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Aos meus pais e irmads,

“Mas logo o pequeno pdssaro comegard a ensaiar
seus voos incertos. Agora ndo serdo mais os bragos
do pai, arredondados num abrago, que irdo definir o
espago do ninho. Os bragos do pai terdo de se abrir
para que o ninho fique maior. E serdo os olhos do
pai, no espago que seus bragos jd ndo podem conter,
que irdo marcar os limites do ninho. A crianga se
sente segura se, de longe, ela vé que os olhos do seu
pai a protegem. Olhos também sdo colos. Olhos
também sdo ninhos. “Ndo tenha medo. Estou aqui!
Estou vendo vocé”: € isso o que eles dizem, os olhos

do pai.”

Rubem Alves

Por me olharem sempre, por enxergarem quem sou, por me ensinarem a ver...

Pois sdo os olhos de Laura, Egidio, Jilia e Alessandra que sempre procuro e encontro, sempre.

DEDICO



Ao Paulao

Por me ajudar a descobrir quem sou,
por me transformar enquanto me descubro,
por se encantar enquanto me transformo,

por se revelar enquanto me encanto.



asso a vocé as palavtas de um homem

experiente que disse:

“Uma indicagdo do zelo da verdade ¢ o fato de que ela
ndo tracou para ninguém uma tritha até ela, e ndo
privou ninguém da esperanga de alcanga-la, deixando
as pessoas correndo nos desertos da perplexidade e se
afogando nos mares da divida; e aquele que pensa que
a atingiu, dela se afasta, e aquele que pensa que se
afastou dela, perdeu seu caminfio. Portanto, ndo hd
como alcanca-la e ndo hd como evita-la: ela ¢

. 7 »
inescapdvel.”.

nottes das mil e uma noites — Naguib Mahfouz
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RESUMO

O genoma mitocondrial animal (DNAmt) em geral apresenta-se com uma ampla
diversidade em conteido e organizacdo da informagdo genética quando s@o analisados 0s
diferentes grupos de organismos que possuem genomas organelares. Entre as espécies causadoras
de miiases, a analise de marcadores moleculares no genoma mitocondrial tem contribuido para
esclarecer os mecanismos evolutivos envolvidos na manutencio da variabilidade genética e tem
se mostrado extremamente util para avaliar a estrutura de populacdes de espécies-praga, além de
permitir diagndsticos moleculares interespecificos e a inferéncia de relagdes filogenéticas em
Calliphoridae. Nesta tese, diferentes aspectos da organizagdo, estrutura e evolug@o de seqiiéncias
do DNA mitocondrial de espécies causadoras de mifases foram investigados conforme descrito
em quatro artigos independentes (capitulos 1 ao 4). Um dos artigos mostra que a caracterizagao
do genoma mitocondrial de Cochliomyia hominivorax (mosca-da-bicheira) contribui para a
compreensao dos padrdes gerais de organizacio e evolu¢do do genoma mitocondrial neste grupo
e a investigacdo da sua diversidade (Lessinger et al., 2000*). O genoma mitocondrial de C.
hominivorax fol o primeiro a ser completamente seqlienciado no Brasil, ampliando a perspectiva
de desenvolvimento de areas de gendmica mitocondrial € comparativa. Em outro artigo, a
caracterizag@o da seqiiéncia nucleotidica da regido controle do DNAmt de C. hominivorax
(Lessinger & Azeredo-Espin, 2000*) resultou na identificacdo de dominios conservados e nao
conservadas e de eventos de reorganizacdo estrutural proximos a origem de replicacao,
contribuindo na anélise global deste genoma. Neste contexto, um terceiro artigo descreve a
presenca de uma duplicacido génica na regido controle de espécies do género Chrysomya (moscas

varejeiras), envolvendo a sequéncia completa do tRNA™ e sequéncias parciais do tRNA
propria regiao controle. Esta reorganizagao génica € uma evidéncia da flexibilidade estrutural
associada a origem de replicagcdo do DNAmt (Lessinger et al. em preparagao*). A plasticidade de
parte desta regido contrasta com a conservagao em sequéncia priméria € a presenga de elementos
estruturais homoélogos localizados na extremidade 5°, possivelmente envolvidos em processos de
replicagdo e transcrigdo do genoma (Lessinger & Azeredo-Espin, 2000*). E, finalmente, um
quarto artigo descreve a utilidade da regido controle como eficiente marcador para a identificacdo
espécie-especifica de moscas causadoras de mifases, primdria e secundaria, do género

Cochliomyia, através da andlise de padroes de PCR-RFLP (Litjens, Lessinger & Azeredo-Espin,

2001%). Esta anélise representa uma importante estratégia para o monitoramento de eventos de

XV



invasdo e re-colonizagdo de C. hominivorax em &reas onde esta praga foi previamente erradicada
ou apresenta risco invasor potencial, contribuindo na manutengdo e avaliacdo de programas de
controle deste ectoparasita.

* Nota: os trabalhos publicados em Lessinger & Azeredo-Espin, 2000; Lessinger et al., 2000;
Litjens, Lessinger & Azeredo-Espin, 2001 e Lessinger et al., em preparacio sdo parte integrante

da tese.



ABSTRACT

In general, the mitochondrial genome presents a wide diversity regarding gene content
and structural organization of the genetic information for different groups of organisms. The
mitochondrial genome sequencing in arthropods contributes for the analysis of general patterns of
evolution in invertebrates, providing important data on the phylogenetic utility of specific regions
and improving the characterization of molecular markers for population genetics.
Characterization of molecular markers in the mtDNA of myiasis-causing flies have been used for
the identification of evolutionary mechanisms responsible for specific patterns of genetic
variability and are very useful for the analysis of population structures of pest species.
Mitochondrial markers have been used for providing species-specific molecular identification
and inferring Calliphoridae phylogenetic relationships. Different aspects regarding organization,
evolution and potential applications of mitochondrial sequences in myiasis-causing flies were
discussed in this thesis, organized in four independent articles (cap. 1 to 4). One of the papers
shows that the characterization of the mitochondrial genome of the screwworm fly, C.
hominivorax, which contributes in the analysis of general patterns of structural organization,
evolution, and diversity in myiasis-causing flies (Lessinger et al. 2000*). The mitochondrial
genome of C. hominivorax was the first to be completely sequenced in Brazil, providing an
important contribution for the development of further studies on mitochondrial and comparative
genomics. In another article, the characterization of mtDNA control region sequences in
screwworm (Lessinger & Azeredo-Espin, 2000*) provided the identification of hyper-variable
and conserved domains. A third paper describes the occurrence of a duplication involving
complete tRNA™ sequences in Chrysomya control region (blowflies). This organization indicates
different degrees of mtDNA plasticity associated with the replication origin (Lessinger et al., in
preparation*). This plasticity contrasts with the conservation of specific sequence elements,
possible associated with the replication/transcription process (Lessinger & Azeredo-Espin,
2000%). Finally, a fourth paper describes the utility of control region sequences for species-
specific identification of myiasis-causing flies from Cochliomyia, by PCR-RFLP analysis
(Litjens, Lessinger & Azeredo-Espin, 2001*). These molecular markers could be useful in
monitoring introduction and re-colonization patterns of C. hominivorax from regions where it
have been previously eradicated or represents a potential risk of invasion. This ‘diagnose’

strategy could contribute in evaluating and monitoring screwworm’s control programs.



Introducdo

INTRODUCAO

1. O genoma mitocondrial animal: wm cendrio

Através da andlise de dados relativos a genomas mitocondriais completos descritos para
Arthropoda, compilados a partir de bancos de dados publicos (ver Bancos de dados) e da
literatura cientifica, € possivel investigar o estado atual da pesquisa envolvendo genomas
mitocondriais. Existem atualmente apenas 25 espécies de artrépodes cujos genomas
mitocondriais estdo descritos (Tabela 1), completando um total de 230 genomas mitocondriais
sequenciados (GOBASE/Outubro, 2001). Uma vez que o filo Arthropoda representa uma das
categorias taxondomicas mais diversificadas do reino animal, estes dados reforgam a importancia
de ampliar a caracterizacdo de estudos relativos a genomas mitocondriais neste grupo. De modo
geral, das espécies descritas na tabela 1, existe um predominio de organismos de importincia
médica/veterindria ou econdmica, como 0s mosquitos transmissores da maldria (Anopheles), um
vetor de tripanosomomiiases (Triatoma), pragas agricolas e de pecudria (Ceratitis, Cochliomyia,
Ixodes, Rhipicephalus e Tribolium), além da mosca-varejeira (Chrysomya) e do bicho-da-seda
(Bombyx). Através da visualizagdo gréfica destes dados, é possivel verificar a evolu¢do dos
estudos relacionados com a descricdo de genomas mitocondriais completos em Arthropoda,
considerando-se a diversidade de espécies representadas (Grafico 1) ou o nuimero total de
genomas descritos, incluindo redundédncias (Grafico 2). Este quadro pode ser interpretado
considerando-se aspectos qualitativos e quantitativos relacionados a investigacio de genomas
mitocondriais em artrépodes. E interessante observar que esta evolugdo no nimero de genomas
descritos estd estreitamente associada ao desenvolvimento de novas estratégias técnicas e
metodoldgicas na drea e sua aplicagdo no estudo de insetos e outros artrépodes.

Existe um ndmero significativo de revisdes sobre diferentes aspectos do genoma
mitocondrial animal. De maneira geral, estes estudos referem-se a caracterizagdo da estrutura e
evolu¢do do genoma mitocondrial (Wolstenholme, 1992); a investigacdo de aspectos evolutivos
relacionados com a teoria da endosimbiose (Gray et al., 1999; Lang et al., 1999); a avaliacdo do
potencial filogenético de seqii€éncias mitocondriais completas (Curole & Kocher, 1999; Hwang et
al., 2001); a caracterizagdo da ampla diversidade relacionada a organizacdo estrutural deste
genoma (Boore, 1999 e Saccone et al, 1999); e a evolugdo de mecanismos de replicagio e
transcricdo da molécula (Shadel & Clayton, 1997). Revisdes sobre aspectos bioquimicos e de
biogénese da mitocdndria, seu papel no etabolismo energético celular e a ocorréncia de
polimorfismos relacionados ao desenvolvimento de doengas e envelhecimento, ndo serao

abordadas neste contexto.



Tabela 1 — Genomas mitocondriais completos descritos em Arthropoda (Outubro/2001)
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RO To b 15

ESPECIES

ACCESSO/ “DATABASE”

REFERENCIAS

Anopheles gambiae

NC_002084"

Beard er al. (1993)

Anopheles quadrimaculatus

NC_000875"

Mitchell ef al. (1993)

Apis mellifera

NC_001566">

Crozier & Crozier (1993)

Artemia franciscana

NC_001620"*3

Valverde at al. (1994)

Bombyx mori (2)

NC_002355"°

Lee et al. unpublished

AY048187* Lu et al. unpublished
Ceratitis capitata NC_000857"*° Spanos er al. (2000)
Chrysomya putoria* NC_002697"* Junqueira et al. (em preparagdo)
Cochliomyia hominivorax NC_002660"" Lessinger et al. (2000)
Daphnia pulex NC_000844 "+ Crease (1999)
Drosophila mauritiana (2) AF200830° Ballard (2000a)
AF200831 Ballard (2000a)

Drosophila melanogaster (3)

NC_001709"*°

Lewis et al. (1995)

AF200828° Ballard (2000a)
AF200829° Ballard (2000a)
Drosophila sechellia AF200832° Ballard (2000a)
Drosophila simulans (20) | AF200833° A AF200854° Ballard (2000b)

Drosophila yakuba

NC_001322"%3

Clary & Wolstenholme (1985)

Heterodoxus macropus

NC_0002651"*

Shao er al. (2001a)

Ixodes hexagonous NC_002010"*% Black & Roehrdanz (1998)

Limulus polyphemus NC_003057" Lavrov et al. (2000a)

Lithobius forficatus (2) NC_002629"% Lavrov ef al. (2000b)
AJ270997* Hwang et al. (2001)

Locusta migratoria

NC_001712"%°

Flook et al. (1995)

Pagurus longicarpus

NC-003058"%%

Hickerson & Cunningham (2000)

Penaeus monodon

NC_002184"%7

Wilson et al. (2000)

Rhipicephalus sanguineus

NC_002074"%°

Black & Roehrdanz (1998)

Tetrodontophora bielanensis | NC-002735 " Nardi et al. (2001)

Triatoma dimidiata NC_002609"" Dotson & Beard (2001)
Tribolium castaneum NC_003081"* Friedrich & Muqim unpublised
*(ou Chrysomya chloropyga, sindnimo), NCBI = L, OGMP = 2, MGASG =
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Introdugdo

Genoma mitocondrial de Arthropoda: histérico

O sequenciamento completo do genoma mitocondrial de Drosophila yakuba (Clary &
Wolstenholme, 1985), estabelece um marco na investigacdo de genes e genomas mitocondriais em
invertebrados. Este genoma representa um modelo dtil para a investigagio do conteddo e
organizacdo génicos em outras espécies de insetos, estimulando estudos envolvendo a utilizag@o
de sondas contendo regides especificas, a determinag@o de padroes especificos do cédigo genético
mitocondrial em invertebrados. A caracterizagcdo do DNAmt em Drosophila possibilitou também
o desenvolvimento de “primers” em diferentes genes mitocondriais para a amplificacdo em cadeia
pela DNA polimerase (PCR), além de estratégias de clonagem e de sequenciamento de segmentos
especificos do genoma mitocondrial. A partir do sequenciamento do genoma mitocondrial de
Drosophila verifica-se um periodo relativamente longo até a descricdo de novos genomas em
Arthropoda (1985 — 1993). Neste periodo, foram conduzidos estudos importantes visando a
caracterizagcdo de regides génicas especificas, a obtencdo de marcadores informativos para a
inferéncia de relagcGes filogenéticas, a determinacio de taxas evolutivas diferenciais ao longo da
molécula e padrdes gerais de evolugdo de diferentes elementos deste sistema como rRNA, tRNA,
genes codificadores de proteinas e regides intergénicas e regulatdrias.

Simon er al. (1994) descreve uma ampla compilacdo de dados provenientes de estudos
relativos a caracterizagio de seqiiéncias mitocondriais em insetos, resultando na caracterizagio de
genes e regides mitocondriais quanto ao seu cardter informativo para a resolu¢do taxondmica em
diversos organismos. Este estudo disponibilizou uma importante revisdo das estratégias
empregadas em diferentes grupos taxondmicos para a andlise de regides especificas do DNAmt e
sua importincia pode ser verificada através das 408 citagdes na literatura (Outubro/2001). Como
resultado desta comparag@o, foram identificadas seqii€ncias de “primers” provenientes de regioes
conservadas do genoma mitocondrial, considerados potencialmente “universais” para a
amplificagdo de diferentes segmentos do genoma mitocondrial em uma ampla gama de espécies.
Com isso, tecnicamente, a analise de diferentes regides mitocondriais através de PCR, com raras
excecdes, tornou-se uma pritica amplamente difundida, estimulando a crescente caracterizagao
estrutural e funcional deste genoma e o estabelecimento de marcadores filogenéticos e de
populagdes em indmeros organismos.

Entretanto, algumas regides do ‘DNAmt de insetos, reconhecidamente associadas a
aceleradas taxas de variacdo nucleotidica e estrutural, apresentam dificuldades técnicas e

metodolégicas quando estudadas, dificultando o acesso a informag@o genética (Zhang & Hewitt,
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1997). A regido controle de replicacdo, ou regido rica em A+T em insetos, apresenta niveis
elevados de variabilidade, além de seqiiéncias com propriedades termodindmicas especificas, o
que interfere significativamente nos processos de amplificagdo, clonagem e sequenciamento.
Além disso, a ocorréncia de rearranjos envolvendo seqiiéncias de tRNAs pode representar uma
dificuldade adicional para a caracterizagdo de determinadas regides quando a organizacdo génica
da molécula nio € conhecida.

Plasticidade do genoma mitocondrial: tRNAs e regido controle

Interpretagdes sobre a organizagdo do conteiido génico do DNAmt de insetos a partir da
caracterizagdo dos genomas mitocondriais da abelha Apis mellifera e dos mosquitos Anopheles
gambiae ¢ A. quadrimaculatus (Crozier & Crozier, 1993; Beard et al., 1993; Mitchell et al., 1993),
sugerem que 0 genoma apresenta-se conservado em contetido e organizacdo gé€nica, considerando-
se os genes codificadores de proteinas e de rRNAs. Entretanto, foram observados eventos de
reorganizacio génica significativos associados a transposicoes e inversdes envolvendo seqiiéncias
de tRNAs. Devido a organizagdo simples e uniforme do genoma mitocondrial, resultando em um
sistema gendmico compacto e extremamente eficiente (Wolstenholme, 1992), a ocorréncia de
seqiiéncias de tRNA, estrategicamente distribuidas entre regides codificadoras de proteinas,
indicam sinais de reconhecimento para o processamento de transcritos no mRNA policistronico
(Ojala et al., 1980). Segundo Saccone et al. (1999), a flexibilidade funcional de seqii€ncias de
tRNAs pode estar associada a dramética reducdo em tamanho do genoma mitocondrial animal,
favorecendo a aquisi¢@o de novos atributos operacionais pelas moléculas de tRNAs. Atualmente o
processamento de transcritos mitocondriais vem sendo experimentalmente investigado em alguns
organismos, proporcionando uma visdo mais ampla do sistema de regulagio e expressdo génica
deste genoma (Lavrov et al., 2000b, Beagley et al., 1999).

Padrdes de variagdo estrutural também podem ser observados na regido controle do
DNAmt. O genoma mitocondrial de Drosophila melanogaster (Lewis et al., 1995) foi descrito
apenas apds a caracterizacdo da regido controle (Lewis et al., 1994), uma regido contendo
elementos repetidos e organizados em “tandem”, responsdveis pela variagdo em tamanho da
molécula de DNAmt em diferentes grupos de Drosophila. Em insetos, o sequenciamento completo
do genoma mitocondrial de um organismo pode muitas vezes ser comprometido pela dificuldade
de obtencdo de seqiiéncias referentes & regido controle de replicagdo (P. Ready, comunicagéo
pessoal). Uma revisdao sobre a evolugéo e organizagdo estrutural desta regido em insetos e sua

utilidade filogenética foi discutida em Zhang & Hewitt (1997).
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Plasticidade do genoma mitocondrial: genes codificadores de proteinas

Uma importante contribui¢do no estudo de genomas mitochondriais em Arthropoda refere-
se a caracterizacdo da seqiiéncia completa de duas espécies de carrapatos (Black & Roehrdanz,
1998), descrevendo a ocorréncia de iniimeros rearranjos nestes genomas ¢ divergindo da hipétese
de conservagdo estrutural do DNAmt animal. Nestes genomas ocorre uma dréstica reorganizagao
do contedido génico, com rearranjos envolvendo inclusive segmentos contendo genes
codificadores de proteinas, além de “tradicionais” rearranjos nas seqii€éncias de tRNAs (Campell &
Barker, 1998 € 1999). A andlise da evolucgdo e organizagdo estrutural de genomas mitocondriais
em artrépodes contribui para uma reavaliacdo da natureza conservada deste genoma. Evidéncias
de rearranjos em Hymenoptera e Hemiptera (Dowton & Austin, 1999; Shao et al., 2001b) e em
outros grupos de artrépodes tém contribuido para a investigagdo de mecanismos envolvidos na
reorganizagdo do conteido génico no genoma mitocondrial, um sistema com comprovada
diversidade estrutural. No contexto evolutivo, o compartilhamento de determinados rearranjos por
diferentes organismos tem sido utilizado para o estabelecimento de relagdes filogenéticas
consideradas antigas (Boore, 1999; Hwang, 2001). O rearranjo “em comum” representa um carater
conservado, sendo interpretado como homologia estrutural. Entretanto, a ocorréncia de regioes de
“hot-spots” (Dowton & Austin, 1999) ou eventos miiltiplos de reorganizacdo no DNAmt de alguns
organismos, ndo descarta a possibilidade de homoplasias associadas aos rearranjos (Saccone et al.,
1999).

A ocorréncia de rearranjos no genoma mitocondrial de artrépodes foi associada ao
desenvolvimento do héabito de parasitismo em alguns grupos (Shao et al., 2001 a e b; Dowton &
Campbell, 2001), como resultado da exposi¢do destes genomas a ambientes ricos na produgio de
radicais livres, estimulada pelo sistema imune do hospedeiro. Entretanto, ainda ndo existem
registros experimentais comprovando esta hipétese. Além disso, foram verificados também
rearranjos em organismos de vida livre e nenhuma reorganizagdo de contetddo génico em genomas
de algumas espécies de ectoparasitas obrigatorios.

Gendmica mitocondrial

Segundo os gréficos 1 e 2, um nimero significativo de genomas mitocondriais foi descrito
nos anos de 2000 e 2001. A crescente inovagio tecnoldgica associada ao estudo de genomas, e a
geracdo de processos mais eficientes para obtencgdo e anélise de seqiiéncias nucleotidicas, teve um
papel fundamental no estimulo a pesquiéa de genomas mitocondriais. A investigacdo de padrdes

gerais de evolugdo através de andlises comparativas de genomas completos oferece uma
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abordagem extremamente informativa para estudos intra e interespécificos. A partir de 1999,
verifica-se na literatura o emprego dos termos “mitogenomics”, “mitochondrial genomics”,
“mitochondrial proteome” ou “organelle genomics”, relacionados ao conceito de gendmica
mitocondrial, abordagem baseada na interpretagdo de padrdes de evolugdo molecular ou de
organismos a partir da caracteriza¢io de genomas mitocondriais em diferentes niveis taxondmicos
(Boore, 1999; Saccone et al., 1999; Curole & Kocher, 1999; Hwang et al., 2001; Shimko et al.,
2001). A gendmica mitocondrial e comparativa foi um recurso recentemente aplicado em
Arthropoda para a investiga¢do de padrdes evolutivos entre espécies proximas e populagdes de
Drosophila, resultando na caracterizagdo simultinea de 27 genomas mitocondriais (Ballard, 2000
a b; Rand, 2001) e estabelecendo uma nova dimensio no estudo de marcadores moleculares.
Bancos de dados

O sequenciamento de genes e genomas mitocondriais ao longo dos dltimos anos produziu um
enorme acimulo de informagdes, muitas vezes, compiladas aleatoriamente por diferentes fontes o
que, de certa forma, pode dificultar ou impedir a consulta rdpida e precisa destes dados. O
gerenciamento de todas as informagdes geradas por estudos de genomas mitocondriais em uma
estrutura organizada, na forma de amplos bancos de dados com interfaces interativas, representa
uma alternativa extremamente eficiente e sofisticada para promover o acesso irrestrito e completo
aos diferentes aspectos relacionados ao estudo do genoma mitocondrial.

