fémeas ja estdo prontas para serem
fecundadas e realizar a oviposi¢do, fechando o ciclo de vida da espécie. Ainda que sua maior
importancia seja na pecudria, este ectoparasita também ataca, ainda que esporadicamente, o
homem (Guimaraes et al., 1983; Marquez et al., 2007; Fernandes et al., 2009; de la Ossa et al.,
2009).
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Originalmente, a distribuicdo geografica da mosca da bicheira se estendia do sul dos
Estados Unidos até o norte da Argentina e Uruguai (Hall & Wall, 1995). Na década de 1930, esta
praga causou um enorme prejuizo na producio pecudria dos Estados Unidos, o que despertou o
interesse da comunidade cientifica em desenvolver medidas de controle e erradicacdo desta
praga. Alguns pesquisadores concluiram que reduzir ou eliminar a populacdo de insetos seria
uma solu¢do melhor do que tratar topicamente os animais apds estes serem infestados pelas
larvas, motivando iniciativas envolvendo a esterilizagdo de machos e a implementagdao de um
programa de erradicacdo através da liberacdo de insetos estéreis (IAEA, 1998; Bowman, 2006).

A técnica do inseto estéril TIE (Sterile Insect Technique - SIT) foi idealizada por Knipling
em 1937. Sua idéia inicial era de que a liberacdo no campo de um grande nimero de machos
estéreis durante vdarias geracOes sucessivas poderia levar a uma reducdo da densidade
populacional da mosca da bicheira (Knipling, 1955). Essa técnica consiste na criagdo em massa
de machos da espécie em questdo, em sua esterilizacdo, normalmente com radiacdo gama, e
conseqiiente liberacdo em determinada regido, onde os machos estéreis irdo competir com 0s
machos selvagens pelo acasalamento. As fé€meas selvagens que se acasalam com os machos
estéreis realizam a postura dos ovos que ndo eclodem (Baumhover, 2002).

Como C. hominivorax € uma espécie-alvo para controle populacional, os diversos
aspectos de sua variacdo genética, morfoldgica, ecologica e demografica devem ser estudados a
fim de contribuir para a escolha das melhores estratégias para sua erradicacdo e/ou controle.

Kaufman & Wasserman (1957) foram os primeiros a descrever o caridtipo de C.
hominivorax (2n = 12; XX-fémea, XY-macho). Richardson et al. (1982a, b) descreveram
posteriormente cariétipos diferentes e propuseram que C. hominivorax apresentaria diversos
bidtipos, sugerindo que este tdxon fosse um complexo de espécies cripticas. Estes resultados
foram posteriormente questionados por Gagné & Peterson (1982), que sugeriu que esta € uma
unica espécie que apresenta polimorfismo. Diversos outros estudos corroboraram essa hipdtese
(Mclnnis, 1981; Mclnnis et al., 1983; LaChance et al., 1982; LaChance & Whitten, 1986;
Azeredo-Espin, 1987).

Mais tarde, varias analises moleculares se mostraram com resultados diferentes e
contraditérios. Usando isoenzimas, Krafsur & Whitten (1993) e Taylor et al. (1994) detectaram

uma baixa diferenciacdo entre as populacdes da América do Norte e Central. Por outro lado,
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Infante et al. (1999) mostraram que a espécie apresentava um polimorfismo e uma consequente
diferenciagdo geografica no Brasil. Usando marcadores de DNA mitocondrial (mtDNA), diversas
andlises revelaram alto polimorfismo para a espécie. Roehrdanz & Johnson (1988) e Roehrdanz
(1989) analisaram populacdes da América Central e do Norte e mostraram que entre as
populacdes da parte continental havia uma baixa divergéncia. Porém, uma alta divergéncia foi
detectada ao compard-las com as populagdes jamaicanas. J4 em populacdes brasileiras, Infante &
Azeredo-Espin (1995) e Infante ef al. (1999) observaram que populacdes de diferentes partes do
estado de Sdo Paulo apresentam uma descontinuidade genética revelando diferenciacio
geografica.

Lyra et al. (2005) ndo detectaram nenhuma estruturacio nas populacdes uruguaias de C.
hominivorax, sugerindo que estas seriam uma unica popula¢do panmitica. Griffiths et al. (2009) a
partir de uma andlise usando novos loci de microssatélites — além daqueles ja desenvolvidos para
esta espécie (Torres et al., 2004) — encontraram este mesmo padrdo e verificaram que ele pode
ser estendido a toda parte continental da América do Sul. Destacaram ainda que as populacdes de
Trinidad e Tobago e Jamaica apresentam padrdes de estruturacao distintos.

Lyra et al. (2009) mostraram dois padrOes diferentes para a diversidade genética de
marcadores mitocondriais (PCR-RFLP) de C. hominivorax. Na regiao do Caribe, foi identificada
alta estruturacdo populacional, onde h4 baixos indices de diversidade local, enquanto que
populacdes na América do Sul mostraram o padrao oposto. Torres er al. (2009), analisando a
variacdo dos microssatélites em 10 populacdes de quatro ilhas da regido caribenha, mostraram
uma moderada variabilidade genética nas comparagdes intra e interinsulares.

As controversas conclusdes sobre a dindmica demografica e evolutiva desta espécie talvez
reflitam a inclusdo de diferentes populacdes nas andlises e/ou uso de diferentes marcadores.
Considerando o exposto acima, fica claro que o cenario da variabilidade e subdivisdao
populacional em C. hominivorax ainda é uma questdo em aberto. Nesse sentido, um estudo
abrangente sobre a extensao e distribuicdo da diversidade genética na espécie ao longo da atual
distribuicdo geografica € estratégico, uma vez que pode auxiliar na tomada de decisdes em
futuros programas de controle (Azeredo-Espin & Lessinger, 2006; Lyra, 2008).

Neste contexto, diversos outros marcadores e andlises vém sendo desenvolvidos

contribuindo para a formagdo de um cendrio mais favordvel, tendo em vista o controle desta
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praga. Destacam-se os trabalhos de Lessinger & Azeredo-Espin (2002) e Lessinger et al (2000),
que apresentaram o primeiro genoma mitocondrial de um inseto totalmente sequenciado em
laboratério brasileiro; e os inovadores trabalhos de descri¢do e caracterizagdo de genes
associados a resisténcia a inseticida (Carvalho et al., 2006, 2009; da Silva et al., 2009).

Entretanto, até agora nao havia um mapa dos cromossomos politénicos com boa resolugdo
para a espécie, apesar de um mapa preliminar ter sido publicado (Dev et al., 1985; 1986) com
resultados encorajadores. Como os autossomos se politenizam, mas 0S cromossomos sexuais nao
sofrem politeniza¢do, um mapa padrio dos cromossomos politénicos de C. hominivorax descreve
os cinco autossomos da espécies (cromossomos 2 a 6).

Desta forma, hé clara necessidade da elaboracdo de um fotomapa para esta espécie. Isto se
constitui numa excelente oportunidade de aplicagdo pratica da metodologia de andlise de
polimorfismos de inversdes em D. mediopunctata usada tanto em nosso laboratério, quanto na

primera parte desta tese, para auxiliar efetivamente no controle de uma praga.

I1. Objetivos

1. Estudar a variacdo temporal e geografica do polimorfismo de inversoes

cromossomicas em populacoes naturais de Drosophila mediopunctata.

2. Elaborar um fotomapa dos cinco autossomos politénicos de Cochliomyia

hominivorax.

Esta tese estd organizada com uma introdugdo geral seguida de dois capitulos que
mostram as andlises temporal e geografica do polimorfismo de inversdes cromossdmicas de
Drosophila mediopunctata. Ha um terceiro capitulo, que se refere ao artigo publicado em junho
de 2009 no volume 23 da revista Medical and Veterinary Entomology, com o mapa dos
politénicos de Cochliomyia hominivorax. Finalmente, hda uma conclusdo geral seguida da

bibligrafia geral.
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Capitulo 1

Anélise Temporal das Frequéncias de Inversdes Cromossdmicas da Populacdo de

Drosophila mediopunctata do Parque Nacional do Itatiaia, RJ
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Abstract:

Several long-term studies on Drosophila chromosome inversion polymorphisms showed
that inversions can be considered a valuable tool to monitor the rapid genetic shifts caused by the
changes of climate. However, none of those studies contemplates the effects of climate changes
on a Neotropical species. After approximately two decades, new collections were carried out at
Parque Nacional do Itatiaia, RJ, in order to assess any changes in inversion frequencies and to
detect the possible effects of climatic shifts over the inversion polymorphism of the second
chromosome of Drosophila mediopunctata. Our results show that the inversion frequencies of
this species changed in an unexpected pattern in response to climate changes. Other climatic
variables underlying the process may be causing this change, but we cannot exclude a possible
role of genetic drift or of demographic factors. Further studies evaluating the genetic structure of

the population may help to elucidate the observed changes.

