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RESUMO

O grupo willistoni de Drosophila serve como um modelo para investigar processos
evolutivos naregido Neotropical. O foco desta tese foi aintricada relagéo entre especiacéo,
evolucdo do tamanho do genoma e elementos transponiveis (TES) dentro deste grupo de
espécies. Primeiramente, no Capitulo |1 foram abordadas as relagdes filogenéticas entre os
seus subgrupos, com enfoque naparafiliado subgrupo bocainensis. Empregando marcadores
moleculares, foi possivel distinguir duas linhagens distintas dentro desse subgrupo, o qual
ainda permanece parafilético. O Capitulo I11 explorou o papel da especiacdo na evolugdo do
tamanho do genoma e da abundancia de elementos repetitivos, com foco particular em TES.
Ao comparar 0 mobiloma entre espécies do subgrupo willistoni, sinais de mobilizagcdo
recente foram detectados e possiveis impulsionadores da expansao desses genomas foram
descritos, como os elementos da superfamilia TcMar-Tigger de TEs. Esses resultados
sugerem que processos de especiagdo em andamento podem contribuir para o aumento
observado de elementos repetitivos e, consequentemente, do tamanho do genoma. No
Capitulo IV, foram exploradas a variagdo do tamanho do genoma e a influéncia dos TEs na
diversidade gendmica entre linhagens de D. willistoni. Através de andlises bioinformaticas,
diferencas significativas no tamanho do genoma e na composi¢do de elementos repetitivos
entre linhagens foi detectada, com retrotransposons L TR desempenhando um papel crucial
na diferenca do tamanho desses genomas. Analises filogenéticas, ainda, sugeriram que duas
subespécies ocorrem em simpatria na Ameérica do Sul. No Capitulo V, o papel dos TEs na
mediacdo de rearranjos cromossdmicosem D. willistoni foi elucidado. Através de umabusca
e anotacao de inversdes cromossdmicas induzidas por TES, um grande nimero de inversdes
associadas a essas sequéncias foi sugerido. As principais familias envolvidas incluem
Helitron, Gypsy e o transposon Galileo, conhecido por induzir inversdes em D. buzzatii.
Esses achados sugerem que a atividade continua de TEs é a principal impulsionadora da
instabilidade genémi ca observada nessa espécie. Por Ultimo, no Capitulo V1, foi reconstruida
a histéria evolutiva do transposon Galileo, extremamente abundante em D. willistoni. Foi
encontrada uma distribuicdo ampla desse transposon nos genomas de Drosophilidae, além
de eventos de transferéncia horizontal entre géneros e grupos de espécies. Assim, esta tese
avanca acompreensdo da evolucao do tamanho do genoma, especiagéo e o papel dos TEs na
formagéo da diversidade gendmica dentro do grupo willistoni.
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ABSTRACT

The willistoni group of Drosophila serves as a fundamental model for investigating
evolutionary processes in the Neotropics. The focus of this thesis was the intricate
relationship between speciation, genome size evolution, and transposable elements (TES)
within this group. First, in Chapter 11, the phylogenetic relationships among its subgroups
were addressed, with a focus on the paraphyly of the bocainensis subgroup. Through
molecular markers, it was possible to distinguish two lineages within this subgroup, which
still remains paraphyletic. Chapter 11 explored the role of speciation in shaping genome size
evolution and the abundance of repetitive elements, with particular focus on TEs. By
comparing the mobilome among species of the willistoni subgroup, signals of recent
transposition were detected, and potential drivers of genome expansion were described, such
as the TcMar-Tigger superfamily. These results suggest that ongoing speciation processes
may contribute to the observed increase in repetitive elements and, consequently, genome
size. In Chapter 1V, genome size variation and the influence of TEs on genomic diversity
among D. willistoni lineages were explored. Through bioinformatic analyses, significant
differences in genome size and repetitive element composition among lineages were
detected, with LTR retrotransposons playing a crucial role in genome size variation among
populations of this species. Phylogenetic analyses suggest that two subspecies occur
sympatrically in South America. In Chapter V, the role of TEs in mediating chromosomal
rearrangements in D. willistoni was elucidated. Through a search and annotation of TE-
induced inversions, a large number of inversions associated with these sequences were
discovered. The main families include Helitron, Gypsy, and the Galileo transposon, known
to induce inversions in D. buzzatii. These findings suggest that ongoing TE activity is the
main driver of genomic instability observed in this species. Lastly, in Chapter VI, the
evolutionary history of the Galileo transposon, extremely abundant in D. willistoni, was
reconstructed. A widespread distribution of this transposon was found in Drosophilidae
genomes, aswell as horizontal transfer events between genera and species groups. Thus, the
present thesis advances the understanding of genome size evolution, speciation, and therole
of TEsin shaping genomic diversity within the willistoni group.
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CAPITULOI

1. Introducéao

1.1. Elementos transponiveis. 0 genoma em movimento

Durante o comego do século XX, as evidéncias obtidas sugeriam que os genes
compreendiam porgdes fixas nos cromossomos (Morgan 1917). A visdo de um genoma
dindmico comegou a surgir somente na segunda metade do século, com as observagdes e
estudos de Barbara McClintock (1902-1992). Entre as décadas de 1940 e 1950, a
pesquisadora norte-americana descreveu padrdes incomuns na heranga da coloragdo em
gréos de milho (Zea mays L .), relacionados a quebras no cromossomo 9 (M cClintock 1939;
Jones 2005). Suas observacdes levaram a descri¢do de um sistema onde dois loci associados
(Ac e Ds) — os quais foram chamados de elementos controladores — mudavam de posicéo e
causavam a guebra cromossomica observada (McClintock 1951, 1956). Seu trabalho
permaneceu renegado por muitos anos por confrontar as ideias de Thomas Morgan (1917),
j& estabelecidas e amplamente aceitas na comunidade cientifica da época, acerca da
estaticidade dos genes nos cromossomos. As descobertas de Barbara somente foram
reconheci das ap0s a observacdo de elementos moveis na bactéria Escherichia coli na década
de 1970 (Jones 2005), levando a pesquisadora a receber o Prémio Nobel de Fisiologia e
Medicina de 1983.

Chamados de elementos transponiveis (TEs — do Inglés, transposable elements), ou
elementos de transposi ¢ao, esses “genes saltadores’ constituem sequéncias lineares de DNA
gue se deslocam nos genomas e que, em sua maioria, codificam enzimas préprias para
realizarem esse processo — conhecido como mobilizagdo (Bourque et al. 2018). Essas
sequéncias variam tipicamente entre 100 a 10.000 pares de base de comprimento (Wells and
Feschotte 2020), e sdo encontradas em diferentes proporgdes nos genomas de todos
organismos pertencentes aos trés dominios da vida (Figura 1). Até 60% do genoma é
composto por TEs em espécies de eucariotos vertebrados (Sotero-Caio et al. 2017) — em
Homo sapiens, por exemplo, essa fragdo chega aos 44% (Mills et al. 2007). Espécies
vegetais, como o milho, e invertebrados, como Drosophila melanogaster Meigen, 1830,
possuem, respectivamente, cerca de 85% e 20% de seu genoma composto por TEs
(Kaminker et al. 2002; Schnable et al. 2009).

Essa grande proporc¢éo de TEs e quantidade de sequéncias encontradas culminou na
necessidade de um sistema de classificagdo para catalogé-las e uma nomenclatura para
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facilitar a comunicagdo entre a comunidade cientifica. O primeiro sistema, proposto por
Finnegan (1989), divide os TEs em duas classes. agqueles que realizam sua transposi¢éo
através da sintese de um RNA mensageiro (MRNA) intermediario, pertencentesa Classe | —
retrotransposons,; e aquel es que sao transpostos diretamente em DNA, pertencentes a Classe
Il — transposons propriamente ditos (Figura 2). No primeiro caso, o TE codificaumaenzima
transcriptase reversa (RT — do Inglés, reverse transcriptase) que faz a conversdo do mRNA
para DNA complementar (cDNA), o qual € inserido em outro local no genoma (Goodier
2016). A coOpia origina, portanto, permanece intacta e, agora, esta duplicada; esse
mecanismo de transposi¢do é amplamente designado como “cépia e cola” (Goke and Ng,

2016). Por outro lado, os TEs da Classe |1 codificam uma enzima transposase que realiza a

Figura 1. Porcentagem de elementos transponiveis em relacdo ao tamanho total do genoma em diferentes espécies

eucaridticas e procaridticas. Barras na cor preta indicam variagdes entre diferentes estimativas. Adaptado de Guio &
Gonzalez (2019).
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excisdo do elemento e a posterior inser¢cao em outro local — sendo esse processo chamado de
“cortaecola’ (Yusaet a. 2011).

Esse sistemafoi confrontado com a descoberta de novos TES que fugiam as regras,
levando a criacdo de um sistema de classificagdo que concilia as duas classes e 0s hovos
critérios enzimaticos, proposto por Wicker et al. (2007). Nesse sistema, as duas classes sdo
subdivididas em diferentes niveis, seguindo uma nomenclatura similar as taxonomias
zool égica e boténica. As sequéncias de TEs continuam sendo agrupadas primeiramente em
classes, porém, as subdivisdes em ordens e superfamilias foram adicionadas, na maior parte
dos casos com base em caracteristicas estruturais (Piégu et a. 2015). Por Ultimo, seguindo
critérios filogenéticos e de similaridade, a “regra 80-80-80" (a0 menos 80% de identidade
em no minimo 80% da sequéncia a ser comparada, com no minimo 80 pares de base) agrupa
sequéncias em uma mesma familia (Wicker et al. 2007).

Figura 2. Mecanismos de transposi ¢ao realizados por elementos transponivel s pertencentes as duas Classes. Nos el ementos
de Classe 1, a transposi¢ao acontece com uma molécula de RNA mensageiro intermedidria. Nos transposons de DNA,
pertencentes a Classe 1, a transposi¢éo € realizada diretamente em uma fita de DNA. Adaptado de Lanciano e Cristofari
(2020) em BioRender.com.

Uma segunda classificagdo, complementar as demais, agrupa os TEs de acordo com
a sua capacidade de mobilizagdo (Wessler 2006). Elementos autbnomos sao aqueles que
possuem seus genes intactos, sendo capazes de produzir, portanto, suas proprias enzimas

para redlizar a transposicao (Wicker et al. 2007, 2021). Por outro lado, elementos ndo-
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autbnomos sdo copias defectivas que ndo mais codificam suas préprias enzimas (Wicker et
al. 2007, 2021). No entanto, TEs ndo-auténomos ainda podem ser mobilizados por proteinas
expressas por TEs autbnomos, evolutivamente proximos, localizados em outras partes do
genoma — desde que o sitio de reconhecimento dessas proteinas ainda estgja intacto
(Hayward & Gilbert, 2022).

1.2. Classe | — Retrotransposons

Ha& dois grupos principais de retrotransposons (Figura 3), caracterizados
primeiramente pela topologia de seus genes e pelo mecanismo de transposicéo (Finnegan
2012), além da semelhanca (ou ndo) a retrovirus (Wang and Han 2022). O primeiro
corresponde a ordem LTR (do Inglés, long terminal repeats), englobando retroelementos
gue possuem nas suas extremidades terminagoes repetidas longas e diretas (LTRs). ASLTRs
possuem sequéncias de nucleotideos repetitivos que desempenham um papel importante na
regulacéo do elemento, porém ndo codificam proteinas. Elementos com LTR possuem uma
estrutura bésica com dois genes. gag e pol (Figura 3). O primeiro € assim denominado pois
produz proteinas similares a capsideos retrovirais, enquanto o Ultimo produz as demais

enzimas necessérias para a transposi¢cdo — integrase, RT eaRNAse H (Naville et a. 2016).

Figura 3. Estrutura de elementos tipicos com e sem LTR. As L TRs constituem sequéncias idénticas e diretas (na mesma
direcdo), localizadas em ambas extremidades de elementos com LTR. Nesses elementos, 0s genes gag e pol sintetizam,
respectivamente, estruturas e enzimas necessarias para a transposi¢ao do retroelemento. Em elementos sem LTR, ha a
presenca de duas fases de leitura aberta (ORFsS), que codificam, respectivamente, a proteina gag e dois dominios. uma
endonuclease e umatranscriptase reversa. Elementos SVA e SINE sdo el ementos ndo-auténomas, por ndo possuirem ORFS.
Adaptado de Finnegan (2012).
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Asordens LINE (do Inglés, long interspersed nuclear elements) e SINE (do Inglés,
short interspersed nuclear elements) correspondem aos “elementos sem LTR”, pois
apresentam apenas uma sequéncia de nucleotideos poli-A em uma das suas terminactes
(Finnegan 2012). Esses TEs possuem duas fases de leitura aberta (ORFs — do Inglés, open
reading frame) que codificam, respectivamente, a proteina gag e dois dominios: uma
endonuclease (EM) e uma RT. Os elementos dessa ordem, diferente dos elementos com
LTR, realizam a transposicdo através de um mecanismo chamado target-primed reverse
transcription (Figura 2). Nesse mecanismo, a RT sintetiza a cpia de mMRNA para DNA
diretamente no sitio de integragdo localizado no cromossomo, gerando na extremidade 3’ a
caracteristica cauda poli-A (Arkhipova and Y ushenova, 2023). Os SINES, por sua vez, sdo
pequenos elementos ndo-autbnomos que dependem da sintetizagdo de enzimas por
elementos LINE para sofrerem mobilizagdo e transposicdo. Outras duas ordens, diferentes
dos elementos com e sem LTR, pertencem a Classe |: os elementos DIRS (Dictyostelium
intermediate repeat sequence) e PLE (Penelope-like) (Wicker et al. 2007). As principais
caracteristicas que 0s separam sdo mecanismos distintos de transposi¢do; elementos DIRS
nao formam TSDs (do Inglés, target site duplication), enquanto elementos PL E apresentam
somente regides codificantes para RT e EN.