Nos iltimos cinco anos, bancos de dados especializados na compilagdo de segqiiéncias
mitocondriais, foram criados com objetivos, contetidos e funcionalidades especificos. De maneira
geral, um dos principais objetivos destes bancos refere-se a atualizagdo e avaliagdo das seqii€ncias
nucleotidicas depositadas publicamente, além de gerenciar a integracdo de dados provenientes de
outros bancos ou fontes independentes (Shimko, et al., 2001). E importante notar que cada banco
de dados apresenta interfaces com diferentes niveis de complexidade, dependendo do seu enfoque
principal. Uma das fontes mais completas e precisas de informagdo sobre seqiiéncias
mitocondriais € o GOBASE (http://megasun.bch.umontreal.ca/gobase/), disponivel desde 1996,
cujo principal objetivo visa & capacidade de resolver questdes relacionadas com estudos de
gendmica comparativa (Shimko, er al., 2001). Recentemente, o banco de dados GenBank

(Wheeler et al., 2001), administrado pelo NCBI, tornou disponivel uma interface para

acesso a informacdes relativas a genomas organelares
(http://www.ncbi.nlm.nih.gov:80/PMGifs/Genomes/organelles.html). Além destas opgoes, o
Mitochondrial Gene Arrangement Source Guide - MGASG
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(http://www jgi.doe.gov/programs/comparative/MGA _Source_Guide.html), organizado pelo Dr. J.
Boore - JGI, armazena genomas completos com énfase em rearranjos estruturais € analises
comparativas. Outros bancos de dados, de cardter mais especifico no que diz respeito as
informagdes disponibilizadas, também representam uma importante fonte de informagio, como
por exemplo, o MITOMAP, uma compilagdo de seqiiéncias mitocondriais relacionadas a
polimorfismos humanos e varia¢des do genoma mitocondrial associadas a doencas (Kogelnik ez
al., 1998) (http://www.gen.emory.edu/mitomap.html); a base de dados MITBase
(http://www3.ebi.ac.uk/Research/Mitbase/mitbase.pl), uma interface para acesso de dados sobre a
diversidade de genomas mitocondriais (Attimonelli et al., 2000); o AMmtBD (Lanave et al.,
2000), onde estdo depositados alinhamentos multiplos de seqliéncias e genomas
mitocondriais de vertebrados (http://bio-www.ba.cnr.it:8000/srsbin/cgi-bin/wgetz?-
page+LibInfo+-1ib+AMMTDB); o MITOP, outro projeto voltado predominantemente para a
andlise de seqiiéncias mitocondriais humanas e doengas associadas
(http://www.mips.biochem.mpg.de/proj/medgen/mitop/); além de um banco de dados que compila
seqiiéncias nucleares humanas codificadoras de proteinas mitocondriais envolvidas na biogénese €
funcdo da mitocdndria (http://www-lecb.ncifcrf.gov/mitoDat/) e uma compilagcdo de seqliéncias
mitocondriais da regido controle de humanos e primatas (http://db.eva.mpg.de/hvrbase/).
Andlise do genoma mitocondrial em moscas causadoras de miiases

Considerando-se espécies de importancia econdmica e veterindria, a analise de marcadores
moleculares no genoma mitocondrial tem contribuido para esclarecer os mecanismos evolutivos
envolvidos na manuten¢do da variabilidade genética, e tem se mostrado extremamente itil para
avaliar a estrutura de populagdes em Calliphoridae e Oestridae (Roehrdanz & Johnson, 1988;
Roehrdanz, 1989; Azeredo-Espin, 1993; Azeredo-Espin & Madeira, 1996; Infante & Azeredo-Espin,
1995; Valle & Azeredo-Espin, 1995; Geurgas er al, 2000). A caracterizacao de seqii€ncias
mitocondriais permite também estabelecer padrdes de identidade molecular especificos e inferéncias
filogenéticas intra e interespecificas através da anélise de regides informativas do DNAmt destas
espécies (Goldenthal et al., 1991; Sperling et al., 1994; Stevens & Wall, 1997; Smith ez al., 1996;
Taylor et al., 1996; Wells & Sperling, 1999; Wells & Sperling, 2001; Lessinger & Azeredo-Espin,
2000; Lessinger et al., 2000; Litjens et al., 2001; Wallman & Donnellan, 2001, Hall et al, in press;
Junqueira et al., in press). Existem apenas dez genomas completos descritos em Diptera (Tabela 1),
destes, apenas duas espécies representam o grupo Calyptratae, Cochliomyia hominivorax (Lessinger

et al., 2000) e Chrysomya putoria (Junqueira et al., em preparagdo). Estudos recentes, envolvendo o
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estabelecimento de relagOes filogenéticas através da andlise de genomas mitocondriais, apresentam
divergéncias quanto a posi¢ao de Cochliomyia em relagio as espécies de Acalyptratae, Drosophila e
Ceratitis (Nardi et al., 2001; Hwang et al., 2001; Lessinger et al., 2000).

Perspectivas e tendéncias

A plasticidade do DNAmt de artrépodes tem sido discutida, conforme novos genomas
mitocondriais sdo descritos, contrastando com a idéia de conservagdo estrutural do genoma
animal. Estes estudos apresentam uma molécula evolutivamente dinmica e flexivel em relagdo a
organizacdo do conteudo génico, inclusive contendo duplicagdes e rearranjos envolvendo regides
codificadoras e/ou seqli€éncias da regido controle de replicacdo (Roerdanz & Black, 1998;
Campbell & Barker, 1999; Campbell et al., 1999; Dotson e Beard, 2001; Shao et al., 2001; Nardi
et al., 2001; Lessinger et al., em preparagao). A caracterizagdo de genomas mitocondriais em
grupos ainda pouco representados nos bancos de dados deve contribuir para ampliar o atual
quadro de diversidade estrutural deste genoma.

No plano funcional, apesar da escassez de evidéncias experimentais (Boore et al., 1999;
Beagley et al., 1999; Ojala et al., 1980), a andlise de transcritos mitocondriais deve esclarecer os
mecanismos responsdveis pela edigdo e o processamento de genes mitocondriais (Lavrov et al.,
2000), auxiliando na compreensdo dos padrdes de expressdo génica da mitocondria e a interacio
com componentes nucleares. Recentemente, a questdo da reorganizagdo do contetido génico em
algumas espécies foi associada a ocorréncia de recombinagdo intramolecular (Dowton &
Campbell, 2001; Shao er al, 2001), um tema ainda polémico devido a poucas evidéncias
experimentais.

A determinagdo do genoma mitocondrial completo para espécies extintas de aves, a partir
da andlise de material preservado em museu (Cooper et al., 2001; Haddrath & Baker, 2001), e o
sequenciamento do DNAmt de espécies raras ou ameacadas de extincdo conservadas em
zooldgico, ou “frozen-zoo” (Ryder et al., 2000), representam algumas abordagens de vanguarda

da gendmica mitocondrial e comparativa.
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APRESENTACAO DOS TRABALHOS

A seguir serdo apresentados os quatro artigos cientificos que constituem esta tese, segundo
a ordem cronoldgica das publicacbes. Estes artigos tratam da caracterizagdo de seqiiéncias
mitocondriais em espécies de moscas causadoras de miiases, especialmente abordando aspectos
relacionados com a evolug@o da organizagdo estrutural do genoma mitocondrial € a obtencgio de
marcadores espécies-especificos. O estudo do genoma mitocondrial nestas espécies envolveu
pesquisas de natureza bésica e aplicada. Os trés primeiros artigos apresentados estdo publicados €

0 quarto manuscrito serd submetido a publicagao.

Artigo 1 — Lessinger, A. C. & Azeredo-Espin, A. M. L. (2000). Evolution and structural
organization of the mitochondrial DNA control region of myiasis-causing flies. Medical and

Veterinary Entomology, 14: 71 — §0.

Resumo

Este estudo descreve a caracterizagdo molecular da regido controle (denominada regido
rica em A+T em insetos) do DNAmt de cinco espécies de dipteros causadores de miiases:
Cochliomyia hominivorax Coquerel, Cochliomyia macellaria Fabricius, Chrysomya megacephala
Fabricius, Lucilia eximia Wiedemann (Diptera: Calliphoridae) e Dermatobia hominis (Diptera:
Oestridae). A regido controle destas espécies varia em tamanho de 1000 a 1600 pb. Dois dominios
estruturais com padrdes evolutivos especificos foram identificados. Sendo, portanto (1) blocos de
seqiiéncia conservada contendo elementos de seqiiéncia primdria, incluindo séries dinucleotidicas
pirimidina-purina e longos trechos poli-T, localizados na extremidade 5’ adjacente ao gene
tRNA™ ¢ (2) um dominio hiper-varidvel na extremidade 3’ caracterizado por elevada divergéncia
nucleotidica e variagdes em tamanho. Uma elevada freqiiéncia de substitui¢des nucleotidicas do
tipo transversdes A«<>T indica pressdo de mutac@o direcional. A utilidade filogenética da regido

controle de insetos € discutida

Palavras-chave: Calliphoridae, Oestridae, regido rica em A+T, DNA mitocondrial, evolugéo

molecular, regido controle do DNAmt, Brasil.
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Artigo 2 - Lessinger A. C.; Martins Junqueira A. C.; Lemos T. A., Kemper E. L., da Silva F. R,
Vettore A. L., Arruda P., Azeredo-Espin A. M. (2001). The mitochondrial genome of the primary

screwworm fly Cochliomyia hominivorax (Diptera: Calliphoridae). Insect Molecular Biology, 9:

521 -529.

Resumo

A seqiiéncia completa do genoma mitocondrial da mosca-da-bicheira, Cochliomyia
hominivorax, foi determinada. Este genoma possui 16.022 pb e corresponde a um genoma
mitocondrial tipico de Brachycera. Um cddon de iniciacdo Serina para o gene COI e cdédons
incompletos de terminagdo para os genes COIl, NADHS e NADH4 foram descritos. A
composi¢do nucleotidica do DNAmt de C. hominivorax é 77% rica em A+T, refletindo a
predominancia de cédons ricos em A+T nos genes codificadores de proteinas. Um “codon-usage”
ndo Otimo € verificado nos genes mitocondriais de C. hominivorax. Andlises filogenéticas
distribuem as espécies Acalyptratae como grupo monofilético e relacionam C. hominivorax
(Calyptratae) e Acalyptratae em um tipico agrupamento Brachycera. A identifica¢do de sitios de
restricao diagndsticos no genoma mitocondrial seqiienciado e a correlagdo com andlises anteriores

de RFLP s3o discutidas.

Palavras-chave: Cochliomyia hominivorax, mosca-da-bicheira, mifases, DNAmt, Calyptratae
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Artigo 3 - Litjens, P., Lessinger, A. C. & Azeredo-Espin, A. M. L. (2001). Caracterization of
Cochliomyia hominivorax and Cochliomyia macellaria by PCR-RFLP of mitochondrial DNA.
Medical and Veterinary Entomology, 15, 183 - 188.

Resumo

A mosca-da-bicheira, Cochliomyia hominivorax (Coquerel) (Diptera: Calliphoridae), € uma
das mais importantes pragas da pecudria na Regido Neotropical, enquanto Cochliomyia macellaria
(Fabricius) (Diptera: Calliphoridae), uma espécie causadora de mijase secundaria, possui grande
importincia médica e sanitdria devido ao seu papel na disseminacdo de patdgenos. Estas espécies
compartilham semelhangas morfolégicas e ambas podem ocorrer em uma mesma mifase, mas em
diferentes estdgios de desenvolvimento. Neste trabalho, € investigada a utilidade do PCR-RFLP
(reacdo de polimerizacdo em cadeia - polimorfismos de tamanho de fragmentos de restri¢do) do
DNAmt para a identificac@o precisa de C. hominivorax e C. macellaria. Duas regides especificas do
DNAmt foram amplificadas: 870 pb da subunidade I do complexo Citocromo Oxidase € 2100 pb da
regiao AT/12S de amostras de C. hominivorax e C. macellaria de diferentes regides do Brasil.
Resultados consistentes de identificacdo espécie-especifica através de PCR-RFLP foram obtidos para
ambas as regides utilizando as enzimas de restricdo Dra I e Ssp 1. Estes resultados confirmam a
conservagao de sitios de restricdo diagndsticos registrados anteriormente e demonstram a utilidade
das seqiiéncias da regido controle como marcador eficiente para a identificagdo de populacOes
Brasileiras de Cochliomyia através de PCR-RFLP. A ocorréncia de padroes de polimorfismo
intraespecificos € discutida baseando-se nas freqiiéncias e possiveis conflitos para a identificagio das
espécies. A estratégia de PCR-RFLP fornece um método potencialmente informativo para a

identificac@o de amostras provenientes de regides onde estas espécies sao monitoradas.

Palavras-chave: Cochliomyia hominivorax, Cochliomyia macellaria, identificagdo molecular,

marcadores moleculares, DNAmt, PCR-RFLP, bicheira, Brasil.
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Introdug¢do

Artigo 4 - Lessinger, A. C., Junqueira, A. C. M., Conte, F. F. & Azeredo-Espin, A. M. L. (em
preparagdo). The occurrence of a duplication in the mtDNA control region of Chrysomya

species (Diptera: Calliphoridae) involving two tRNAs.

Resumo

A regido controle (RC) do DNAmt das moscas varejeiras C. albiceps, C. megacephala e C.
putoria (Calliphoridae) foi caracterizada. O aspecto mats incomum encontrado na regido controle de
Chrysomya foi a presenca de duas seqiliéncias adicionais de tRNAs, correspondendo aos genes
tRNA™ e tRNA"™, e uma repeticdo de 19 pb da regido controle imediatamente adjacente. O tRNA"
parcialmente duplicado deve representar um pseudogene, uma vez que a maior parte da seqiiéncia de
um tRNA" tipico de inseto estd ausente e estas seqiiéncias apresentam um elevado grau de
divergéncia nucleotidica nas comparagdes entre as espécies de Chrysomya. E interessante notar a
elevada divergéncia especificamente associada ao tRNA®" duplicado em C. putoria, resultando na
formacdo de um elemento de seqiiéncia contendo um padrao de simetria interno. Por outro lado, a
copia adicional do gene de tRNA™ parece ter preservado sua identidade nucleotidica desde o evento
de duplicagdo e deve representar uma cépia funcional deste gene. A ocorréncia de selegao diferencial
nos genes duplicados nestas espécies pode estar refletindo a conservagao do tRNA™ extra ¢ a
degeneracao das seqii€ncias do tRNA". A caracterizacio de elementos de seqiiéncia, associados as
extremidades da repeticao, pode auxiliar na compreensdao dos mecanismos responsaveis pela
duplicagio. O potencial de formagdo de estruturas secundarias foi investigado nas extremidades da
duplicacdo, uma vez que existe uma associacdo freqiiente destas estruturas com eventos de
duplicagio génica e rearranjos no DNAmt animal. Padrdes de evolucdo especificos estdo associados
aos diferentes elementos identificados. Estes resultados demonstram e confirmam a plasticidade da
molécula de DNAmt em Chrysomya, especialmente em relagao aos genes de tRNA e seqiiéncias
adjacentes a regido controle, contribuindo para a investiga¢do da evolucido do genoma mitocondrial
de insetos. Além disso, a caracterizagdo da RC de Chrysomya favorece o acesso as seqiiéncias
varidveis do genoma mitocondrial, as quais podem auxiliar na identificacdo espécie-especifica de
moscas de importancia forense, assim como fornecer dados informativos para analises filogenéticas

de espécies préximas e potenciais marcadores para genética de populagdes.

Palavras-chave: Chrysomya, mtDNA, regido controle, duplicacdo, tRNA, rearranjo, evolugao

molecular.

14



CAPITULO 1

Artigo 1 — Lessinger, A. C. & Azeredo-Espin, A. M. L. (2000). Evolution and structural
organization of the mitochondrial DNA control region of myiasis-causing flies.

Medical and Veterinary Entomology, 14: 71 — 80.

15



Capitulo 1
#

Medical and Veterinary Entomology (2000) 14, 71-80

Evolution and structural organisation of mitochondrial
DNA control region of myiasis-causing flies

A. C. LESSINGER and A. M. L. AZEREDO-ESPIN

Laboratdrio de Genética Animal, Universidade Estadual de Campinas, Sao Paulo, Brazil

Abstract. This study reports the molecular characterization of the mtDNA control
region (called the A +T-rich region in insects) of five dipteran species which cause
myiasis: Cochliomyia hominivorax Coquerel, Cochliomyia macellaria Fabricius,
Chrysomya megacephala Fabricius, Lucilia eximia Wiedemann (Diptera:
Calliphoridae) and Dermatobia hominis Linnaeus Jr (Diptera: Oestridae). The
control region in these species varies in length from 1000 to 1600bp. Two
structural domains with specific evolutionary patterns were identified. These were
(1) conserved sequence blocks containing primary sequence motifs, including
dinucleotide pyrimidine-purine series and long T-stretches, located at the 5’ end
adjacent to the tRNA" gene and (2) a hypervariable domain at the 3’ end
characterized by increased nucleotide divergence and size variation. A high
frequency of A«>T transversions at nucleotide substitution level indicated
directional mutation pressure. The phylogenetic usefulness of the insect control
region is discussed.

Key words. Calliphoridae, Oestridae, A +T-rich region, mitochondrial DNA,

molecular evolution, mtDNA control region, myiasis, Brazil.

Introduction

The control region is the major non-coding region of the
animal mitochondrial genome and is believed to be involved in
the regulation of transcription and control of mtDNA
replication (Shadel & Clayton, 1997). The control region (or
D-loop) of vertebrate mtDNA has been well characterized at
the nucleotide level, resulting in the identification of conserved
sequence blocks (CSB) and hypervariable regions (Shadel &
Clayton, 1993).

Among insect species, the best characterized control region
is that of Drosophila. Indeed, Drosophila species could be
divided into two distinct categories, based on the structure of
their control region. The total length of the control region
varies between Drosophila species and the primary sequence
elements differ in their organization, particularly with regard to
absence or presence of repetitive motifs (Clary &
Wolstenholme, 1985, 1987; Monnerot ezal., 1990; Monforte
etal., 1993; Inohira et al., 1997). No D-loop structure or any of

Correspondence: Ana C. Lessinger, Laboratério de Genética
Animal, Centro de Biologia Molecular ¢ Engenharia Genética
(CBMEG), Universidade Estadual de Campinas (UNICAMP), C.P.
Box 6109, Campinas, S3ao Paulo, Brazil, CEP 13083-970.
E-mail: lessinge @unicamp.br

¢ 2000 Blackwell Science Ltd

the conserved sequences identified in the control region of
vertebrate mtDNAs have been found in the Drosophila A +T-
rich region.

Variations in the organization of conserved sequence
elements in mtDNA control regions suggest that these
sequences follow distinct evolutionary patterns in different
insect species or taxa (reviewed in Zhang & Hewitt, 1997).
Because conserved sequences may be associated with specific
domains or distributed along the entire mtDNA control region,
this region may contain phylogenetic information which varies
among insect species (Zhang eral., 1995).

Zhang & Hewitt (1997) suggested that the control region can
be a suitable marker for studying genetic polymorphism and
population structure in species containing a single copy of a
highly variable domain. Furthermore, for species in which the
control region has a highly conserved domain of reasonable
size (>350bp), phylogenetic studies may be done using the
-conserved domain as a marker. These observations emphasize
the importance of studies that examine the patterns of
structural organization in mtDNA control regions as a mean
of providing information on the overall evolution of this region
in a group as widely diversified as the insects.

Although numerous insect mtDNA sequences have been
used as efficient molecular markers of specific taxonomic
levels, more information is still required on the structure and

71
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function of this region in order to establish conclusively its
phylogenetic usefulness in insect studies. The polymerase
chain reaction (PCR) and sequencing strategies require
additional optimization to provide efficient amplification
results. Specific proprieties of the mtDNA control region that
may increase technical difficulties include the extremely high
A +T content, the presence of potential secondary structures,
the existence of potential regulatory domains and the
occurrence of long thymidylate arrays (poly T), which may
decrease the ability of DNA polymerase to produce elongation
(Robbins etal., 1996). Methodological difficulties in sequen-
cing the insect mtDNA control region include a lack of
information on useful PCR primers, high levels of primary
sequence divergence among related insect species and little or
no information on the total size of the control region and on
potentially useful restriction sites (Simon et al., 1994; Zhang &
Hewitt, 1997).

The aim of this paper was to examine the entire A+T-
rich region at the nucleotide level of Brachycera taxa
other than the Drosophilidae, including calypterate species
from the families Calliphoridae and Oestridae. The control
regions of Cochliomyia hominivorax Coquerel, Cochliomyia
macellaria Fabricius, Chrysomya megacephala Fabricius,
Lucilia eximia Weidemann and Dermatobia hominis
Linnaeus Jr. were sequenced and the data then used to
determine structural organization of conserved and hyper-
variable sequences, and to evaluate the phylogenetic
usefulness of information provided by the mtDNA control
region of these species.