Keywords: Global warming, Drosophila mediopunctata, chromosomal inversion,

Brazilian Atlantic Forest, temporal variation.
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I. Introduction

Climate change has driven the global biota to give rapid evolutionary responses
(Parmesan, 2006). Several long-term studies on Drosophila inversion polymorphisms have
shown that changes in inversion frequency can be considered a valuable tool to monitor the rapid
genetic shifts caused by the change of climatic conditions (Rodriguez-Trelles et al., 1996;
Rodriguez-Trelles & Rodriguez 1998; Anderson et al., 2005; Levitan & Etges, 2005; Umina et
al., 2005; Balanya et al.,2006; Etges et al., 2006; van Heervadeen & Hoffmann, 2007; Etges and
Levitan 2008; Balanya et al., 2009; Levitan & Etges, 2009). However, none of them
contemplates the effects of climate changes on a Neotropical species.

Drosophila mediopunctata Dobzhansky & Pavan 1943 belongs to the tripunctata group,
subgenus Drosophila. This is the second biggest Neotropical group with 79 species (Béchli,
2009). It has a wide distribution and it has been reported in many localities in Brazil and in South
and Central America (Val et al., 1981). In some places it is the most frequent species among
collected flies, especially in the south of Brazil (Saavedra et al., 1995); and it is almost
exclusively forest dwelling, being rare or absent in the Brazilian Savanna (Cerrado) and Caatinga
(Tidon-Sklorz & Sene, 1995; Tidon, 2006; Hatadani et al., 2009).

Drosophila mediopunctata has five pairs of acrocentric chromosomes and a pair of dots,
which does not polytenize (Katristsis, 1966); and is highly polymorphic for chromosome
inversions. Chromosome X has three inversions, one of them related to the sex ratio trait
(Carvalho et al., 1989). Chromosome IV has two arrangements; and, chromosome II has 17
arrangements — eight in the distal region (DA, DI, DP, DS, etc.) and nine in the proximal region
(PAO, PBO, PCO, PCI, etc.) (Ananina et al., 2002). There is a strong linkage disequilibrium
between inversions on the distal region and on the proximal region of the second chromosome.
Only four haplotypes (DA-PAO, DI-PB0, DS-PCO and DP-PCO0) are common (frequencies above
5%); among the 72 possible combinations of distal and proximal inversions, they represent about
90% of the total haplotypes found (Peixoto & Klaczko, 1991; Klaczko, 2006).

The natural population of D. mediopunctata from Parque Nacional do Itatiaia, RJ was
investigated in the late 80s and an altitudinal cline was detected in inversion frequency (Peixoto
& Klaczko, 1991; Ananina et al., 2004). Ananina et al. (2004) also found that the frequencies of

three of the most common inversions (DA, DP and DS) showed cyclical variation throughout the
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year. The frequency of DA (usually associated with proximal arrangement PAQ) increased in the
cold months and decreased in the warmer months, while DP and DS (both usually associated with
PCO0) pooled together showed an opposite pattern. Consistently, these patterns were observed in
an altitudinal cline, when DA-PAO showed a high positive correlation with altitude, while DP and
DS showed a significant negative correlation. The haplotype DI-PBO did not show any
correlation with neither temperature and altitude, nor cyclical variation. This pattern suggests that
natural selection is maintaining the observed variation (Klaczko, 2006).

After approximately two decades new collections were carried out on Parque Nacional do
Itatiaia, RJ in order to better understand the temporal behavior and to detect the possible effects

of the climatic shifts over the inversion polymorphism of the second chromosome of this species.

II. Materials and Methods

I1.1. Drosophila mediopunctata Samples

Five field trips were carried out at Parque Nacional do Itatiaia, RJ between June
2007 and June 2009 considering different seasons and altitudes (from 500 m to 1200 m). The
flies were collected with entomological nets and fermented banana baits and then brought back to
the laboratory to be analysed. The collection dates were: June 1-4, 2007; February 22-26, 2008;
November 19-24, 2008; Mars 10-16, 2009; and May 30 - June 2, 2009.

I1.2. Cytological Procedures

Wild caught males were individually crossed with virgin females from the
homokaryotypic strain /I7C-229-ET, routinely maintained under laboratory conditions. From each
cross, eight F1 larvae were karyotyped. One F1 larvae from each wild caught isofemale line was
also analyzed. Polytene chromosomes were prepared by 1N HCI treatment and subsequent lacto-

acetic-orcein staining of salivary gland cells from third instar larvae (Ashburner, 1989).

I1.3. Weather and geographic data

The geographic variables (altitude) were obtained using a GPS navigation device. The
climatic variables used for the correlation analysis were obtained by the nearer climatic station
(Afonsos Aero Automatic Station, localized at 2200 m above sea level, inside the park; data

available at www.agritempo.gov.br).
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I1.4. Statistical Analysis

Inversion frequency distributions were estimated after the inversions were karyotyped by
the egg sample and male methods (Arnold, 1981; Peixoto and Klaczko, 1991; Ananina et al.,
2004). As demonstrated by Ananina et al. (2004), DS and DP inversions have similar properties
related to seasonality, temperature, precipitation and altitude. So, as they did, we grouped these
inversions in our analysis. After angular transformation of the inversion frequency, we compared
the frequencies with those published by Ananina et al. (2004).

Then, we performed a one-tailed Pearson correlation test to check if the current inversions
still showed the same correlations with climatic and geographical variables previously published

by Ananina et al. (2004).

III. Results

ITI.1. Temporal Variation of the Climatic Variables

Figure 1 shows the long-term variation of the average annual maximum, mean and
minimum temperature. We observe a positive and significant correlation of the temperature
(Tmax: r=0.63; p <0.01; Tmean: r = 0.84; p < 0.01; Tmin: r = 0.92; p < 0.01). Figure 2 shows a
significant decreasing trend in annual precipitation throughout the years in the region (r = - 0.56;

p = 0.007).

I11.2. Temporal Variation of the Inversion Frequencies

Table 1 shows the second chromosome inversion frequencies of different collections at
different altitudinal sites. If we compare the current average frequencies with the previous ones,
there is an increase in the values of DA and DI arrangement frequencies (X2 = 31.9, p < 0.001),
easily noticed in Figure 3. This change can also be measured in terms of the genetic distance (d =
0.013). Furthermore, we still observe this difference if we compare the frequencies of the distinct
seasons as shown in Figure 4 (summer: X? = 10.3, p < 0.02; winter: X2 = 42.5, p < 0.001).
However, the seasonal variation previously described for DA, the DS and DP pooled

arrangements remains cycling (Figures 5 and 6).

II1.3. Clines and correlations.

Figure 7 shows the correlation between the most common arrangements and altitude.
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Ananina et al. (2004) previously demonstrated significant correlations of DA inversions (positive;
r=0.87, p < 0.01) and pooled DS and DP (negative; r = -0.91, p < 0.001). Now, we no longer
observe the effect of altitude over these arrangements (for DA r = 0.02, p = 0.96; for DS and DP
pooled r = -0.57, p = 0.11). Surprisingly, we found a significant correlation between DI and

altitude (r = 0.70, p = 0.036).

Table 2 shows the correlations between the frequency of inversions and different climatic
variables. The pattern described in our previous work (Ananina et al., 2004) remains basically the
same: DA is negatively correlated to temperature and precipitation, while DS + DP is positively

correlated to these variables, and no significant correlation detected for DI.