1.3. Classe |l — Transposons de DNA

De uma forma geral, os transposons propriamente ditos realizam uma transposi c&o
dita ndo-replicativa, na qual o elemento é diretamente retirado do seu local e reinserido em
outro. Essa classe é subdividida nas subclasses 1, que compreende as ordens TIR e Crypton,
e asubclasse 2, queinclui as ordens Helitron e Maverick (Wicker et a. 2007). A ordem TIR
(do Inglés, terminal inverted repeats) apresenta a estrutura mais simples entre as demais
ordens de transposons (Figura 4). Esses TEs sdo constituidos por um gene que codifica a
enzima transposase (TPase) e por repeticdes terminais invertidas (TIRs) em ambas
extremidades. A TPase reconhece as TIRs e realiza a exciséo do elemento, cortando as duas
fitas de DNA, e reinsere o0 transposon em um sitio-alvo. O processo de inser¢cdo acaba
gerando TSDs, as quais sa0 Unicas para cada familia dessa subclasse. Dessa forma, as
superfamilias sdo classificadas de acordo com a similaridade de suas TIRs ou TSDs. As
ordens Helitron e Maverick, entretanto, realizam a quebra de apenas uma das fitas de DNA.

Dessa forma, acabam realizando uma transposi ¢ao replicativa.
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Figura 4. Organizacdo e estrutura das quatro subclasses de transposons de DNA. Na subclasse TIR, a transposase é
flanqueada pelas repetices terminais invertidas (TIRS), representadas pelas flechas. Helitrons possuem dois genes, a
proteina de replicagdo A (RepA) e uma helicase; na extremidade 3, ha uma estrutura hairpin (em vermelho). Elementos
Maverick codificam as enzimas C-integrase, ATPase, cisteina protease (Prot) e DNA polimerase B (PolB). Adaptado de
Wicker et a. (2007) e Piégu et al. (2015).

Hé, ainda, um grupo heterogéneo de elementos ndo-auténomos de Classe I
denominados MITEs (do Inglés, Miniature Inverted-repeat Transposable Element). Esses
transposons podem ser mobilizados pela transposase de um outro transposon auténomo
guando ha similaridade em suas TIRs. Os MITES, em particular, s80 peguenos elementos
degenerados e derivados de transposons de DNA, com tamanho variando entre poucas

dezenas a poucas centenas de pares de base (Fattash et al. 2013) entre outras caracteristicas.

1.4. Ciclo devida de TEs em genomas eucariotos

Assim como um parasita, os TES possuem um ciclo de vidaintimamente ligado com
0 genoma hospedeiro, onde a permanéncia e a garantia da passagem para a geracéo seguinte
sdo fundamentais para a sua sobrevivéncia. O ciclo de vidade um TE (Figura5) iniciacom
a sua invasao em um novo genoma, seja em uma mesma espécie via transferéncia vertical
(parental), sga via transferéncia horizontal (HTT — do Inglés, horizontal transposon
transfer) — quando o TE invade o genoma de uma outra espécie. Apés a colonizagdo hd a
proliferacdo do TE no genoma, o qual rapidamente aumenta seu nimero de copias. Apos sua
amplificagdo no genoma hospedeiro, o TE vai proliferar dentro da populacéo e acumular
mutagoes, levando a sua diversificagdo. ApOs essa etapa, ha dois cenarios possiveis. 0
silenciamento, com ou sem equilibrio nas taxas de transposi¢éo e sele¢do; ou a degradacéo
do TE. No primeiro cenario, eventuamente o TE pode ser reativado e o ciclo recomega. No

ultimo, h& a possibilidade da domesticagdo do TE — criando novas sequéncias regulatérias;
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ou a perda de func&o, quando os genes ou ORFs perdem a capacidade de codificar as suas
enzimas. Entretanto, em todas as etapas é possivel a ocorrénciade eventosde HTT.

A transferéncia horizontal, particularmente, € um processo evolutivo que ocorre
frequentemente em seres procariontes e envolve a passagem de genes, grupos de genes,
plasmideos e TEs entre especies diferentes. Em eucariotos, entretanto, a transferéncia de
material genético entre espécies distintas € menos comum. Os primeiros casos de HTT
detectados em eucariotos foram recebidos com cautela, uma vez que desafiaram a visao
classica da hereditariedade vertical. Somente apds 0 sequenciamento em larga escala do
genoma completo de inUmeras espécies, os eventos de HTT tem sido corroborados e
identificados com uma frequéncia muito maior do que previamente estimada (Schaack et al.
2010; Wallau et al. 2012).

A deteccdo de um possivel evento de HTT ocorre a partir de trés indicios:
incongruéncia entre a filogenia dos TEs e aquela de suas espécies hospedeiras, ata
similaridade entre TES presentes em espécies fil ogeneticamente distantes; e umadistribuicéo
irregular resultante da auséncia do TE em algumas espécies. A inferéncia de um evento de
HTT pode ser realizada ao se comparar o desvio do uso de cdédons (CUB —do Inglés, codon
usage hias) entre espécies distintas (Wallau et al. 2016). Nesse caso, cada genoma
apresentara um padréo unico — incluindo os TEs nele inseridos. Assim, é possivel comparar
0 CUB de um TE inserido em uma espécie com o CUB de outra. Em uma situacéo de HTT,
0 CUB sera mais similar com o da outra espécie do que com o da espécie a qual pertence
originamente.

Figura 5. Ciclo de vida de um elemento transponivel, em genomas eucariotos. Adaptado de Liu et al. (2022).
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1.5. Uma fonte endégena de novidade evolutiva

Diante dos diversos mecanismos de mobiliza¢do, dos sitios de inser¢éo e da propria
presenca de TESs espalhados pel 0 genoma, impactos tanto estruturais quanto fenotipicos sdo
esperados como consequéncias da sua movimentagdo (Bourque et a. 2018). Um dos
principais exemplos sdo as quebras cromossdmicas e a mudanga na coloragdo dos gréos de
milho ocasionadas pel os transposons Ac e Ds, observados por Barbara M cClintock. De fato,
ainsercdo de um TE préximo a genes promove diversos desfechos possiveis. Nos genes
ainda em funcionamento, a inser¢do de um TE proximo a regido promotora pode resultar
tanto na diminui¢do quanto no aumento da expressdo (Zeng et a. 2018; Gebrie 2023). Além
disso, a insercdo dentro de regibes génicas pode ocasionar 0 silenciamento total ao
interromper a sintese de MRNA (Kobayashi et a. 2004). Por outro lado, TEs podem acabar
reconstituindo genes j& desativados, reintroduzindo fungdes genéticas previamente perdidas
e contribuindo assim para a variabilidade e evolugdo do genoma (Bourque et al. 2018).

A dindmica de transposicdo dos TEs modifica, também, a quantidade total do
contetido de DNA gendmico nos organismos (Becking et al. 2020; Zhang et a. 2020). A
evolucdo do tamanho dos genomas, na verdade, € alvo de pesquisas desde a proposi¢éo do
“paradoxo do valor-C” por Thomas (1971). Esse paradoxo se referia a falta de correlacéo
(ou a correlacéo ndo encontrada) entre o valor-C (que corresponde ao tamanho total de um
genoma, em sua versao haploide, em picogramas) e a“complexidade’ dos organismos. Por
exemplo, o valor-C no género protozoario Amoeba € cerca de 200 vezes maior que no género
Homo; essa diferenca, ainda, chega a 200 mil vezes entre organismos eucariotos (Gregory
2004). E necessario notar, contudo, que o significado de complexidade dos organismos na
proposicdo desse paradoxo possui um Vviés antropocentrista ao colocar 0s seres humanos
como espécie complexaem relacdo as demais. A busca de uma resposta para o paradoxo do
valor-C levou pesquisadores aencontrar correlacdo entre o valor-C e diversas caracteristicas,
incluindo tamanho celular e corporal (Beaulieu et al. 2008), taxas metabdlicas (Waltari and
Edwards 2002), complexidade do desenvolvimento embrionario (Gregory 2002) e ahistéria
evolutiva das especies (Jeffery et al. 2017). Nenhuma dessas, no entanto, € universal para
todos os seres vivos.

Com adescoberta das sequéncias repetitivas e suas grandes proporgoes nos genomas,
0 paradoxo do valor-C foi, em parte, resolvido. O valor-C, na verdade, ndo representa a
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guantidade total de genes em um genoma, uma vez que este é composto em sua maior parte
por DNA nédo-codificante. Essas conclusdes levaram a proposta do “enigma do vaor-C”
(Gregory 2001), um termo atualizado em relacéo ao paradoxo. Em geral, o enigmado valor-
C traz como principal questdo a variagdo na quantidade de DNA néo-codificante encontrado
nos genomas de eucariotos. Nesse caso, a atividade de elementos transponiveis (que fazem
parte da fracdo ndo-codificante dos genomas) esta diretamente relacionada ao aumento do
tamanho total do genoma, umavez que compreende fatores que ativamente adicionam novas
sequéncias de DNA (Kidwell 2002; Gregory and Johnston 2008; Sessegolo et al. 2016).

Quanto a arquitetura cromossdmica, os TEs sdo conhecidos por participarem na
geracdo de rearranjos cromossdmicos (Gray 2000). Inimeros casos ja foram descritos em
diversas espécies, desde Homo sapiens (Balachandran et al. 2022) até Drosophila (Caceres
et al. 1999; Mérel et al. 2020). Os rearranjos cromossdmicos surgem devido as quebras em
um ou mais cromossomos, seguidas pela unido subsequente das regides af etadas de maneira
reorganizada (Harewood et al. 2017). Quatro tipos principais de rearranjos estruturais podem
ocorrer (Figura 6): (i) delegdo, quando um segmento cromossdmico € perdido e, junto com
ele, toda a informagdo genética; (ii) duplicagcdo, onde o segmento cromossdmico (desde
porgdes pequenas até o conjunto cromossdmico completo) € duplicado; (iii) inversdo,
resultado da quebra das duas extremi dades de um segmento cromossomico e do giro em 180°
desta regido; e (iv) translocacdo, ocorrendo apOs a troca de segmentos entre dois
cromossomos ndo homaologos. As duas primeiras — também chamadas de rearranjos néo-
balanceados (Harewood et a. 2017) — acarretam mudangas drasticas na arquitetura
gendmica, pois resultam no ganho ou perda de material genético.

Figura 6. Esquema representando de uma forma geral os quatro principais tipos de rearranjos cromossomicos estruturais.
Na delegdo, 0 segmento cromossdmico inteiro (em cinza) é perdido; na duplicagdo, o segmento cromossdmico (em azul) é
copiado e duplicado; na inversdo, o segmento cromossdmico (em azul) sofre um giro de 180° (conforme a orientagdo
apresentada pel as flechas em branco) antes de ser reinserido no cromossomo; e natransl ocagdo, 0 segmento cromossdmico
(em verde) é trocado entre dois cromossomos diferentes (A e B). Produzido em Biorender.com.
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As duas primeiras — também chamadas de rearranjos ndo-balanceados (Harewood et
al. 2017) — acarretam mudangcas drasticas na arquitetura gendmica, pois resultam no ganho
ou perda de material genético. As duas Ultimas costumam provocar apenas ateractes
estruturais, quando ndo ocorrem dentro de genes com funcgOes essenciais. No género
Drosophila, as familias Bel-Pao, Doc, FB, hobo, I, P e roo foram encontradas associadas a
recombinagdes ectopicas em populactes de laboratério de Drosophila melanogaster (Lim
and Simmons 1994); em populagbes naturais, o transposon Galileo foi responsavel por gerar

umainversao em D. buzzatii (Caceres et a. 1999).

1.6. Galileo, o transposon ar quiteto

No cromossomo 2 de D. buzzatii, dois arranjos principais séo encontrados. 0
ancestral, 2st; e 2j, o qual apresenta umainversdo em relacdo ao 2st (Fontdevilaet al. 1981).
Ao sequenciar os pontos de quebradainversao 2j, Caceres et al. (1999) encontraram grandes
insercBes que ndo existem no arranjo ancestral . Essas sequéncias nucl eotidi cas apresentavam
indicios de pertencerem aum TE de Classe |1 sitio-alvo duplicado (TSD) de 7 pares de base
(bp); a presenca de TIRs; e um padrdo moderadamente repetitivo — mas distinto entre
linhagens — nas hibridizacBes in situ em preparaces de cromossomos politénicos. Além
disso, a inversdo e separagdo das sequéncias TSD produzidas durante a insercéo do TE
apontaram o mecanismo de recombinagdo ectopica (cruzamento entre duas sequéncias de
DNA homdlogas localizadas em posi¢gdes cromossdmicas ndo-alélicas) como responsavel
pelaorigem dainversao (Caceres et al. 1999) — o que, maistarde, foi confirmado por Delprat
et a. (2009). Os autores, entdo, o nomearam Galileo.

