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“The very essence of instinct is that it's followed independently of reason. ”

Charles Darwin



RESUMO

A familia de mariposas Crambidae incluem representantes que causam prejuizos
econdmicos as lavouras agricolas, como a broca da cana-de-aglcar Diatraea saccharalis.
Embora espécies de Crambidae apresentem extensa radiacdo adaptativa e importancia
econémica, pouco se sabe sobre sua arquitetura gendmica e evolugdo cromossémica.
Neste trabalho, caracterizamos os cromossomos e DNAs repetitivos de D. saccharalis,
atraves do sequenciamento genémico e associacdo de métodos citogenéticos e
bioinforméticos, com énfase nos cromossomos sexuais. O numero diploide foi diferente
entre 0s sexos, i.e., 2n = 33 (fémeas) e 2n = 34 (machos), além disso, foi observado a
ocorréncia de um sistema sexual multiplo WZ1Z>/Z.1Z.7Z.Z.. A sonda telomérica revelou
um forte sinal intersticial no cromossomo W e este cromossomo foi associado a dois
cromossomos Z (Z: e Z2), confirmando a presenca do trivalente sexual WZ:Z> como
resultado de uma fusdo cromossdmica. Acerca dos DNASs repetitivos, os Elementos de
Transposicdo (TEs) representaram cerca de 39,18% (machos) a 41,35% (fémeas)
enquanto que os DNAs satélites (DNAsat) representaram apenas 0,214% do genoma de
machos e 0,215% de fémeas. O mapeamento por FISH revelou distinta organizacdo
cromossémica para 0s DNAsat, como Unico sinal clusterizado, sinais dispersos e repeats
ndo clusterizados. Os dois TEs mapeados apresentaram sinais espalhados. Embora nota-
se um pequeno enriguecimento de alguns DNAsat no genoma de fémeas, eles ndo foram
diferencialmente enriquecidos no cromossomo W. Entretanto, notamos o enriquecimento
dos sinais de TEs no cromossomo W, sugerindo seu envolvimento na degeneragéo e
diferenciacdo deste cromossomos. Esses resultados revelam o dinamismo da estrutura
geral do cariotipo e DNASs repetitivos em D. saccharalis, principalmente como resultado
de fusdo cromossdmica e disseminagdo ou amplificacdo local de DNAs repetitivos. Por
fim, nossos dados contribuem para o entendimento geral do genoma das espécies que

podem auxiliar em futuros estudos gendmicos.

Palavras-chave: fusdo cromossdmica, FISH, cromossomo holocéntrico, DNAS

repetitivos, cromatina sexual



ABSTRACT

Crambidae lepidopterans include pests that causes economic losses to agricultural crops,
as the sugarcane borer Diatraea saccharalis. Although the crambid moths have extensive
adaptive radiation and economic importance, little is known about their genome
architecture and chromosomal evolution. Here we characterized the chromosomes and
repetitive DNAs of D. saccharalis by association of low pass genome sequencing,
bioinformatic and cytogenetic methods, with an emphasis on sex chromosomes. Diploid
numbers differed between sexes, i.e., 2n=33 females and 2n=34 males, and occurrence of
a multiple sex system WZ.Z./Z:7.7-Z. was noticed. Telomeric probe revealed one strong
interstitial signal on the W chromosome, and this chromosome was associated to two
chromosomes Z (Z: and Z-), confirming the occurrence of a sex trivalent WZ.Z-, as result
of a chromosomal fusion. Concerning the repetitive DNAS, the TEs represented about
39,18% (males) to 41,35% (females), while satDNAs comprised only 0,214% of male
genome and 0,215% of female genome. FISH mapping revealed distinct chromosomal
organization for satDNAs, as single located clusters, spread signals and non-clustered
repeats. The two TEs mapped by FISH were scattered. Although we noticed slightly
enrichment of some satDNAs on female genome, they were not differentially enriched on
the W chromosome. On the other hand, we noticed enrichment of FISH signals on the W
chromosome for TEs, suggesting their involvement on W chromosome degeneration and
differentiation. These data reveal dynamism of general karyotype structure and repetitive
DNAs of D. saccharalis, mainly as result of chromosomal fusions and spread or local
amplification of repetitive DNASs. Finally, our data can help in future structural and

functional genomic analysis that could be also useful in pest control programs.