Material and Methods
Flies and materials

The specimens of C. hominivorax, C. macellaria, C.
megacephala, L. eximia and D. hominis used in this study
were samples from field collections and laboratory lineages
from Brazil. Collected larvae were reared to pupae and then
stored at -70°C (Azeredo-Espin, 1987; Valle & Azeredo-
Espin, 1995; Yotoko, 1998). Lucilia eximia pupae were from
Botucatu and C. megacephala pupae were from Adamantina,
both in Sdo Paulo State (SP). One individual from each of
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these species was used for sequence analysis. For the
Cochliomyia and Dermatobia species, two individuals from
different populations were analysed. Cochliomyia hominivorax
pupae were from Alfenas (Minas Gerais State, MG) and
Manaus (Amazonia State, AM); C. macellaria pupae were
from Rio de Janeiro (Rio de Janeiro State, RJ) and Porto Urucu
(AM); and D. hominis pupae were from Alfenas (MG) and
Ponta Grossa (Parand State, PR). Individuals derived from
these populations are referred as i or 2 in all analyses below. A
1986 dried-pinned adult L. eximia (Botucatu, SP) from an
entomological collection was also used for amplification of the
control region.

Genome DNA extraction

Total individual DNA was extracted from each species as
described in Azeredo-Espin (1993) and Infante & Azeredo-
Espin (1995). Pinned adult flies were extracted using guanidine
isothiocyanate (GIBCO/BRL) to improve the nucleic acid
recovery from dried preserved samples (A. C. M. Junqueira,
personal communication).

Nested PCR

Amplification of the control region required two separate
PCR reactions. This strategy increased product resolution and
guaranteed sufficient amounts of specific DNA for cloning and
sequencing. The first amplification reaction was performed
using primers anchored on tRNAM® sequences (TM-N-193)
and the srRNA 12S gene (SR-J-14233). This large PCR
product was diluted 1: 50 and used as a template for the second
round of PCR. A second set of primers from the tRNA'™ gene
(TI-N-24) and an inner sStRNA 12S sequence (SR-J-14776)
were used to allow specific amplification of a short A +T-rich
fragment in the control region. Table 1 describes the primers
used in this work, with additional information from previous
studies.

The PCR reactions were done using oligonucleotide primers
based on D. yakuba mtDNA sequences (Clary &
Wolstenholme, 1985; Simon eral., 1994). The reactions were
run in a DNA thermal cycler (Perkin Elmer, Foster City, CA,

Table 1. Primers used for amplification of the control region by PCR. Primer identification is that reported by Simon ez al. (1994) and was also
used for SR-J-14776. The oligonucleotide sequences are in the 5'~ 3" direction.

Identification

Previously reported for References

External amplification
Primers (long A + T-rich reaction)

5'-TGGGGTATGAACCCAGTAGC-3" TM-N-193
5'-AAGAGCGACGGGCGATGTGT-3’ SR-J-14233
Internal amplification

Prmers (short A + T —rich reaction)

5'-ATTTACCCTATCAAGGTAA-3" TI-N-24
5'-GCTGGCACGAATTTTGTC-%’ SR-J-14776

Taylor eral. (1993)
Simon et al. (1991)

Lepidoptera
Drosophila virilis

Simon et al. (1991)
M. C. Arias (pers. comm.)

Drosophila virilis
first reported in this work
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US.A), in a volume of 50pl containing 1.5mm MgCl,,
200 uM of each dNTP, 0.5mM of each primer, approximately
1 ng of template DNA and 2.5 units of Tag DNA polymerase
(Perkin Elmer). The reaction consisted of 30's at 94°C, 1 min at
58°C (initial PCR) or 56°C (nested PCR) and 2 min at 60°C for
a total of 30 cycles, followed by a final cycle in which the
elongation step at 60°C was extended to 10min. The
elongation step at 60°C was necessary to provide a reliable
control region amplification for these species.

Cloning and sequencing

The amplified DNA product was purified from the PCR
mixture by dialysis for 20 min using a VM 0.05 um (Millipore,
Bedford, MA, U.S.A)) filter with T.E. buffer, pH7.0. An
aliquot of the PCR product was used in the cloning reaction.
The amplified control region was cloned into the pMOSBlue
T-vector system (Amersham, Bucks, U.K.) according to the
manufacturer’s specifications. The cloning step was used prior
to sequencing in order to avoid the presence of amplification
by-products that may contribute as a source of interference in
sequencing reactions. Two to four clones from independent
PCR assays were sequenced for each species in both strands.
After preparation of plasmid DNA (Sambook eral., 1989), the
samples were dried and sequenced automatically.

Sequence analysis

The nucleotide sequences of the five species were aligned
using the Clustal W software (Thompson etal., 1994) set to
default parameters with manual adjustments where necessary.
BLASTN version 2.0.8 (Altschul etal., 1997) was used to
identify the control region content using conserved tRNA'"
and srRNA sequences to search databases for similar
sequences. Aligned sequences were analysed using the MEGA
software package (Kumar eral., 1993), the Tamura distance
method (Tamura, 1992) and the neighbour-joining method
(Saitou & Nei, 1987). MAST (motif alignment and search tool)
software version 2.2 was used to provide a statistically valid
approach for searching for control region sequence homology
(Bailey & Gribskov, 1998). The determination of conserved
sequence blocks (CSBs) was based on the identification of a
minimum of four consecutive identical sites on the aligned
sequences and a minimum length of 10bp until another series
of four divergent sites was reached. The search for energeti-
cally stable secondary structures for the control region
sequences was done using the software PCfold (Zuker, 1989)
and MOLECULE (Lapalme etal., 1982).

GenBank accession numbers

The nucleotide sequences reported in this paper have the
following GenBank accession numbers: AFI151382,
AF151383, AF151384, AF151385, AF151386, AF151387,
AF151388 and AF151389.
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Results
Access to the mtDNA control region

The nested PCR strategy used here provided sufficient
amplified DNA for further cloning and sequencing of the
mtDNA control region. The intermediate cloning step was
fundamental for improving the sequencing results. However,
this procedure may provide inaccurate information as a result
of incorrectly incorporated nucleotides by polymerase and may
itself be a potential source of sequence variation. The
sequencing of multiple clones from independent PCR assays
was used to guarantee the sequence identification. The
amplification reactions provided diagnostic markers that varied
from 1200 to 1800bp for each species, including sequences
from tRNA" and rRNA12S genes. The mtDNA control region
was recovered efficiently from a dried Lucilia collected in
1986, indicating that it is possible to access the genetic
information in preserved Calliphoridae species.

Structural organization

The sequenced clones included control region sequences
plus 200 bp from the srRNA 128 flanking region on the 3" end
and an additional 42 bp from flanking tRNA"® gene on the 5’
end of the control region in all the species. A BLASTN (Altschul
etal., 1997) search of sequence databases showed that the
sequence of these RNA genes was highly conserved, a finding
which helped in the identification and alignment of the control
region. The sizes of control regions were 1178-1179bp in C.
hominivorax (n=2); 1222-1226bp in C. macellaria (n=2);
986 bp in C. megacephala (n=1); 1130bp in L. eximia (n=1)
(Calliphoridae) and 1570-1569bp in D. hominis (n=2)
(Oestridae).

Alignment of the control region sequences revealed specific
patterns of structural organization. Two main subregions
(domains A and B) were responsible for the distinct rates of
nucleotide substitution. Domain A, which varied in size from
586 to 783 bp, was highly conserved, whereas the B domain
sequences were highly divergent between species, varying
from 393 to 794 bp in size. To increase the consistency of the
data, further analysis was done by considering each domain
independently. The A domain sequences aligned consistently
in all species, even with the inclusion of D. hominis data,
which increased the general sequence divergence. Eight
conserved sequence blocks (CSB) were distributed near the
5" end of the aligned A domains (Fig. 1).

Further analysis to identify homologous sequence motifs
was done using the unaligned A domain sequences and MAST
software (Bailey & Gribskov, 1998). Although this procedure
was not as effective in recovering the previously reported
CSBs, seven conserved motifs were observed along the control
region, with a high degree of overlapping with the CSBs
(Table 2). The MAST motifs not shared by all the species were
not included in the final diagram (Fig. 2).

Arrangement of the seven motifs on the aligned sequences
revealed a significant association with the previously identified

« 2000 Blackwell Science Ltd, Medical and Veterinary Entomology, 14, 71-80
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1 60
D.hominisl =  —=—===—= TTT TT--—-=-=-- TTTTTTTTTT TTTTATTTTT ATTGTTTT-- --- TTTTTAG
D.hominis2 —-=-—=--- e e et et e et e e et e e e e
C.macellarial AAAAGTAGAC ..CCCATG.. —====-- D T..T..A. .. ...... A..C
C.macellaria2 AAARAGTAGAC ..CCCA.... =~—==-=-- .G. G...T..... T..T..A... ...... A..C
C.hominivoraxl AAAAGTAGGA ..TCCATACA A...---... ....T..... T..T..A.GT ATA...A..C
C.hominivorax2 AARAGTAGGA ..TCCATACA A......... e T T..T..A.GT ATA...A..C
L.eximial AARAAGTAGG. ..TTCA...., ======- [ P T..T...... .TC...A..C
C.megacephalal AAGAGTAAGA ..CCCATG.. -—==--- e e T T..T..G.TT TAT...A..

I

61 120
D.hominisl TGAAA-TTTA GAAATATTAT AAATTGATTA ATTTATTTTT AATAATT-TT TAATTAGTAT
D.hOMINIS2 ot it ittt it et ma e e e aeee s e e
C.macellarial .T.TT..... T...A..A.- - AL T...G.A... T...T....A ATT...A..A
C.macellaria2 .T.TT..... T...A..A.- -....A. T...G.A... T...T....A ATT...A..A
C.hominivoraxl .ATTT..... T...A..A.- —-...AT.C ..A..A... T..TT....A ATT...A..A
C.hominivorax2 .ATTT..... T...A..AG- -T..AC.C ..A..A... T..TT....A ATT...A..A
L.eximial - S T T...A.AA, - ~—===-—- G. G...T..... T..T..... A ..... -—. .-
C.megacephalal .A.TTT...T .TG..T.AT- ---.AA..A. .A.A.CA..A T.A....TAA AT....A..A

121 180
D.hominisl TTT-—AATAA AAAAAGATA~ TAATTTTTTA ATTAAAATTT ATGGTTAAAG TTAATTAAAA
D.hominis2 e e e e T e e e e e e e e e e e
C.macellarial ...TA....G T....A.A. G..G.-=- .=-———-— T. TA..—-——- T...G.-
C.macellaria2 ...TA....G T....A.A.A G..G.== =—=-~ T. LTA, . —==~~ T...G.~-
C.hominivoraxl ...AA.T..G T..T.A...T .T.A.-==== [ =—==—== TARA. .-~ T...G.-
C.hominivorax2 ...AA.T..G T..T.A...T .T.A.=====  [~==——- .TARA..-- T..GG.~
L.eximial ... .ACL... T. .. TT..G ..... A.AAT .-—-—-- ..AARA. .-~ TT...T.-
C.megacephalal ..ATA....G T...--T..G .TTA.A~---. .-—-=---- G .ARARA..-T AA.T...G.-

181 240
D.hominisl TGTAAATAAT TAAAGTTTGC ATATATATAT ATATATATA- -TTTATATAT ATTAATATAC
D.hominis2  ......... N e it e ases seeaseeaan e eseeaeee eaeas e e
C.macellarial ------ N - eee==.. T,
C.macellaria2 —------ e G hee eeeae e S chem=.L T
C.hominivoraxl =------ £ A, ve ToLLT.
C.hominivorax2 —------ T < A..... ... .. Tl T.
L.eximial ... ..., O TA......... e .. T.
C.megacephalal ------ <V Ao, ce.==T0LT.

II

241 300
D.hominisl ATTCATCTAT ATATATATTA AATTATGTAT ATAAATTTAT ATTTTCATTT AATAAATARA
D.hominis2 e et e e et e e i e e r e
C.macellarial ..AT..T.C T 0 - D T- -C...--..G ..A..A. ... ..... T...-
C.macellaria2 ..AT..T.C LT P - D - -C...--..G ..A..A. ... ..... T...-
C.hominivoraxl ..AT..T... ..T....... ..ALLL VAL~ - --.TA ..A..T.... ..... T...-
C.hominivorax2 ..AT..T... ..T....... LLGLILALs = o= TA LLALLTL e o T...-
L.eximial B L N A A.- - -- ..AAAT..A. ..... T -
C.megacephalal ..AT..T e ereee saeaaan A T~---G T.A.ARA.A.. ..... T...-

- * r—

Fig.1. Alignment of the nucleotide sequences of the A domain in the control region of Calliphoridae and Oestridae species. Differences from
the sequence for D. hominis 1 are indicated for each species. Conserved sequence blocks are underlined and identified (I-VIII). Conserved
Calliphoridae-specific sequences are indicated by an asterisk. A dot indicates site identity with D. hominis 1. Gaps are indicated by dashes. A D.
hominis-specific sequence indicative of size variation is delimited by vertical arrows. The numbers 1 and 2 indicate individuals from distinct

populations.
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301 360
D.hominisl TAATTTATAT ATATATAAAT TATTTATATC ATTAA--ATC TTTAAAGTAA AATATAAATA
D.hOMINIS2 it ittt e et et eneee eerieae e sae et eeer et saeesae e
C.macellarial CALLLLTL ol -.T.. ...AA...AA TG..TCT AL, TT ATTTC
C.macellaria2 ALLLLT. oL -.T. ..AA...RA TG..TCT. Al TT ....ATTTC.
C.hominivoraxl ...A.C..T. ..... -.. JAA...AA T...TCT AL TT ...GATTTC.
C.hominivorax2 ...A.C..T. ..... -.. ..AA,..AAT...TCT... .A...... TT ...GATTTC.
L.eximial ALLLLT. L ATT.A .AA...A., TA.CCC...A CA.T..- LT...TTT.T
C.megacephalal ...A....T. ..... - ..AA....A ...C.C...A CA.T.T- .T...TTT.T
361 420
D.hominisl TATAACATTT A--GGTGG-- --AGAARATAT -ATATAAATA ATAATTAATA AATATTTAAT
D.hominis2 @ i e C e ee et e e e eee e
C.macellarial ATTG. . JAT.TCCA CT.T...C.. T....CT. .A...AGT. A CIN G
C.macellariaz2 ATTG LAT.TCCA CT.T...C.. T....CT. AL L LAGT I I G
C.hominivoraxl ATTG JAT.TCCA CT.T....T. T...G..... JALLLALT [ CIE G
C.hominivorax2 ATTG. . AT.TCCA CT.T....T. T...G..... JALLULUALT .GG. G
L.eximial TA.TA.A.C AT.TCAA C..T..TA.. T.G....... T.T....... Gooo o
C.megacephalal ..A....A.C AT.TCTA C..T..TA.. T.G...... [
hk wdok ok ok r ———
Iv
421 480
D.hominisl TTAAA-ATAT TCTTAATTGA TCCCCGAAAT TTTTTTTTGAR GTCTGGATTA ATAGATAAAT
D.hominis2 = . i it i -
C.macellarial AAC.TG.... A..... C ATTT-..... «....... T. =...AA.... ...v... T..
C.macellaria2 AARC.TG.... A..... C.ove ATTT=. ..ot vrivnnnn T, —...BA. ... ....... T..
C.hominivoraxl AAC.TG.... C..... C..G ATTT-..... wivunen.n T, —...AR. ... ovunenn G.
C.hominivorax2 AARC.TG.... C..... C..G ATTT-..... «c.ouvuuenon -, =...AA. ... ... G.
L.eximial AG-TG.... Covnvnnnn ATTT-- e e -, AR e TC.
C.megacephalal .A.-TG.... ...... C..G ATTT-=. ... civennnn T, Cov AR veve veivnn T..
® —® *x*k*k @ >
v
481 540
D.hominisl ATTGATTAAT TAAACATTTA TATATTAATA TTTATCTATT AATCCTTATT TGGTATATAG
D.hominis2  .......... Y e e e e e e e
C.macellarial Al S AR........ LT ... e G.
C.macellariaz AL B AR........ LTooe. e
C.hominivoraxl .......... S N - S - e
C.hominivorax2 .......... B R - - e
L.eximial Ao T ee e e GA........ .TA. L
C.megacephalal ...A...... T GA........ A N
vIi
541 600
D.hominisl ACCTAAARAA AATTTCTGTA ACGGTCAATA TAAATTTAT- --GGTATAAT TAAAAATTAA
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Fig. 1. Continued
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601 660
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L.eximial = ~  —~=-=———e—a- A, i mmmmm mmme o ..A ....G.T-.. ..A.TA.... T..... --T.
C.megacephalal ----=-—==- -- T mms mmmmmm e I T T. T.-...--T.

661 - 720
D.hominisl AAAARAAATA ATTAAATTAT ATATATAAAT AATTAATTTT AGACGATTAT AATTAAATTG
D.hominisS2 e e e e e e e e e e e e A..
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C.hominivorax2 .T.T.T=m== memme e e e e e
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C.megacephalal .T.T.T:.A. Tr——————== —mmmmmmm e e eemme mccmmee mmmemm e

721 780
D.hominisl ATATCTTTTT TAAAATTAAA AAAAAA-CAT GAAAATTATA TTGAAAAARA CAAAATTTTT
D.hominis2 i it e e B e e e e e e e
C.macellarial ———~m=——== ccmmmec——ee e B i it e
C.macellaria? —-———====== ———mem———e e R et et T
C.hominivoraxl =~—======c—- scmcmeme o S mm e e m e e—e e e — e ——————
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D.hominisl AATTATTGAT AAATTTTCAT TTAAAAAAAA AARAARAARA AA-—-—-
D.hominisS2 ot i e et e e e = mm e
C.macellarial —===—=—==== —e———————- e e e L m—————
C.macellaria2 -—--—-——==-=v —o—c—eee——- S e et e mmm————
C.hominivoraxl —==—=——==—== —oe—e————— T e et e . .AAARA
C.hominivorax? —====—=—=—= ——ee—————— T e i et e . .AARA~
L.eximial =  =-==-=—=-c ceceeeeo-- et e v m———
C.megacephalal ---------- —————c——w- T et e e L

vIII -
Fig. 1. Concluded.
CSB CSB CSB CSBCSB CSB CSB CSB
tRNA™ 1 I 111 IVV VI Vi1 VI
Ch
Cm
Le
Cg
o T mR—E - (EER——— -t = ——
M1 M7 M4 M6 MS M3 M2 M7*

Fig.2. MasT diagram for A domain sequences for all species investigated. Identified conserved motifs are identified as M1 to M7. Note that M1
corresponds to tRNA™ gene sequences. * indicates the location of this motif in the complementary strand (poly-A stretch). The nucleotide
content of each motif is indicated in Table2. Overlaps with conserved sequence blocks (CSB) are delimited by arrows. Ch=C. hominivorax,
Cm=C. macellaria, Le=L. eximia, Cg=C. megacephala and Dh=D. hominis. The numbers 1 and 2 indicate individuals from different
populations. The CSB denomination used to indicate conserved elements in these species has no relationship with the vertebrate mtDNA control
region nomenclature.
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Table 2. Identification of MAST conserved motifs and their association with eight conserved sequence blocks (CSB) from the A domain. The

motifs are identified as M1 to M7.

Mast conserved motifs

Corresponds to
sequence at

M1 TTA CCC TAT CAA GGT AAC CCT TTT TAT CAG GCA ATT CAT TAA AAG TAGGTT TTC C tRNA"™ gene
M2 TTG GTA TAT AGA CCA AAA ATA AAT TTT TGC ACG CTT CAA TAT AAR ATT GGA GAG G CSB VI, VII
M3 TCT AAA TTA ATA GAT ATA TAT TAA TTA ATT AAA TAT TTA TAT ATT AAT ATATAT C CSB VI
M4 ATT TAG ATA ATT AAA TTT TGC ATA TAT ATA TAT ATA TAT AAT T CSB II
M5 TTT AAT TCA TGA TAT TCT TAA CTG AAT TTG AAA TTT TTT TTT CSB IV, V, VI
M6 CATATATTT ATA TTT ATA TTA AAA TAT GTA TAA ATA TAT ATT TAT TTA ATAATTA CSB II, 111
M7 TTTTTTTTT TTT TTT TTT TTA CSB I, VIII

100  —C macellaria 1

99 L C. macellaria 2
- C. hominivorax 1
100 — C. hominivorax 2
—! C. megacephala
82 L. eximia

— D. hominis 1

100

——

0 0.01

LD, hominis 2

Fig. 3. Neighbour-joining tree obtained with control region A domain sequences using Tamura (1992) distance method. Bootstrap values are
indicated. The numbers 1 and 2 indicate individuals from different populations.

CSBs. Motif 1 was used to recover tRNA" sequences included
in the analysis as an additional parameter. CSB VI was one of
the largest conserved elements identified in the alignment and
included sequences from motifs 3 and 2. The poly-adenine
region of CSB VIII indicates a second T-stretch on the
opposite strand, which accurately matched motif 7. Conserved
G/C sites were found in CSB II (4), CSB V (2), CSB VI (8) and
CSB VII (1), while two consecutive G conserved sites were
located after CSB VII in a Calliphoridae-specific G+ A-rich
conserved element (Fig. 1).

A highly variable B domain was identified in the 3’ sub-
region of the mtDNA control region. Most of the length
variation in this domain was attributable to insertion/deletion
events and the presence of frequent short repetitive sequences
in tandem, which were especially evident in D. hominis
(largest B domain with ~ 793 bp). The hypervariable B domain
contained extensive gaps when Oestridade and Calliphoridae
species are aligned. However, even with the Calliphoridae, the
high level of sequence divergence greatly increased the
inconsistency of the resulting alignment of the B domain
sequences.