Inicialmente, Galileo foi classificado como um transposon pertencente a familia
foldback devido a semelhangas estruturais (Céceres et al. 2001; Casals et al. 2005) — como,
por exemplo, as longas e internamente repetitivas TIRS, separadas por um dominio central,
com tamanho e composi¢do variados; e a capacidade de formar estruturas secundarias
estaveis quando desnaturado — caracteristica, essa, percebida pela dificuldade em
amplificagdes via PCR. Outros dois transposons, Kepler e Newton, foram descritos durante
a caracterizagdo da inversdo 2j em outras linhagens de D. buzzatii (Céaceres et al. 2001).
Algumas caracteristicas indicaram sua estreita relacdo com Galileo, incluindo (i) a

identidade nucleotidica média de 73%; os 40 bp terminais idénticos entre suas TIRs, ambos
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os trés transposons duplicam 7 bp durante ainser¢éo; e aslongas TIRs muito similares entre
Galileo e Newton.

A primeirabuscain silico por copias de Galileo em outros genomas de Drosophila
foi realizada por Marzo et al. (2008), facilitada pelo sequenciamento dos primeiros 12
genomas do género (Drosophila 12 Genomes Consortium, 2007). Foram encontradas
sequéncias em seis espécies (D. ananassae, D. mojavensis, D. persimilis, D. pseudoobscura,
D. virilis e D. willistoni), pertencentes aos dois grandes subgéneros de Drosophila. Além
disso, as copias encontradas mostraram ser muito degeneradas — todas sem a capacidade de
codificar uma TPase funcional, sendo compostas ou somente por uma ou ambas TIRS, ou
por TIRs e fragmentos do gene TPase (Figura 7). As copias potencialmente inteiras descritas
pelos autores, no entanto, foram montadas através de PCRs e apresentaram diversas
mutagdes na fase de leitura (frameshift) e codons de terminacdo (stop codons).

Figura 7. Estrutura de copias do transposon Galileo encontradas por Marzo et a. (2008) em sete dos 12 genomas de
espécies de Drosophila disponiveis até entdo. (A) Copia potencialmente inteira de Galileo encontrada no genoma de D.
buzzatii. (B) Copias quase completas de Galileo em outras espécies. Setas representam as TIRs; retangulos cinza
representam o gene da TPase; quadrados listrados representam as repeti¢des diretas. Adaptado de Marzo et a. (2008).

Buscas utilizando a sequéncia de aminoacidos dessa copia encontraram taxas atas
deidentidade entre a TPase de Galileo e as TPases dos transposons 1360 (também conhecido
por Hoppel) e elemento P — incluindo o dominio THAP. Essas similaridades permitiram,
portanto, a reclassificagdo da familia Galileo como pertencente & superfamilia P, junto as
familias 1360 e P; e a classificagcdo dos transposons Kepler e Newton como subfamilias de
Galileo no genomadeD. buzzatii (Marzo et al. 2008). Caracterizagdes mais detal hadas, além
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das realizadas no genoma de D. buzzatii (Caceres et a. 1999, 2001; Casals et al. 2003;
Delprat et a. 2009), foram realizadas nos genomas de D. mojavensis (Marzo et a. 2013) e
D. willistoni (Goncgalves et al. 2014). Em ambas espécies, um alto nimero de cdpias foi
encontrado — 170 e 191, respectivamente —, apresentando a mesma diversidade estrutural

previamente observada por Marzo et a. (2008).

1.7. O grupo willistoni do género Drosophila (Diptera, Drosophilidae)

O género Drosophila pertence a Drosophilidae, uma familia de insetos dipteros
amplamente distribuidos em praticamente todos biomas terrestres, do nivel do mar até
grandes altitudes (Throckmorton 1975). Esses insetos se popularizaram no meio cientifico
apos aentrega do Prémio Nobel de Medicina ou Fisiologia de 1933 a Thomas Morgan, cujo
trabalho utilizou Drosophila melanogaster como organismo model o e concluiu que os genes
estavam |ocalizados nos cromossomos (Morgan 1910). De fato, os drosofilideos vém sendo
empregados como organismos modelos hd mais de um século, desde o trabalho seminal de
Castle et al. (1906). Dentre as diversas &reas do conhecimento, podemos destacar 0 seu Uso
em estudos genéticos, evolutivos, farmacoldgicos e ecolégicos, este ultimo, utilizando
espécies como indicadoras de qualidade ambiental, por exemplo (Markow and O’ Grady
2006; Valente-Gaiesky 2019).

A taxonomia dessas espécies possui uma intrincada histéria evolutiva subjacente,
marcada por inimeros eventos de especiagdo multipla e subsequentes diversificagdes
(Throckmorton 1975) (Figura 8). Andlises moleculares (Yassin 2013) aliadas a caracteres
morfologicos auxiliaram na resolugdo das relaces filogenéticas no género Drosophila,
reorganizando as radiagOes propostas por Throckmorton (1975) em diferentes subgéneros
(Quadro 1).

Quadro 1. Reorganizacdo proposta por Yassin (2013), com base em caracteres morfologicos e moleculares, para a
taxonomia descrita por Throckmorton (1975) com base apenas em caracteres morfolégicos. Adaptado de O’ Grady &
DeSdlle (2018).

Throckmorton (1975) Yassin (2013)
Radiaco virilis-repleta Drosophila (Sphlodora)
Radiacdo immigrans-tripunctata Drosophila (Drosophila)
Drosophila (Sophophora) Drosophila (Sophophora)
Drosophila (Dorsilopha) Drosophila (Dorsilopha)
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Até o momento, o género soma 1.661 espécies formal mente descritas; cerca de 34%
dadiversidade total de Drosophilidae (Bachli 2023). Essas espécies sao, ainda, subdivididas
em grupos e subgrupos de espécies, 0s quais agrupam espécies morfologicamente
relacionadas (Grimaldi 1987; Grimaldi 1990). Como principal consequéncia, a arvore
filogenética do género Drosophila é dividida ndo somente entre diversos subgéneros, mas

também por outros géneros que se diversificaram a partir de suas linhagens.

Figura 8. Representagdo cléassica das rel agles fil ogenéticas e dos eventos de especiacdio multiplanafamilia Drosophilidae,
com auxilio de caracteres morfol 6gicos. Adaptado de Throckmorton (1975).

Em outras palavras, o género Drosophila apresenta, de acordo com sua taxonomia
atual, relaces essencialmente parafiléticas (Y assin 2013, Suvorov et a. 2022). O subgénero
Sophophora, por exemplo, é uma linhagem formada por sete grupos de espécies e inclui o
género Lordiphosa, irméo dos grupos saltans e willistoni (O’ Grady and DeSalle, 2018;
Suvorov et al. 2022). Curiosamente, esse género é originario das regides tropicais e
subtropicais asiéticas (O’ Grady and DeSalle, 2018), enquanto os grupos saltans e willistoni
compreendem o clado neotropical de Sophophora (O’ Grady and Kidwell 2002).

O grupo willistoni abrange 24 espécies formamente descritas, subdivididas nos
subgrupos alagitans (seis espécies), bocainensis (12 espécies) e willistoni (seis espécies)
(Quadro 1) (Bachli 2023). Estudos filogenéticos indicam sua monofilia (Robe et al. 2010;
Zanini et al. 2018; Baido et a. 2023), no entanto utilizam dados morfolégicos e/ou
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moleculares das espécies do subgrupo willistoni e apenas quatro individuos do subgrupo
bocainensis. Além disso, 0 subgrupo bocainensis é sempre recuperado como uma linhagem
parafilética em relagcdo ao subgrupo willistoni. A falta de estudos envolvendo os subgrupos
alagitans e bocainensis se deve, principalmente, ao fato de que suas espécies sao raramente
amostradas com as técnicas usuais para captura de drosofilideos (Salzano 1956) — de fato,
ha poucos registros para essas espécies, quando ndo apenas para o holétipo (Bachli 2023).
O posicionamento desses subgrupos dentro do grupo willistoni, portanto, ainda permanece

por ser esclarecido.

Quadro 2. Taxonomia e subdivisdo das espécies do grupo willistoni de Drosophila nos subgrupos alagitans, bocainensis
ewillistoni (Bachli 2023).

Subgrupo alagitans | Subgrupo bocainensis | Subgrupo willistoni

D. alagitans D. abregolineata D. equinoxialis

D. capnoptera D. bocainensis D. insularis
D. megalagitans D. bocainoides D. paulistorum
D. neoalagitans D. capricorni D. paviovskiana

D. neocapnoptera D. changuinolae D. tropicalis

D. pittieri D. fumipennis D. willistoni

D. mangabeirai
D. nebulosa

D. parabocainensis
D. pseudobocainensis
D. subinfumata
D. sucinea

As espécies que compdem o subgrupo willistoni, principamente D. willistoni, sdo
utilizadas ha vérias décadas como organismos modelo para a fauna neotropical,
principalmente na area de genética evolutiva (revisdo em Rohde and Valente, 2012). Elas
formam um clado de espécies cripticas onde a distincdo entre espécies ocorre,
principalmente, pela andlise de caracteres morfolégicos internos, como as estruturas
reprodutoras de individuos machos. Além disso, possuem distintos graus de isolamento
reprodutivo e se apresentam em distintos nivei s taxondmicos. No primeiro caso, aformagdo
experimental de hibridosférteis entre D. paulistorume D. willistoni foi reportada por Winge
and Cordeiro (1963), bem como outros cruzamentos que geraram hibridos também fértels,
inférteis ou que morreram em estagios iniciais do desenvolvimento (Winge 1965).



26

Quanto aos niveis taxondémicos, muitas espécies do subgrupo apresentam
subespécies — como 0 caso de D. paulistorum, que compreende um complexo de seis
subespécies que comegaram adivergir nos ultimos 2 milhdes de anos, incluindo subespécies
formadas ha cerca de 300 mil anos (Zanini et a. 2018). Outro exemplo é Drosophila
willistoni, formada por trés subespécies — D. w. quechua, D. w. willistoni e D. w. winge
(Mardiros et a. 2016), que estdo distribuidas, respectivamente, a oeste da cordilheira dos
Andes; na América Central, México, ilhas do Caribe e parte do Estado da Flérida, nos
Estados Unidos; e no restante da América do Sul, até o norte da Argentina (Figura 9). De
fato, D. willistoni € a espécie com a maior distribuicdo geogréfica entre as do subgrupo
(Zanini et a. 2015) e também é o drosofilideo mais encontrado em florestas da América do
Sul (Rohde and Valente 2012).

Figura 9. Distribuicdo aproximada das trés subespécies de Drosophila willistoni na regido neotropical, de acordo com
Mardiros et a. (2016). Mapa produzido em Acme Mapper 2.2 (https.//mapper.acme.com/).

Outra caracteristica que tornou D. willistoni um model o para estudos evolutivos so
os altos niveis de polimorfismos encontrados em seus cromossomos. mais de 50 inversdes

descritas em trés décadas; populagdes monomorficas estaveis, na verdade, nunca foram
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encontradas em campo (reviséo em Rohde and Vaente 2012). O seu complemento
cromossdmico € constituido por dois pares de cromossomos metacéntricos (cromossomos |
e X), um par acrocéntrico (cromossomo I11) e um cromossomo Y submetacéntrico (Santos-
Colares et al. 2003). O cromossomo 111 é resultado da fusdo dos elementos E e F de Muller
— sinténicos ao braco R do cromossomo 3 e ao cromossomo 4 de Drosophila melanogaster
(Pita et a. 2014). Uma das principais hipoteses aponta os TES como agentes primarios
causadores da instabilidade cromossdmica observada nessa espécie.

Nesse sentido, o grupo willistoni se apresenta como um excelente modelo para a
compreensdo das dindmicas de TEs e seus impactos nos genomas hospedeiros de espécies
neotropicais. De fato, suas espécies possuem grande parte do genoma composto por
sequéncias repetitivas, sendo D. paulistorum presente entre as espécies com maior
porcentagem em Drosophilidae — com mais de 40% (Kim et al. 2021).

2. Objetivos

2.1. Objetivo geral: Contribuir para o entendimento sobre o papel de elementos
transponiveis naevol ucdo dos genomas de espéci esinci pientes no Neotropico, utilizando
as espécies do grupo willistoni de Drosophila como organismos modelo.

2.2. Objetivos especificos:

- Esclarecer as relagdes fil ogenéticas no grupo willistoni, com foco na parafilia do subgrupo
bocainensis em relacéo ao subgrupo willistoni (Capitulo I1);

- Fornecer um panorama acerca da influéncia do processo de especiagcdo na evolucéo do
tamanho de genoma e na sua fragdo repetitiva no subgrupo willistoni (Capitulo I11);

- Investigar o papel dos elementos transponiveis na evolugdo do tamanho de genoma em
nivel intraespecifico em D. willistoni (Capitulo 1V);

- Caracterizar as inversdes cromossomicas possivelmente relacionadas com elementos
transponiveis em uma linhagem de D. willistoni (Capitulo V);

- Propor uma hipétese para a histéria evolutiva do transposon Galileo nos genomas de
Drosophilidae e investigar provaveis eventos de transferéncia horizontal (Capitulo V1).
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Abstract

The willistoni group of Drosophila is subdivided into the alagitans, bocainensis, and willistoni subgroups, and has been an im-
portant model for studying evolutionary processes in the Neotropics for decades. Phylogenetic studies place the bocainensis
subgroup as a grade in relation to the monophyletic willistoni subgroup, although these included molecular or morphological
data for up to 4 species of the 12 species included in the first subgroup. Here, we characterized the first nucleotide sequences for
three mitochondrial and five nuclear genes of Drosophila bocainensis Pavan & da Cunha, 1947 and employed these for addressing
the paraphyly of this subgroup under a coalescent approach. Our results still recovered this paraphyletic relationship, placing
D. bocainensis, Drosophila capricorni Dobzhansky & Pavan, 1943 and Drosophila sucinea Patterson & Mainland, 1944 in a basal clade,
which diverged around 6.81 million years ago. The relationship of Drosophila nebulosa Sturtevant, 1916 and Drosophila fumipennis
Duda, 1925 as a sister clade to the willistoni subgroup was recovered. The possible causes of such paraphyly are discussed.