Key-words: chromosome fusion, FISH, holocentric chromosome, repetitive DNA, W-

chromatin.
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1. INTRODUCAO

1.1. DNAs repetitivos: estrutura e evolugdo

Os DNAs repetitivos representam um importante componente organizacional e
funcional dos genomas eucarioticos. Esses elementos estdo representados nos genomas
por familias de diferentes classes com varidvel grau de repeticdo, encontrando-se
organizadas em tandem (uma repeti¢do apos a outra) ou dispersas pelo genoma. Dentre
as sequéncias repetitivas estdo incluidas as familias multigénicas, os elementos de
transposicdo (TEs) e os DNAs satélites (DNAsat) (CHARLESWORTH et al. 1994;
LOPEZ-FLORES e GARRIDO-RAMOS, 2012). Estas sequéncias estio envolvidas na
organizacdo e funcionalidade dos centrémeros, telémeros, segregacdo cromossdmica,
reparo e replicacdo do DNA, assim como na diferenciacdo dos genomas, especialmente
de alguns tipos de cromossomos, tais como 0s cromossomos sexuais (MESSIER et al.
1996; MARTINS 2007; LOPEZ-FLORES e GARRIDO-RAMOS 2012; BISCOTTl et al.
2015; GARRIDO-RAMOS 2017). Adicionalmente, os DNAs repetitivos estdo
envolvidos na formagdo e manutencdo da heterocromatina e em processos de regulacdo
génica (SHAPIRO e STERNBERG 2005; BIEMONT e VIEIRA 2006; FESCHOTTE e
PRITHAM 2007; POMBO e DILLON 2015).

O DNA satélite é caracterizado por sua organizacdo genémica em longos arranjos
de unidades em tandem, formados por multiplos mondémeros idénticos ou com grande
similaridade. Essas sequéncias ocorrem nos genomas em centenas a milhares de copias
organizadas de uma unidade de repeticédo, que apresenta tamanhos com 5pb até mais de
1.000pb (pares de base) e, em geral, séo altamente dindmicos em sua composicao de bases
da sequéncia de nucleotideos, comprimento de mondmeros e localizagdo cromossomica
(MACAS et al. 2002; RUIZ-RUANO et al. 2016; GARRIDO-RAMOS 2017). Em geral,
0os DNAsat consistem em uma Unica sequéncia repetida diversas vezes, na qual o

surgimento e fixacdo das diferentes familias nas espécies dependem de mecanismos como




a mutacdo seguida de evolugdo em concerto, que envolve a homogeneizacdo dos
mondmeros (CHARLESWORTH et al. 1994; PLOHL 2008; LOPEZ-FLORES e
GARRIDO-RAMOS 2012).

As sequéncias de DNA satélite estdo enriquecidas na heterocromatina constitutiva
e, em sua maioria, encontram-se principalmente nas regiées centroméricas e teloméricas
dos cromossomos, embora muitos casos de DNAsat eucromaticos tenham sido descritos
recentemente (CHARLESWORTH et al. 1994; LOPEZ-FLORES e GARRIDO-RAMOS
2012; GARRIDO-RAMOS 2017; PALACIOS-GIMENEZ et al. 2020). Além de estarem
clusterizados em regides heterocrométicas, os DNAsat sdo componentes fundamentais
dos cromossomos sexuais, como descrito em planta (Silene latifolia), mosca de fruta
(Drosophila melanogaster); grilo (Eneoptera surinamensis), gafanhoto (Ronderosia
bergii), mariposa (Plodia interpunctella), dentre outros (CHARLESWORTH et al. 1994;
KEJNOVSKY et al. 2013; HOBZA et al. 2015; DALIKOVA et al. 2017b, PALACIOS-
GIMENEZ et al. 2017; FERRETTI et al. 2020). E embora a maioria dessas sequéncias
esteja presente na heterocromatina, regido considerada transcricionalmente silenciosa e
inativa, estudos mostram evidéncia de transcricdo desses elementos em insetos, plantas e
vertebrados (UGARKOVIC 2005; PEZER et al. 2012; BISCOTTI et al. 2015). Os
transcritos de DNAsat estdo envolvidos, em geral, na formacdo e manutencdo da
heterocromatina, na funcionalidade dos centrdmeros e no alongamento e replicacdo de
telomeros (BISCOTTI et al. 2015).