Nucleotide content

The mean AT content was 91% for C. hominivorax, 87% for
C. macellaria, 90.5% for L. eximia, 88.5% for C. megacephala

and 91% for D. hominis. Transversions (tv) were more common
than transitions (ts) in all comparisons between species, with a
maximum ts:tv rate of 1:5.2 between L. eximia and C.
megacephala and a minimum of 1 : 1.6 between C. hominivorax
and C. macellaria. Analysis of the A domain nucleotide
substitution frequencies showed an average of 75% for
transversion events, of which 67-84% resulted from AeT
replacements. The A domain sequences were used for these
analyses instead of the total control region information, as the B
domain provided low alignment confidence and had not been
analysed at this level.

Phylogenetic data

The number of nucleotide substitutions per nucleotide site for
the species studied was estimated using the method of Tamura
(1992), taking into account the extremely high A +T content of
the control region. No B domain sequences were included in this
analysis. The distance matrix for Calliphoridae and Oestridae A
domain sequences is shown in Table3. If D. hominis is
removed from the analysis to calculate distances based on a
Calliphoridae-specific alignment of the A domain sequences,
the resulting Calliphoridae matrix has slightly higher distance
values which yield a very similar relationship to the results with
D. hominis. Although functional constraints may operate at the
conserved sites of the control region, variable sequences within
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Table3. Tamura (1992) distance matrix for Calliphoridae and Qestridac A domain sequences. C. homi.=C. hominivorax, C. mace.=C.
macellaria, L. exim.=L. eximia, C. mega.=C. megacephala and D. homi.=D. hominis. The upper-right matrix indicates the distance and the
lower-left matrix indicates the standard error. Gap sites and missing information were removed from the analysis.

D. homi. 1 D. homi. 2 C. mace. 1 C. mace. 2 C. homi. | C. homi. 2 L. exim. 1 C. mega. |

D. homi. 1 0.0096 0.2801 0.2793 0.2927 0.2994 0.2980 0.3022
D. homi. 2 0.0044 0.2668 0.2662 0.2860 0.2926 0.2914 0.2955
C. mace. 1 0.0298 0.0285 0.0076 0.0981 0.1057 0.2104 0.2120
C. mace. 2 0.0296 0.0283 0.0038 0.0977 0.1052 0.2046 0.2117
C. homi. 1 0.0309 0.0303 0.0153 0.0151 0.0097 0.1995 0.1992
C. homi. 2 0.0316 0.0309 0.0161 0.0160 0.0044 0.2085 02018
L. exim. | 0.0311 0.0305 0.0241 0.0236 0.0232 0.0241 0.1828
C. mega. 1 0.0317 0.0310 0.0240 0.0239 0.0231 0.0234 0.0217

Tabled. Cochliomyia intrageneric analysis: Tamura (1992) distance
for B domain sequences. SE indicates standard errors. Gap sites and
missing information were removed from the analysis.

Control region B domain
Species Tamura distance (SE)

0.0039 (0.0028)
0.3878 (0.0410)
0.3920 (0.0416)
0.3878 (0.0410)
0.3920 (0.0416)
0.0077 (0.0039)

C. hominivorax 1 X C. hominivorax 2
C. hominivorax 1 X C. macellaria 1
C. hominivorax 1 X C. macellaria 2
C. hominivorax 2 X C. macellaria 1
C. hominivorax 2 X C. macellaria 2
C. macellaria 1 X C. macellaria 2

the A domain were useful for efficient outgroup identification
(D. hominis) and correctly grouped together C. hominivorax and
C. macellaria in neighbour-joining (NJ) analysis (Fig.3).
However, the NJ tree incorrectly grouped C. megacephala
and L. eximia, which are classified in distinct subfamilies
(Chrysomyinae and Luciliinae, respectively).

The B domain sequences were too variable to guarantee
consistent alignment and validate homologous sites for
phylogenetic inferences at this taxonomic level. Even among
the Calliphoridae species, no consensus sequences were
accurately identified. However, the B domain sequences could
be used to align the Cochliomyia species with a high level of
confidence. Based on this alignment, the estimated Tamura
(1992) distance between C. hominivorax and C. macellaria
was approximately 0.389. The hypervariable B domain
evolved at least three times faster, based on nucleotide
substitution rates, than the A domain between Cochliomyia
species (see Tables3 and 4). ’

Discussion

Zhang & Hewitt (1997) have divided insect species into two
groups based on the distribution of conserved sequence
elements in the control region. The structural organization of
the control region reported here for blowflies is similar to that
for Drosophila species, but differs from the model proposed for
Lepidoptera (Taylor er al., 1993), Orthoptera (Zhang et al.,

1995) and Anopheles (Caccone et al., 1996). The genetic
variability in the species studied here is apparently restricted to
a specific area in the major non-coding region, which suggests
that sequences in the A domain may be under functional
constraints. These findings agree with previous analyses of the
Drosophila A + T-rich region (Clary & Wolstenholme, 1987;
Monforte et al., 1993; Lewis et al., 1994; Inohira ez al., 1997).

The organization observed here suggests that the replication/
transcription system may interact with cis regulatory elements
present in the control region 5” end of Brachycera species.
However, despite extensive sequence analysis, only CSB I and
CSB VIII have been described as potentially associated with
regulatory domains in insects. Lewis et al. (1994) suggested that
the positions and orientations of the two conserved thymidylate
stretches indicated roles in promoting the transcription and
replication of Drosophila mtDNA. The search for homologous
conserved elements in Ceratitis capitata control region
sequences (Spanos etal., 2000) revealed the presence of long
poly-T stretches close to the tRNA" gene and on the opposite
strand. This finding strongly supports the idea that highly
conserved poly-T sequences may play a fundamental role in the
maintenance and function of mtDNA in higher Diptera. At least
one of these poly-T stretches (close to the tRNA" gene) may
have similar regulatory mechanisms in Orthopteran mtDNA
(Zhang et al., 1995). It may be noticed that polymerase gamma
requires the presence of a single-stranded DNA-binding protein
for efficient elongation using poly-(dT) templates, T7 DNA
polymerase has a similar requirement (Mikhailov &
Bogenhagen, 1996). Other conserved features of the control
region include a dinucleotide pyrimidine-purine series in
tandem (CSB II and III), which has also been reported for
phylogenetically distant insect groups (Zhang & Hewitt, 1997).

Although multiple and extensive intrastrand base pairing was
common within conserved domains of the control region (Lewis
etal., 1994), no conserved secondary structure could conclu-
sively be assigned to the A domain sequences of the species
studied here. The absence of a widely conserved secondary
structure has been reported for D. melanogaster mtDNA
(Inohira et al., 1997).

In addition to control region analysis, the nucleotide
composition of the flanking sTRNA 12S sequences was also
determined in order to allow comparison of the average AT
content of this region between Calliphoridae species and other
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dipterans. The average A+T composition of 82% found here
was similar to the 79% reported for D. yakuba stRNA (Clary &
Wolstenholme, 1985) and identical to the sStRNA A + T content
reported for Anopheles quadrimaculatus (Mitchell et al., 1993).
The nucleotide composition of the control region was compar-
able to the Drosophila A + T content, which varies from 90% to
96% (Clary & Wolstenholme, 1985, 1987; Monnerot etal.,
1990; Lewis eral., 1994) and to that of Anopheles gambiae
(Beard eral., 1993) and A. quadrimaculatus (Mitchell etal.,
1993), which have an A + T content of 94%.

The AT nucleotide substitution pattern of the control
region sequences indicates selection for a high AT content.
These data agree with the interpretation of Clary &
Wolstenholme (1985), who suggested that the maintenance of
an AT biased composition may be important for optimizing
energy-requiring processes in the replication system of dipteran
species. Directional mutation pressure has been suggested to be
responsible for the high A+ T composition in insect mtDNA
(Jermiin et al., 1994)

The incongruent phylogenetic arrangements derived from the
present data indicate that the control region has limited
usefulness for resolving taxonomic relationships among genera.
At this level, control region sequences are influenced consider-
ably by the alignment parameters and distance estimation
methodology, which in turn decrease the confidence in
homologous site inferences. The inclusion of additional species
from diversified Calliphoridae taxa may improve our under-
standing of phylogenetic usefulness of the control region in
these group of organisms.

There are many questions concerning the ecological and
evolutionary behaviour of blowflies species that could be
elucidated using informative molecular markers. The coloniza-
tion of the Americas by Chrysomya species has reportedly led to
a reduction in the native fly fauna (Ferreira, 1982; Prado &
Guimaraes, 1982; Baumgartner & Greenberg, 1984). The
decrease in the genetic variability of C. macellaria populations
has been associated with the presence of Chrysomya (Valle &
Azeredo-Espin, 1995). However, the exact source of New
World Chrysomya remains to be defined. The controversial
taxonomic status of C. albiceps (Wiedmann) and C. rufifacies
(Maquart) has recently been investigated using mtDNA
markers, which provide an unambiguous approach to species
identification (Wells & Sperling, 1999). In Latin America,
where the distributions of these species overlap (Tantawi &
Greenberg, 1993), the investigation of useful mitochondrial and
nuclear DNA markers may be important in ecological, forensic
and genetic studies. .

Control region sequences can be very informative when
traditional mtDNA markers show low or inadequate levels of
genetic variability. The recent report of primary myiasis caused
by L. eximia in Brazil (Azeredo Espin & Madeira, 1996)
suggests that it would be important to investigate the
evolutionary processes related to these facultative species.

The complete control region sequences provided information
about which Calliphoridae and Oestridae species would be
useful in designing primers for each domain. This approach
could lead to the development of PCR-RFLP diagnostic tests
and the screening of suitable markers directly on mtDNA
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hypervariable sequences. The identification of species-specific
restriction sites in these myiasis-causing flies could improve the
study of individual variation by providing a useful PCR-RFLP
marker for genetic polymorphism. Interspecific analyses of
specific mtDNA regions have already been carried out with
blowflies in an atternpt to identify diagnostic markers for
species-specific  identification in forensic investigations
(Sperling et al., 1994), calliphorid taxonomy (Stevens & Wall,
1997; Wells & Sperling, 1999) and in the monitoring and
control of screwworm flies (Taylor er al., 1996).

Our preliminary search for diagnostic restriction sites using
the program WebCutter 2.0 (Heiman, 1997), confirmed by
experimental analysis, revealed five restriction sites that
unambiguously identify C. hominivorax and C. macellaria in
Brazilian screwworm populations (Litjens et al., unpublished).
This observation demonstrates the potential applicability of
control region sequences to population genetic studies and to the
phylogeny of closely related species.
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A.C. Lessinger,' A. C. Martins Junqueira,' T. A. Lemos,’
E. L. Kemper,” F. R. da Silva,” A. L. Vettore,?
P. Arruda®® and A. M. L. Azeredo-Espin'?

L aboratdrio de Genética Animal, 2Laboratério Genoma,
Centro de Biologia Molecular e Engenharia Geneética,
*Departamento de Genética e Evolugdo/DGE ~ Instituto
de Biologia, Universidade Estadual de Campinas

— UNICAMF, Campinas, Sdo Paulo, Brazil

Abstract

The complete sequence of the mitochondrial genome
of the screwworm Cochliomyia hominivorax was
determined. This genome is 16 022 bp in size and
corresponds to a typical Brachycera mtDNA. A Serine
start codon for COl and incomplete termination codons
for COIll, NADH 5 and NADH 4 genes were described.
The nucleotide composition of C. hominivorax mtDNA
is 77% AT-rich, reflected in the predominance of
AT-rich codons in protein-coding genes. Non-optimal
codon usage was commonly observed in C. hominivorax
mitochondrial genes. Phylogenetic analysis distributed
the Acalypterate species as a monophyletic group
and assembled the C. hominivorax (Calyptratae) and
the Acalyptratae in a typical Brachycera cluster.
The identification of diagnostic restriction sites on the
sequenced mitochondrial genome and the correlation
with previous RFLP analysis are discussed.

Keywords: Cochliomyia hominivorax, screwworm,
myiasis, mtDNA, Calyptratae.

introduction

Mitochondrial genomes have been studied increasingly
because of the ease of recovering genetic information that
may be useful for investigating molecular and organismal
evolution. Complete sequences of the mitochondrial genomes
are available for several animal taxa and provide insights
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into the patterns of mtDNA evolution. In general, metazoan
mtDNA contains thirteen protein-coding genes, two rRNA
genes, twenty-two tBNA genes and a major noncoding
(A + T-rich in insects) region, with an average size of 16 kb,
indicating a very compact circular genome. The predomin-
ance of maternal inheritance, lack of extensive recombina-
tion, and accelerated rates of nucleotide substitution
are features that have favoured the use of mtDNA as an
informative evolutionary marker.

Animal mtDNA sequences have been the subject of
recent reviews that have provided comparative analysis of
mitochondrial systems (Boore, 1999), and of evolutionary
genomics (Saccone etal, 1999), and have assessed the
phylogenetic information over a wide taxonomic range
(Curole & Kocher, 1999). Boore (1999) referred to ‘mitochon-
drial genomics’ as those approaches related to understand-
ing the diversity of mitochondrial systems. Because this
genome contains information for protein-coding, ribosomal
and transfer RNA genes, as well as regulatory noncoding
sequences, it provides a reliable system for analysis of the
evolution of these genetic elements.

Currently, the complete mtDNA sequences of only eleven
species of Arthropoda are known, including the Hexapoda
(Clary & Wolstenholme, 1985; Beard et al., 1993; Crozier
& Crozier, 1993; Mitchell et al,, 1993; Flook et al., 1995;
Lewis et al., 1995; and Spanos et al., 2000), Chelicerata
(Black & Roehrdanz, 1998) and Crustacea (Valverde
etal, 1994 and Crease, 1999) taxa. The five dipteran
mitochondrial genomes sequenced are from the suborders
Brachycera, subsection Acalyptratae (Drosophila and
Ceratitis), and Nematocera (Anopheles).

The information on calypterate species in GENBANK cor-
responds to six main regions of the mitochondrial genome
(fifty-seven entries), including partial sequences of the genes
encoding subunits | and i of cytochrome oxidase, the
rRNA 16S and 12S genes, subunit | of cytochrome b and
the contro! region. The most common sequence is that of
subunit | of cytochrome oxidase, and reflects the fact that
this gene has become one of the most used molecular
markers applied for insects evolutionary studies (Zhang &
Hewitt, 1997).

Most studies of dipteran species are related to the occur-
rence of flies of medical and economic importance, such
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as the Anopheline vector-species of malaria (Beard et a/.,
1993; Mitchell et al., 1993) and the fruit fly Ceratitis capitata,
a serious agricultural pest (Spanos et al., 2000). The import-
ance of Drosophila as a model organism lead to this
species being the first invertebrate for which mtDNA was
completely sequenced (Clary & Wolstenholme, 1985). The
family Calliphoridae contains members of great medical
and veterinary importance, especially species associated
with myiasis. This family includes free-fiving saprophagous
insects that serve as vectors for pathological agents and
parasitic species responsible for serious infestations of
livestock as obligate or facultative parasites. Approximately
50% of the calypterate mtDNA sequences in GENBank are
from Calliphoridae species. These sequences have been
derived from studies dealing with the identification of
species of forensic importance (Sperling et al., 1994), the
resolution of controversial taxonomic relationships (Ballard
et al.,, 1992; Wells & Sperling, 1999}, and the evolution of
mtDNA control region (Lessinger & Azeredo-Espin, 2000).

The New World screwworm fly (NWS), Cochliomyia
hominivorax (Coquerel, 1859), is one of the most important
agents of traumatic myiasis throughout the neotropical region
(Guimaraes et al., 1983). Cochliomyia hominivorax is an
obligate ectoparasite and can infest almost all warm-blooded
animals, including humans. Before its eradication from
North America (Graham, 1985), this screwworm ranged
from Central United States to centrai Argentina and Chile
(Hall & Wail, 1995). Because of its importance as a serious
livestock pest, the mtDNA of C. hominivorax has been
the subject of many studies aimed at establishing the
genetic polymorphism and population structure of this
species (Roehrdanz & Johnson, 1988; Roehrdanz, 1989;
Azeredo-Espin, 1993; Infante & Azeredo-Espin, 1995;
Taylor et al., 1996; Infante-Malachias, 1999). The current
GENBANK entries for this species refer to the mtDNA control
region and partial sequences for the 125 rRNA and tRNA"
genes (Lessinger & Azeredo-Espin, 2000).

In this work, we describe the complete sequence of the
mitochondrial genome of C. hominivorax. These results
should allow the identification of species-specific genetic

markers in the primary mtDNA sequence, which may be
useful for monitoring and controlling this ectoparasite (Taylor
et al., 1996; Litjens et al., 1999).

The complete sequence of C. hominivorax mitochondrial
genome is also interesting as a source of sequence informa-
tion for general Diptera molecular and evolutionary
approaches. These data could contribute in primer selection
at specific mDNA regions, optimization of PCR-RFLP assays
and analysis of phylogenetic information for understanding
dipteran evolution, especially from a Calyptrate perspective.

Results and discussion

MtDNA gene content and general organization

The mitochondrial genome of C. hominivorax is a circular
molecule of 16 022 bp. The gene content and general
organization pattern corresponds to typical Brachycera
mtDNA when compared with species for which the com-
plete mtDNA sequence is known (Clary & Wolstenhoime,
1985; Lewis et al., 1995; Spanos et al. 2000). A usual gene
content of thirteen protein-coding genes, twenty-two tRNA
genes and two rRNA genes was found for C. hominivorax.
The main noncoding region, identified as the mtDNA
control region located between the tRNA" and rRNA 12S
genes, was 1175 bp in size and was previously charac-
terized by Lessinger & Azeredo-Espin (2000). The differ-
ences in the total length of dipteran mtDNA molecule were
apparently related to variation in the size of the control
region sequences, particularly since noncoding sequences
and overlapping regions are infrequent events in this
genome. As reported for other insects, C. hominivorax
mtDNA had a bias in nucleotide composition which led to
an AT-rich genome, this bias is increased in the codon’s
third base of protein coding genes as predicted by lower
selection and mutational pressure (Jermiin et al., 1994).
As shown in Table 1, the mitochondrial rRNA genes of
C. hominivorax were conserved in size and nucleotide
composition when compared with other dipterans. In
addition to control region sequences, the ribosomal RNA
genes had a high AT content, especially 16S rRNA, and this

Table 1. Comparison of dipteran mitochondrial genomes showing the size and A + T content of the complete mtDNA, the control region and the rRNA genes

miDNA Control region IrRNA srRNA
Taxa Size AT% Size AT% Size AT% Size AT% References
C. hominivorax 16.022 77.0 1.175 90.8 1.323 81.5 785 77.0 This work
C. capitata 15.980 775 1.004 91.1 1.335 81.8 788 7.7 Spanos et al. (2000)
D. yakuba 16.019 78.6 1.077 929 1.326 83.4 789 79.3 Ciary & Woistenholme (1985)
D. melanogaster 19.517 82.2 4.061 96.0 1.325 82.9 786 80.2 Lewis et al. (1994)
Lewis et al. (1995)
A. gambiae 15.363 77.6 520 94.0 1.325 825 800 825 Beard et al. (1993)
A. quadrimaculatus 15.455 77.4 625 94.0 1.321 80.5 794 82.2 Mitchell et a/. (1993)

© 2000 Blackwell Science Ltd, Insect Molecular Biology, 9, 521-529
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Table 2. Non-coding regions and overlapping gene sequences in the
C. hominivorax mitochondrial genome. The signs + and — correspond to
gene orientation relative to the plus and minus strands, respectively

Nucleotide position Gene Strand Size (bp)
Non-coding regions
12391251 tRNAARNAS" +- 13
1321-1336 tRNASARNAMe I+ 16
2545 tRNAStRNAT" —- 1
4210-4213 tRNA/CO Il ++ 4
6662~6667 CO Hil/tRNASY ++ 6
7087 ND 3/tRNAM ++ 1
7217-7231 tRNAMIARNAR" ++ 15
7434-7451 tRNASUARNAP™ +— 18
9220-9252 ND 5/tRNA™* - 15
10948-1949 ND 4LARNA™ —+ 2
11081-11082 tRNA"/ND 6 1+ 2
12809-12824 tRNASY/ND 1 +—- 16
13764-13773 ND 1/tRNA- —- 10
13839 tRNA"/IrBNA 16S /- 1
Total 120
Overlapping sequences
2422-2421 ND 2/tRNA™ +/+ 2
2488-2481 tRNATRNAS® +—- 8
4148-4144 CO IARNA™" +/+ 5
5202-5196 ATPase8/ATPase6 ++ 7
67326730 tRNASY/ND 3 ++ 3
10657-10651 ND 4/ND 4L —- 7
12743-12742 Cytb/tRNAS® ++ 2
Total 34

contributes to the increase in the average AT composition
of the mtDNA molecule. Analyses based on sequence
similarity showed that the 16S and 12S rRNA genes had,
respectively, 89% and 88% sequence identity with homo-
logous regions of Drosophila yakuba.

An initial attempt to characterize A + T-rich region poly-
morphism was done based on alignment with available
C. hominivorax control regions from GenBank (AF151382/
AF151383). In this analysis, we identified thirteen nucle-
otide substitutions (eight transitions and five transversions)
and two deletions (one single bp and a 5 bp extension gap).
Both C. hominivorax control regions previously reported
have an ATATA-sequence between positions 137 and 138
described in this work. The occurrence of insertion/deletion
events is a common feature of insect control regions,
which are known to have repetitive sequences.

In addition to the control region, fourteen noncoding
regions varying in size from 1 to 18 bp (£ = 120 bp) were
also identified in the C. hominivorax mitochondrial genome
(Table 2). Several noncoding regions have been reported
for other arthropod mtDNAs, with total length varying from
43 in Anopheles to 620 in Apis.