IV. Discussion

The observed changes in the region of the Parque Nacional do Itatiaia, RJ might be
linked with the effects of global warming, as considered by the Intergovernmental Panel on
Climate Change (IPCC). Long-term analyses of chromosomal inversion polymorphisms in
different Drosophila species have linked changes in inversion frequencies to recent climate
changes, suggesting that widespread species may undergo adaptative shifts in response to global
warming (Hoffmann & Riesemberg, 2008). In Australian D. melanogaster populations, inversion
In(3r)Payne increases its frequency towards the equator in a latitudinal cline (Knibb et al., 1981).
After approximately twenty years, Anderson et al. (2005) and Umina et al. (2005) showed that
there was a general increase of this inversion frequency in all Australian populations, suggesting
that this is a direct response to the global warming. In D. subobscura, a similar pattern was
observed for the O chromosomal arrangements. First, Rodriguez-Trelles et al. (1996) and
Rodriguez-Trelles & Rodriguez (1998) showed the influence of the seasonality in the increase of
the southern arrangement frequency. Then, Balanya et al. (2006) showed that D. subobscura
populations from three different continents presented similar patterns in response to the impacts
of the global warming. Decreases of northern arrangements for different American populations of
D. robusta were also described (Levitan & Etges, 2005; Etges & Levitan, 2008).

Contrasting with these examples, American populations of D. pseudoobscura did not
show any consistent variation in 40 years (Anderson et al., 1981); although Schaeffer (2008)

pointed out a variation in the Pacific Coast populations. Indian populations of D. ananassae did
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not show any temporal variation either in 20 years of monitoring of the chromosomal inversion
frequencies (Singh & Singh, 2007).

The DI arrangement was the main inversion to have a major change in its frequency,
increasing almost 8% in the winter collections and 5% in the summer. This is an unexpected
result: it was expected that DS and DP arrangements would have their frequencies increased,
since these inversions have a positive correlation with the temperature. Santos er al. (2005)
showed that the chromosomal arrangements favored at the high laboratory temperature were not
necessarily the same as the most common arrangements in populations of D. suboscura at
warmer latitudes. In that manner, the responses of each population to climatic changes may be
particularly different for each species and region. Moreover, one cannot discard that the observed
variation is a possible effect of genetic drift or other demographic factor.

Ananina et al. (2004) also described an altitudinal cline for the DA, DS and DP
inversions, in which DA increased its frequency at the higher collection sites; and DS and DP
inversions showed an opposite pattern. After two decades, our results do not describe the same
altitudinal cline for those inversions. DI inversion is the one that now shows a significant
altitudinal gradient. This finding must be further investigated, since this arrangement does not
show any correlation with any climatic variable.

On the other hand, the seasonal variation of the arrangements remains cycling. Repeated
seasonal cycles of changes in inversions frequencies give the clearest and least equivocal
evidence of strong selection acting on inversion polymorphism in natural populations (Krimbas
& Powell, 1992). Our results show that the polymorphism of D. mediopunctata is responding to
climate change in an unexpected way. Moreover, other questions remain to be answered: does
climate change affect morphological traits in the population of D. mediopunctata at Parque
Nacional do Itatiaia, RJ in a pattern consistent with previous observations? What other
environmental variables underlying the process may be causing this response? Further studies
evaluating the geographical variation and assessing the genetic structure of the population may

help to elucidate the observed pattern.
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Tables

Table 1 — Second chromosome inversion frequencies of D. mediopunctata from different
collections and altitude sites, at Parque Nacional do Itatiaia, RJ. (2N: number of chromosomes
analyzed).

| pA | DI |DS +DP| OT | 2N |pA | DI |DS+DP] OT | 2N

June 1-4, 2007— Winter Mars 10-16, 2009 — Summer

1128 m|0.67]0.33] 0.00 ]0.00| 18 1128 m |0.48]0.28] 0.18 0.08 40
950 m |0.5310.41] 0.03 |0.03| 34 950m |0.4210.231 0.19 0.15 26
750m 10.57]0.36| 0.02 0.05] 44 750m 10.30]0.26|] 0.37 0.07 76

Total |0.57]10.38] 0.02 ]0.03] 96 Total [0.37]0.26] 0.28 0.08 142

February 22-26, 2008— Summer May 30 - June 2, 2009 — Winter

1128 m|0.5010.33] 0.17 ]0.00| 12 1200 m |0.58]0.35] 0.04 0.04 26
950 m |0.4110.32] 0.23 |0.05| 22 1100 m |0.5010.41| 0.00 0.09 22
750m 10.53]0.26| 0.18 ]0.03] 38 1050 m |0.60]0.311 0.10 0.00 42

Total |0.4910.29] 0.19 ]0.03] 72 950 m |0.6210.28| 0.07 0.03 60

November 19-24, 2008 — Summer 900 m |0.6410.25 0.06 0.06 36

1128 m|0.65]10.29] 0.00 ]0.05|] 92 850 m [0.65]0.241 0.07 0.04 54
950 m |0.4810.25] 0.19 |0.08| 64 750m 10.50]0.28] 0.11 0.11 46
750m 10.45]0.30] 0.20 0.05] 84 590m ]0.60]0.241 0.10 0.06 62

Total |0.5410.28] 0.12 ]0.06] 240 Total [0.59]0.28] 0.07 0.05 348

Total number of chromosomes analyzed: 2N = 898.
OT - Other arrangements.

Table 2 — Pearson’s correlation (r) between the second chromosome inversion frequencies of D.
mediopunctata and climatic variables. For DA and DS+DP the significance is given by a one-
tailed test assuming the previous significant correlations as the null hypothesis. (OT: others).

Inversions Tmax (°C) Tmea (°C) Tmin (°C) Prec (mm)
DA -0.78 -0.81* -0.82* -0.76
DI -0.19 -0.25 -0.29 -0.17

DS + DP 0.75 0.80* 0.84* 0.80*
or 0.22 0.24 0.25 0.02
*p <0.05
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Figure 1 — Long-term variation of the temperature at Parque Nacional do Itatiaia, RJ.
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Figure 2 — Temporal variation of annual precipitation at Parque Nacional do Itatiaia, RJ.
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Figure 3 — Comparison between the current (2007-2009) and the previous (1986-1988) average
frequencies of D. mediopunctata second chromosome inversions.
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Figure 4 — Comparison between the current and the previous average frequencies of D.
mediopunctata second chromosome, collected in the winter and in the summer.
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Figure 5 - Comparison between the distinct seasons of the D. mediopunctata second chromosome
average frequencies collected in 1986-1988 and 2007-2009.
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Diferenciacdo Geogréfica de Inversdes Cromossdmicas.
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Abstract

Forest fragmentation is a notorious change of the natural landscape in different
ecosystems around the world with potentially harmful consequences to biodiversity and to the
genetic structure of populations. Since the fast economic development of the city of Campinas,
the Seasonal Semi-deciduous Forests of the region have had their composition drastically altered.
Nowadays, the city has approximately 190 forest remnants, separated by the urban landscape.
These forest fragments are located over two geomorphologic units, which are physiognomically
and climatically quite distinct. A geographical differentiation of Drosophila mediopunctata
populations for chromosomal inversions was reported previously. To test if the divergence is an
adaptive response to local differences (related to each geomorphologic unit), or if it is a casual
oscillation (genetic drift) caused by forest fragmentation (uncorrelated with the two units), we
estimated the chromosome inversion frequencies in various fragments dispersed over the two
units. We observed marked differences between the two geomorphologic units, in contrast with
small divergence among fragments. Our results suggest that the observed geographical
differentiation in the inversion frequency distribution may be a result of local adaptation to
floristic and climatic variations, in spite of the forest fragmentation. However, we still cannot
discard the possible effects of demographic factors shapping the observed pattern, particularly a

combination of migration and genetic drift.

Keywords: Fragmentation, Chromosome Inversions, Drosophila mediopunctata, Local

Adaptation, Longitudinal Cline.
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I. Introduction

I.1. Forest Fragmentation

Forest fragmentation is a notorious change of the natural landscape in different
ecosystems around the world (Hobbs & Yates, 2003). It may be very harmful to biodiversity,
affecting drastically the genetic structure of populations (Keyghobaldi et al., 2005; Laurance,
2008; Zellmer & Knowles, 2009). Although the consequences of the fragmentation process have
been studied under different perspectives, its effect on animals and plants can vary widely among
different genetic markers and taxa (Cobb et al., 2000; Keyghobaldi, 2007; Schiffer et al., 2007,
Stuchbury, 2007; Mayer et al., 2009; Stanton et al., 2009). Thus, one should be careful with hasty
generalizations, and various genetic markers should be used to assess the effects of the
fragmentation process on a species.