Key words: coalescence, concordance factors, divergence times, Drosophila bocainensis Pavan & da Cunha, 1947 subgroup,

Neotropics, paraphyly

Introduction

The willistoni group of Drosophila is one of the two Neotrop-
ical clades of the Sophophora subgenus (O’Grady and Kidwell
2002), and is currently subdivided into three subgroups: the
alagitans, bocainensis, and willistoni subgroups (Bachli 2023).
For several decades, the willistoni subgroup has been an im-
portant model for studying evolutionary processes in the
Neotropical fauna, such as chromosomal rearrangements
(see review in Rohde and Valente 2012) and reproductive
isolation (review in Cordeiro and Winge 1995). However, as
stated by Zanini et al. (2016), the bocainensis subgroup is of-
ten neglected or understudied in relation to the willistoni sub-
group, yet the first plays a crucial role as an outgroup for
studying the latter.

Many species belonging both to the alagitans and bocainen-
sis subgroups, on the other hand, have not been largely sam-
pled across its known geographical range, most of them
presenting a few or only one record (Zanini et al. 2015).
The latter also presents low frequencies in field samples,
which may be a bias often related with the sampling efforts
made with common banana baits for capturing drosophilids
(Salzano 1956). This turns the description of new synapo-
morphies or DNA analyses into a hard task, and is the
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main impediment to deepening the knowledge about these
species.

Currently, from the 12 species belonging to the bocainen-
sis subgroup, only Drosophila capricorni Dobzhansky & Pavan,
1943, Drosophila fumipennis Duda, 1925, Drosophila nebulosa
Sturtevant, 1916, and Drosophila sucinea Patterson & Mainland,
1944 have been studied at the molecular level. Phylogenetic
studies performed so far recovered the bocainensis subgroup
as a grade in relation to the willistoni subgroup (Gleason et al.
1998; Tarrio et al. 2000; Robe et al. 2010; Zanini et al. 2018;
Finet et al. 2021). The position of each of the four species,
however, floats between different phylogenies and employed
molecular markers.

However, none of those studies have specifically addressed
the paraphyly of the bocainensis subgroup, although some in-
cluded the entire set of available data. Here, we assessed
the phylogenetic position of Drosophila bocainensis Pavan &
da Cunha, 1947 by characterizing the first nucleotide se-
quences for this species, and employed these to test the
paraphyletic status of the bocainensis subgroup. We also re-
port new divergence time estimates, especially for this sub-
group, based on updated fossil calibrations (Suvorov et al.
2022).
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Table 1. Specifications of annealing temperature and primer pairs used for each gene in this study.

Genetic Annealing Forward Reverse
Gene compartment  temperature primer primer Reference
Cytochrome oxidase subunit I (Cox1) Mitochondrial 57°C HCO1490 LCO2198 Folmer et al. (1994)
Cytochrome oxidase subunit II (Cox2) Mitochondrial 55°C TLJ TK-N Simon et al. (1994)
Cytochrome b (Cytb) Mitochondrial 55°C CB-J TS1-N Simon et al. (1994)
Alpha methyldopa hypersensitive (Amd) Nuclear Td 59-54°C AmdEx4F  Amd-bw Tatarenkov et al. (2001); Robe et al. (2010)
Dopa decarboxylase (Ddc) Nuclear 59°C BPF BPR Tatarenkov et al. (1999)
Male fertility factor (kl-3) Nuclear Td 60-52°C KL3-Y_F KL3-Y_R Zanini et al. (2018)
Hunchback (Hb) Nuclear Td 60-58 °C Hb106F Hb903R Mota et al. (2008)
Period (per) Nuclear 50°C per34 per28 Gleason and Powell (1997)

Fig. 1. Phylogram of the willistoni group of Drosophila in-
ferred through a coalescent-based analysis in ASTRAL. Num-
bers next to nodes indicate the local posterior probability.
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Materials and methods

DNA source, isolation, and sequencing

Flies of D. bocainensis were collected through banana traps
in Erechim, southern Brazil (27°37/50.0”S, 52°14'11.0"W). To-
tal genomic DNA was extracted from a single fly using the

DNeasy Blood & Tissue® kit (QIAGEN, Hilden, Germany),
following the manufacturer’s protocol. Fragments of three
mitochondrial and five nuclear genes were amplified with
primer pairs described in Table 1. Polymerase chain reactions
(PCR) were carried out using GoTaq® Hot Start Green Mas-
ter Mix (Promega, Madison WI, USA), according to the manu-
facturer’s protocol, with 0.2 umol/L of each primer and 100-
200 ng of DNA.

Amplifications for cytochrome oxidase subunit I (Cox1), cy-
tochrome oxidase subunit I (Cox2), cytochrome b (Cytb), dopa
decarboxylase (Ddc), and period (per) started with a step of
denaturation at 94 °C for 5min, followed by 35 cycles of de-
naturation at 94°C for 45s, annealing at specific tempera-
tures (described in Table 1) for 45s and extension at 72°C
for 1min, and a final extension cycle at 72°C for 5min.
For the alpha methyldopa hypersensitive (Amd), male fer-
tility factor (kI-3), and hunchback (Hb) genes, we employed
touchdown conditions, starting with a step of denaturation
at 94 °C for 5min, followed by 20 cycles of denaturation at
94°C for 45s, annealing at first temperature (Table1) and
extension at 72°C for 1min; 20 cycles with denaturation
at 94°C for 45s, annealing at second temperature (Table 1)
and extension at 72°C for 1min; and a final extension at
72°C for 5min. To check whether the amplification was
successful, 5 puL of the 20 uL. PCR product was submitted to
electrophoresis in 0.8% agarose gel, stained with GelRed®
(Biotium).

The obtained amplicons were purified with Exonuclease I
(10U/uL) and FastAP Thermosensitive Alkaline Phosphatase
(1U/uL) (Thermo Scientific Inc.) and directly sequenced in
both 5 and 3’ strands. Sequencing was performed by Macro-
gen Inc. (Seoul, South Korea) using BigDye technology and
the same PCR primers. The electropherograms were assem-
bled and inspected in the Gap4 software of the Staden Pack-
age (Staden 1996). The consensus sequences obtained were
then checked in the BLASTn tool (NCBI website), and each
polymorphic site was checked and corrected using the degen-
eracy table, if necessary.

Alignments and tests of nucleotide substitution

saturation

Sequences of those eight genes plus the nuclear gene al-
cohol dehydrogenase (Adh) were retrieved from GenBank for
five species belonging to the willistoni subgroup (Drosophila
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Fig. 2. Plot of (A) mitochondrial genes tree versus (B) species tree based on the set of nuclear genes. Blue lines connect terminal
taxa between trees, showing the different topologies for the bocainensis subgroup and for Drosophila insularis and Drosophila

tropicalis in the willistoni subgroup.
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Table 2. Statistical results of tree topology tests comparing the ASTRAL species tree and an alternative tree, with a
hypothetical monophyletic bocainensis subgroup, based on a concatenated alignment of all genes.

Tree logL deltal bp-RELL p-KH p-SH p-WKH p-WSH c-EIW p-AU
ASTRAL —29940.06872 0 0.971 + 0.968 + 1+ 0.968 + 0.968 + 0.967 + 0.979 +
Alternative —29954.21501 14.146 0.0292 — 0.0324 — 0.0324 — 0.0324 — 0.0324 — 0.0327 — 0.0209 —

Note: Plus signs denote the 95% confidence sets. Minus signs denote statistically significant exclusion. All tests performed 10 000 resamplings using the RELL
method. deltaL, logL difference from the maximal logL in the set; bp-RELL, bootstrap proportion using RELL method (Kishino et al. 1990); p-KH, p value of
one-sided Kishino-Hasegawa test(Kishino and Hasegawa 1989); p-SH, p value of Shimodaira-Hasegawa test (Shimodaira and Hasegawa 1999); p-WKH, p value
of weighted Kishino-Hasegawa test; p-WSH, p value of weighted Shimodaira-Hasegawa test; c-ELW, expected likelihood weight (Strimmer and Rambaut

2002); p-AU, p value of approximately unbiased test (Shimodaira 2002).

paulistorum transitional (Zanini et al. 2018) representing the
D. paulistorum species complex) and four species belonging to
the bocainensis subgroup—the ingroup; Drosophila sturtevanti
Duda, 1927 and Drosophila saltans Sturtevant, 1916 from the
saltans group (sister clade to the willistoni group (Suvorov et al.
2022)) and Drosophila melanogaster Meigen, 1830 and Drosophila
virilis Sturtevant, 1916—the outgroups (see accession num-
bers on Supplementary material 1—Table S1). Matrices were
aligned in MAFFT online (Katoh et al. 2019) with automated
strategy and adjusting direction according to the first se-
quence. The presence of paralogous copies of mitochondrial
genes in the nucleus was evaluated by checking the presence
of stop codons in mitochondrial markers. The alignments
were then trimmed with TrimAl 1.4.1 (Capella-Gutiérrez et
al. 2009) with the automated flag to remove poorly aligned
regions. Potential saturation was assessed with the index of
substitution saturation (I) (Xia et al. 2003) implemented in
DAMBE?7 (Xia 2018).

Inference of mitochondrial and species tree

The phylogenetic relationships were reconstructed
through a Bayesian inference and coalescent-based anal-
ysis, as performed by Waichert et al. (2020). Phylogenetic
trees were inferred in BEAST 1.10 (Suchard et al. 2018)
individually for nuclear genes and simultaneously for
mitochondrial genes, linking trees in the latter. The best nu-
cleotide substitution model was estimated by ModelTest-NG
(Darriba et al. 2020) based on Akaike Information Criterion
(AIC) scores: GTR+1 (Cox2, Cytb), GTR + G4 (Amd, Ddc, Hb,
kl-3, per), and GTR+1+G4 (Adh, Cox1). An uncorrelated
lognormal relaxed clock was applied, while the tree prior
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was set as Birth-Death process. Markov chain Monte Carlo
(MCMC) searches were run for 5 x 107 generations, sampling
every 5 x 10%. Chain convergence was diagnosed in Tracer
(Rambaut et al. 2018) and achieved if effective sample sizes
values were higher than 200. Then, 100 trees were sampled
for each nuclear gene and for the mitochondrial tree using
LogCombiner, discarding the first 25% as burn-in. The re-
sulting 700 trees were input into ASTRAL-III (Zhang et al.
2018) for reconstructing the species tree, whose root was
placed in D. virilis when visualizing and editing in FigTree
(https://github.com/rambaut/figtree).

Estimations of divergence times

Divergence times were estimated with *BEAST in BEAST
2 (Bouckaert et al. 2014) with the set of nuclear genes. Nu-
cleotide substitution models, clock rates, and trees across the
genes were left as unlinked. The substitution models were set
as described in the previous section, while the tree prior was
set as Calibrated Yule. The split between the Drosophila and
Sophophora subgenera (represented by the split between D. vir-
ilis and D. melanogaster), according to a phylogenomic fossil-
calibrated molecular clock (46.9 Myr, standard deviation of
1.5) (Suvorov et al. 2022), was set as calibration point. MCMC
searches were run for 2 x 10® generations, sampling every
2 x 10%. The maximum clade credibility tree was annotated
with TreeAnnotator (Drummond and Rambaut 2007), with
25% of burn-in. The chronogram was plotted in R 4.2.1 (R Core
Team 2023), with the packages deeptime (Gearty 2023), ggplot2
(Wickham 2016), ggtree (Yu et al. 2017), and treeio (Wang et al.
2020).
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Fig. 3. Plot of gene (gCF) and site (sCF) concordance factors
for internal nodes on the (A) species tree based on the total
set of genes, (B) species tree based on the set of nuclear genes,
and (C) an alternative tree with a hypothetical monophyletic
bocainensis subgroup. Filled circles correspond to the analyzed
nodes, which are critical for the paraphyly of the bocainensis
subgroup.
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Tree topology and concordance factor tests

Comparative tests of topologies were performed in IQ-
TREE 2 (Minh et al. 2020a) with the ASTRAL species tree
and a manually built alternative tree, in which the bo-
cainensis subgroup forms a monophyletic lineage. The alter-
native and the species trees had their branch lengths ad-
justed with treePL (Smith and O’Meara 2012), using as cali-
bration point the same as described in the previous section.
Both mitochondrial and nuclear genes were concatenated
into a single supermatrix using FASconCAT-G (Kiick and
Longo 2014.). The Kishino-Hasegawa (Kishino and Hasegawa
1989), Shimodaira-Hasegawa (Shimodaira and Hasegawa
1999), and approximately unbiased (Shimodaira 2002) tests
were performed with 10000 resamplings using the RELL
method.