The assignment of noncoding regions was directly related
to the annotation criteria used for identifying the mitochondrial
genes, but may occasionally confiict with undefined start

© 2000 Blackwell Science Ltd, Insect Molecular Biology, 8, 521-529
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and stop codons in protein coding genes as discussed
above.

Termination in protein-coding genes

The identification of ORFs in animal mtDNA, especially
insects, is not conclusively established, because informa-
tion on unusual initiation and termination codons is increas-
ing as more mitochondrial genomes are described (Campbell
& Barker, 1999; Crease, 1999; Boore & Brown, 2000;
Spanos et al., 2000). Among dipterans, incomplete termina-
tion codons or even the absence of recognizable stop
codons has been reported for a variety of protein-coding
genes (Beard et al.,, 1993; Clary & Wolstenholme, 1985;
Mitchell et al., 1993; Spanos et al., 2000).

An initial attempt to identify overlapping regions in
C. hominivorax mtDNA led to three conflicts with the
predicted transcripts required to agree with the standard
TAA or TAG termination codons. Large overlaps of 20 bp
and 35 bp occurred between the tRNA™ and ND5 genes
and between the tRNA“® and COll genes, respectively. An
even more extensive overlap involving the entire tRNA™®
gene sequence and the 3’ end of the ND4 gene was
necessary in order to agree with a final TAG codon. This
resulted in a predicted protein thirty-one amino acids longer
(477 residues) than the corresponding Drosophila and
Ceratitis ND4 proteins (446 residues).

These major conflicts in overlapping involved sequences
immediately adjacent to the 5 terminal nucleotide from
the sense strand of a tRNA gene. No overlapping regions
in the C. hominivorax mitochondrial genome were longer
than 8 bp when an alternative tRNA termination was assumed
as an authentic mechanism with the occurrence of T/TA
ends.

The characterization of tRNA-terminated genes and the
few studies dealing with the expression of mtDNA genes
could be responsible for potential conflicts among predicted
gene transcripts and the originally expressed proteins.
Based on the annotation criteria described in Methods,
and considering the possibility of conceptual conflicts, we
have identified seven overiapping regions (involving at
least 2 bp) in the mtDNA of C. horninivorax (Table 2).

The genes for tRNA™ and tRNA®Y® overlapped by 8 bp,
but because they are encoded by opposite strands,
complete transcripts of each gene could be produced
independently. There were two overtaps involving adjacent
protein-coding genes. The overlaps between the ATPase
8 and ATPase 6 genes are a common feature of metazoan
miDNA (Campbell & Barker, 1999), and are translated
from the same bicistronic mRNA (Fearnley & Walker, 1986).
In arthropods, these genes also overlapped in Locusta,
Ceratitis, Drosophila, Anopheles, Apis and Boophilus (Flook
et al., 1995; Clary & Wolstenholme, 1985; Crozier & Crozier,
1993; Mitchell et al., 1993; Campbell & Barker, 1999; Spanos
et al., 2000). Overlapping regions such as seen in the
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Table 3. Recognizable initiation and termination signais of C. horminivorax
protein-coding genes. The *denotes an anomalous start codon.
() = Isoleucine (M) = Methionine (S) = Serine

Genes Position strand Initiation Termination
ND 2 1.406-2.422 pius ATT (1) TAA

COl 2.610-4.148 plus TCG* (S) TAA

COH 4.214-4.901 plus ATG (M) T or tRNAY®
ATPase 8 5.038-5.202 plus ATT (1) TAA

ATPase 6 5.196-5.873 plus ATG (M) TAA

COilt 5.873-6.661 plus ATG (M) TAA

ND 3 6.730-7.086 plus ATA (M) TAA

ND 5 7.518-9.237 minus ATT (1) T(A) or tRNA™™
ND 4 9.319-10.657 minus ATG (M) T(A) or tRNA"*
ND 4L 10.651-10.947 minus ATG (M) TAA

ND 6 11.083-11.607 plus ATT () TAA

Cytb 11.607-12.743 plus ATG (M) TAG

ND 1 12.825-13.763 minus ATA (M) TAA

C. hominivorax ND4 and ND4L genes (7 bp) were also
reported for Locusta, Anopheles and Boophilus.

Experiments using mtRNA transcripts of human mtDNA
have suggested that t{RNA genes play a major role as
recognition signals in the processing of the primary tran-
script, being responsible for the precise release of individual
transcripts from the polycistronic precursor RNA (Ojala
et al., 1981). A post-transcriptional mechanism could be
responsible for the polyadenylation of mtDNA transcripts
by providing complete TAA stop codons and recovering
the termination signal for efficient translation (Yokobori &
Paabo, 1997).

A cleavage-polyadenylation mechanism seems to oper-
ate in Drosophila mitochondria, because polyadenylated
mRNAs and mRNAs with multiple gene transcripts have
been obtained from D. melanogaster and D. virilis (Spradling,
1977; Battey & Clayton, 1978; Merten & Pardue, 1981).
However, most of the considerations concerning the iden-
tification of gene boundaries were based on previous
reports from model organisms rather than being confirmed
by experimental evidence from different insect species.

The Cyt.b termination codon (TAG) provided a valid
condition for testing the incomplete termination hypothesis
for C. hominivorax mitochondrial genes based on a post-
transcriptional polyadenylation mechanism. This gene has
a 2 bp overlap with tRNA®®" which, during mRNA editing,
may be converted to a TAA termination codon. Such
analysis was not conducted for C. hominivorax, however a
similar approach based on the ND1 cDNA sequence of
amphioxus (Branchiostoma lanceolatum) confirmed the
construction of a TAA stop codon from an TAG overlap in
the original mtDNA sequence (Delarbre et al., 1997).

Table 3 summarizes the protein-coding genes and their
respective initiation/termination codons as assumed for
the C. hominivorax mitochondrial genome described here.

Initiation in protein-coding genes

In addition to termination conflicts, initiation codons could
also provide an interpretation slightly different from the
standard invertebrate mtDNA code.

The initiation of insect COI genes does not agree
perfectly with the invertebrate mitochondrial code and,
in Diptera, the initiation in a TCG codon was reported
for species from Calliphoridae (Sperling et al., 1994; Wells
& Sperling, 1999), Tephritidae (Spanos et al., 2000) and
Culicidae (Beard et al., 1993; Mitchell et al., 1993) families.
A potential TCG initiation codon (Ser) was also identified
in the C. hominivorax COI gene. This putative initiation codon
can be consistently assigned in other insects (Beard
et al., 1993; Lunt et al., 1996) and, recently, Spanos et al.
(2000) suggested that the occurrence of a serine start in
COl genes is a usual feature in dipteran mtDNA. We agree
with Mitchell et al. (1993) who suggested that further analysis
of protein and/or mRNA transcripts would be required to
provide an accurate interpretation of COl initiation.

Inferences of the initiation codon for ND1 and ND6 genes
were less certain because two commonly used start codons
were ‘in-frame’ and adjacent at both the 5 ends of both
genes, with no overlapping conflicts. We have adopted the
first start codon available (ATA for ND1 and ATT for ND6)
because the conceptual transcript corresponded to pro-
teins more similar to those described for other dipterans.

Protein-coding genes

Protein-coding genes had an A + T content of approximately
75%, and the distribution of this composition over the first,
second and third nucleotides of the codon was, respectively,
68.5%, 66.1% and 89.6%. This agrees with the suggestion
that there is an evident bias for a high proportion of AT nucle-
otides in the wobble position of several insect mtDNA codons.
Table 4 provides a general overview of the C. hominivorax
mtDNA coding sequences compared with D. yakuba and
C. capitata genomes. Individual gene sequences were
described in terms of predicted protein size and A+ T
content. This analysis showed that C. hominivorax mito-
chondrial genes were very similar to their homologues in
other dipteran species. Considering the variation in predicted
protein length, the ND1 gene gave the more variable results.
This variation was partially caused by the occurrence of a
longer C. capitata ND1 gene at the 3’ end, at least under
hypothetical translation. Cochliomyia hominivorax had a
shorter predicted size for ND1 (311 residues) than the
other flies. The predicted ND1 peptide for C. hominivorax was
most similar in length to the Anopheles (316 residues) and
Apis (305 residues) proteins, indicating that this gene has
preserved its functionality over a wide range in size in Diptera.
Distances were calculated for individual genes in order
to examine variable patterns of evolution (Table 4). The
Kimura two-parameter model (Kimura, 1980) was used to

© 2000 Blackwell Science Ltd, Insect Molecular Biology, 9, 521—529
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Table 4. Comparison of the protein-coding genes of C. hominivorax, D. yakuba and C. capitata mtDNA based on predicted protein size, A + T content and
genetic distance. The nucleotide distance was based on the Kimura 2-P model (Kimura, 1980). The initiation codons for the C. hominivorax genes were
excluded from the analysis

C. hominivorax D. yakuba C. capitata

Protein-coding Protein Protein Nucleotide Protein Nucleotide
genes size (a.a.) AT% size (a.a.) AT% distance size (a.a.) AT% distance
ND 2 337 79.0 341 81.5 0.2586 340 79.9 0.2668
COi 511 68.6 511 69.8 0.1426 511 69.3 0.1448
cotl 228 725 227 73.9 0.1615 228 721 0.1781
ATPase 8 53 78.2 53 82.7 0.2994 52 77.8 0.2275
ATPase 6 224 74.8 224 75.9 0.1687 225 72.7 0.2147
coil 261 69.1 268 71.2 0.1624 262 70.2 0.1768
ND 3 117 76.2 17 79.4 0.2183 117 79.7 0.2683
ND 5 572 77.9 574 777 0.2119 573 78.1 0.2033
ND 4 445 76.7 446 79.5 0.1962 446 785 0.2199
ND 4L 97 80.8 96 83.8 0.1819 96 81.8 0.1954
ND 6 173 81.1 174 84.8 0.2605 174 91.9 0.2971
Cytb 377 71.2 378 73.9 0.1740 378 73.3 0.1788
ND 1 31 71.6 324 79.0 0.1758 343 76.7 0.1922
Total - 75.2 - 77.9 0.2006 - 76.3 0.2124

Table 5. Number of occurrences and RSCU of the 3707 codons in the protein-coding genes of C. hominivorax mtDNA. The anticodon of the corresponding
tRNA is shown in brackets. Start and stop codons were excluded from the analysis

Amino Amino Amino Amino
acid Codon n RSCU  acid Codon n RSCU  acid Codon n RSCU  acid Codon n RSCU
F (Phe) uuy 281 1.64 S(Ser) UCU 118 242 Y (Tyr) VAU 145 1.00 C{Cys) UGU 34 100
{uucC] uuc 62 0.36 [UCA] ucc 15 0.3t [UAC] UAC 23 1.00 [UGC) UGC 3 009
L (Leu) UUA 466  4.64 UCA 93 1.90 . UAA - - W (Trp)  UGA 88 259
[UUA] UuG 40 040 UcG 3 006 UAG - - [UGA] UGG 10 1.43
L ({Leu) Ccuu 38 1.12 P(Pro) CCU 74 218 H (His) CAU 43 044 R (Arg) CGU 9 1.00
[CUA] cuc 4 057 [CCA] cCcC 4 1.00 [CAC] CAC 24 1.00 [CGA] CGC 0 O
CUA 55 0.55 CCA 54 079 Q(Gin) CAA 63 093 CGA 42  2.00
cuG 0o 0 CCG 2 029 [CAA] CAG 9 1.00 CGG 7 1.00
1 (He) AUU 315 281 T(Thr) ACU 105 1.85 N (Asn}) AAU 175 266 S (Ser) AGU 52 1.33
[AUC] AUC 30 026 [ACA) ACC 11 017 [AAC] AAC 18 257 [AGC] AGC 5 0.10
M (Met) AUA 203 1.74 ACA 75 114 K{lys) AAA 63 0.56 AGA 56 1.15
[AUG] AUG 20 035 ACG 2 003 [AAG] AAG 26 067 AGG 1 014
V (Val) GUU 81 1.00 A(Ala) GCU 102 1.79 D (Asp) GAU 57 173 G (Gly) GGU 40 1.86
[GUA] GUC 5 0.09 [GCA] GCC 12 036 [GAC] GAC 11 0.26 [GGA] GGC 1 0.02
GUA 103 1.81 GCA 61 1.85 E(Giu) GAA 74 174 GGA 151 2.53
GUG 6 0.1 GCG 2 0.06 [GAA] GAG 3 0.14 GGG 27 0.45

calculate distances taking into account differences between
transitions and transversions. The nuclectide sequences
of the COIl and COll genes are among the most conserved
among these dipteran species. The range of nucleotide

ATPase 6 (0.1687/0.2147) and ND3 (0.2183/0.2689) genes
(Table 4).

Codon usage

divergence varied from 0.1426 to 0.1448 (for Drosophila
and Ceratitis COIl genes) to 0.2994-0.2971 (for Drosophila
ATPase 8 and Ceratitis ND6 genes).

The average distance obtained in the analysis of the
protein-coding genes yielded a very similar result for
Drosophila and Ceratitis when compared with C. horninivorax.
Major divergences among the Drosophila and Ceratitis
genes distances were found for ATPase 8 (0.2994/0.2275),

© 2000 Blackwell Science Ltd, Insect Molecular Biology, 9, 521529

The codon usage of the C. hominivorax mitochondrial
genome is shown in Table 5. Comparison with the codon
usage of the mosquito A. guadrimaculatus and D. yakuba
revealed very similar patterns. Only two codons, CUG
and CGC, were not represented in the C. hominivorax
mtDNA coding sequences, reflecting the influence of a
strong biased codon usage. As reported for other meta-
2zoan mtDNA (Wolstenholme, 1992), the most commonly
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Figure 1. Phylogenetic relationships among Diptera using neighbour-joining analysis (Saitou & Nei, 1987), of aligned amino acid sequences.
The bootstrap (1000 replicates) supports are indicated. The value in brackets indicates the bootstrap support for the Acalyptratae node based on

a reduced data set analysis (the ATPase 8 and ND6 genes were removed).

used codon in degenerate codon families often does not
match the anticodon. The tolerance of mismatches is a
common feature in metazoan mtDNA, but its mechanisms
have not been conclusively established. There is a signi-
ficant correlation between codon usage and the nucleotide
composition of insect mtDNA, as seen by the increased
use of A + T-rich codons (Foster et al., 1997).

Significant variation in nucieotide composition exists in
the different mitochondrial genomes, therefore another
approach for studying codon usage is to examine the rela-
tionships between the base composition of codon families
and amino acid occurrence. A simple method that has
been used to measure this is to calculate the number of
G + C-rich codons (Pro, Ala, Arg and Gly) and A + T-rich
codons (Phe, lle, Met, Tyr, Asn and Lys) and then deter-
mine their ratio (Crozier & Crozier, 1993). This value was
0.43 in C. hominivorax, which agrees with the dipteran
value of 0.42-0.43. The overall amino acid composition
of C. hominivorax mtDNA resembled that of Drosophila,
which over-represented the following amino acids: Leu
(16.3%), lie (9.3%), Phe (9.3%), Ser (9.3%), Met (6.0%)
and Gly (5.9%); the less abundant being Cys (1.0%), Arg
(1.6%), Asp (1.8%) and Gin (1.9%).

The occurrence of C or G at the third codon positions
corresponded to only 10% of the 3707 codons analysed.
Despite the evolution towards an A + T-rich genome, there
was a slight bias, particularly against G nucleotides, which
were represented only by 158 occurrences in the third codon
position. A mutational tendency against a third codon
position with G has been suggested for some metazoan
mtDNA (Boore & Brown, 2000).

Phylogenetic perspectives

To reduce eventual inconsistencies resulting from increased
variation in individual gene sequences, further phylogenetic
analyses were performed with the predicted amino acid
sequences rather than with the nucleotide data. Aligned
amino acid sequences for dipterans and the locust (as an
outgroup) were analysed to provide a general overview of
the phylogenetic relationships recovered by mitochondrial

coding genes. To minimize eventual homoplasic events and/
or ambiguous phylogenetic information provided by incon-
sistent alignments, we also performed the same phylogenetic
analysis with a reduced data set from which the ATPase 8
and ND6 sequences were absent.

The complete data set with sequences from Cochliomyia,
Drosophila, Ceratitis, Anopheles and Locusta was suffi-
cient to provide an appropriate level of resolution for
dipteran relationships (Fig. 1), correctly distributing the
Acalyptratae species as a monophyletic cluster (Drosophila
and Ceratitis). Cochliomyia hominivorax (Calypterate) and
the Acalypterate assembled in a typical Brachycera cluster,
with A. quadrimaculatus (Nematocera) in a basal posi-
tion in the dipteran topology. The orthopteran outgroup
was included to support the interpretation of dipteran
phylogenetic relationships. When the ATPase 8 and ND6&
sequences were absent, this analysis resulted in the same
pattern of relationships, although the bootstrap support
for the Drosophila/Ceratitis node provided a more confident
score for this branch (Fig. 1).

Cochliomyia hominivorax RFLP analysis

The restriction sites in the C. hominivorax sequenced mito-
chondrial genome were identified to provide a restriction
map of this genome for previously identified polymorphic
endonucleases. The characterization of Brazilian popu-
lations of C. hominivorax by RFLP (restriction fragment
length polymorphism) of mtDNA, have provided an overall
scenario of C. hominivorax variability and population structure
(Azeredo-Espin, 1993; Infante & Azeredo-Espin, 1995).
Figure 2 summarizes the distribution of the diagnostic
enzymes along the ‘linearized’ mtDNA. We identified four
Haelll restriction sites providing digestion fragments of 7.2,
7.0, 1.0, 0.8 kb, six Hindlll restriction sites with fragments
of 6.7, 4.1, 3.6, 0.5 (two) and 0.4 kb, six restriction sites
for Mspl producing the fragments of 5.0, 4.9, 4.2, 1.4, 0.18
and 0.15 kb and five restriction sites for Pvull responsible
for fragments of 8.3, 3.1, 3.0, 0.9 and 0.6 kb.

Based on the restriction patterns produced by each
enzyme (B for Haelll, A for Hindlil, A for Mspl and C for
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Figure 2. Polymorphic restriction sites mapped on

C. hominivorax mtDNA based on RFLP analysis

{Infante & Azeredo-Espin, 1995). M = Mspl,

P = Pvull, H = Haelll and | = Hindlil. The

mitochondrial genome is displayed schematically

according to the gene order from the control region fro—

to the 125 rRNA gene. 0 87kb

Pvull) we were able to characterize the ‘mitochondrial hapio-
type’ represented by the sequenced genome. Infante &
Azeredo-Espin (1995) described the ‘BAAC’ haplotype as
haplotype 2. This haplotype accounted for about 44% of
the individuals analysed in previous work and had a wide
distribution over the sampled populations. in a recent analysis
using multiple molecular markers, Infante-Malachias (1999)
suggested that South America is the probable centre of
origin of this ectoparasitic species. Since the mtDNA haplo-
type 2 is the most frequent in screwworm populations, is
geographically the most widespread and occupies a central
position in the cladogram distribution, it is a likely candid-
ate for the ‘ancestral’ haplotype of C. hominivorax mtDNA.

The identification of potential regions for PCR-RFLP
screening could provide a reliable strategy for immediate
access to genetic variation in C. hominivorax populations,
thereby providing an efficient method for monitoring this
species. The COIl gene sequences, for example, have three
restriction sites for Mspl and one site for Pvull, which makes
this gene a suitable marker for PCR-RFLP analysis.

Experimental procedures

Fly strains

The C. hominivorax used in this study were from a laboratory
lineage originally collected at Caraguatatuba, S.P., Brazil. The
screwworm larvae were reared and maintained in the laboratory
as described elsewhere (Infante & Azeredo-Espin, 1995).

mtDNA extraction

mtDNA was obtained as described by Azeredo-Espin et al. (1991).
An amount of 60 ng provided enough DNA for the construction of
a mitochondrial genomic library (Sambrook et al., 1989).

Sequencing

The complete sequence of the C. hominivorax mtDNA was deter-
mined by the shotgun approach (Anderson et al., 1982). Intact
mtDNA was sheared by sonication, repaired with the Kienow
fragment of E. coli DNA polymerase | and T4 polynucieotide kinase
and fractionated by electrophoresis on low melting agarose.
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Fragments of 0.8~2.0 kb were purified and inserted into Smal-
digested pUC 18 (Amersham Pharmacia Biotech). Plasmid
clones were sequenced using BigDye terminator (Perkin-Elmer)
chemistry with forward and/or reverse universal primers (Stratagene)
in AB! PRISM 377 sequencer (PE Applied Biosystems) following
the manufacturers instructions. The amount of clones sequenced
was sufficient to provide a five times coverage of the mitochondrial
genome sequence. Assembling and final consensus sequences
were obtained using the phred/phrap/consed package (Gordon
et al., 1998).

Annotation

The software GLIMMER (Salzberg et al., 1998) was used for gene
finding in the final sequence. Similarities between the primary
nucleotide and translated open reading frame (ORF) sequences
and already described genes and proteins were determined with
BLAST using the GeEnBank nonrandom database (Altschul et al.,
1997). Possible sequence polymorphisms are indicated as ‘vari-
ation’ in the annotated genome.

Possible conflicts between the ORF results and peculiar features
of the mitochondrial transcription mechanism of metazoans
meant that the annotation criteria for gene description assigned
incomplete termination codons to genes with regions overlapping
adjacent tRNA sequences in the same orientation, based on
the data reported by Ojala et al. (1981). Despite the occurrence
of short overlapping sequences involving the genes COI (5 bp),
ND2 (2 bp) and Cyt.b (2 bp), we chose to preserve complete
termination codons (TAA and TAG) because of the high sequence
identity of the hypothetical transcript with several predicted
protein sequences described for other dipterans.

Another deviation from the usual approach to determining gene
sequences was also adopted for the COI gene. Based on numer-
ous reports of an alternative initiation codon (TCG) for the insects’
COl gene, this criterion was also taken into consideration in the
annotation of the C. hominivorax mitochondrial genome.