Different ecosystems in the tropical region are extremely fragmented due to the high
deforestation rate (Whitmore, 1997). The Seasonal Semi-deciduous Forests in the state of Sao
Paulo, Brazil are a good example: they have been drastically altered since the fast economic
development of the country. Nowadays, the city of Campinas has approximately 190 forest
remnants scattered in the urban landscape.

Although all fragments in this region are classified as Seasonal Semi-deciduous Forests,
various studies have shown that they are heterogeneous (Salis et al., 1995; Cielo-Filho & Santin,
2002). The forest fragments are located over two geomorphologic units, Peripheral Depression
and Atlantic Plateau (Fig. 1). They show marked differences in relation to climatic variables,
such as annual temperature and pluviometrical means (Table 1). The two biggest (both with
approximately 250 ha) and the best preserved forest remnants of the city are Mata de Santa
Genebra and Mata do Ribeirdo Cachoeira-Colinas do Atibaia. Each one is located in one of the
two geomorphologic units (cf. Fonseca et al., 2004 for details).

The Peripheral Depression unit is characterized by a flat topography and lands of
magmatic sedimentary rocks with crystalline rocks at its southeast region. The Atlantic Plateau,
in the northeast region of the city, is characterized by a continuous range of mountains (Cielo

Filho et al., 2007; Fonseca et al., 2004).
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Brown & Freitas (2002) found significant differences in the structure, composition, and
variation of the butterfly populations in the forest fragments of the city of Campinas, SP, due to
their heterogeneity related to size, vegetation composition, soil type, topography, humidity,
degree of disturbance and resources used by butterflies. Moreover, they found out that the species
composition for Ithominii collected in the fragments of the Campinas areas were different
according to the two geomorphologic units (Brown & Freitas, 2000; André V. L. Freitas,

personal communication).

I.2. Chromosomal Inversions

In eukariotes, chromosomal rearragements such as inversions, translocations and
duplications are very common in differents kingdoms (Coghlan et al., 2005). They are easily
recognized in Diptera, due to the polytene chromosomes. Chromosome inversions supress
crossing-over when heterozygous, allowing them to evolve as adapted genic complexes, which
are under strong selective pressures (Dobzhansky, 1970; Sperlich & Pfriem, 1986; Krimbas &
Powell, 2000; Hoffmann & Rieseberg, 2008). Inversion polymorphisms have been studied for a
long time, since they allow insights on the action of different evolutionary processes such as
shifts in chromosomal and gene arrangement frequencies, geographical clines and speciation
(Anderson et al., 1991; Rieseberg, 2001; Balanya et al., 2004; Hoffmann et al., 2004; Rasic et al.,
2006; Balanya et al., 2006; Etges and Levitan, 2008; McAllister et al., 2008; Schaeffer, 2008;
Mestre et al., 2009). Although many studies have shown that inversions are under selection or
correlated to adaptive traits in various organisms, the biological meaning of the inversion
polymorphisms remains an issue to be solved (see Hoffmann & Rieseberg, 2008, for a detailed

review).

1.3. Drosophila mediopunctata

Drosophila mediopunctata Dobzhansky and Pavan 1943 belongs to the tripunctata group,
subgenus Drosophila. This i1s the second biggest Neotropical group with 79 species (Béchli,
2009). It has a wide distribution and has been reported in many localities in Brazil and in South
and Central America (Val et al., 1981). In some places, it is the most frequent species among
collected flies, especially in the south of Brazil (Saavedra et al., 1995); and it is almost

exclusively forest dwelling, being rare or absent in the Brazilian Savanna (Cerrado) and Caatinga
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(Tidon-Sklorz and Sene, 1995; Tidon, 2006; Hatadani ef al., 2009).

D. mediopunctata has five pairs of acrocentric chromosomes and a pair of dots, which
does not polytenize (Katristsis, 1966). The species is highly polymorphic for chromosome
inversions. The polymorphic chromosomes are: chromosome X, with three inversions, one of
them related to the sex ratio trait (Carvalho et al., 1989); chromosome IV with two arrangements;
and finally, chromosome II, the most polymorphic, with 17 arrangements — eight in the distal
region (DA, DI, DP, DS, etc.) and nine in the proximal region (PAO, PB0O, PCO, PCI, etc.)
(Ananina et al., 2002). There is strong linkage disequilibrium between inversions on the distal
region and on the proximal region of the second chromosome. In consequence, only four
haplotypes (DA-PAO, DI-PBO, DS-PCO and DP-PC0) are common (frequencies above 5%);
among the 72 possible combinations of distal and proximal inversions, they represent about 90%
of the total haplotypes found (Peixoto & Klaczko, 1991; Klaczko, 2006).

Natural populations of D. mediopunctata from Itatiaia, a National Park on the Slopes of
the Serra da Mantiqueira, which lies on the Atlantic Plateau, were investigated and an altitudinal
cline was detected in inversion frequency (Peixoto & Klaczko, 1991; Ananina et al., 2004). An
interaction of genotype (inversion karyotype) x environment (collecting date) for body size was
previously observed (Bitnér-Mathé et al., 1995). In laboratory conditions, Hatadani & Klaczko
(2008) showed that wing size and shape are influenced by karyotype, sex and temperature.
Besides, suggestive evidences of the interaction between inversion karyotype and temperature
over wing shape were reported, indicating that each arrangement might be accumulating different
alleles best adapted to different temperatures. Hatadani ef al. (2004) showed that the inversions
are associated with this species polychromatism. These studies have gathered evidences helping
to understand the biological meaning of this species inversion polymorphism, using correlations
with morphologic characters.

Ananina et al. (2004) also found that the frequencies of three of the most common
inversions (DA, DP and DS) showed cyclical variation througout the year. The frequency of DA
(usually associated with proximal arrangement PAO) increased in the cold months and decreased
in the warmer months, while DP and DS (normally associated with PCO) showed an opposite
pattern. Consistently, these patterns were observed in an altitudinal cline, when DA-PAO showed

a high positive correlation with altitude, while DP and DS showed a significant negative
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correlation. The haplotype DI-PB0 did not show any correlation with neither temperature and
altitude, nor cyclical variation. This suggests that natural selection is maintaining the observed
variation (Klaczko, 2006).

Ananina et al. (2004) analyzed two nearby populations (distant 50 km from each other) in
the State of Sdo Paulo, Mata Santa Genebra and Serra do Japi, but located on the two
geomorphologic units of the region, Peripheral Depression and Atlantic Plateau, respectively.
They found out that the inversion frequencies were quite different between these two populations.
Moreover, one of them (Serra do Japi) had frequencies similar to Itatiaia, which is about 250 km
distant.

To understand the geographical diferentiation of chromosomal inversion frequencies, we
studied neighbouring populations, distributed over the two geomorphologic units. Our goal was
to test if the originally observed difference is an adaptive response to the local floristic and
climatic differences, and is thus correlated to each geomorphologic unit; or if it is a casual

oscillation (genetic drift) caused by forest fragmentation, and so, uncorrelated with the two units.

II. Materials and Methods

I1.1. Drosophila mediopunctata Samples

Several field trips were carried out from February 2005 to July 2009 collecting D.
mediopunctata with entomological nets and fermented banana baits and bringing them back to
the laboratory to be analysed. The collections were planned according to the sites location (Fig.

1) in the geomorphologic units, as described in Table 1.

I1.2. Cytological Preparations

Wild-caught males were individually crossed with virgin females from the
homokaryotypic strain I7C-229-ET, routinely maintained under laboratory conditions. Eight F1
larvae were karyotyped. One F1 larvae from each wild caught isofemale line was also analyzed.
Polytene chromosomes were prepared by 1N HCI treatment and subsequent lacto-acetic-orcein

staining of salivary gland cells from third instar larvae (Ashburner, 1989).
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I1.3. Climatic and geographic data

The geographic variables shown in Table 1 (latitude, longitude, altitude) were obtained
using a GPS navigation device. The meteorological variables (annual temperature and
precipitation means) for each site were estimated from the nearest meteorological station data
summaries from the following websites: www.agritempo.gov.br and
http://'www.ciiagro.sp.gov.br. The aridity indexes were estimated as suggested by Fonty et al.
(2009).The data referring to Reserva Biol6gica Municipal da Serra do Japi was published by
Pinto (1992).