Additionally, the gene and site concordance factors (gCF
and sCF, respectively) were estimated also in IQ-TREE 2. The
gCF and sCF show the proportion of gene trees and sites in a
concatenated matrix that are concordant with a given branch
of a tree (Minh et al. 2020b). The first has a lower bound of 0%
as its value is calculated from the full set of gene trees, while
the latter has a lower bound of ~33%, given the three possible
quartets for each node. These statistics were calculated for (i)
the species tree reconstructed by ASTRAL with the entire set
of genes; (ii) the species tree reconstructed by *BEAST with
the nuclear genes; and (iii) the alternative tree with a hypo-
thetical monophyletic bocainensis subgroup, with the entire
set of genes.

Results and discussion

Here, the first nucleotide sequences of D. bocainensis were
characterized and employed both to assess its phylogenetic
position within the willistoni group and to address the para-
phyletic status of the bocainensis subgroup. Divergence times
were also updated for species belonging to this subgroup. The
saturation tests were statistically significant; thus, little satu-
ration was detected across all genes as the values of I;; were
lower than I (Supplementary material 2)—which is congru-
ent with the results reported by Zanini et al. (2018). There-
fore, the inclusion of D. bocainensis and the outgroups in the
matrices kept the phylogenetic information obtained in that
previous study.

The species tree topology (Fig. 1) recovered for the willis-
toni subgroup is consistent with previously established re-
lationships using concatenation methods (Robe et al. 2010;
Zanini et al. 2018; Finet et al. 2021). The first species to
branch off is Drosophila insularis Dobzhansky, 1957, followed
by Drosophila tropicalis Burla & da Cunha, 1949, Drosophila
willistoni Sturtevant, 1916, Drosophila equinoxialis Dobzhansky,
1946, and Drosophila paulistorum Dobzhansky & Pavan, 1949
(local posterior probability (PP)=1.0). The inclusion of D. bo-
cainensis, however, was not able to recover the monophyly
of its subgroup, which remained as a grade: D. fumipennis
and D. nebulosa in a clade sister to the willistoni subgroup (lo-
cal PP=1.0), another clade with D. bocainensis as the first to
branch off (local PP =1.0), and D. capricorni and D. sucinea as
sister species (local PP =1.0).
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Fig. 4. Chronogram recovered by *BEAST representing the divergence times across the phylogeny of the willistoni group of
Drosophila. Numbers above nodes indicate the mean age (in million years) of each split, whose 95% confidence limits are re-
flected by the respective node bars; numbers on the side of each node correspond to its posterior probability.
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Nonetheless, the mitochondrial tree (Supplementary ma-
terial 3—Fig. S1) recovered a different topology for the bo-
cainensis subgroup (Fig. 2A). In this case, the lineage contain-
ing D. bocainensis was placed as sister to the willistoni subgroup
(PP =1.0) and the clade D. fumipennis and D. nebulosa (PP = 0.54)
as sister to them (PP =1.0). Relationships within the willistoni
subgroup were also quite different, splitting (PP =1.0) this
subgroup into two clades: D. paulistorum and D. equinoxialis
(PP=0.99); and D. tropicalis (as the first to branch off), D. in-
sularis, and D. willistoni (PP =1.0). All topology tests rejected
the alternative tree in favor of the topology reconstructed
by ASTRAL-II (Table 2), supporting the paraphyletic relation-
ships found in the bocainensis subgroup. In these analyses, a p
value lower than 0.05 indicates the rejection of a given topol-
ogy. Gene and site concordance factors added further support
to the species tree, and their results are focused on the nodes
19 (the clade willistoni group), 20 (the clade D. bocainensis + D.
capricorni + D. sucinea), 22 (the clade willistoni subgroup + D. fu-
mipennis + D. nebulosa), and 23 (D. fumipennis + D. nebulosa) in
the nuclear and species tree and 23 (the hypothetical mono-
phyletic bocainensis subgroup) in the alternative tree, as these
nodes are critical for assessing the paraphyly of the bocainen-
sis subgroup. In all comparisons, gCF and sCF were correlated
(Fig. 4).

First, the species tree with the entire set of genes (Fig. 4A)
showed lower scores of gCF and sCF (for most nodes) than
the species tree with nuclear genes only (Fig.4B) for all the
evaluated nodes (Supplementary materials 4 and 5—Tables S2
and S3). The exceptions are the node 20, which had a support
of 49.77% of sCF in the total set compared with 49.03% of sCF
in the nuclear set, and the node 23, with a gCF of 54% and
an sCF of 43.66% in the first versus 13% of gCF and 34.74%
of sCF in the latter. However, the node 20 had an increase
in gCF—from 66.67% in the total set to 80% in the nuclear
set—providing extra support for the lineage of D. bocainensis.
The node 23 in the alternative topology (Fig.4C) had also a
low sCF (34.74%), but the lowest gCF across all comparisons
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(13%); i.e., only 13% of the 700 trees support monophyly for
the bocainensis subgroup.

Mitochondrial markers have previously recovered distinct
topologies in comparison with nuclear genes for the willistoni
group (Gleason et al. 1998; O’Grady and Kidwell 2002; Robe et
al. 2010; Zanini et al. 2018). The interchange between the lin-
eage of D. bocainensis and that of D. fumipennis as sister group to
the willistoni subgroup is probably an outcome of the multiple
introgressions that may have occurred in its evolutionary his-
tory (Baido et al. 2023). Chromosome banding patterns found
by Pita et al. (2014) also placed D. nebulosa as closely related
to the willistoni subgroup and suggested that D. capricorni and
D. fumipennis belong to different lineages—as seen in the nu-
clear and mitochondrial gene trees (Fig. 2). Other phylogenies
(Finet et al. 2021) also agreed with the position of D. nebulosa,
which supports that the lineage containing D. nebulosa and D.
fumipennis is the most likely sister group to the willistoni sub-
group.

The topology of the chronogram (Fig. 3), which was recon-
structed with the set of nuclear genes under the multi-species
coalescent model, is identical to the species tree (PP > 0.95).
The divergence times in the willistoni group were first esti-
mated by Robe et al. (2010), based on the evolutionary rate
of Adh estimated by Russo et al. (1995), followed by the es-
timations of Zanini et al. (2018) based on fossil calibrations.
Recently, Suvorov et al. (2022) employed several schemes of
fossil and molecular calibrations to estimate the divergence
times across Drosophilidae, in a phylogenomic framework,
which allowed us to perform new estimations. Our results
showed that the diversification of the clade containing D. bo-
cainensis, D. capricorni, and D. sucinea began around 6.81 (95%
confidence interval (CI): 10.16-2.73) million years ago (Mya).
The split between D. capricorni and D. sucinea seems to be more
recent (0.51 Mya; 95% CI: 0.0002-1.32) than the estimation of
Zanini et al. (2018) (3.55 Mya; 95% CI: 6.45-1.31); the other di-
vergence times also differed, but fell into their 95% CI. This
is the case of the clade containing D. fumipennis + D. nebulosa
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and the willistoni subgroup (PP =0.98), whose diversification
occurred around 9.92 Mya (95% CI: 7.44-12.56). Similar to the
lineage of D. bocainensis, the split between D. fumipennis and D.
nebulosa occurred 6.58 Mya (95% CI: 2.73-9.96). These results
reinforce that the willistoni group experienced recent specia-
tion events (Zanini et al. 2018).

Correctly establishing the phylogenetic relationships be-
tween species is crucial for understanding their evolution-
ary history. This becomes even more critical when studying
rare species, such as those belonging to the bocainensis sub-
group (Salzano 1956). Rare species are essential for ecosys-
tem functioning in terms of functional diversity or func-
tional redundancy (Jain et al. 2013), and have impact on high
trophic levels and on their community structure (Bracken
and Low 2012). Overall, the data currently available are not
sufficient to formally split the bocainensis subgroup into two,
especially due to the low number of sampled species. How-
ever, the present evidence—the high support on the species
tree (local PP=1.0) and on the chronogram (PP > 0.98), the
rejection of a monophyletic topology, and the concordance
factors—at least indicates that there are two monophyletic
lineages within the bocainensis subgroup. This should be taken
into consideration when studying these species themselves
or employing them as outgroups for the willistoni subgroup.
A thorough systematic review comprising the entire set of
species and employing more molecular markers should clar-
ify whether the two lineages of the bocainensis subgroup form
a clade or a grade.
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Supplementary material

Figure S1. Phylogram of the willistoni group of Drosophila inferred by mitochondrial markers through Bayesian
Inference in BEAST 1. Numbers next to nodes indicate the posterior probability (PP).
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Table S2. Statistics of gene concordance (gCF) and site concordance (sCF) factors analysis for the ASTRAL species tree.

38

D gCF gCF_N gDF1 gDF1_N gDF2 gDF2_ N gDFP gDFP_N eN sCF sCF_N sDF1 sDF1_N sDF2 sDF2_N sN
16 29.57 207 41.86 293 28 196 0.57 4 700 NA NA NA NA NA NA NA
17 91.17 547 0.17 1 0 0 8.67 52 600 59.57 132.07 23.02 50.93 17.41 39.2 2222
18 100 300 0 0 0 0 0 0 300 54.48 60.55 18.26 19.73 27.27 30.1 110.38
19 355 213 15.5 93 9.83 59 39.17 235 600 42.02 61.28 31.25 4824 26.73 41.56 151.08
20 66.67 400 2 12 11.5 69 19.83 119 600 49.77 69.55 28.11 42.66 22.12 29.83 142.04
21 79.8 399 0 0 17.4 87 2.8 14 500 85.81 103.01 4.64 5.76 9.55 13.24 122.01
22 31.57 221 13 91 21.29 149 34.14 239 700 31.54 45.48 3423 46.61 3423 44.12 136.21
23 54 270 1 5 9 45 36 180 500 43.66 42.66 27.27 25.62 29.06 26.68 94.96
24 100 700 0 0 0 0 0 0 700 81.65 134.95 8.64 14.73 9.7 16.77 166.45
25 80 560 1.71 12 4 28 14.29 100 700 49.52 46.49 27.76 26.46 22.73 20.9 93.85
26 68.29 478 271 19 14.29 100 14.71 103 700 37.04 26.14 40.71 29.02 2225 15.88 71.04
27 99.43 696 0.29 2 0.14 1 0.14 1 700 72.39 44.56 10.77 6.54 16.84 9.62 60.72

ID: Branch ID

gCF: Gene concordance factor (=gCF_N/gN %)

gCF_N: Number of trees concordant with the branch

gDF1: Gene discordance factor for NNI-1 branch (=gDF1_N/gN %)

gDF1_N: Number of trees concordant with NNI-1 branch

gDF2: Gene discordance factor for NNI-2 branch (=gDF2_N/gN %)

gDF2_N: Number of trees concordant with NNI-2 branch

gDFP: Gene discordance factor due to polyphyly (=gDFP_N/gN %)

gDFP_N: Number of trees decisive but discordant due to polyphyly

gN: Number of trees decisive for the branch

sCF: Site concordance factor averaged over 100 quartets (=sCF_N/sN %)

sCF_N: sCF in absolute number of sites

sDF1: Site discordance factor for alternative quartet 1 (=sDF1_N/sN %)

sDF1_N:sDF1 in absolute number of sites

sDF2: Site discordance factor for alternative quartet 2 (=sDF2_N/sN %)

sDF2_N:sDF2 in absolute number of sites

sN: Number of informative sites averaged over 100 quartets

LocalPP: ASTRAL-III local posterior probability

Length: Branch length

gEF_p: P-value for equal frequencies of gene trees between discordant trees

SEF_p: P-value for equal frequencies of sites between discordant trees

Table S3. Statistics of gene concordance (gCF) and site concordance (sCF) factors analysis for the simulated tree, with a hyy 1 phyletic b p
1D gCF gCF N gDF1 gDFI_N gDF2 gDF2_ N gDFP gDFP_N gN sCF sCF_N sDF1 sDF1_N sDF2 sDF2_N sN
16 28 196 29.57 207 41.86 293 0.57 4 700 NA NA NA NA NA NA NA
17 91.17 547 0 0 0 0 8.83 53 600 58.97 137.19 23.34 54.39 17.7 41.94 233.52
18 355 213 333 20 717 43 54 324 600 41.56 65.31 27.88 45.66 30.55 49.23 160.2
19 100 700 0 0 0 0 0 0 700 78.52 134.62 10.69 20.77 10.79 19.23 174.62
20 80 560 4 28 171 12 14.29 100 700 49.03 46.96 21.72 20.49 29.25 27.86 95.31
21 68.29 478 14.29 100 271 19 14.71 103 700 36.24 26.95 22.04 16.7 41.72 3131 74.96
22 99.43 696 0.29 2 0.14 1 0.14 1 700 72.68 46.92 10.97 6.94 16.35 9.73 63.59
23 13 91 21.29 149 31.57 221 34.14 239 700 34.74 46.2 32.79 41.87 32.47 44.82 132.89
24 66.67 400 0 0 0 0 33.33 200 600 48.09 55.11 26.24 28.34 25.68 30.84 114.29
25 79.8 399 0 0 17.4 87 2.8 14 500 86.28 107.71 436 5.59 9.36 13.02 126.32
26 54 270 7.6 38 0 0 384 192 500 45.1 44.88 29.92 27.74 24.98 22.58 95.2
27 100 300 0 0 0 0 0 0 300 54.52 59.79 18.59 19.89 26.89 29.34 109.02