The limits of some of the mitochondrial genes described in this
work may require modification later as new transcript sequence
information emerges.

Comparative analysis

The alignment of homologous mtDNA gene sequences and
statistical and phylogenetic analysis of dipteran species were
performed using CLUSTALW (Thompson et al., 1994) and the
MEGA package (Kumar et al,, 1993). The nuclectide distances
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used in comparisons of the protein-coding genes of C. hominivorax,
D. yakuba and C. capitata was based on the Kimura 2 parameter
model (Kimura, 1980). A phylogeny was constructed based on
aligned amino acid sequences for C. hominivorax and on GENBANK
sequences for Drosophila yakuba (NC_001322), Ceratitis capitata
(NC_000857), Anopheles quadrimaculatus (NC_000875) and
Locusta migratoria (NC_001712). Inferred amino acid sequences
were multiple aligned among all taxa for each of the thirteen
genes. individual alignments were then assembled to provide a
single alignment file. Alternatively, a limited data set was designed
in which genes providing low confident alignments (ATPase 8
and ND6 genes) were removed. For these multiple alignments,
the parameters forming open gap (OGP) and gap extension
(GEP) penalties were set at 15 and 6.66, respectively, using the
BLOSUMBS30 matrix, as described by Black & Roehrdanz (1998).

GENBANK accession number

The GENBANK accession number of the C. hominivorax mitochon-
drial genome is AF260826.
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Characterization of the screwworm flies Cochliomyia
hominivorax and Cochliomyia macellaria by PCR-RFLP
of mitochondrial DNA
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Abstract. The primary screwworm fly Cochliomyia hominivorax (Coquerel)
(Diptera: Calliphoridae) is one of the most important insect pests of livestock in
neotropical regions, whereas Cochliomyia macellaria (Fabricius) (Diptera:
Calliphoridae), the secondary screwworm, is of medical and sanitary importance
because of its role in the dissemination of pathogens. These two species share
morphological similarities and both may occur in the same myiasis, but in different
developmental stages. In this work, the usefulness of PCR-RFLP (polymerase chain
reaction — restriction fragment length polymorphism) of mitochondrial DNA
(mtDNA) for the unambiguous identification of C. hominivorax and C. macellaria
was investigated. Two specific regions of mtDNA were amplified: 870bp from
Cytochrome oxidase subunit I and 2100 bp from the A+ T rich/12S region from C.
hominivorax and C. macellaria specimens from different areas of Brazil. Reliable
species-specific PCR-RFLP results were obtained for the CO I region and the A+ T
rich/12S region using the restriction enzymes Dra I and Ssp 1. These results
confirm the conservation of CO I diagnostic restriction sites previously reported and
demonstrate the usefulness of the control region sequences as an efficient marker
for PCR-RFLP identification of Brazilian screwworm flies. The occurrences of
intraspecific polymorphic patterns are discussed based on frequencies and potential
conflicts for species identification. PCR-RFLP provides a potentially useful method
for identifying samples from the areas where these species are monitored.

Key words. Cochliomyia hominivorax, Cochliomyia macellaria, molecular
identification, molecular markers, mtDNA, PCR-RFLP, screwworm, Brazil.

Introduction

The primary screwworm fly, Cochliomyia hominivorax
(Coquerel), is one of the most important insect pests of
livestock in neotropical regions. The larvae of this species
infest open wounds in humans and warm-blooded vertebrates,
causing severe myiasis and substantial profit losses for cattle
breeders. The distribution of this species initially ranged from
the southern United States to northern Argentina, with the
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highest abundance in neotropical regions (Guimardes etal.,
1983).

Cochliomyia hominivorax is morphologically similar to the
secondary screwworm, Cochliomyia macellaria (Fabricius), a
blowfly that feeds primarily on carrion. Cochliomyia macel-
laria is a secondary agent of myiases and a purely
saprophagous species. The adults are attracted to a wide
variety of substrates for food and reproduction, including urban
garbage, human and livestock faeces, carcasses and wounds,
whether or not already infested with dipteran larvae (Hall,
1948; Zumpt, 1965; Paraluppi, 1992). Because of its
synanthropic behaviour, C. macellaria has been reported to
be a mechanical vector of human and animal diseases. This
species is very common in neotropical America, ranging from
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southern Canada to northern Argentina (Ferreira, 1983;
Baumgartner & Greenberg, 1985; Dear, 1985).

The geographical overlap between C. macellaria and C.
hominivorax, the morphological similarity, especially between
earlier developmental stages, the coexistence of both species in
the same infested wound and the potential losses that C.
hominivorax represents for cattle breeders, means that it is
important to investigate reliable new methods for the
characterization of these two species (Pomonis, 1989; Taylor
& Peterson, 1994). Molecular markers have been used in the
investigation of screwworm population genetics (Roehrdanz,
1989; Infante & Azeredo-Espin, 1995; Valle & Azeredo-Espin,
1995; Infante-Malachias eral., 1999; Infante-Malachias,
1999). Mitochondrial DNA provides a suitable marker for
studies on genetic variability and molecular characterization.
Given its simple and uniform organization, the absence of
recombination, maternal inheritance and the high rate of
nucleotide sequence evolution, mtDNA is a useful marker for
studying molecular evolution and making phylogenetic
inferences (Simon et al., 1994).

PCR-RFLP analysis of molecular markers in closely related
species has been used to elucidate ambiguous taxonomic status
and to identify taxa of importance to forensic science and pest
control. The insect groups studied include Diptera (Sperling
etal., 1994; Wells & Sperling, 1999), Coleoptera (Tuda eral.,
1995; Hidayat eral., 1996; Szalanski & Powers, 1996),
Hymenoptera (Taylor eral., 1997) and Lepidoptera (Sperling
& Hickey, 1995; Roehrdanz, 1997). Diagnostic PCR-RFLP
patterns were previously demonstrated for screwworm species
based on the analysis of specific mtDNA regions (Taylor et al.,
1996), supporting the potential of this approach for taxonomic
identification.

RFLP analysis of the mtDNA of both screwworm species
has allowed the characterization of population structure and
the levels of genetic variability of each species. Roehrdanz &
Johnson (1988) and Roehrdanz (1989) analysed screwworm
populations from the United States, Mexico, Jamaica,
Guatemala and Costa Rica, and suggested an evolutionary
scenario with reduced gene flow, based on the frequency of
unique mitochondrial haplotypes. Taylor etal. (1991) applied
RFLP markers to analyse the introduction of C. hominivorax in
Libya in an attempt to identify the origin of the infestation.

In Brazil, Azeredo-Espin (1993) and Infante & Azeredo-
Espin (1995) detected significant genetic heterogeneity in C.
hominivorax on mtDNA RFLP studies. However, the mito-
chondrial haplotype identified in the Libyan infestation was not
shared by any of the Brazilian populations analysed. Beesley
(1991) suggested that the infestation originated from Uruguay
(South America). These analyses indicated that the genetic
structure of C. hominivorax in American mainland regions was
similar and suggested that populations were interconnected but
had reduced gene flow.

Based on RFLP of mtDNA, Valle & Azeredo-Espin (1995)
and Valle (1997) concluded that Brazilian populations of C.
macellaria showed genetic discontinuity with spatial separa-
tion, a situation similar with the data reported for C.
hominivorax, but with less intraspecific variability.

Capitulo 3

In the work reported here, PCR-RFLP of specific mtDNA
regions is used to address two main questions. The CO I
marker is analysed to corroborate previous results (Taylor
etal., 1996), while also including the characterization of
widely distributed Brazilian populations of screwworm flies.
The usefulness of the mtDNA control region (A +T rich) as an
efficient marker for distinguishing C. hominivorax and C.
macellaria samples is also investigated.

Materials and Methods
Fly strain

Seventy-seven C. hominivorax samples from different
Brazilian localities were analysed: 15 from Alfenas, Minas
Gerais State (MG); 15 from Caraguatatuba, Sao Paulo State
(SP); 15 from Manaus, Amazonas State (AM); 15 from Poconé,
Mato Grosso State (MT) and 15 from Valinhos, SP.
Additionally, two C. hominivorax individuals from Uruguay
were included in the analysis. Seventy-three C. macellaria
samples were analysed: 15 from Campinas, SP; 15 from
Caraguatatuba, SP; 15 from Manaus, AM; 13 from Porto Urucu,
AM and 15 from Rio de Janeiro, Rio de Janeiro State (RJ). Six
individuals of C. macellaria from Porto Urucu were selected to
represent the six mtDNA haplotypes previously described for
this locality (Valle, 1997). This selection provided information
from a population with significant genetic variability and
allowed validation of the screening for diagnostic enzymes. A
total of 150 individual flies were analysed in this work.

DNA extraction

Cochliomyia hominivorax and C. macellaria samples were
derived from previous DNA extractions used in RFLP analysis
(Infante & Azeredo-Espin, 1995; Valle & Azeredo-Espin,
1995). The samples were stored at —20°C.

PCR amplification

Two specific mtDNA regions were amplified: 870bp of
cytochrome oxidase I (CO I) and 2100bp including the
complete control region and partial rRNA 12§ sequences
(A +T rich/12S). The UBC-insect mitochondrial DNA oligo-
nucleotide set, described by Simon eral. (1994), was used for
CO I amplification using the primers C1 —J—2195and L2 - N
—3014; and for A+T rich/12S amplification, the primers TM ~
N - 193 and SR - J - 14233 were used.

Standard PCR conditions were used in the amplification
reactions, which contained 10X PCR buffer (Gibco-BRL,
Rockville, MD), 0.2mM of dNTPs, 1.5mmM MgCl,, 0.5um of
UBC primers, 1.25 units of Tag DNA polymerase (Gibco-
BRL), and 1.0 puL of extracted DNA in a final reaction volume
of 25uL. Temperature cycling was done in a Perkin-Elmer
(Norwalk, CT) thermal cycler set for an initial denaturing cycle
of 3min at 94°C followed by 35 cycles of 1min at 94°C,
annealing for ! min at 42-56°C, and a 2-min extension at
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Table 1. Diagnostic restriction patterns for the species-specific
identification of C. hominivorax and C. maceilaria by PCR-RFLP
analysis. * PCR product not digested. A and B indicate polymorphic
restriction patterns.

mtDNA patterns/species

Region Enzyme  C. hominivorax C. macellaria
Cot
Dde 1 A 450, 250, 170 620, 250
B 620, 250
Dra ] 870+ 520, 350
Ssp 1 740, 130 870
A+T/2S
Dra | A 80O, 350, 220 600, 510, 350, 320, 220
B 1000, 350, 220
EcoR V 1480, 620 A 2100*
B 1450-650
Ssp 1 450, 370, 225 700, 410, 350, 190

72°C. The final cycle was identical except for a 7-min
extension step at 72°C. The A+T rch/I2S region was
amplified as described by Lessinger & Azeredo-Espin, 2000).
A lower extension temperature (60°C) was used because of the
high A+T composition of this region (Lessinger & Azeredo-
Espin, 2000; Lessinger et al., 2000).

Restriction enzymes

The PCR products of CO I were digested with nine restriction
endonucleases: BamH 1, Cla 1, Dde 1, Dra 1, EcoR 1, Hae III,
Pvu 11, Ssp 1 and Tag 1. These enzymes were selected based on
previous RFLP analysis and PCR-RFLP results for C
macellaria and C. hominivorax (Infante & Azeredo-Espin,
1995; Valle & Azeredo-Espin, 1995; Taylor eral., 1996; Valle,
1997). Enzymes yielding intraspecific polymorphism in these
previous population genetics studies were avoided.

The A+T rnich/12S sequences available for Cochliomyia
species (Lessinger & Azeredo-Espin, 2000) were analysed
using the WebCutter 2.0 software (Heiman, 1997). Thirty-three
enzymes were screened using the default parameters. The
enzymes yielding diagnostic patterns for species-specific
identfication were used to provide experimental confirmation
of the predicted restriction sites and to test the confidence of
the diagnostic results for all of the samples analysed.

Digestions were done as specified by the enzyme suppliers
(Gibco-BRL and Pharmacia, Peapack, NJ). The digested
fragments were separated by electrophoresis in 2.0% agarose
gels, stained with ethidium bromide (EtBr) and photographed
on Polaroid film. $X174 digested with Hae III and a 1-kb
LADDER (Gibco-BRL) were used as molecular size markers.

Selection criteria

Two DNA samples of each species were amplified and
digested to provide initial screening information on the
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® CH' CH' Cm Ch Cm Ch Cm

Ddel Dral Sspl

Fig.1. CO 1 diagnostic patterns for C. macellaria (Cm) and C
hominivorax (Ch). ¢ is the ¢X174/Hind 111 molecular size standard.
A and ® indicate polymorphic restriction patterns.

restriction sites present in the mtDNA regions analysed and
on their usefulness for species-specific identification. Enzymes
showing at least one restriction site were used in the final
analysis with the complete sample set. Enzymes producing
distinct restriction patterns for each species were considered
diagnostic.

Results and discussion

The diagnostic restriction enzymes and respective mtDNA
regions are shown in Tablel. A few inconsistencies were
related to the sizes of the originally amplified PCR products
and to the total size recovered from the sum of the digested
fragments; these findings may reflect the occurrence of an
unknown number of small fragments which were unresolved in
the agarose gels.

Analysis of predicted restriction sites in the A+ T nch/128
region revealed four enzymes (Dra I, Mse 1, Ssp I and Vsp I)
with restriction sites for C. macellaria and five (Dra 1, EcoR V,
Mse 1, Ssp 1 and Vsp 1) for C. hominivorax. The enzymes Vsp |
and Msp 1 provided too many restriction fragments of short
sizes, resulting in inaccurate species identification. These
enzymes were therefore removed from the final analysis.

The enzymes listed in Table | were potential diagnostic
markers; however, the occurrence for polymorphic patterns in
some populations may represent identification conflicts.
Pattern B of the C. hominivorax CO U/Dde 1 restriction
analysis was similar to the C. macellaria pattern for the same
analysis (Fig.1) and restricted the use of Dde 1 for the
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Table 2. Haplotypes of geographical samples of C. hominivorax and C. macellaria. n indicates the number
of individuals analysed. A and B are species-specific restriction patterns. Monomorphic restriction patterns

from Table | are indicated as A in this table

COo1 A+T/128
Samples n Dde 1 Dra 1 Ssp 1 Dral EcoRV  Ssp 1
C. hominivorax
ALFENAS - MG (15) A A A A A A
CARAGUATATUBA - 5P (15) A A A A A A
MANAUS - AM (11) A A A A A A
(4) A A A B A A
POCONE - MT (15) A A A A A A
VALINHOS - 5P (15) B A A A A A
URUGUAY (2) A A A A A A
C. macellaria
CAMPINAS - 5P (15) A A A A A A
CARAGUATATUBA - SP (15) A A A A A A
MANAUS - AM (15) A A A A A A
PORTO URUCU - AM (12) A A A A A A
n A A A A B A
RIO DE JANEIRO - RJ (15) A A A A A A

¢ L cK cH Cm

Ch Cnf' Cm"® Ch Cm

Dral

EcoRY

Sspl

Fig.2. A+T rich/12S region diagnostic patterns for C. macellaria (Cm) and C. hominivorax (Ch). L and ¢ are the 1kb ladder and ¢X174/Hind
111 molecular size standards, respectively. * and ® indicate polymorphic restriction patterns.

unambiguous identification of these species. The CO I/Dde 1
restiction pattern B was fixed and was exclusive of C.
hominivorax samples from Valinhos (S. P.) (Table 2).

The C. macellaria samples from Porto Urucu (AM),
representing six distinct mtDNA haplotypes (Valle, 1997),
yielded a different restriction pattern for only one
individual when EcoR V were used to digest the A+T
rich/12S region (Table 2). This pattern differed by one

EcoR V restriction site and may be a useful marker for
future population genetic studies. The polymorphic patterns
described above were associated with the vanable domain
of the control region (Lessinger & Azeredo-Espin, 2000).
We suggest that the enzyme EcoR V should be avoided in
identification analysis because its alternative restriction
pattern in C. macellaria  mtDNA produced ambiguous
results (Fig.2).
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The low frequency of polymorphisms was expected because
enzymes yielding polymorphic patterns in previous RFLP
studies were avoided as an initial criterion. However, the
occurrence of polymorphism in a particular species would not
always represent an identification conflict: the polymorphic
patterns for Dra I restriction analysis of C. hominivorax A+T
rich/12S region provide an efficient identification of screw-
worm species (Fig.2 and Table 2).

Taylor etal. (1996) analysed Cochliomyia species by PCR-
RFLP and identified the enzymes Dra I and Ssp I as diagnostic
markers for a 348-bp CO I sequence. This region was
previously reported as an informative marker for blowfly
identification (Sperling etral., 1994) and is included in the
larger 870bp CO I region analysed in this work. Previous
PCR-RFLP analysis included limited Brazilian samples and
requires more extensive characterization of this marker to
validate its usefulness for Brazilian screwworm populations.
Combining the restriction analysis of CO I and A+T rich/128
regions with the enzymes Dra I and Ssp 1, we were able to
correctly recognize the species C. hominivorax and C.
macellaria. The characterization of additional diagnostic
markers (such as the mtDNA control region) and the analysis
of geographically separated Brazilian populations provide a
basis for the efficient identification of screwworm species,
their distribution and possible origin (Infante-Malachias,
1999).

For practical purposes, individual or combined PCR-RFLP
tests could be applied for screwworm identification regarding
the relative costs for screening samples. The analysis of an
unidentified sample by the amplification of a single mtDNA
region (COI or A+T/12S) followed by restriction analysis
(Dra 1 or Ssp 1) could provide accurate identification of
screwworm species requiring no further procedures; indeed,
morphological and ecological aspects could contribute as
additional evidences.

The operational sensitivity of PCR-RFLP tests could be
demonstrated based on the consistent reproducibility of the
results (based on approximately 1000 digestions with less than
2% revisal) and enzymes relative costs (Tag DNA polymerase
and restriction endonucleases). Target amplification plus Dra I
digestion would be less than USS$ 1 per sample, while
increased confidence levels on species identity by combined
PCR-RFLP tests may costs less than US$ 3 per sample. In
addition to relative low costs, this analysis provides a
convenient strategy for screwworm identification, as it uses
universal primers applied in general insect molecular research
and requires basic molecular biology devices.

The results described here demonstrate that PCR-RFLP of
mtDNA provides a simple and reliable method for identifying
C. hominivorax and C. macellaria samples and for monitoring
the expansion and control of these species. This technique may
also be useful to study intraspecific genetic variability and
could help in determining the origin of C. hominivorax
samples in (re)colonizations or invasions. Additional popula-
tion studies may contribute to evaluation of the extent to which
of the diagnostic restriction patterns are conserved. However,
this work confirms the potential usefulness of these markers for
studying Brazilian screwworm populations.
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ABSTRACT

The mtDNA control regions (CR) of the blowflies C. albiceps, C. megacephala and C.
putoria (Calliphoridae) were characterized. The most unusual feature found was the presence of two
extra tRNA sequences corresponding to the tRNA™ and tRNA®" genes and a 19 bp repeat of

Gln

adjacent CR sequences. The partially duplicated tRNA~" may correspond to a pseudogene since

most of the sequence of the typical insect tRNA®™ is missing and interspecific comparisons showed

a significant degree of sequence divergence among Chrysomya species. The (RNAP

gene showed
marked divergence in C. putoria and resulted in a specific sequence element with an internal
symmetric pattern. In contrast, the additional tRNA™ gene had a conserved primary sequence
following the duplication event and may have represented a functional copy of the gene. Differential
selection against duplicated genes appears to have been operating in these species as reflected in the
conserved extra tRNA™ copy and the degeneration of the tRNA" sequences. The characterization
of CR sequence elements close to the duplication endpoints could provide a better understanding of
the mechanism responsible for the duplication event. The potential to form stable stem-and-loop
structures was investigated in duplication endpoints because of the common association of
secondary structures with duplication events and rearrangements in animal mtDNA. Duplication of
the tRNA-coding sequences adjacent to the mtDNA control region was observed, including that of a
noncoding sequence repeat. Specific patterns of evolution were assigned to the different sequences
identified. These results demonstrated and confirmed the plasticity of the mtDNA molecule in
Chrysomya, especially for the tRNA genes and adjacent control region sequences. The
characterization of the Chrysomya CR provides access to variable sequences in the mitochondrial
genome which should be useful in the identification of forensically important flies, and could
provide data for phylogenetic analyses of closely related species, as well as potential markers for

population genetics.
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INTRODUCTION

Rearrangements in gene order are well documented in a number of organisms and
assumptions on the conservation of animal mitochondrial genomes have to deal with the
increasing evidence for a more “flexible” and dynamic molecule (Black IV & Roehrdanz, 1998;
Dowton & Austin, 1999; Campbell et al., 1999; Shao er al., 2001a,b). Studies of tRNA positions
in animal mitochondrial genomes suggest their accelerated mobility relative to other
mitochondrial genes (Saccone et al., 1999). The control region (CR) and adjacent sequences are
frequently associated with structural divergence in animal mtDNA, indicating that the driving
mechanisms of structural organization may be closely related to errors in the replication process
(Zevering, et al., 1991; Macey et al., 1998).

The structural organization of the insect mtDNA control region (or A+T-rich region)
consists of a variety of sequence elements with specific patterns of evolution in different species
(Zhang & Hewitt, 1997). In Drosophila, the occurrence of repetitive or duplicated motifs is
usually associated with the control region, considering both variable and conserved domains
(Monforte, et al., 1993; Lewis et al, 1994). Rearrangements of tRNAs associated with sequences
flanking the control region are a common feature of insect mtDNA (Wolstenholme, 1992). The
analysis of control region evolution is strongly compromised by the species-specific patterns of
structural organization. This lack of structural conservation, even among closely related species,
limits the use of universal insect mtDNA primers in amplification reactions and requires special
care in the interpretation of homologous elements in comparative analyses.