I1.4. Statistical Analysis

Inversion frequency distributions were estimated by the egg sample and male methods
(Arnold, 1981; Peixoto and Klaczko, 1991; Ananina et al., 2004). As shown by Ananina et al.
(2004), DS and DP inversions have similar seasonality, temperature, precipitation and altitude.
related properties. So, as they did, we grouped these inversions in our analysis. We also grouped
rare inversions (Bitner-Mathé et al., 1995; Ananina et al., 2004).

Clustering analysis was done using Ward’s algorithm method based on Single Euclidian
Distance from the observed frequencies with the program R. Nei’s Genetic Distances were
calculated by the program Gendist, from the package PHYLIP 3.7 (Felsenstein, 1993). Mantel
tests were done using the program z¢ (Bonnet and Van de Peer, 2002) in order to test the
correlation between the genetic distance and the geographic distance. The correlations between
climatic and geographic variables and the observed inversion frequencies were done after angular
transformations of the frequencies. Finally, hierarquical Fgr statistics of the inversion frequency

were calculated by the program Arlequin (Schneider et al., 2000).

III. Results

I11.1. Inversion frequencies and clustering analyses

The inversion frequencies are shown in Table 2. Figure 1 clearly shows the frequency
similarities among populations within the same geomorphologic unit. For example, populations
of Parque Ecolégico (PE) and Mata Ribeirdo Cachoeira, Colinas do Atibaia (CA), which lie in
the Atlantic Plateau, do not differ statistically (X2 = 1.04; d.f. = 3; p > 0.9); and have DS+DP in

frequencies under 30%.
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A Ward clustering analysis groups the populations as shown in Figure 2. These
similarities can also be viewed in Table 3, which shows Nei’s genetic distances between
populations. Nearby populations from same geomorphologic unit have distance values smaller
than 0.10, while distances between populations in different units are above 0.20.

An exception to this general pattern is the population from Mata da Fazenda Santa Elisa-
Costa e Silva (CS07 and CS08), which shows a significant difference (X2 = 9.39, d.f. =4, p <
0.05) between collections in consecutive years (2007 and 2008). Moreover, in 2007 (CS07), this
population groups with the Peripheral Depression cluster; and, in 2008 (CS08), it groups with the
Atlantic Plateau cluster. In fact, this population is located right on the border between the two
units (Fig. 1).

We performed the partial Mantel test to verify if the geographical differentiation was
caused by the geomorphologic differences or by the effect of geographical distance. The
observed correlations are:

1. between the genetic and geographical distances: a positive and significant
correlation (r = 0.513; p = 0.008);

2. between the geomorphologic and genetic distances: a positive and significant
correlation (r = 0.534; p = 0.004);

3. between the geomorphologic and geographical distances: a positive and non-
significant correlation (r = 0.063; p = 0.147)

4. Partial Mantel test (among the three matrices): a positive and significant
correlation (r = 0.59; p = 0.008).

We can conclude that both the geographical and geomorphological factors are correlated

to the genetic differentiation of the populations. To quantify it, we performed a hierarchical Fgr.
The hierarchical Fgr analysis (Table 4) shows that, although the populations have a

moderate degree of genetic structure (Fpr = 0.11), the variation observed between different
geomorphologic unit is approximately two times bigger, 7.01% of the total variation, than the
difference between populations within the same unit, only 3.60%. This result is consistent with

the cluster analysis.
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II1.2. Clines and correlations

The correlations between inversion frequencies and latitude, longitude, altitude, average
annual temperature, average annual precipitation and aridity index of the collecting sites are
shown in Table 5. DA inversion is positively and significantly correlated to altitude (r = 0.75, p =
0.012); and negatively and significantly correlated with annual average temperature (r = -0.78, p
= 0.008) and with the aridity index (r = -0.66, p = 0.04). DS+DP inversions show a different
pattern. They are positively and significantly correlated with latitude, longitude and annual
temperature mean (r = 0.66, p = 0.037; r =0.79, p = 0.007; and r = 0.68, p = 0.029; respectively);
yet, the arrangements are negatively and significantly correlated to altitude (r =-0.71, p = 0.022).
DI, the other common inversion, shows a significant negative correlation with latitude and with
longitude (respectively: r = -0.89, p = 0.001; r = -0.86, p = 0.002). At last, OT arrangements are
positively and significantly correlated to longitude (r = 0.64, p = 0.045).

IV. Discussion

IV.1 InversionFrequencies and Clustering Analysis

The dendrogram from the Ward clustering analysis (Fig. 2) summarizes the results,
clearly showing three distinct groups: 1. Capivari (CV) - Santa Genebra (SG) — Fazenda Santa
Elisa, Costa e Silva 2007 (CS07); 2. Parque Ecolégico (PE) — Colinas do Atibaia (CA) — Costa e
Silva 2008 (CS08) — Serra do Japi (JP); 3. Itatiaia (IT) — Teres6polis (TE) — Juiz de Fora (JF).
These groups reflect quite well their location in the two geomorphologic units — Peripheral
Depression and Atlantic Plateau. Overall, this pattern suggests that the variation among the
inversion frequencies of the populations might represent a probable response to the various
floristic or climatic differences observed between the two geomorphologic units. The only
exception is the population from Costa e Silva (CS07 and CS08), which is in a transition zone. In
this case, the variation in frequencies observed between two consecutive years might be
interpreted as a result of demographic factors (mainly migration from adjacent areas).

Argentinean populations of D. buzzati showed a highly structured pattern in inversion
frequencies according to their location in specific phytogeographic regions (Hasson et al., 1995).
Rodriguez et al. (2000) analyzed the frequencies of the second chromosome inversions and seven

allozyme loci differentially associated in seven natural populations of D. buzzati. They found
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clines in two isozymes that could be explained by hitchhiking with the inversions, as well as two
isozymes showing clines that were not due to hitchhiking and must be maintained by the action

of natural selection.

IV.2 Longitudinal Cline

There are several cases describing altitudinal and latitudinal clines in Drosophila (Knibb
1982; Krimbas and Powell 2000; Ananina et al., 2004; Hoffmann and Rieseberg 2008) and
suggesting that the observed variation could be a consequence of the action of natural selection.
However, longitudinal clines usually are not taken as a result of adaptive responses for climatic
variables; they are often interpreted as consequences of historic events (Aulard ef al., 2002;
Simaiakis and Milonas 2006; Samis et al., 2008).

Our results suggest that the most common inversion arrangements may be responding to
differences in climatic factors from different localities. Ananina et al. (2004) previously
demonstrated significant correlations between the frequencies of DA (negative; r = -0.91) and
DS+DP (positive; r = 0.67) inversions and the average temperature of the collecting month. Now
we observed very similar correlation values for the same arrangements and average annual
temperature for each location — negative for DA (r = -0.78) and positive for DS+ DP (r = 0.68).
Surprisingly, we found significant correlations between DI and longitude (r = 0.86), as shown in
Table 5. This gene arrangement presented no correlation with any environmental variable in our
previous work (Ananina et al., 2004), nor in this one. This may be interpreted as evidence that
this inversion might be associated with biotic factors.

Dobhzansky (1947) showed a longitudinal clinal variation for three arrangements of D.
pseudoobscura third chromosome (Standard, Arrowhead and Pikes Peak) in populations across
western United States. The observed differences were interpreted as an adaptive response
produced by natural selection to the environmental differences. After 40 years, Anderson et al.
(1991) showed that the geographical pattern remained similar and locally stable; suggesting an
adaptive response to local differences in climatic and biotic factors along a longitudinal gradient.
Similarly, our results suggest that the observed geographical differentiation in the distribution of

inversion frequencies among the populations of D. mediopunctata may be a result of adaptation
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to local climatic or floristic variations, which may be correlated to longitude as one move inland
from the coast.