ID: Branch ID

gCF: Gene concordance factor (=gCF_N/gN %)

gCF_N: Number of trees concordant with the branch

gDF1: Gene discordance factor for NNI-1 branch (=gDF1_N/gN %)
gDF1_N: Number of trees concordant with NNI-1 branch

gDF2: Gene discordance factor for NNI-2 branch (=gDF2_N/gN %)
gDF2_N: Number of trees concordant with NNI-2 branch

gDFP: Gene discordance factor due to polyphyly (=gDFP_N/gN %)
gDFP_N: Number of trees decisive but discordant due to polyphyly

gN: Number of trees decisive for the branch

sCF: Site concordance factor averaged over 100 quartets (=sCF_N/sN %)
sCF_N: sCF in absolute number of sites

sDF1: Site discordance factor for alternative quartet 1 (=sDF1_N/sN %)
sDF1_N:sDF1 in absolute number of sites

sDF2: Site discordance factor for alternative quartet 2 (=sDF2_N/sN %)
sDF2_N:sDF2 in absolute number of sites

sN: Number of informative sites averaged over 100 quartets

LocalPP: ASTRAL-III local posterior probability

Length: Branch length

gEF_p: P-value for equal frequencies of gene trees between discordant trees

SEF_p: P-value for equal frequencies of sites between discordant trees
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Abstract

Genome size evolution is known to be related with transposable elements, yet such relation in incipient species remains
poorly understood. For decades, the willistoni subgroup of Drosophila has been a model for evolutionary studies because of
the different evolutionary stages and degrees of reproductive isolation its species present. Our main question here was how
speciation influences genome size evolution and the fraction of repetitive elements, with a focus on transposable elements.
We quantitatively compared the mobilome of four species and two subspecies belonging to this subgroup with their genome
size, and performed comparative phylogenetic analyses. Our results showed that genome size and the fraction of repetitive
elements evolved according to the evolutionary history of these species, but the content of transposable elements showed
some discrepancies. Signals of recent transposition events were detected for different superfamilies. Their low genomic GC
content suggests that in these species transposable element mobilization might be facilitated by relaxed natural selection.
Additionally, a possible role of the superfamily DNA/TcMar-Tigger in the expansion of these genomes was also detected. We
hypothesize that the undergoing process of speciation could be promoting the observed increase in the fraction of repetitive

elements and, consequently, genome size.

Key words: insects, mobilome, phylogenetic signal, speciation, TEs landscape

Introduction

The evolution of genome size (GS), or C-value, across the
tree of life has been a puzzling question in genome biology
for decades. For instance, the C-value of the protozoan genus
Amoeba is about 200 times larger than that of humans, while
within Eukarya it ranges 200 000-fold (Gregory 2004). Many
hypotheses attempt to understand this variation, addressing
the correlation of GS with, for instance, cell and body sizes
(Beaulieu et al. 2008), metabolism rates (Waltari and Edwards
2002), developmental complexity (Gregory 2002), and evolu-
tionary history of species (Jeffery et al. 2017). In other words,
these hypotheses address factors that act by relaxing the max-
imum limits of GS, which enables its expansion. The main
mechanism causing genome expansions, however, appears to
be the activity of transposable elements (TEs) (Kidwell 2002;
Gregory and Johnston 2008; Canapa et al. 2015; Sessegolo
et al. 2016; Cong et al. 2022; Heckenhauer et al. 2022), which
comprises factors that actively add new DNA sequences.

TEs are linear DNA sequences that belong to the repeti-
tive fraction of genomes and are able to move within and
even “jumping” to another species’ DNA content (new re-

Genome 66: 193—-201 (2023) | dx.doi.org/10.1139/gen-2022-0073

views in Cordeiro et al. 2019; Melo and Wallau 2020; Wells
and Feschotte 2020; Zhang et al. 2020; Palazzo et al. 2021;
Ahmad et al. 2022). A portion of virtually all genomes is made
up of TEs—for example, up to 80% in maize (Schnable et al.
2009), 44% in humans (Mills et al. 2007), and 50% in insects,
such as orthopterans (Camacho et al. 2015) and dipterans
(Nene et al. 2007). These sequences are divided into two ma-
jor groups: (i) retrotransposons, or Class I; and (ii) DNA trans-
posons, or Class II (Finnegan 1989; Wicker et al. 2007). The
first class is known to transpose by synthesizing an inter-
mediary mRNA molecule, while the latter transposes either
by cutting and pasting itself elsewhere in the genome, or by
copying itself directly into DNA (Arkhipova 2017).

The mechanism of replicative transposition amplifies the
copy number (CN) of a given TE, thus increasing the total
amount of DNA within a cell (Su et al. 2018). Additionally, TEs
are known to cause chromosomal rearrangements, including
deletions, duplications, translocations, and inversions by ec-
topic recombination (Delprat et al. 2009; Gonzdlez and Petrov
2012), changing the chromosome architecture (Ren et al.
2018) and thus changing the C-value (Kidwell 2002; Bourque
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et al. 2018). The activity or presence of TEs and their impli-
cations on and relationships with GS evolution are well de-
scribed in the literature, whereas the effect of that relation-
ship in actively speciating taxa remains poorly understood
(Kraaijeveld 2010).

For more than half of a century, the dipterans belonging
to the willistoni group of the genus Drosophila offer a unique
window to observe many biological phenomena under the
process of speciation—for example, from chromosomal rear-
rangements (review in Rohde and Valente 2012) to courtship
behavior (Ritchie and Gleason 1995), genome methylation
(Garcia et al. 2007), reproductive isolation (Dobzhansky and
Mayr 1944), and shifts in levels of GC-content (Tarrio et al.
2000). In fact, the willistoni group and its sister saltans group
possess species with some of the known lowest GC-contents
in Drosophila (Rodriguez-Trelles et al. 2000; Tarrio et al. 2001;
Vicario et al. 2007). Both groups comprise the neotropical
clade of the subgenus Sophophora (O’Grady and Kidwell 2002),
and the willistoni group is further divided into the alagitans
(6 species), bocainensis (12 species), and willistoni (6 species)
subgroups (Bichli 2022). Additionally, both saltans and willis-
toni groups comprise a clade sister to the Lordiphosa genus,
which is phylogenetically placed within the Sophophora sub-
genus (Kim et al. 2021; Suvorov et al. 2022). In fact, the evo-
lutionary history of Drosophila reveals that its species actually
form a paraphyletic lineage, with several genus branching off
within (Yassin 2013; O’Grady and DeSalle 2018).

The main reason for such an outstanding place in evolu-
tionary biology are the in statu nascendi species of the willistoni
subgroup (Dobzhansky and Spassky 1959). In other words, it
comprises sibling species in different taxonomic levels and
degrees of reproductive isolation (Robe et al. 2010; Zanini
et al. 2018). For instance, fertile hybrids have been exper-
imentally produced (review in Winge and Cordeiro 1963),
while other crosses do not produce hybrids, or the offspring
die at larval stage (Winge 1965). The most remarkable ex-
ample is D. paulistorum, a complex of six subspecies able to
interbreed and produce hybrid offspring (Dobzhansky and
Spassky 1959). In fact, this complex started to diverge around
2 million years ago, and some of these subspecies diverged
around 300 000 years ago—the case of D. paulistorum andean-
brazilian and D. paulistorum orinocan (see a chronogram in
Zanini et al. 2018).

According to Gregory and Johnston (2008), non-coding DNA
is the main driving force linked to GS variability in Drosophila.
However, distinct patterns in this relationship were observed
between the Drosophila and Sophophora subgenera: while satel-
lite DNA is highly associated with GS in the former, TEs are
the main correlate with GS in the latter (De Lima and Ruiz-
Ruano 2022). This study, nonetheless, did not include the
willistoni group. Given this, here we studied how the specia-
tion process may influence GS evolution and fraction of repet-
itive elements (FRE), focusing on TEs, in insects. We used the
(sub)species of the willistoni group as a case study by compar-
ing these traits under a quantitative approach. We provide
a general overview on the evolution of these traits, and our
main questions included: how GS and FRE evolved in this sub-
group; how strongly are both related with the evolutionary
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history of those species; and how the TEs composition differs
between them.

Material and methods

Genomic data acquisition

We retrieved from GenBank genome assemblies of seven
species or subspecies belonging to the bocainensis and willistoni
subgroups of Drosophila—D. equinoxialis, D. insularis, D. paulis-
torum ssp., D. paulistorum andeanbrazilian, D. sucinea, D. tropi-
calis, and D. willistoni (see details on taxonomy and accession
nos. on Table 1). Genome assemblies of species belonging to
the saltans group and the Lordiphosa genus were also down-
loaded and included as an outgroup in the downstream anal-
yses. Among the available assemblies from different strains
of D. willistoni, we selected the first assembled genome for the
species, from the isolineage Gd-H4-1. This lineage was inbred
under laboratory conditions for nine generations aiming to
reduce the typical chromosomal rearrangements found in
this species (Rohde and Valente 2012) and thus to be bet-
ter suitable for NGS (Drosophila 12 Genomes Consortium
et al. 2007). All genomes included in this study were assem-
bled with long reads, and their completeness was assessed
through the search of 3285 BUSCO v.5.0.0 markers (Manni
et al. 2021) from the “Diptera_odb10” database.

Statistical analyses on interspersed repeats

landscapes and TEs

We ran RepeatMasker 4.1.2 (Smit et al. 2022) using rm-
blast in the genome assemblies of the saltans and willistoni
subgroups, with the combined Dfam and RepBase-20181026
databases. Then, we produced interspersed repeats landscape
graphs and estimated the FRE with the “calcDivergenceFro-
mAlign.pl” and “createRepeatLandscape.pl” scripts included
in the RepeatMasker package.

Next, we parsed the RepeatMasker output of the genome
assemblies of the willistoni group with the script “One Code
to Find them All” (Bailly-Bechet et al. 2014) to obtain a ta-
ble with the CN and total length (TL) of each TE superfam-
ily found in each genome. Our aim with this analysis is to
quantitatively evaluate how similar the content of TEs is be-
tween the species of the willistoni subgroup. In this case, D.
sucinea was included to serve as the outgroup, as it belongs to
the bocainensis subgroup. We set the flag—strict to select hits
based on the “80-80-80 rule” of Wicker et al. (2007). This ta-
ble was split into two datasets: (i) a dataset containing the CN
of each TE superfamily—hereafter called CN; and (ii) a dataset
containing the TL, in base pairs (bp), of these superfamilies—
hereafter called TL (Tables S1 and S2, respectively). We chose
to analyze these two variables because both of them might
be linked with increasing or decreasing the overall size of
genomes. Both datasets were log (In) transformed and submit-
ted to principal component analysis, with the PCAtools pack-
age (Blighe and Lun 2022) in R 4.1.2 (R Core Team 2021). Su-
perfamilies were classified according to Kapitonov and Jurka
(2008).
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Table 1. Information on taxonomy, GenBank accession numbers, genome size (in megabases), and fraction of repetitive ele-

ments of each species included in this study.

Genome Repetitive
Genus Species group Species Subspecies Accession No. size (Mb) GC% elements BUSCO**
Drosophila obscura Drosophila pseudoobscura GCA_018904455.1 N/A 45.02% N/A 98.6%
saltans D. neocordata GCA_018903615.1 178.96* 35.02% 23.33% 99.3%
D. prosaltans GCA_018151275.1  211.61* 36.07% 26.34% 99.1%
D. saltans GCA_018903575.1  204.12* 36.17% 30.51% 99.2%
D. sturtevanti GCA_018150375.1 174.2* 34.44% 21.44% 98.8%
willistoni D. sucinea GCA_018150745.1 205.38 37.70% 17.32% 98.3%
D. equinoxialis GCA_018150345.1 273.84 37.66% 33.02% 97.3%
D. insularis GCA_018903935.1  202.47* 36.89% 30.03% 99.2%
D. paulistorum andeanbrazilian GCA_018151315.1 221.3* 37.87% 37.89% 99.0%
D. paulistorum SSp. GCA_018152135.1  231.02* 38.19% 41.02% 99.1%
D. tropicalis GCA_018151085.1 225.1* 37.97% 32.88% 98.2%
D. willistoni GCA_018902025.2 220.05 37.25% 29.13% 98.9%
Lordiphosa Lordiphosa clarofinis GCA_018904275.1 540.87*  38.19% 19.33% 98.0%
L. collinella GCA_018904265.1 389.29* 39.01% 22.78% 96.4%
L. magnipectinata GCA_018904285.1 542.11* 38.23% 21.99% 97.0%
L. mommai GCA_018904225.1 322.38* 36.17% 22.32% 97.0%
L. stackelbergi GCA_018904235.1 468.9* 38.05% 21.54% 76.9%

*Mean between estimates based on single copy genes coverage and k-mer length performed by Kim et al. (2021).
**Percentage of complete single copy genes found in the assemblies with BUSCO, based on the Diptera database with 3285 genes. N/A = not available; D. pseudoobscura

served as an outgroup for the phylogenetic tree inference.

Statistical analyses on GC-content

For the species of the saltans and willistoni groups, we
recovered the percentage of GC-content from the outputs
of the RepeatMasker analysis. To confirm that both groups
present low levels of GC-content, we collected estimates for
several species of Drosophila performed by Bronski et al.
(2020) and gathered by Seetharam and Stuart (2013). We
also included the estimation for D. pseudoobscura (included
in the outgroup in the section below). We then performed
a Wilcoxon-Mann-Whitney test, given that the data was not
normally distributed—according to Shapiro-Wilk tests. Data
and scripts are deposited in GitHub (https://github.com/henri
queantoniolli/patterns-of-genome-size-on-willistoni).