The blowfly mtDNA control region contains conserved and variable sequences arranged
in specific domains (Lessinger & Azeredo-Espin, 2000). The A domain shows multiple
conserved sequence blocks when Calliphoridae sequences are aligned. In contrast, the B domain
sequences are too variable to allow consistent alignment and validation of homologous sites in
myiasis-causing flies. Although the control region sequences of C. megacephala have been
described (Lessinger & Azeredo-Espin, 2000) there has been no detailed characterization of the
repeated region in this species. To address this question, we reviewed the C. megacephala
sequence (AF151386) and included an analysis of the mtDNA control region of Chrysomya

albiceps and Chrysomya putoria.
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A revised analysis of the Chrysomya control region identified the tRNA™ and tRNAS"
gene sequences near to the rRNA 12S end of the control region. The control region sequences of
C. megacephala, C. albiceps and C. putoria mtDNA were established in order to confirm the
occurrence of duplicated tRNA sequences in these species, and to determine which patterns of
molecular evolution were operating in the repeated region, as well as the molecular mechanism

that could give rise to this duplication in Chrysomya.

RESULTS AND DISCUSSION
Amplification of the Chrysomya control region

Figure 1 schematically shows the structural organization of the Chrysomya control region
based on the presence of a tRNA repeat adjacent to the 3’ end of the control region as predicted by a
review of the C. megacephala AF151386 sequence. Annealing sites for the universal and
Chrysomya-specific primers are shown in order to provide a general overview of the possible
amplification products generated by alternative PCR reactions. Amplification of the control region
sequences with the primers CmegA and CmegAR (Table 1) combined with the primers TI-N-24
(Simon et al., 1994) and SR-J-14776 (Lessinger & Azeredo-Espin, 2000), in two independent
reactions, allowed recovery of the complete control region sequences in each species (amplicons 1
and 2, figure 2). Size variations in the homologous amplified regions were evident for C. albiceps
relative to the other two species and were partially related to numerous short tandem repeats
distributed along the entire region (as poly-Ts, poly-As, [TA], and T[A], stretches). The
amplification of a 300 bp fragment (Table 1 and Figure 2 lane 8) is indirect evidence of the presence
of the a tRNA copy and could be used as a control parameter to search for this duplication in other
Chrysomya and related species. The analysis of amplified control region-specific fragments
provided an estimate of the total size for C. albiceps (~ 1300 bp), C. megacephala and C. putoria (~
1150 bp each), indicating the potential application of control region markers for species-specific
identification, especially considering their combination with PCR-RFLP analysis (Litjens et al.
2001). The amplification of the 300 bp product for Chrysomya was initially misinterpreted as an
non-specific PCR product and has now been recognized as a legitimate amplification product.

The usefulness of newly described primers for the efficient amplification of Chrysomya

control region sequences was confirmed. These primers were also effective in recovering control
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region sequences from other forensically important blowflies (unpublished observations) and

from preserved museum specimens of myiasis-causing flies (Junqueira ez al., in press).

Structural organization of the Chrysomya control region

Analysis of the mtDNA control region of Chrysomya revealed duplicated tRNA
sequences in C. albiceps, C. megacephala and C. putoria. This duplication was conserved among
these species, as indicated by amplification analysis of numerous individuals of each species
(data not shown). The amplicon I sequences confirmed the identity of both tRNAs genes
(tRNA™ and partial tRNA®™), as well as the initial 19 bp from the 5’ end of the control region
(adjacent to the original tRNA"™ gene). However, interspecific sequence analyses have suggested
that specific sequence elements associated with the duplicated region may be under differential
mutation pressure and may have evolved independently since duplication.

The alignment of control region sequences (Figure 3A, B) of C. albiceps, C. megacephala
and C. putoria provided an improved interpretation of the Chrysomya ‘variable’ domain B and
confirmed the conserved features associated with the control region of the Calliphoridae A
domain. Several sequence elements were identified and compared among these species, including
the conserved sequence blocks (CSBs) previously described for myiasis-causing flies (Lessinger
& Azeredo-Espin, 2000), the predicted secondary structures potentially associated with the origin
of mtDNA replication (OR), duplicated sequences, adjacent regions and stem-and-loop-forming
sequences at the duplication endpoints. A general overview of the structural organization of the

Chrysomya control region is shown schematically in Figure 4.

Calliphoridae conserved sequences

All previously described CSBs for the mtDNA control region of myiasis-causing flies
were assigned for the Chrysomya species analyzed, except for CSB V which corresponds to the
annealing site of the CMeg primers and, as expected, should be highly conserved in these species.
The evolution of the Chrysomya CR A domain and specific elements is consistent with the
analysis reported for other Calliphoridae and Oestridae, as described in Lessinger & Azeredo-
Espin (2000).

The predicted secondary structure for the Chrysomya mtDNA replication origin (Figure 5)

is conserved as in other Calliphoridae species (data not shown) and its primary sequence included
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CSB VI, the largest conserved element identified in the control region sequences of myiasis-
causing flies. Some, but not all, of the conserved elements described for the insect control region
(Zhang & Hewitt, 1997) could be addressed in the suggested Chrysomya OR sequences,
including a TATA motif (from 712 to 715 in figure 5), a proximal CG-rich element -
GAAGCGTGC (from 682 to 690 in figure 3A) and a prior [TA], stretch (from 168 to 210 in
figure 3B). Compensatory mutations were identified in C. albiceps and C. putoria sequences
indicating possible functional constraints associated with the maintenance of the secondary
structure. These nucleotide substitutions resulted in the replacement of consecutive CG and TA
stem-forming pairs in C. putoria with two TA pairs in the corresponding C. albiceps sequence.
The disruption of basal stem pairing in C. albiceps because of two adjacent A—G transitions did
not prevent the formation of an energetically stable stem-and-loop structure. The same was true

for the C. megacephala structure, based on the nucleotide divergences shown in figure 5.

Duplicated region and adjacent sequences

The entire duplicated region comprised approximately 120 bp, including 19 bp derived
from control region sequences, 68 bp duplicated from the tRNA™ gene and a 32 bp sequence
from a tRNA®™ origin. A BLAST search for sequence similarity for the 71 bp sequence
immediately adjacent to the rRNA 12S gene provided no information about the identity or origin
of this region. Because of the lack of primary sequence conservation among Chrysomya species,
and the lack of correspondence with any known sequence described in GenBank, the 71 pb
region was assigned as an intergenic region than as a remnant control region sequence.
Nevertheless, there are insufficient evidence to validate any candidate origin for these sequences
in the analyzed species. In this work, the 90 bp region between the extra tRNA™ and the rRNA
12S genes is referred to as the Chrysomya intergenic region (CIR).

The secondary structure of the duplicated tRNA™ gene of Chrysomya is shown in figure
6A. Two A—G transitions in the C. megacephala copy are indicated and represent the only
divergent sites among these species. Comparative analysis of the orthologous and paralogous
tRNA™ sequences provided a highly significant nucleotide identity among Chrysomya species
and the homologous single-copy C. hominivorax gene (Figure 4A). The high degree of sequence
conservation observed in the tRNA™ copies contrasted with the variation found in adjacent

duplicated sequences. This differential mutation pattern could be indicative of functional
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constraints responsible for preserving the original tRNA activity, or could result from the
homogenization of gene copies. The duplicated state of the tRNA" gene seems to be a stable
feature in the Chrysomya mitochondrial genome. As suggested by Campbell & Barker (1999),
stabilizing selection, in which duplicated genes persist without any adjacent loss of functionality
could be invoked to explaining the evolution of tRNA"™ sequences in these species.

The duplicated tRNA®" sequence in Chrysomya is an incomplete or degenerated copy of
this gene (pseudogene) as shown in figure 6B, based in the original tRNA cloverleaf structure
retrieved from the C. putoria mitochondrial genome (AF352790). The repeated sequence
corresponded to the tRNA 3’ end, and consisted of the acceptor stem, the TYC and variable loops
and two initial nucleotides of the anticodon stem. Numerous nucleotide substitutions were
observed among Chrysomya tRNAS® repeated sequences, however accelerated evolution from
the original duplicated sequence was only evident in the C. putoria repeat, which was
significantly divergent, and included a 4 bp insertion and several substitutions. The C. albiceps
and C. megacephala copies agreed with the original paralogous region of the tRNA" gene.

The Chrysomya duplication endpoints (Figure 7A, B) were examined for the presence of
common sequence features that could play a role in duplication. The occurrence of sequences
able to produce stable stem-and-loop structures has been described as a feature associated with
gene rearrangements and duplications in animal mtDNA (Stanton et al., 1994). Furthermore, the
nature of the intergenic sequences surrounding the repeat could reveal aspects of the mechanism
of rearrangement (Dowton & Austin, 1999). In particular, the occurrence of tandem or inverted
repeats might provide sufficient plasticity to allow a reorganization of the mitochondrial genome.
Low complexity sequence elements and simple repeats (such as [TA]n, [TAA]n, [A]n) are
abundant motifs in the surrounding repeat area and may be involved in duplication. The initial
characterization of endpoint sequences and the possible patterns of evolution for related
structures are provided below. However, little is known about the specific role of these elements
in the duplication process.

As indicated in figure 7A, partial sequences of the tRNA™ copy and the 19 bp element
could be arranged in an energetically stable stem-and-loop structure that was highly conserved
between C. albiceps and C. putoria, while in C. megacephala there was a more divergent pattern,
including four transitions in paired sites of the stem formation. The occurrence of four GC

pairings in the Chrysomya structures (one of which was lost in the C. megacephala sequence)
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contributed to the stabilization of the stem-and-loop configuration. The inclusion of additional
sequence data from different Chrysomya species would provide a better identification of possibly
regulatory motifs in the mtDNA control region.

As described above, there was a significant divergence between the C. putoria sequences
for the tRNA" pseudogene and adjacent sequences and those of the other Chrysomya species.
This variation was related to the occurrence of a motif containing a symmetric internal repeat (33
bp element) in the C. putoria duplication endpoint (from 335 to 367 in Figure 3A). This element
consisted of sequences of the tRNA®" repeat and of an 18 bp conserved sequence of the
Chrysomya control region (Figure 4C). Although there was no significant evidence supporting
any regulatory importance for this region in the mtDNA, especially considering the rate of
accelerated evolution (13 divergent sites, including five transversions and numerous gaps), a
stem-and-loop structure could be formed by this C. putoria 33 bp element (Figure 7B). The
discrepancy between the C. putoria copy and theother species, may have resulted from

accelerated evolution after duplication and Chrysomya divergence.

Evolution of duplication in animal mtDNA

Rearrangements and duplications are a frequent feature of animal mtDNA, occurring
independently of the coding or noncoding nature of the duplicated sequences and of the relative
position in the mitochondrial genome, although duplication events associated with or adjacent to
control region sequences are more frequent (Zhang & Hewitt, 1997; Black IV & Roehrdanz,
1998; Saccone et al., 1999; Dotson & Beard, 2001).

The resulting copies of duplication events have been characterized as complete genes,
pseudogenes and repeated elements in the control region (or even the entire CR). Most definitions
concerning functional/non-functional assumptions for gene copies are based on predicted
transcribed sequences or inferred secondary structures of the duplicated regions. Recently, direct
experimental evidence of the expressed gene product lead to determination of the non-functional
nature of a previously misinterpreted duplicated gene in Mytilus (Beagley et al., 1999). The
occurrence of duplicated regions involving complete, partial or specific elements of control
region sequences has frequently been reported for the arthropod mitochondrial genome (Rand &
Harrison, 1989; Zhang & Hewitt, 1997; Black IV & Roehrdanz, 1998; Dotson & Beard, 2001;
Nardi et al., 2001).
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The presence of pseudogenes, mainly tRNAs, in the animal mitochondrial genome may
represent a possible transient or intermediate state from the degeneration of duplicated regions
because of the lack of functional constraints on redundant copies (Moritz, 1987; Macey, 1998;
Kumazawa et al., 1998; Campbell & Barker, 1999; Beagley et al., 1999; Eberhard ez al., 2001;
Dorner et al., 2001). The degeneration of original or recently duplicated sequences occurs
randomly and contributes to the rearrangement process (Macey, 1997).

Duplication of mitochondrial coding regions other than those for tRNAs, has been
reported only for the protein-coding ND6 gene in parrots (Eberhard ez al., 2001) and the NDI
gene in Boophilus ticks (Campbell & Braker, 1999), both of which represent non-functional
copies. The prediction of functional duplicated coding regions in animal mtDNA, as suggested
for Chrysomya tRNA™, is restricted to the tRNA genes in Mytilus (Hoffman, 1992; Beagley et
al., 1999), in an anphisbaenian (Macey, 1998) and in snakes (Kumazawa, 1998), and correspond
to the tRNAM®, tRNAP™® and tRNA™ genes, respectively. Recently, Hwang et al. (2001) re-
examined non-annotated regions in published mitochondrial genome sequences and identified a

T . . .
Y in Lumbricus terrestris.

“coding probability” for a second tRNA

The duplicated copies of coding sequences which are free from functional constraints are
prone to high levels of sequence divergence, even among closely related species. The
maintenance of conserved copies of coding or non-coding regions in the animal mitochondrial
genome is a challenging subject that is raising new questions about the strength and nature of
stabilizing selection in mitochondrial genomes (Kumazawa et al., 1998; Black IV & Roehrdanz,
1998; Campbell & Barker, 1999; Eberhard et al., 2001).

Dowton & Austin (1999) proposed a correlation between mtDNA rearrangements and the
evolution of a parasitic lifestyle in hymenopterans. An extension of this association, including the
mitochondrial dynamics of rearrangements in obligate ectoparasites such as ticks, wallaby lice,
mosquitoes and others, suggests that parasitic lineages could be prone to mtDNA rearrangements
as a result of selective pressure from the host-parasite interaction (Shao et al., 2001a; Dowton &
Campbell, 2001). The Calliphoridae contains many species of myiasis-causing flies that are
obligate ectoparasites of great medical and veterinary importance, including species of the genera
Cochliomyia (the New World screwworm), Chrysomya (the Old World screwworm) and Lucilia
(the sheep blowfly). The structural organization of the mtDNA of C. hominivorax, a primary

agent of myiasis, resembles that proposed for Drosophila species. Moreover, no correlation was
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found with the initial levels of structural divergence in the mitochondrial genome of Chrysomya
since the species analyzed were all primarily free-living organisms. The possibility of multiple
evolution as pathways for the parasitic habit from more generalist species in this group (Wall &

Hall, 1995) apparently did not directly affect the Calliphoridae mitochondrial gene order.

Mechanisms of structural organization in animal mtDNA

Duplications of mitochondrial sequences may represent an intermediate state for mtDNA
with further structural organization produced by random the loss of duplicated sequences and
relaxed selection on redundant copies (Macey, 1997). This duplication/random loss model has
been used to explain numerous rearrangements among mitochondrial genomes of related groups
(Moritz et al., 1987; Macey, 1997, 1998). On the other hand, various examples of conserved
duplicated functional or nonfunctional regions have been interpreted as evidence for gene
conversion or concerted evolution (Zhang et al.,, 1995; Zhang & Hewitt, 1997; Black IV &
Roehrdanz, 1998; Eberhard et al.,, 2001). Intramitochondrial recombination has also been
suggested as a legitimate mechanism for mediating some specific rearrangements in animal
mtDNA (Dowton & Campbell, 2001), in addition to other frequently described mechanisms such
as slippage-strand-mismatch, tRNA mediated integration, replication errors, stem-and-loop
regulatory structures and direct/inverted repeats interactions (Levinson & Gutman, 1987; Stanton,
1994; Moritz, 1987; Cantatore et al., 1987).

The most reasonable explanation for the present data is that the duplication process in
Chrysomya mtDNA was mediated by stem-and-loop structures (Saccone et al., 1999), since one
duplication endpoint was within the tRNAC" sequence while the other lay near a stable secondary
structure formed by tRNA" and 19 bp-element sequences (Figure 7A). The mechanism whereby
site-specific integration occurs remains unknown (Stanton, 1994). An alternative hypothesis
would involve a tandem repeat duplication process via a slippage-strand mismatch or mispairing
(SSM) mechanism in which the secondary structures may have played a role in stabilizing a
single-strand region implicated in the slippage during replication. If an SSM event did occur, a
drastic reorganization of the duplicated control region sequences must have taken place in order
to produce the arrangement observed in the Chrysomya control region sequences, including
extensive deletions and degeneration of CR-like duplicated sequences, despite the preservation of

the tRNA™ copy.
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These results demonstrate and confirm the plasticity of the mtDNA molecule in Chrysomya,
especially the tRNA genes and adjacent control region sequences, and should contribute to our

understanding of insect mitochondrial genome evolution.
EXPERIMENTAL PROCEDURES

Chrysomya samples

Adults of C. albiceps (Wiedemann, 1819) were collected in Rio de Janeiro, Rio de Janeiro
State, Brazil, and stored at -70°C. Samples of C. putoria (Wiedemann, 1830) or C. chloropyga
(synonym), from Pirassununga, Sao Paulo State, Brazil, were reared as a laboratory strain, and
the pupae were stored at =70°C prior to analysis. The C. megacephala (Fabricius, 1794) used for

comparative analysis (AF151386) was form Adamantina, Sdo Paulo State, Brazil.

Genomic extraction
Total individual DNA was extracted from pupae or adults as described in Infante &

Azeredo-Espin (1995), using a phenol-chloroform procedure.

Amplification reactions

The PCR reactions were done as described by Lessinger & Azeredo-Espin (2000). The
primers used in the amplification reactions of control region sequences for C. albicpes, C.
megacephala and C. putoria are described in table 1. The primers CMeg A and CMeg AR were
based on the C. megacephala control region sequence (AF151386) and recognized
complementary annealing sites with opposite orientations in the mtDNA molecule (Figure 1).
The complete sequences of the Chrysomya control region were amplified in two independent
reactions (products are referred to as amplicons 1 and 2) to avoid competition between alternative
annealing sites for the primer TI-N-24 in the duplicated tRNA™ sequence. This PCR reaction
preferentially amplified a short 300 bp product instead of the expected 1200 bp (approximately)

control region product (Figure 1).
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Cloning and sequencing

The amplified PCR products were purified using 0.05 pm filters as described in Lessinger
& Azeredo-Espin (2000). An aliquot of the purified PCR product was cloned into the pUCI8 —
Sure Clone system (Amersham Pharmacia Biotech) according to the manufacturer’s
specification. Two to four clones from independent PCR reactions were sequenced for each
species in both strands.
Comparative and structural analysis

The CR nucleotide sequences of C. albiceps, C. putoria and C. megacephala (AF151386)
species were aligned using Clustal W (Thompson et al., 1994) set to default parameters with
manual adjustments where required. The identification of conserved sequence blocks was based
on the description by Lessinger & Azeredo-Espin (2000) for blowflies. The tRNA secondary
structure was determined using tRNAscan-SE software (Lowe & Eddy, 1997). Other secondary
structures and their thermodynamic properties were determined using Mulfold software
(SantaLucia, 1998). The C. hominivorax (AF260826) and C. putoria (AF352790) mitochondrial
sequences were used as additional parameters for comparison to provide information on the

primary sequences and predicted secondary structures of tRNA.

General definitions

Homology was defined based on sequence similarity, relative position and structural
organization of the mtDNA control region elements in Chrysomya species. The definition of
homology in non-coding and/or regulatory sequences is complex and should be addressed
carefully as indicated by Fitch (2000) and Mindell & Meyer (2001). The observation that shared
variation in mitochondrial gene organization represents highly reliable evidence of a common
ancestry (Boore et al., 1998) supports the assumptions of orthology and paralogy defined for the
Chrysomya mtDNA duplicated sequences in this work. Note that the term ‘original’ in the text
refers to homologous genes and mtDNA sequences in the corresponding C. hominivorax and C.
putoria mtDNA structural organization (Lessinger et al., 2000; Junqueira et al., in preparation).

Duplicated sequences are described as a “copy”, “repeat”, “duplication” or related term.
An approximately 90 bp sequence, immediately adjacent to the rRNA 12S gene, is suggest to be

recognized as a “Chrysomya intergenic region” (CIR) based on its relative position between the

extra tRNA™ and rRNA 12S genes and on the fact that it shares no significant primary sequence
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identity with any known control region element. The further characterization of Chrysomya CR
sequences could provide additional evidence for a better understanding of the origin and
evolution of this noncoding intergenic region.

Duplication endpoints were identified by aligning the sequences flanking the internal
duplication junction with the corresponding original sequences. However, their exact boundaries
could not be assigned precisely because of the high sequence variability at the terminations of the
duplicated region.

Functional and non-functional interpretations were based in the analysis of primary
sequence elements and predicted secondary structures, and need to be confirmed by further
experiments. The discussion of mitochondrial duplicated sequences and pseudogenes was limited
to the structural organization of the organellar genome. The occurrence of complete
mitochondrial genomes, as well as partial sequences and pseudogenes that have been found
transferred to the nuclear genome in numerous organisms (Bensasson et al., 2000 and Willians &

Knoulton, 2001) was not addressed here.
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Figure 1 - Schematic organization of the Chrysomya mtDNA control region and
adjacent genes (’[FRNAEte and rRNA 128) indicating the primer sites and related PCR
amplification products. Amplification results are indicated for reactions 1 to 3.
Numbers 1 and 2 indicate Amplicons 1 and 2. Two PCR products (approximately
300 bp and 1200 bp) are potentially amplified using a universal primer set (3). A
and B indicate control region-specific domains (Lessinger & Azeredo-Espin, 2000).