Fernandez Iriarte et al. (2002) concluded that different evolutionary processes govern the
microgeographical patterns of distribution of genetic variation in D. buzzati, depending on the
genetic marker used. Schiffer ef al. (2007) have shown low levels of genetic structuring caused
by the fragmentation process, indicating strong influence of migration among Australian
populations of D. birchii. For a complete understanding of how the fragmentation process is
affecting this species, further studies with different genetic markers should be carried out to
evaluate the joint effects of migration and genetic drift. For example, the distributions of
inversion frequencies from Costa e Silva population have drastically changed from one year to
other (CS07 and CS08; X2 =9,39; d.f. =4; p <0,05). The causes of this change are unknown, but
the fragment region is located just on the border of the two geomorphologic units (Fig. 1). So, in
this case, the difference between years is probably due to casual oscillation and migration.

Overall, we must point out that further studies are needed using other genetic markers to
characterize the genetic population structure and assess the importance of drift and migration

among these populations.
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TABLES

Table 1 — Geographic and climatic variables from the collected sites.

Annual Annual
Temperature  Precipitation
Mean (°C) Mean (mm)

Geomorphologic
Unit

Area

Site Date Latitude  Longitude (ha)

October 14-

Cv 16, 2008 23.03° 47.47° 15 22.0 1144

July 22-24,

SG | 308 22.82° | 47.12° | 250 223 1411

Peripheral April 23-
Depression 27, 2007.
CS 22.87° 47.07° 14 22.3 1413

June 3-6,
2008.

October 4-
11, 2006.
May 26-28,
2008.

PE

22.91° 47.02° 3 21.6 1488

February
23-25,
2005.

September
CA 28— 22.83° 46.93° 245 21.0 1487
October2,
2005.
August 21-
23, 2008.

Data from

JP | Ananinaer 23.25° 46.96° 19700 19.5 1501
al. (2004)

: June 1-4,
Atlantic 007,

Plateau February
22-26,
2008.

November

IT 19-24, 22.46° 44.60° 30000 19.7 1830
2008.

Mars 10-

13, 2009.

May 30-

June 2,
2009.

July 2-3,

JE | ST | 217 | 4332 | 277 20.6 1402

August 10-
14, 2009.

September
24,2009.

(CV: Capivari; SG: Mata Santa Genebra; CS: Costa e Silva; PE: Parque Ecolégico; CA:
Colinas do Atibaia ; JP: Serra do Japi; IT: Itatiaia; JF: Juiz de Fora; TE: Teres6polis).

TE

22.45° 43.00° 24024 19.9 1316
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Table 2 — Inversion frequency distribution (values expressed as percentage; 2N: number of
chromosomes analyzed; OT — other inversions).

Population = DA DI DS+DP OT 2N

Cv 25.0 6.5 55.5 13.0 216
SG 22.9 53 59.9 11.9 78
CSo07 26.8 11.0 53.7 8.5 82
CSo08 45.5 14.8 31.1 8.6 222
PE 41.2 17.7 24.8 16.3 238
CA 41.3 15.6 27.8 15.3 424
JP 56.3 9.2 24.2 10.3 368
IT 51.6 23.7 18.3 6.4 898
JF 41.4 43.1 5.2 10.3 58
TE 56.7 26.1 12.8 4.4 180
Total 2764

(CV: Capivari; SG: Mata Santa Genebra; CS: Costa e Silva; PE: Parque Ecolégico; CA:
Colinas do Atibaia ; JP: Serra do Japi; IT: Itatiaia; JF: Juiz de Fora; TE: Teresopolis).
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Table 3 — Nei’s genetic distances matrix.

Population  CV SG CS07 CS08 PE CA JpP IT JF

SG 0.015
CS07 0.006 0.011
CS08 0.163 0.080 0.129

PE 0.209 0.105 0.179 0.017

CA 0.169 0.080 0.144 0.010 0.002

JP 0.351 0.227 0.315 0.046 0.065 0.061

IT 0.393 0.239 0.324 0.041 0.039 0.049 0.051

JF 0.668 0.444 0.542 0.195 0.154 0.186 0.269 0.077

TE 0.530 0.338 0.441 0.080 0.075 0.091 0.065 0.006 0.069

(CV: Capivari; SG: Mata Santa Genebra; CS: Costa e Silva; PE: Parque Ecolégico; CA: Colinas
do Atibaia ; JP: Serra do Japi; IT: Itatiaia; JF: Juiz de Fora; TE: Teresopolis).
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Table 4 — Hierarquical Fsr.

Source of df Sum of Variance Variation
Variation o Squares Component (%)
Among
Geomorfologic 1 23.14 0.03 7.01
Units
Among
Populations
Within 8 28.55 0.01 3.60
Geomorphologic
Units
Within 2750 880.87 0.32 89.39
Populations
Total 2759 936.56 0.36 100.00

Fixation Indices

FPR . 0.039
FPT . 0. 106
Frr: 0.070
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Table 5 — Pearson’s correlation (r) between inversion frequencies (after angular
transformation) and latitude, longitude, altitude, average annual temperature, precipitation

and aridity index.

DA DI DS + DP or

Latitude -0.16 -0.89%** 0.66* 0.34
Longitude -0.53 -0.86** 0.79%** 0.64*

Altitude 0.75%* 0.50 -0.71%* -0.38

Temperature  -0.78%* -0.49 0.68* 0.57

Precipitation 0.42 0.23 -0.31 -0.19

Aridity Index  -0,66* -0.39 0.54 0.34
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*p < 0.05; #*p < 0.01; ***p < 0.001



FIGURE LEGENDS
FIGURE 1

Fig 1. Map of the studied region and the distribution of the inversion frequencies of each
collected site: CV - Mata da Fazenda Santo Antonio (Capivari — SP); SG - Mata Santa Genebra
(Campinas — SP); CS - Mata da Fazenda Santa Eliza-Costa e Silva, IAC (Campinas — SP); PE -
Parque Ecolégico Ms. Emilio José Salim (Campinas — SP); CA - Mata do Ribeirdo Cachoeira-
Colinas do Atibaia (Campinas — SP); JP - Reserva Municipal da Serra do Japi (Jundiai — SP);
IT - Parque Nacional do Itatiaia (Itatiaia — RJ); JF — Reserva Municipal do Pogo D’Anta (Juiz
de Fora — MG); TE — Parque Nacional das Serra dos Orgios (Teresépolis — RJ). Figure drawn
based on the map published by Almeida (1964) and Ab’Saber (1970). Note: for Costa e Silva

population (CS) there are two graphs corresponding to the two collections carried out there.

Figure 2

Fig. 2. Dendrogram of the Clustering Analysis using Ward’s algorithm method based on
Single Euclidian Distance from the observed frequencies of the II chromosome inversions of D.
mediopunctata. (CV: Capivari; SG: Mata Santa Genebra; CS07 and CS08: Costa e Silva, 2007
and 2008 samples; PE: Parque Ecoldgico; CA: Colinas do Atibaia ; JP: Serra do Japi; IT:
Itatiaia; JF. Juiz de Fora; TE: Teresopolis). This is not a phylogeny, it is just a similarity

dendrogram.
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FIGURE 1

Peripheral
Depression

Tropic of Capricorn
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Figure 2
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Capitulo 3

Fotomapa dos Cromossomos politénicos de Cochliomyia hominivorax.
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Photographic map of the polytene chromosomes of
Cochliomyia hominivorax
M. R. D. BATISTA'!, G. ANANINA'!, A. M. L. AZEREDO-ESPIN!?
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Abstract. Cochliomyia hominivorax (Coquerel) (Diptera: Calliphoridae) is one of the
most important myiasis-causing flies and is responsible for severe economic losses to the
livestock industry throughout the Neotropical region. A polytene chromosome map is an
invaluable tool for the genetic analysis and manipulation of any species because it allows
the integration of physical and genetic maps. Cochliomyia hominivorax has a diploid
number of 12 chromosomes (2n = 12): five pairs of autosomes and one pair of sex
chromosomes (XX/XY), which do not polytenize. We created a new photomap of the
polytene chromosomes of C. hominivorax describing its five autosomes (chromosomes 2—
6). Pupal trichogen cells, which have chromosomes with a high degree of polytenization,
were used to elaborate this map. The photomap was made by comparing 20 different nuclei
and choosing, for each chromosome segment, the region with the highest resolution. Thus,
we present a new photomap of the five autosomes of this species, with a total resolution of

1450 bands.