Statistical analyses on ancestral state

reconstructions

The single copy genes found by BUSCO for assessing the
completeness of Drosophila and Lordiphosa assemblies also
served as input to a pipeline written by McGowan (2020).
Briefly, each orthologous gene marked as complete and sin-
gle copy had its nucleotide sequences aligned with MUSCLE
v3.8.15 (Edgar 2004), trimmed with TrimAl (Capella-Gutiérrez
et al. 2009), and translated into amino acids. All genes found
in common between the genomes were concatenated into a
single matrix. The best substitution model was chosen auto-
matically by IQ-TREE 2 (Minh et al. 2020) based on AIC scores
(setting -m TEST—merit AIC), and 1000 ultrafast bootstrap
replicates (UFboot) were employed to estimate branch sup-
port. Branch lengths were adjusted by estimating divergence
times with treePL (Smith and O’Meara 2012), using as calibra-
tion point the 95% confidence interval for the most recent
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common ancestor between the saltans and willistoni groups
(13.48-19.78 million years), estimated by Suvorov et al. (2022).

The time-calibrated supermatrix tree was used for the
downstream analyses. We mapped the evolutionary history
of both the GS and the FRE of the genomes of the willis-
toni (ingroup) and saltans (outgroup) groups. In the first an-
cestral state reconstruction, we used GS estimations based
on flow cytometry available at the Animal GS Database
(Gregory 2022) and converted the data from picograms (pg)
to megabases (Mb), according to the formula 1 pg = 978 Mb
(DolezZel et al. 2003). For those species with more than one
estimation, we calculated their mean. For those species with
no data available, we used the estimations performed by Kim
etal.(2021) (Table 1). In this case, the GS is a mean between es-
timations based on single copy genes coverage and based on
k-mers length. This strategy was employed to minimize possi-
ble biases in both methods—as for some species the estimates
varied in a large range (e.g., D. insularis; 233.6 and 171.31Mb,
respectively). In the second ancestral state reconstruction, we
used the FRE estimated by the RepeatMasker analysis, as de-
scribed in the subsections above. We then used the function
fastAnc from the phytools package (Revell 2012) in R 4.1.2 to
map both GS and FRE onto the supermatrix tree.

Both data on GS and FRE were log (In) transformed and sub-
mitted to a phylogenetic generalized least squares (PGLS) test
with the pgls function from the caper package (Orme et al.
2018)in R 4.1.2. In this analysis, we tested the direction of the
relationship between GS and FRE with their underlying phy-
logenetic relationships. The delta, lambda, and kappa values of
branch length transformation were optimized by maximum
likelihood, according to the data and model. Both models of
direction (GS~FRE and FRE~GS) were tested. Tests of phyloge-
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netic signals were performed with the whole set of Drosophila
and Lordiphosa species (a total of 16 species) using the phylosig
function from the phytools package, which estimates Pagel’s
A and Bloomsberg’s K values.

Results

Statistical analyses

The largest GS among the saltans and willistoni groups be-
longs to D. equinoxialis, while the smallest belongs to D. sucinea
and D. sturtevanti (Table 1); approximately 273.84, 202.47,
and 174.2, respectively (Kim et al. 2021). The Wilcoxon-
Mann-Whitney test showed that the saltans and willis-
toni groups have statistically significant lower GC-content
(W = 470; p value = 5.3e-07) than the other species of
Drosophila.

The analyses conducted in RepeatMasker for reconstruct-
ing the interspersed repeats landscape resulted in distinct
patterns of distribution of Kimura substitution levels. The in-
terspersed repeats landscape of D. sturtevanti and D. sucinea
(Fig. 1) and D. neocordata, D. prosaltans, and D. saltans (Fig.
S1), showed a bimodal distribution (Fonseca et al. 2019).
Among the species of the willistoni subgroup, the landscapes
were similar and presented less sharp bimodal distributions
that resembled the “L” shape (Fig. 1). Low levels of Kimura
substitution represent less variation between TEs copies,
then it is expected that these copies had recent events of
transposition—representing a “L” shape on the landscape. On
the other hand, a bimodal distribution implies that most TEs
copies found in a genome are no longer active. The fraction
of the genome that corresponds to repetitive sequences for
the species of the saltans group and D. sucinea was generally
low—except for D. saltans, whose fraction was estimated as
30.51% (Table 1). The results obtained for the willistoni sub-
group, however, were quite higher: from 30% in D. insularis
and 29.1% in D. willistoni, to 41% in D. paulistorum ssp. and
38.9% in D. paulistorum andeanbrazilian (Fig. 1, Table 1). Sim-
ple repeats (such as microsatellites) maintained similar and
lower portions (~4.5%) than TEs in the genome in the willis-
toni subgroup (Fig. 1). In the outgroups and D. sucinea, sim-
ple repeats are the larger portion in the FRE (Fig. 1; Fig. S1).
On the other hand, the portion of TEs superfamilies vary and
seems to be higher than in the outgroup species, including
the willistoni group species D. sucinea.

The principal component analysis showed that D. sucinea
separated from the willistoni subgroup, mainly in the first
principal component, on both CN (Fig. 2A) and TL (Fig. 2B)
datasets—CN is the dataset containing the CN of each TE
superfamily and TL is a dataset containing the TL, in base
pairs (bp), of these superfamilies. The superfamilies DNA/Sola-
1, DNA/TcMar-Tigger, LINE/CR1, LINE/Penelope, LINE/R1, and
LTR/Pao are the most contributors for the variation found in
CN dataset (Fig. S3). Nonetheless, the most contributors in
the TL datasets were DNA/hAT-Charlie, DNA/Merlin, DNA/MULE-
NOF, and DNA|TcMar-Tigger (Fig. S4). The first and second prin-
cipal component explains, for CN and TL datasets, 60.77%
and 16.64% (total of 77.41%), and 47.56% and 23.49% (total of
71.05%) of the variation, respectively.
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Ancestral state reconstructions and
phylogenetic signals

A total of 2928 (from 3285) orthologous genes were found
by BUSCO as complete and single copy in all the species stud-
ied here, and were added into the supermatrix. The best sub-
stitution model estimated by IQ-TREE 2 was JTT + F 4+ 1 + G4.
Branches presented high ultrafast bootstrap support (UF-
boot = 100), and the topology (Fig. S2) agreed with previ-
ous phylogenetic reconstructions (Gleason et al. 1998; Tarrio
et al. 2000; Robe et al. 2010), including the divergence times
(Zanini et al. 2018). The ancestral state reconstructions of
GS (Fig. 3A) and FRE (Fig. 3B) uncovered similar patterns, as
species closer to the root showed lower values for both traits,
while derived species presented higher values. Pagel’s 1 was
close to one and statistically significant for both GS and FRE
(r = 0.95973, p value = 8.84844e-07, and 1 = 0.937491, p
value = 0.00195, respectively). On the other hand, Blooms-
berg’s K was, respectively, higher and lower than 1 for GS
(K = 1.73699, p value = 0.001) and FRE (K = 0.81763, p
value = 0.002). Statistically significant (p value = 0.003076)
and positive relationship (b = 0.204039) between GS and FRE
was only found when the latter is the explanatory variable
(GS ~ FRE) in the PGLS analysis (Table S3), i.e., GS increases
as FRE increases. The model FRE~GS (Table S4) was not sta-
tistically significant (p value = 0.8821).

Discussion

Although some of our results might speculate patterns
of genome evolution and FRE in the sister saltans group of
Drosophila, here we focused to understand them in the willis-
toni subgroup. The latter comprises in statu nascendi species,
which means the process of speciation is not entirely com-
plete and those entities may still interbreed and generate
hybrid offspring (Dobzhansky and Spassky 1959). Divergence
times recently estimated by Zanini et al. (2018) further sup-
port that the subspecies of the D. paulistorum complex have
not yet completed the speciation process, as most of them
diverged less than one million years ago. It is expected that
closely related species—in the case of the willistoni subgroup,
we may call these as sibling species given their short diver-
gence times—would present similar GS and content of repet-
itive or TEs. Interestingly, our results showed quite the oppo-
site, especially considering the latter.

Signals of recent transpositions were detected in the inter-
spersed repeats landscapes of species belonging to the willis-
toni subgroup (Fig. 1), as peaks in Kimura distance closer to
0 (i.e., the “L” shape) indicate that the copies found within
a genome are similar between each other (Fonseca et al.
2019). Bursts of transposition might be associated with speci-
ation events, since hybridization and stressful environmen-
tal conditions faced by species while expanding into new
areas may result in the breakdown of epigenetic control of
TEs, triggering their mobilization and amplification (Gregory
2001; Rebollo et al. 2010). Even though most of the crossings
produce sterile offspring, interspecific hybridizations have
been reported in the willistoni subgroup (review in Winge and
Cordeiro 1963)—as the case of D. equinoxialis and D. tropicalis;
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Fig. 1. Interspersed repeat landscape and genome fraction estimates of each genome included in this study.
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D. paulistorum and D. insularis; D. paulistorum and D. equinoxi- for the D. paulistorum complex (Dobzhansky et al. 1969). In-
alis; and D. willistoni and D. insularis (Winge 1965). Various lev- terestingly, approximately 2.75% of the D. willistoni and 0.7%
els of hybridization between subspecies were also reported of the D. insularis genomes showed zero levels of Kimura sub-
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Fig. 2. Principal component analysis biplot on (A) copy num-
ber and (B) total length of each superfamily dataset. Axes X
and Y represent, respectively, principal components 1 and 2.
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stitution. Regarding the first species, the majority of them
are LTR retrotransposons; on the latter, however, more than a
half are LINE retrotransposons—an indication that TEs were
distinctly mobilized in each genome. The distinct fractions
within the FRE, regarding simple repeats and different su-
perfamilies of TEs, reinforce the hypothesis that the latter
were recently transposed in the willistoni subgroup as their
portions are larger in these species than in the outgroups.

Although the species of the willistoni subgroup were spa-
tially grouped in both principal component analysis biplots, a
few superfamilies of TEs also showed to be distinctly present
in these genomes. The majority of TEs superfamilies that are
most different in CN and TL between genomes in the willistoni
subgroup are, respectively, retrotransposons and DNA trans-
posons (Fig. 2). Interestingly, DNA/TcMar-Tigger is the only su-
perfamily to be present in both CN and TL biplots, suggesting
a possible role of these elements in the expansion of these
genomes, which should be further investigated.

The results of ancestral state reconstructions showed a gen-
eral pattern of increasing values as species diverged. As the
Pagel’s A values for both GS and FRE were close to 1, both
traits evolved according to the evolutionary history of those
species (Miinkemiiller et al. 2012; Molina-Venegas and Ro-
driguez 2017). However, contrasting scenarios are depicted
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Fig. 3. Ancestral state reconstructions of (A) genome size (GS)
and (B) fraction of repetitive elements (REs).
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from Blomsberg’s K for GS and FRE. In this phylogeny, GS is
estimated to be more similar between closely related species
than a distant one—that is, differences are between clades
(Blomsberg’s K > 1), which agrees with the hypothesis of
similarity between closely related species. Nonetheless, the
FRE differ within clades (K < 1), which shows that although
the content of repetitive elements followed the evolutionary
history of these incipient species, it presents differences be-
tween them. This result is supported by the patterns observed
in the interspersed repeat landscapes—in which different su-
perfamilies of TEs were recently active in the genomes—and
the differences observed in the principal component anal-
ysis biplots. The positive relationship between GS and FRE
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detected by PGLS results supports that both traits are asso-
ciated, which is already well established in the literature—
for example, in the study of Kidwell (2002) with 12 eukary-
ote species; Gregory and Johnston (2008) and Sessegolo et al.
(2016) in the genus Drosophila; and Heckenhauer et al. (2022)
in trichopterans.

Additional evidence for the mobilization of TEs and the
increase in GS of these species lies in their levels of GC-
content. Natural selection is one of the main evolutionary
mechanisms controlling the distribution and mobilization of
TEs throughout their life cycle (Schaack et al. 2010; Bourque
et al. 2018), and maintaining high levels of GC-content in
Drosophila (Lawrie et al. 2013). The low levels of GC-content de-
scribed for the willistoni and saltans groups (Tarrio et al. 2000,
2001; Vicario et al. 2007), and confirmed by our analysis, sug-
gest a relaxation of natural selection in this clade. This phe-
nomenon would facilitate the amplification of GS through
the proliferation of TEs, as their presence (revealed by dele-
terious effects, such as inactivating or enhancing a gene ex-
pression or induce chromosomal rearrangements) would be
less efficiently selected against.