Experimental results are shown in Figure 2
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¢ Cm Ca Cp Cm Ca Cp Ca C

Figure 2 - Control region amplification of Chrysomya species using universal
(Simon et al., 1994) and Chrysomya-specific primers. Cm = C.
megacephala, Ca = C. albiceps and Cp = C. putoria. C = PCR control
reaction (no DNA). Lanes 2 to 4 and 5 to 7 are related to PCR reactions 1
and 2 (see Figure 1). These PCR products are referred to as amplicons 1
and 2 in the text. Lane 8 is a 300 bp product produced by the primer TI-N-24
annealing at the tRNA copy (3 in Figure 1). This product predominates in the
PCR reaction, overcoming a potentially amplifiable 1200 bp product. The

molecular marker ® X 174 is indicated in lane 1
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tRNA duplication in Chrysomya control region Capitulo 4
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Figure 4 - Structural organization of duplicated elements in the Chrysomya
control region. Comparative analyses of homologous regions indicate different
levels of conservation among these elements (A, B and C). A — Alignment of
Chrysomya orthologous and paralogous tRNA™ genes, including the
Cochliomyia homologous sequence as an additional parameter. B — Alignment
of the 19 bp element (repeated CR sequence) presenting initial levels of
nucleotide divergence between copies. C — Alignment of the conserved 18 bp
element. A tRNA®" pseudogene was identified in the duplicated region followed
by the conserved 18 bp sequence. An approximately 90 bp region, including 71
bp immediately adjacent to the rRNA 12S gene plus the 19 bp repeated

element, is referred to as the Chrysomya intergenic region (CIR) in the text.
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Figure 5 — The predicted secondary structure formed by the A domain control
region sequences in Chrysomya. This conserved structure is energetically stable
(free energy values vary from —12.2 to —15.2 in these species) and represents the
potential origin of replication (OR) of the Chrysomya mtDNA (blowfly CSB VI).
Nucleotide positions from 712 to 787 correspond to the relative positions of
alignment in Figure 3A. Conserved nucleotides among Chrysomya species are
shown in blue circles; red circles indicate nucleotide divergence in the
corresponding C. putoria sequence; white circles with red or black characters
indicate substitutions in the C. megacephala and C. albiceps sequences,
respectively. Compensatory nucleotide substitutions resulting in the replacement
of consecutive CG and TA pairs in C. putoria for two AT pairs in C. albiceps
indicated by the dotted oval.
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Figure 6 — Secondary structure of duplicated tRNA sequences. Conserved nucleotides
among Chrysomya species are shown in blue circles; red circles indicate nucleotide
divergence in the C. putoria sequence. A — “Clover-leaf” configuration predicted for the
duplicated Chrysomya tRNA™. Blank circles indicate overlap with a typical tRNA
structure; white circles with red characters indicate substitutions in the C. megacephala
sequences. B — The predicted secondary structure of C. putoria tRNA®" (AF352790)
used for comparison of duplicated sequences. The box indicates the tRNA®"-duplicated
region in Chrysomya. The main sequence in the box is conserved for both C. albiceps
and C. megacephala repeats. White circles with black characters indicate nucleotide
substitutions and a 4 bp insertion (GATT) between position 42 (G) and 43 (A) in the
repeated element of C. putoria.
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ALT

—== tRNA™ copy tRNA*' copy <= 9OC 0OOOOO —> 18 bp
332 @ 370
A B

Figure 7 — Secondary structures at the duplication endpoints. Nucleotide
positions 233 to 370 correspond to relative positions in the alignment in Figure
3A. Conserved nucleotides among Chrysomya species are shown in blue circles;
red circles indicate nucleotide divergence in the corresponding C. putoria
sequence (note the occurrence of a 33 bp symmetric sequence element in B);
white circles with red or black characters indicate substitutions in C. megacephala
and C. albiceps sequences, respectively. A - Predicted secondary structure
formed by partial tRNA" and 19 bp element sequences in the duplication
endpoint near the rRNA12S gene (free energy -6.1). tRNA"® sequence is boxed.
B — Predicted secondary structure formed by partial sequences of the pseudo-
tRNA®" and the 18 bp conserved element (free energy -3.2). X indicates gaps in
both species.
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Table 1 — Primers used for the amplification of Chrysomya mtDNA control region sequences.
The primers are oriented in the 5 — 3’ direction. The terms Direct and Reverse are used
arbitrarily to indicate orientation. See figure 1.

REACTION DIRECT REVERSE PRODUCT/DOMAIN
1 CMEG A SR-J-14776 DUPLICATED REGION
ATGATATTCTTAACTGGATT | GCTGGCACGAATTTTGTC | AMPLICON 1
2 TI-N-24 CMEG AR PARCIAL A DOMAIN
ATTTACCCTATCAAGGTAA |AATCCAGTTAAGAATATCAT | AMPLICON 2
3 * TI-N-24 SR-J-14776 300 BP REGION
ATTTACCCTATCAAGGTAA |GCTGGCACGRATTTTGTC

* annealing site in the duplicated gene
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Regido controle do genoma mitocondrial

A caracterizagdo molecular da regido controle do DNAmt em espécies causadoras de
miiases (Lessinger & Azeredo-Espin, 2000) enfoca principalmente a identificacdo de elementos
conservados entre membros de duas familias de Oestroidea (Dipetra: Calyptratae), Calliphoridae
e Oestridae. Supde-se que estes elementos desempenham um papel importante na regulagao dos
processos de replicag@o e transcri¢do da molécula de DNAmt, mas a identificagdo da provavel
funcdo destes elementos, individualmente ou integrados na maquinaria de regulagdo dos
processos de replicagdo e transcri¢do, ainda ndo estd determinada. Zhang & Hewitt (1997),
revisaram aspectos evolutivos da organizacdo estrutural da regido controle de insetos com a
inteng¢@o de determinar homologias funcionais ou estruturais dentro deste grupo, € investigar o
potencial desta regido como marcador filogenético. A caracterizacdo da regido controle para
novas espécies, entretanto, nem sempre resulta no reconhecimento dos elementos indicados como
estruturas conservadas para insetos (Nardi et al., 2001; Dotson & Beard, 2001).

A natureza da informagdo genética proveniente da regido controle obedece a diferentes
padroes de evolug@o, contendo dominios conservados e regides com intensa variabilidade
genética quando analisadas espécies proximas. Entretanto, o desvio de composi¢@o nucleotidica
em favor de bases A e T nesta regido, e a manutencao desta condigdo através do predominio de
substituicbes nucleotidicas do tipo transversdes A—T (Lessinger & Azeredo-Espin, 2000),
aumenta o risco de homoplasias nas andlises interespecificas causadas por reversdes nas
seqiiéncias hipervaridveis desta regido. Deste modo, a dificuldade em estabelecer homologias
consistentes, devido a presenca de seqii€ncias hipervaridveis, associada a extrema conservacao
em seqliéncia de dominios supostamente regulatérios, s3o aspectos que podem comprometer a
utilidade desta regido como marcador filogenético. Por outro lado, a andlise estrutural da regido
controle, no contexto da caracterizagdo de genomas completos, vem ganhando evidéncia
ultimamente, principalmente devido 2 investigacdo de aspectos evolutivos relacionados a
fendmenos de heteroplasmia, duplicacdo em “tandem”, evolugdo em concerto, rearranjos, pressao
de mutagdo, entre outros (Lewis et al., 1995; Black & Roerhandz, 1998, Shao e? al., 2001; Nardi
et al., 2001; Dotson & Beard, 2001).
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Duplicagdo génica em Chrysomya

Em Calliphoridae, a andlise da regido controle do DNAmt de trés espécies do género
Chrysomya, C. albiceps, C. megacephala e C. putoria, resultou na identificacio de uma
duplicag@o génica envolvendo as seqiiéncias de dois tRNAs e da regido controle. Espécies deste
género sdo consideradas importantes evidéncias na investigagdo forense € a andlise de seqii€ncias
hipervaridveis da regido controle pode representar um recurso eficiente para a identificag@o de
diferentes espécies. Entretanto, o acesso a essa informacdo através de estratégias de PCR
(Lessinger & Azeredo-Espin, 2000) produz resultados ambiguos ou inespecificos em muitos
casos (J. Wells, comunicagdo pessoal). A revisdo e caracterizacdo de elementos estruturais da
regido controle de Chrysomya permite a eficiente recuperag@o de seqiiéncias dominio-especifico
neste género e em espécies proximas, ampliando a utilidade deste marcador (Lessinger et al., em
preparacgio).

Recentemente, Wells & Sperling (2001) descreveram as relagdes filogenéticas entre
membros da subfamilia Chrysomyinae (Diptera: Calliphoridae), baseadas na anélise de
marcadores mitocondriais envolvendo sequéncias das subunidades génicas COI e COII, com a
finalidade de caracterizar espécies de importancia forense (Figura 1). Segundo estes autores, esta
filogenia diverge significativamente do modelo tradicionalmente aceito para o grupo, baseado em
caracteristicas morfoldgicas, principalmente em relacio a natureza polifilética da tribo Phormini.
De modo a integrar a duplicago génica encontrada na regiao controle de Chrysomya na histéria
evolutiva do grupo, foi realizada uma andlise preliminar considerando-se o mapeamento deste
evento relacionado a evolug@o molecular sobre esta hipdtese filogenética.

O sistema taxondmico tradicional de Chrysomyinae agrupa os géneros Protocalliphora +
Phormia + Protophormia na tribo Phormini € Chrysomya + Compsomyiops + Cochliomyia na
tribo Chrysomyini (Dear, 1985 e McAlpine & Wood, 1989). Entretanto, apesar dos conflitos na
interpretacao das relagdes filogenéticas indicarem a necessidade de revisdao taxondmica, algumas
consideragdes em relagcdo a origem da duplicag@o génica sdo descritas a seguir com base na figura
1. E importante notar que estio indicadas as espécies cuja regido controle foi previamente
caracterizada (*), com especial ateng@o as espécies de Chrysomya, onde a duplicacio génica foi
detectada. No sentido de tornar esta abordagem mais informativa, € relevante citar que n@o foram
encontrados elementos duplicados na regido controle das espécies D. hominis (Oestridae) e L.
eximia, o que poderia indicar a auséncia deste carater em H. lineatum (Oestridae), L. sericata e L.

illustris, representados na filogenia da figura 1.
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Hypoderma lineatum (Oestridae) Dermatobia hominis * (Oestridae)

56 Eucalliphora latifrons

92 Lucilia sericata e
[ fuciiaitiustris Lucilia eximia *

Protocalliphora sialia

66 I— Protophormia terraenovae
Phormini

— Protophormia atriceps

B

Phormia regina

39 -
64 Chrysomya megacephala *

N\
@/ B Chrysomya bezziana
Chrysomya chioropyga (C. putoria)*

Chrysomya semimetalica
90 Chrysomya norrisi
B 72 sr Chrysomya varipes

_l{lﬁ_: Chrysomya rufifacies Chrysomyini
Chrysomya albiceps * : 7

Compsomyiops callipes

Chrysomyinae

94

Cochliomyia macellaria *

Cochliomyia hominivorax *

Figura 1 — Relagdes filogenéticas na subfamilia Chrysomyinae obtidas pela andlise dos
marcadores mitocondriais COI/II (adaptado de Wells & Sperling, 2001). O asterisco indica
espécies cuja regido controle do DNAmt foi previamente analisada (Lessinger & Azeredo-
Espin, 2000 e Lessinger et al., em preparagdo). Em vermelho estdo indicadas as espécies
onde foi verificada a presenga da duplicagdo génica na regido controle (Lessinger ef al. em
preparagio). Os nimeros 1, 2 e 3 indicam possiveis origens da duplicagdo (ver discussdo).
As espécies D. hominis (Oestridae) e L. eximia (Luciliinae) ndo estdo incluidas na filogenia,
mas sdo importantes pardmetros na investigacdo sobre a origem da duplicagdo na regido

controle do genoma mitocondrial.
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No que diz respeito a tribo Chrysomyini, a duplicagdo génica esta presente em pelo menos
3 espécies de Chrysomya, cuja distribui¢io na arvore filogenética contribui para a hipétese de que
esta caracteristica esteja associada a um evento anterior a diversificagdo deste género e, portanto,
potencialmente presente em todos os membros do “cluster” Chrysomya. Entretanto, para mapear
a origem da duplicagdo na filogenia do grupo, seria necessario caracterizar a regido controle de
outras espécies de Calliphoridae, representando diferentes divisdes taxonOmicas. E importante
ressaltar que o caréter auséncia/presenga da duplicagio poderia, inclusive, contribuir na resolugéo
filogenética de Chrysomyini, com relagdo & monofilia da tribo Phormini, onde alguns membros
estdo distribuidos como grupo-irméo de Chrysomya.

Caso o evento de duplicagdo ocorresse em 1 (Figura 1), a auséncia deste carater nas
espécies de Cochliomyia deveria ser justificada pela ocorréncia de um segundo evento
mutacional responsavel pela delegdo posterior das seqiiéncias duplicadas ou pela degeneragdo
acelerada da seqiiéncia nucleotidica nesta regido. Considerando-se alternativas mais
parcimoniosas, a auséncia da duplicagio em Cochliomya parece favorecer o mapeamento da
duplicacdo génica em 2 ou 3. No caso da origem em 2, a duplicagio génica estaria presente tanto
em Chrysomya quanto em alguns membros de Phormini (considerando-se a polifilia do grupo),
entretanto, até o momento, ndo existem dados sobre a regido controle do DNAmt em espécies de
Phormia e Protophormia que poderiam confirmar esta alternativa. A hipétese mais razoavel seria
a origem da duplicagio em 3, na linhagem ancestral do grupo Chrysomya, neste contexto,
explica-se a auséncia do gendtipo em Cochliomyia, além de corroborar com o padrédo de evolug@o
recente deste gendtipo, inferido através do grau de conservagdo das seqiiéncias duplicadas em
relacdo as originais (Lessinger et al., em preparacdo). E interessante observar que esta tltima
alternativa independe do conflito filogenético das analises morfolégica e molecular, sendo valida
em ambos cenarios, considerando-se a natureza monofilética das relagdes em Chrysomya.
Diagnostico através de PCR-RFLP

Do ponto de vista aplicado, a regifo controle tem se mostrado um marcador eficiente na
analise de padrdes moleculares PCR-RFLP para o diagnéstico espécie-especifico, reconhecendo a
identidade das espécies Cochliomyia hominivorax e C. macellaria considerando-se uma ampla
distribuigio geografica (Litjens, Lessinger & Azeredo-Espin, 2001). Padrdes polimérficos de
PCR-RFLP foram observados em baixa freqiiéncia nestas espécies, resultando em uma
identificacio taxondmica ambigua, entretanto a combina¢do ou associagdo de marcadores

independentes (diferentes seqiiéncias-alvo ou diferentes endonucleases de restri¢do) € uma
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abordagem eficiente e econdmica para assegurar a identidade da amostra analisada. A
padronizagdo de testes-diagndstico em espécies causadoras de miiases ¢ uma alternativa
extremamente util para recuperar a informagéo taxondmica a partir de amostras parcialmente
degradadas ou em estagios imaturos de desenvolvimento, onde as evidéncias morfolégicas nio
sio confidveis ou estdo ausentes. A rapida caracterizagdo de espécies-praga através do
diagnoéstico molecular tem contribuido em programas de controle € no monitoramento de eventos
de introdugio e erradicagdo destas espécies (Taylor et. al. 1996). Este trabalho amplia esta
perspectiva, incluindo uma amostragem significativa de populagdes brasileiras de Cochliomyia e
validando as seqiiéncias da regido controle como um eficiente marcador espécie-especifico, além
de outras regides codificadoras do DNAmt como as subunidades COI e COIL

O genoma mitocondrial de C. hominivorax

No que se refere a caracterizagdo de genomas completos, o genoma mitocondrial de C.
hominivorax (Lessinger et al., 2000) foi o primeiro a ser seqiienciado no Brasil. A importéncia
deste trabalho pode ser verificada indiretamente através do niimero de citagdes relativas ao artigo
que descreve o genoma mitocondrial da mosca-da-bicheira (Nardi, et al. 2001; Dotson & Beard
2001; Litjens, Lessinger & Azeredo-Espin 2001; Shao, Campbell & Barker, 2001; Wells &
Sperling, 2001; Shao et al, 2001, Junqueira et al., in press).

O genoma mitocondrial de C. hominivorax apresenta a mesma organizagdo estrutural
descrita para outras espécies de dipteros superiores, Drosophila e Ceratitis (Clary &
Wolstenholme, 1985; Spanos et al., 2000). De modo geral, a terminag¢@o incompleta de alguns
genes codificadores de proteinas, possivelmente mediada por sequéncias de tRNAs
imediatamente adjacentes, e a indefini¢do do codon de iniciagdo correspondente ao gene da
subunidade I do complexo Citocromo Oxidase (COI), sdo questdes freqiientemente abordadas
pelos estudos que descrevem genomas mitocondriais em diferentes grupos de Arthropoda.

Entretanto, a auséncia de estudos experimentais, relacionados a analise da expressdo
génica de transcritos mitocondriais neste grupo, restringe interpretagdes mais amplas a respeito
destas questdes. A analise de transcritos mitocondriais nestes estudos, refere-se normalmente a
inferéncia da provavel seqiiéncia de aminoacidos a partir da caracterizagdo de seqiiéncias
nucleotidicas, da mesma forma para RNAs ribossomais e de transferéncia.

O estabelecimento de relagdes filogenéticas, a partir de genomas mitocondriais completos,
tem sido realizado através da analise das seqiiéncias previstas de aminodacidos, de modo a

diminuir a interferéncia de eventuais inconsisténcias associadas a regides muito variaveis ou ao
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acentuado desvio de composi¢do nucleotidica dos genomas mitocondriais de insetos. O
alinhamento individual de cada um dos 13 genes codificadores de proteinas e a integragdo dos
resultados (concatenado) produzindo um vunico conjunto de dados (“mitochondrial proteome”,
segundo Hwang et al., 2001) tem sido amplamente empregado. Eventualmente, a remogédo de
seqiiéncias que produzem alinhamentos inconsistentes, ou pouco confidveis, pode evitar o
comprometimento da inferéncia filogenética, como é o caso das seqiiéncias que codificam os
genes ATPase 8 e ND6.

Em relagiio 4 ordem Diptera, poucos estudos de filogenia molecular envolvem as relagdes
evolutivas em Calyptratae (Diptera: Brachycera) (Nirmala ez al., 2001). Tém sido estudadas,
principalmente, as relagdes filogenéticas entre membros de uma mesma superfamilia (Bernasconi
et al., 2000a), subfamilia (Stevens & Wall, 2001; Wells & Sperling, 2001, Bernasconi et al,
2000b) ou género (Wells & Sperling, 1999; Stevens & Wall, 1997). Recentemente, o
estabelecimento de relagdes filogenéticas através da analise de genomas mitocondriais completos
tem apresentado divergéncias quanto & posi¢do de C. hominivorax (Calyptratae) em relagdo as
espécies D. yakuba e C. capitata (Acalyptratae). Segundo Nardi ef al. (2001) e Hwang et al.
(2001), a posi¢io de C. hominivorax ndo concorda com a divisio Acalyptratae/Calyptratae,
estando esta espécie distribuida entre Drosophila e Ceratitis. Lessinger et al. (2000), descreve a
manutencio da divisdo taxonOmica nestas espécies, agrupando Ceratitis € Drosophila no
“cluster” Acalyptratae. A analise das relagdes filogenéticas em Brachycera, através da
caracterizagdo de genomas mitocondriais em outras espécies de Calyptratae, pode representar
uma contribui¢io importante na investigagio da hipétese de evolugdo monofilética do taxon
Acalyptratae.

Consideragdes gerais

A andlise de seqiiéncias completas de genomas mitocondriais em insetos conta apenas
com 15 espécies descritas no GenBank (www.ncbi.nlm.nih.gov) de um total de 50 registros em
Arthropoda, representando 25 diferentes espécies. Ha um evidente predominio de seqiiéncias
completas com relagdo a ordem Diptera. Este fato se justifica em parte pela presenca de espécies
de significativa importancia econdmica (Cochliomyia e Ceratitis) e médica (Anopheles ¢
Chrysomya), além de espécies de comprovada relevancia como modelo biolégico (Drosophila).
A importancia da descrigdio do genoma mitocondrial de Drosophila pode ser ilustrada
considerando-se o crescente numero de citagdes do artigo de Clary & Wolstenholme (1985), que

compreende aproximadamente 596 citagdes (Outubro/2001).
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Diferentes aspectos relacionados a analise do genoma mitocondrial em espécies
causadoras de miiases foram abordados neste trabalho. A resolu¢do de conflitos taxonomicos
através de marcadores mitocondriais merece especial atengdo, tanto em relagdo a resolugdo
filogenética em grupos proximamente relacionados, como Calliphoridae, quanto na investigagdo
de relagdes entre grandes divisdes taxondmicas, como no caso de Brachycera (Diptera). Conflitos
entre hipéteses filogenéticas alternativas em Calliphoridae também podem, potencialmente, ser
avaliados considerando-se a presenga ou auséncia da duplicagdo génica da regido controle de
replicagdo do genoma mitocondrial.

Os estudos apresentados nesta tese demonstram que a caracterizagdo da organizag@o
estrutural e dos padrdes de evolugdo do DNAmt, através da investigagido de genomas completos €
regides especificas, amplia significativamente o conhecimento sobre a diversidade deste sistema
em insetos. Deste modo, contribuindo tanto para a avaliagdo da utilidade filogenética de
potenciais marcadores moleculares, quanto para a analise de mecanismos evolutivos responsaveis
por diferentes padrdes de variabilidade genética, tanto em estrutura quanto em seqii€ncia, no
DNAmt. Sendo importante ressaltar, portanto, que a caracterizagido preliminar de seqti€ncias
mitocondriais recupera informagOes estratégicas em estudos envolvendo evolugdo molecular,
além de orientar a aplicagdo de marcadores na investiga¢do da historia evolutiva de organismos,

evidenciando assim os diferentes niveis de complexidade deste genoma.
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