Key words. Cochliomyia hominivorax, photomap, polytene chromosomes.

Introduction

A cytogenetic map is an invaluable tool for the genetic analysis
and manipulation of any species, as it allows the integration of
physical and genetic maps. The polytene chromosomes of
Diptera have proved to be an especially favorable material
because they allow for the identification of hundreds of bands in
a single chromosome. Painter (1933) was the first to use them
for pre- paring maps of Drosophila chromosomes using the
squashing technique. In 1935, Bridges set up a system to
assemble polytene chromosome maps. He divided the five main
chromosome arms of Drosophila melanogaster into 100
divisions and two extra divisions for the small dot fourth
chromosome. After successive revisions, he was able to
distinguish a total of 2650 bands (e.g. Bridges, 1935, 1942;
Zhimulev, 1996).

Polytene chromosome maps may be used to identify with
precision chromosome rearrangements in order to differentiate
geographical races and species, detect the action of natural
selection and make phylogenetic inferences (Sperlich & Pfriem,
1986; Anderson et al., 1991; Krimbas & Powell, 1992). They

can also be used to carry out fluorescence in sifu hybridization
(FISH), to determine the exact location of nuclear genes and
allow them to be cloned (Saunders et al., 1989; Grushko et
al., 2004; Mahjoubi et al., 2006).

The New World screwworm fly, Cochliomyia hominivorax,
and the human bot fly, Dermatobia hominis (Linnaeus in
Pallas), are considered the most important agents of traumatic
myiasis in the Neotropics (Zumpt, 1965; Guimardes et al.,
1983). Larvae of C. hominivorax are obligate ectoparasites
that can infest almost all warm-blooded vertebrates,
particularly livestock. Because of the substantial economic
losses caused by this species and its influence on the trade of
live animals among infested and non-infested countries, an
international effort has been devoted to its eradication from
endemic areas of Central America (Wyss,2000), as well as to
preventing invasions into screwworm-free areas (Lindquist et
al., 1992). The identification of target populations and an
understanding of their genetic variability can improve the
effectiveness of eradication programmes.

A number of studies on the nuclear and mitochondrial
genome of C. hominivorax have been carried out (Lessinger et
al., 2000,
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Chromosome photomap for C. hominivorax 93

Fig.1. Photomap of chromosome 2L. Arrows show the weak spots. Arrow C points to the centromere.

Torres et al., 2004; Lyra et al., 2005; for a detailed review see:
Azeredo-Espin & Lessinger, 2006). Although a preliminary
photomap of the polytene chromosomes of this species was
published (Dev et al., 1985, 1986) with encouraging results, a
photomap of higher resolution is required.

Materials and methods

Samples of C. hominivorax were collected primarily from
Brazil and Argentina, where this species is highly abundant.
Additional specimens were obtained from Venezuela and
Uruguay and colonies were established in the laboratory. Because
the salivary gland polytene chromosomes of C. hominivorax
have a low degree of polyteny, the cytological preparations were
made from trichogen cells from the scutellum of the pupae.

Methods were adapted from Dev e al. (1985) and Gariou-
Papalexiou et al. (2002). Puparium were removed from 5-day-old
pupae reared at 24 °C, and were fixed overnight at 4 °C in fresh
Carnoy’s fixative. To prepare the slides, the abdomen and first
cuticular external layer of each pupa were removed in absolute
ethanol. Then, the scutellum was dissected and transferred to a
drop of acetic acid (60%) on a coverslip. The scutellum tissue
was carefully separated from the second chitinous layer. A drop
of lacto-acetic orcein stain was put on the material immediately
and left for 5-10 min. A slide was then slowly placed on top of
the coverslip, turned over and gently tapped to spread the
chromosomes. The preparation was squashed under an
absorbent paper and sealed with nail polish.

The slides were photographed with Cool SNAP-Pro (Color)
using a Nikon Eclipse ES800 microscope (1000x). They were
then digitized using the software Image Pro-Plus Version 4.1
and finally edited in Corel Photopaint Version 9 and Adobe
Photoshop Version 7.0.1. The photomap of each chromosome
was made by comparing at least 20 different nuclei. For each
chromosome segment, the region which presented the highest
degree of resolution was chosen to make the map.

Fig.2. Photomap of chromo-
some 2R. Arrows show the weak
spots. Arrow C points to the
centromere.

Results

Cochliomyia hominivorax has a diploid number of 12
chromosomes (2n = 12): five pairs of autosomes and a
pair of sex chromosomes (XX/XY), which do not
polytenize (Dev et al., 1985, 1986). Thus, a photomap of the
polytene chromosomes of C. hominivorax must describe its
five autosomes (chromosomes 2-6).

The polytene chromosomes of C. hominivorax are
frequently found fragmented because of the presence of weak
spots, as well as the centromere; these can be consistently
mapped. The second chromosome is the longest and is
metacentric, with seven weak spots. Its two arms, 2L and 2R,
show 192 and 155 bands, respec- tively. The third chromosome
is the second longest metacentric chromosome; its arms show
151 (3L) and 157 (3R) bands. It has few weak spots and large
unfragmented pieces are frequently observed. The fourth
chromosome shows the smallest number of weak spots — only
two were observed and it can be seen intact. The left and right
arms show 137 and 139 bands, respectively. Although the fifth
chromosome is small, it shows eight weak spots. The left arm
shows 138 bands and the right 134. The sixth chromosome is
submetacentric and its left and right arms show 174 and 73
bands, respectively. It has five weak spots.

Each arm of the chromosomes has a characteristic band
sequence and particular landmarks which allow them to be
differentiated and identified. These landmarks are: distal and
proximal endings; puffs, and weak spots. The divisions we
used for this map are the same as those used in the previous
map (Dev et al., 1986).

Chromosome descriptions

Chromosome 2L (Fig. I1). The main landmark of this arm
is its proximal region. This region begins with puff 8A
followed immediately by two other puffs (8B and 9A), with a
very thick, darkly stained band at the end. Two other
characteristic regions

© 2009 The Authors Journal compilation © 2009
The Royal Entomological Society, Medical and Veterinary Entomology, 23 (Suppl. 1), 92-97
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are: puff 4C, with a dark thick band, and division 10, with a rec- tangular
big band and a crown of uncondensed chromatin (the centromeric
region). There are four weak spots in this chromo- some arm located at
2B-C, 3C, 4C and 7C.

Chromosome 2R (Fig. 2). The proximal region begins with a dark
squared band, which is followed by an easily recognizable sequence of
bands. Division 14 is a good landmark for this arm. There are two puffs
in division 18 that are also very evident. Finally, the distal region is
marked by a thick band in 19 and a series of bands in 20, which
culminate in a larger, rectangular puff with a free end (20C). The three
weak spots of this arm are in divisions 11C, 16B and 17D.

Chromosome 3L (Fig. 3). This arm is characterized by three
particular regions: the distal region (21), a pear-shaped puff with three
bands; puff 29C next to 30A, the only breakpoint on this arm, and a
large puff in the proximal region with five bands (31A-31D). It is
common to find fragments of this arm, including stretches from 21 up
to 29C.

Chromosome 3R (Fig.4). The proximal region of this arm has a
series of puffs, two in division 32, one in 33 and one more in 34. They
are split by a constriction in division 32D, immediately after four clear
bands. Although it is rich in bands, this region is frequently observed
with its structure uncondensed and disorganized. Two other segments
can also be used as land- marks: puff 36 and the distal region (38, 39
and 40), which are both very rich in bands. There are two weak spots:
in divisions 34B and 36C.

Chromosome 4L (Fig. 5). This arm is easily identified by the
following landmarks: the distal region (41A—C), which shows evident
bands, especially those from division 41C; the puff at 42B, just after
the distal region, and the breakpoint located at 43C-D, which is
frequently observed. The puffs located in divi- sion 46 and between 47C
and 48C represent other useful land- marks. The second breakpoint is
located in division 49C, but in many preparations whole stretches
ranging from 43C to the centromere can be seen.

A IBI C IDJAIBIC JA IB A
32 33 34

35

36

Fig.3. Photomap of chromosome 3L. Arrows show
the weak spots. Arrow C points to the
centromere.