We may conclude that the evolution of GS and the FRE re-
flect the evolutionary history of the willistoni subgroup. As
a consequence, we may also speculate that the undergoing
process of speciation led to larger FRE; indeed, until now,
the highest FRE within Drosophila was found in D. paulistorum
ssp. and D. paulistorum andeanbrazilian (Kim et al. 2021). Once
speciation is complete, the activity of transposons reaches
an equilibrium and results in a bell curve on interspersed
repeats landscape, as described by Fonseca et al. (2019),
and detected for D. sturtevanti and D. sucinea (Fig. 1). Simi-
lar results were found for cryptic species of rotifers (Stelzer
et al. 2011), showing that high levels of GS amplification—
even possible whole-genome duplications—may occur with
speciation.
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Figure S1. Interspersed repeat landscape and fractions of repetitive elements for the
species belonging to the saltans group used as outgroup.
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Figure S3. Principal Component Analysis (PCA) on of copy number of superfamilies
of transposable elements found in the analyzed genomes. Arrows indicate
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X and Y represent, respectively, principal components 1 and 2.
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261
7
5557
214
2079
1471
1723
2
63
1
1002
15378
7646

Dsuc
41

282
44

393

274
62
35

105
14

255
1277
22
5135

113
237
11

287
300
887
59
104
2
20
0
122
1848
362

Dtro
279
278
98
329

255
51
41
64
15

613
2664
25
8717

50
244
50

3733
172
1730
371
1069
1
57
0
641
10981
4927

Dwil
230
320
261
565

56

547
86
56
25
18

1064
3470
97
12154

87
329
108

4227
368
2062
569
963
3
99
0
834
14122
6108

61



Table S2. Total length (in base pairs) of each superfamily annotated by RepeatMasker.

A
DNA/CMC-Chapaev-3
DNA/CMC-Transib
DNA/hAT
DNA/hAT-Ac
DNA/hAT-Blackjack
DNA/hAT-Charlie
DNA/hAT-hobo
DNA/hAT-Pegasus
DNA/hAT-Tip100
DNA/Kolobok-Hydra
DNA/Maverick
DNA/Merlin
DNA/MULE-NOF
DNA/P
DNA/PIF-Harbinger
DNA/PiggyBac
DNA/RC
DNA/Sola-1
DNA/TcMar
DNA/TcMar-Mariner
DNA/TcMar-Tel
DNA/TcMar-Tigger
DNA/Zator
LINE/CR1

LINE/T
LINE/I-Jockey
LINE/Penelope
LINE/R1
LINE/R1-LOA
LINE/R2
LINE/RTE-BovB
LTR/Copia
LTR/Gypsy
LTR/Pao

Dequ
184576
309683
102580
141882
24234
263
268214
20562
9474
10233
1217
0
327
195846
746571
37514
4501946
5181
1100
73285
138186
33784
1318
8256477
109814
2389018
801374
2139232
174
129142
0
1243309
17893091
10343169

Dins
173499
179180
37590
106712
10208
174
140059
8394
4125
2625
3001
0
0
90795
1105659
15366
1976448
0
443
32333
144462
365
0
7240753
99971
2086845
265900
1584359
472
16657
0
626289
14499260
8411366

Dneb
6315
179747
4841
91688
1745
0
89315
14545
9628
433
1421
0
0
42368
224779
4896
1780780
203
0
37473
88351
1482
0
163534
98042
126009
17917
73210
223
21617
0
324586
1729889
195591

Dpau
140573
451601
111940
199471
17857
0
383897
19581
72726
13380
3217
400
208
180878
1592025
103977
8655594
408
1994
103512
176458
44021
822
14156288
123331
4136672
1771974
5337296
200
301461
0
2497798
35399217
19902027

Dpau_an
110063
391412
87449
142922
17593
0
386547
15034
49042
16756
1798
240
196
139172
1205234
45204
7161161
0
1879
89758
182413
42593
735
10900002
105306
3220618
1351591
3719581
202
54275
84
1687249
24895857
14186497

Dsuc
5227
167891
5658
84189
1836
96
93862
9289
9125
290
1277
0
0
45909
164761
4025
1455664
730
86
35325
91555
1373
0
156721
80767
121283
13134
196634
337
26246
0
243235
1578674
170090

Dtro
181646
219762
15717
84610
5306
80
137467
17542
10893
7902
1377
80
0
212704
598711
12074
3834934
355
0
19993
149972
7213
313
6700346
149223
2481528
346849
2057180
85
57697
0
1308595
20779129
9162726

62

Dwil
107803
240605
87759
119052
41597
0
303948
18454
15605
9070
1572
160
0
413181
767427
45686
5478152
0
0
36902
183102
17553
658
8338117
129073
3097962
408275
2022217
294
71570
0
1612741
26916855
12627076



Table S3. Phylogenetic Generalized Least Squares (PGLS) statistical results for the first
model.

Value Std error t-value p-value
Intercept 5.683034 0.063771 89.1169 3.372e-09
REF 0.204039 0.038171 5.3454 0.003076

Model: GS ~FRE; FRE: fraction of repetitive elements; GS: genome size.
Residual standard error: 0.009313 on 5 degrees of freedom

Multiple R-squared: 0.8511, Adjusted R-squared: 0.8213
F-statistic: 28.57 on 1 and 5 DF, p-vaue: 0.003076

Table $A. Phylogenetic Generalized Least Squares (PGLS) statistical results for the second
model.

Value Std error t-value p-value
Intercept -1.473550 2.849454 -0.5171 0.6271
GS 0.081094 0.519568 0.1561 0.8821

Model: FRE ~ GS; FRE: fraction of repetitive elements; GS: genome size.
Residual standard error: 5.978e-05 on 5 degrees of freedom

Multiple R-squared: 0.004848, Adjusted R-squared: -0.1942

F-statistic: 0.02436 on 1 and 5 DF, p-value: 0.8821
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CAPITULO IV

DNA and L TR transposable elements are the main type of repetitive elements
responsible for the intraspecific genome size variation in Drosophila willistoni
(Diptera, Drosophilidae)

Henrigue R. M. Antoniolli
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Marindia Depra
VeralL. S. Valente

Manuscrito a ser submetido ao periédico Molecular Genetics and Genomics (ISSN: 1617-
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CAPITULOV

Transposable element-mediated chromosomal inversionsin the (un)stable genome of
Drosophila willistoni (Diptera: Drosophilidae)
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CAPITULO VI

Horizontal transfer and the widespread presence of Galileo transposonsin
Drosophilidae (I nsecta: Diptera)

Henrigue R.M. Antoniolli
Sebastian Pita
Marindia Depra
VeralL.S. Valente
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doi: 10.1590/1678-4685-GM B-2023-0143



109



110



111



112



113



114



115



116



117



118

CAPITULO VII

1. ConsideracOesfinais e per spectivas

As espécies do grupo willistoni de Drosophila vém sendo utilizadas desde meados
do século XX como organismos modelo para a genética evolutiva. Os diferentes graus de
isolamento reprodutivo e niveis taxondmicos em que essas espécies se apresentam foram,
inclusive, utilizados como exemplos na formulagdo da sintese evolutiva moderna
(Dobzhansky et al. 1977). Nestatese, o grupo willistoni foi empregado para elucidar o papel
dos elementos transponiveis (TEs — do Inglés, transposable elements) na evolucdo do
genoma em espécies neotropicais incipientes. Diferentes aspectos desse processo evolutivo
foram abordados a0 longo de cinco capitulos, desde as relactes filogenéticas entre as
espécies alvo até mecanismos moleculares subjacentes a variagdo do tamanho do genomae

arearranjos cromossomicos.

1.1. AsrelacOes filogenéticas no grupo willistoni

As primeiras sequéncias nucleotidicas de D. bocainensis para trés genes
mitocondriais e cinco genes nucleares foram apresentadas no Capitulo |1 e empregadas para
reavaliar a parafilia do subgrupo bocainensis em relacéo ao subgrupo willistoni. A incluséo
de D. bocainensis ndo foi capaz de recuperar a monofilia do seu subgrupo; contudo,
adicionou um forte suporte a presenca de duas linhagens distintas. a primeira, composta por
D. bocainensis, D. capricorni e D. sucinea; e a segunda, composta por D. fumipennis e D.
nebul osa, formando um clado irméo ao subgrupo willistoni.

As relacOes filogenéticas entre os subgrupos do grupo willistoni, portanto, ainda
permanecem por ser esclarecidas. A inclusdo do restante das espécies que compdem o
subgrupo bocainensis, bem como as seis espécies pertencentes ao subgrupo alagitans,
revelardo em definitivo a histéria evolutiva dessas espécies. Uma revisao taxondmica
podera, ainda, ser necessariaparareavaliar as sinapomorfias de cada subgrupo ou linhagem.

1.2. A evolucédo do tamanho de genoma em espécies e populacoes

Nos ultimos anos, 0 nimero crescente de genomas completos sequenciados
pertencentes a espécies e subespécies da familia Drosophilidae possibilitou a realizagdo de
estudos gendmicos comparativos nesta tese. Assim, os capitulos 111 e IV versaram acercado
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papel de TEs na evolugdo do tamanho de genomas, primeiramente sob um enfoque
interespecifico no subgrupo willistoni, e posteriormente, de uma forma complementar,
visando a evolucéo intraespecifica em D. willistoni. No capitulo 111, portanto, ao comparar
0 mobiloma de vérias espécies e subespécies, descobrimos padrdes de mobilizac&o recente
de TEs associados a histdria evolutiva desses taxons. Os resultados obtidos sugerem uma
possivel ligacdo entre a especiacdo em curso e o aumento observado no contetido de TEs e
tamanho de genoma, of erecendo novas perspectivas sobre 0s mecanismos que impulsionam
adivergénciagendmica. A caracterizagdo intraespecifica do mobilomaem D. paulistorum—
e, portanto, entre subespécies que estéo ativamente em especiacdo — esta sendo conduzida e
podera contestar ou confirmar arelacdo “ especiacao versus TES versus tamanho do genoma’
previamente descrita

No capitulo IV, o genoma total de cinco linhagens de D. willistoni foi sequenciado
€, junto a genomas de outras cinco linhagens disponiveis em bancos de dados, a variacéo
intraespecifica do tamanho de genoma em D. willistoni foi aprofundada. Essa espécie
apresenta altos niveis de polimorfismo cromossdémico, sendo as elevadas proporgdes de TEs
descritas no capitulo anterior uma das principais hipéteses para a instabilidade gendmica
observada nessa espécie. Os resultados revelaram diferencas no tamanho do genoma e,
principalmente, na composi¢ao de TES entre as linhagens. Os retrotransposons com LTR se
apresentaram como principais promotores dessas diferencas — tanto na quantidade de cOpias
guanto nas taxas de mobilizagdo estimadas pelas paisagens de elementos repetitivos. A
analise filogenética entre as linhagens sugeriu, ainda, a coocorréncia das subespécies D. w.
willistoni e D. w. winge no sul da América do Sul. Uma analise filogeografica ampla se faz

aqui imprescindivel pararefutar ou corroborar essa hipétese.

1.3. Inver sBes cromossdmicas induzidas por elementostransponiveis

Os resultados obtidos com os capitulos Il e IV concluiram que os TEs
desempenharam um papel central na evolucdo gendmica do grupo willistoni, além de
representarem um importante fator na instabilidade cromossdmica em D. willistoni. No
capitulo V, pelaprimeiravez, foi realizada em todo o genomaumabusca e anotacéo in silico
de TEs associados a rearranjos cromossomicos nessa espécie. As andlises identificaram
numerosas inversbes na linhagem uruguaia SG12.00 potenciadmente induzidas por
elementos transponiveis — principa mente envolvendo as familias Helitron, Gypsy e Galileo.
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A deteccdo de TEs ativos dentro dos pontos de quebra de inverséo sugere, portanto, um
reordenamento gendmico continuo mediado por essas sequéncias, enfatizando ainda mais
seu impacto na evolugdo do genomade D. willistoni. Andlisesin silico em outras linhagens,
associadas a hibridiza¢do in situ em cromossomos politénicos, devem fornecer um suporte
maior aos resultados obtidos e potencialmente indicar outras familias associadas arearranjos

Cromossdmi cos.

1.4. A histéria evolutiva do transposon Galileo

O elevado nimero de copias do transposon Galileo encontradas no genoma de D.
willistoni (Gongalves et a. 2014), associado a descricdo de inversdes potencialmente
induzidas por esse TE, motivou a sua busca e a reconstrucdo da sua histéria evolutiva em
Drosophilidae no capitulo VI. Esse transposon se apresentou amplamente distribuido no
genoma de drosofilideos, particularmente em espécies neotropicais. No entanto, a maioria
das copias encontradas sdo congtituidas por peguenos fragmentos que ndo codificam a
enzima transposase (necesséria para sua mobilizagdo) — compativel com caracteristicas que
definem os MITEs (do Inglés, miniature inverted-repeat transposable element). Andlises
mais profundas e especificas para a caracterizagdo de MITEs devem ser executadas para
confirmar a hip6tese de que esse TE estd se tornando um MITE nos genomas de
Drosophilidae.

A histéria evolutiva do elemento se mostrou incongruente com as relacfes
filogenéticas de algumas de suas espécies hospedeiras, indicando possiveis eventos de
transferéncia horizontal (HTT — do Inglés, horizontal transposon transfer). Andlises
especificas inferiram HTT entre os grupos melanogaster e montium do género Drosophila,
e entre o Ultimo e o género Lordiphosa. Por outro lado, as HTT hipotetizadas pelas
reconstrucdes filogenéticas entre os grupos willistoni e virilis de Drosophila revelaram ser,
na verdade, resultado de uma selecdo incompleta de linhagem (ou, do Inglés, incomplete
lineage sorting). Esse resultado corrobora a hipétese de Marzo et a. (2008), onde Galileo
foi transmitido verticalmente e suas cOpias coalescem antes da separacdo entre as especies
hospedeiras. Uma caracterizagdo in silico mais aprofundada desse elemento foi parcialmente
executada em espécies e subespécies do grupo willistoni, bem como em diferentes linhagens
de D. willistoni. Ainda permanecem por serem executadas, contudo, andlises in situ para

confirmar o observado computacional mente.
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