Chromosome 4R (Fig. 6). This arm is peculiar in that it does not
have a breakpoint and thus is observed in one piece in most
preparations. The main landmark, the proximal region, is made up of
two similar puffs (52 and 53) split by a constricted region. Another
landmark is the puff in division 56, which shows as a bright region
between two darkly stained bands. There is also the distal region,
division 60, which shows an oval puff with four evident bands in
which the telomere dot is always present.

Chromosome 5L (Fig. 7). This chromosome arm can be iden- tified
by two landmarks: the distal region of division 61, which shows a
very characteristic fan-like structure with clear bands, and the puff
that begins in division 68C and runs to the centro- meric division,
70C, where there are two dark bands with crowns of expanded
chromatin. The latter is, perhaps, the best landmark of the
chromosome. It has three weak spots (63C, 64C and65C).

Chromosome 5R (Fig.8). This chromosome arm shows a large
number of weak spots, five in total, located in divisions 73A, 74A,
75A, 76B and 78C. However, the arm still presents a distinctive
structure that allows its identification. Its main landmark is the
proximal region, with two puffs, the first smaller and darker (71), and
the second a bright region between thick dark bands (72). Another
useful landmark is a large puff, rich in bands, that ranges from
division 76C up to 78A. The distal region (80) is also a good
landmark thanks to the tip, di- vision 80C (a thick, dark band topped
with a degranulated, clear, fan-like area), which follows a well-
banded region (division 79).

Chromosome 6L (Fig.9). This is the longest chromosome arm
and it shows five weak spots (83A, 85C, 86C, 90C and 92A). Its
main landmark is the distal region (81, 82 and 83), which has four
puffs followed by characteristic bands. Other landmarks are: the
puffs in divisions 86 and 87, which are very similar but are split by a
constriction (87A); a large puff — which may appear unpaired in
some preparations — between divisions 89A and 90C, and, finally, the
proximal region of this

CJlA

B IC] A
37

B ICJAIBICL AlIBIC
38 39 40

Fig.4. Photomap of chromosome 3R. Arrows show the weak spots. Arrow C points to the centromere.
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Fig.5. Photomap of chromosome 4L. Arrows show the
weak spots. Arrow C points to the centromere.

Fig.6. Photomap of chromosome 4R. Arrows show the
weak spots. Arrow C points to the centromere.
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Fig.7. Photomap of chromosome 5L. Arrows show the

\’
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Fig.8. Photomap of chromosome S5R.
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Fig.9. Photomap of chromosome 6L. Arrows show the weak spots. Arrow C points to the centromere.
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Fig.10. Photomap of chromosome 6R. Arrows show the weak spots. Arrow C
points to the centromere.

chromosome, which is not well banded and not very well structured.
Chromosome 6R (Fig. 10). This is the smallest chromosome arm. It
is easily recognized by the four darkly banded puffs of which it is
composed, and by the bands in divisions 97C, 98A—C and 99C—-100A.
The main landmark is the distal region, which looks like a rose
bouquet. This arm shows no weak spot and is often found intact.

Discussion

Polytene chromosome maps usually have between 1500 and 5000
bands, depending on the technique used (Zhimulev, 1996). This
photomap is just under the lower limit (1450 bands). As the sex
chromosomes do not polytenize — they generally appear in preparations
as uncondensed chromatin bodies — we expected the map to have fewer
than the typical number of bands. Thus, this map can be considered to
have a resolution comparable with those published in the Diptera
literature. It represents an improvement over the preliminary map (Dev
et al., 1986), but it should be used as a step towards an enhanced map
with even higher resolution.

The large number of weak spots (25) visible as constrictions or
chromosome breaks in cytological preparations was of some interest.
It is noteworthy that this was first pointed out by Dev et al., (1986),
who observed approximately the same weak spots as we report in the
current study. It may be worth investigating their origin and nature.
Although these weak spots may only represent regions rich in
heterochromatin, it is possible that they represent interesting genetic
phenomena such as those recently found in D. melanogaster (for
details, see: Zhimulev ez al., 2003; Belyaeva et al., 2006; Gvozdev et
al.,2007).
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Conclusao Geral

Embora acredite-se que os impactos do aquecimento global nos trépicos sejam menores
do que os observados nas regides temperadas e articas, alteracdes no sentido de aumento da
temperatura com o passar dos anos foram observadas na regido do Parque Nacional do Itatiaia
(Tméx: r = 0,63; p < 0,01. Tméd: r = 0,84; p < 0,01. Tmin: r = 0,92; p < 0,01); o que estd de
acordo com as consideracdes do Painel Intergovernamental de Mudancas Climaticas (IPCC).

Os estudos de inversdes cromossdmicas em populacdes naturais de Drosophila
mediopunctata revelam padrdes de variagdo consistentes com os observados anteriormente e
padrdes inesperados; reiterando a complexidade de sua evolucao.

Mudangas significativas nas frequéncias médias de inversdes do cromossomo II na
populagdo de D. mediopunctata do Parque Nacional do Itatiaia foram observadas (X? =31,9; p <
0,001). Houve um inesperado aumento da frequéncia de DI e diminui¢do dos arranjos DS e DP.
No entanto, o ciclo estacional para os arranjos DA, DS e DP se mantém (DA aumenta de
frequéncia nos meses mais frios, DS e DP t€ém padrao oposto).

As mudancas observadas nas frequéncias de inversdes cromossdmicas nos ultimos 20
anos podem estar refletindo alteragdes:

1. em fatores climdticos subjacentes.

2. na flora e nas relagdes ecoldgicas, em decorréncia de:
a) politicas de preservacdo do Parque.
b) mudanca climatica.

3. no conteudo genético de cada inversao.

4. da estrutura demografica da populacao.

Futuras andlises usando marcadores genéticos diferentes podem elucidar a que fatores as
mudancas obersvadas nas frequéncias das inversdes cromossOmicas estdo ligadas. Investigagoes
macrogeograficas também podem contribuir para a resolugdo desta questao.

Em coletas realizadas nestes e em outros fragmentos da regido metropolitana de
Campinas, foram observadas diferencas marcantes nas distribui¢cdes das frequéncias de inversdes
cromossomicas de D. mediopunctata, apesar da proximidade geografica. Sendo assim, pode-se
concluir que os determinantes da variacdo geografica do polimorfismo de inversoes

cromossdmicas de Drosophila mediopunctata nos fragmentos florestais da regidio de Campinas

66



podem estar relacionados a ac¢do da selecdo natural em resposta as variagdes floristicas ou
climaticas locais.

Apesar de clines longitudinais ndo indicarem sempre respostas adaptativas para diferentes
caracteres, € inegdvel que hd uma forte diferenciacdo entre os diferentes ambientes analisados.
Portanto, € preciso realizar novas investigacOes para poder avaliar os efeitos histéricos e
demogréficos na formacdo deste gradiente. Assim, ndo podemos descartar o efeito da migracdo e
da deriva genética sobre estas populagdes. Dessa forma, convém usar outros marcadores
genéticos para avaliar como as diferentes forcas evolutivas estdo influenciando a dindmica desta
espécie nestas populacgdes.

A preparagdo de um fotomapa dos cromossomos politénicos de Cochliomyia hominivorax
dispde para esta espécie uma ferramenta poderosa para estudos genéticos. Em geral mapas de
cromossomos politénicos t€ém entre 1500 e 5000 bandas, dependendo da técnica utilizada. O
fotomapa proposto apresenta uma resolugdo de 1450 bandas, préximo ao limite inferior. Como os
cromossomos sexuais nao se politenizam, um mapa de boa resolugdo para esta espécie deve ter
numero de bandas menor que o usual. Deste modo, este mapa pode ser considerado como tendo
uma resolu¢do comparavel aqueles publicados na literatura de Diptera. Ele representa uma
melhoria sobre o mapa preliminar (Dev et al., 1986), mas deve ser usado como um passo no
sentido de um mapa com resolu¢do maior ainda. O grande nimero de pontos fracos (25) visiveis
como constrigdes, pausas ou quebras dos cromossomos em preparagdes citologicas tem algum
interesse. E de salientar que este foi o primeiro fato apontado por Dev er al. (1986), que
observaram aproximadamente os mesmos pontos fracos que nds relatamos no presente estudo.
Além disso, a investigacdo de sua origem e natureza pode revelar-se uma questdao com resultados

frutiferos e interessantes.
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