Além disso, os DNAsat compreendem um dos componentes mais dindmicos do
genoma, sofrendo rapidas mudancas na composic¢ao de arranjos e sequéncias em um curto
periodo de tempo. A expansdo e encolhimento de DNAsat contribuem significativamente
para geracdo de polimorfismo (PLOHL et al. 2014; GARRIDO-RAMOS 2015).

Adicionalmente, a rapida evolugdo destas sequéncias repetitivas pode causar barreiras




reprodutivas entre 0s organismos, promovendo a especiagdo (MALIK e HENIKOFF
2009; PLOHL et al. 2014; FELICIELLO et al. 2014).

Outro grupo de sequéncias repetitivas sdo as familias multigénicas que representam
um conjunto de genes que possuem sequéncias de DNA com notéavel similaridade
estrutural e funcional. Essas sequéncias podem ocorrer em multiplas cdpias no genoma,
e dentre as mais analisadas em estudos cromossomicos estdo os genes de RNAs
ribossomais (rRNA), snRNA (small nuclear RNA) e genes codificadores de proteinas
histdnicas (NEI e ROONEY 2005). A evolugdo em concerto ¢ um mecanismo evolutivo
proposto para as familias multigénicas, no qual todos os genes sdo considerados como
um conjunto e, uma mutacao ocorrendo em uma repeticdo tende a se espalhar através dos
genes membros inteiros por ocorréncia repetida de crossing-over desigual ou conversao
génica. Outra forma de evolugdo das familias multigénicas é por meio do nascimento e
morte, a qual novos genes duplicados sdo mantidos no genoma por um longo tempo,
enquanto outros sdo deletados ou inativos por mutacGes deletérias (NEY e ROONEY
2005; EIRIN-LOPEZ et al. 2012). Mais recentemente, a ocorréncia de um modelo misto
envolvendo evolucgdo em concerto e nascimento e morte tem sido relatado para as familias
multigénicas em diversos grupos (FREIRE et al. 2010; MERLO et al. 2013; BUENO et
al. 2016; LIU et al. 2018; BARDELLA e CABRAL-DE-MELLO 2018; MARTI et al.
2021).

Finalmente, os TEs sdo sequéncias de DNA que se diferem pela capacidade de
alterar sua posi¢cdo no genoma, muitas vezes se duplicando durante o processo. Como
resultado de sua diversificagdo continua, os TEs apresentam uma grande variedade de
estrutura e organizagéo (KIDWELL 2005; BOURQUE et al. 2018). A diversidade desses
elementos é dividida em duas classes principais de acordo com seu mecanismo de

transposicdo. A classe I, denominada retrotransposons, no qual um intermediario de RNA
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é transcrito reversamente em uma cépia de cDNA que é integrada em local distinto no
genoma,; e a classe 11, conhecida como transposons de DNA, que se mobilizam por meio
de transposicdo de copias de DNA (BOEKE et al. 1985; KIDWELL 2005; WICKER et
al. 2007; CRAIG et al. 2015).

A insercdo dos TEs pode interromper sequéncias codificadoras ou regulatérias de
genes causando efeitos deletérios pela modificacdo ou eliminacdo de um gene (LYNCH
2007; FESCHOTTE 2008; BOURQUE et al. 2018, SERRATO-CAPUCHINA e
MATUTE 2018). Em Arabidopsis sp. (Brassicaceae) foi observado a inser¢do de um
transposon “Mutator-like” no locus de floragdo C (FLC) resultando na interrupcdo do
gene e levando a um atraso no tempo de floracdo (LIU et al. 2004). Além disso, TEs
podem desempenhar um papel significativo na diferenciacédo e evolucdo de cromossomos
sexuais, isso porque esses elementos podem amplificar as regibes ndo homologas dos
cromossomos Y ou W por meio de inser¢des e permitindo inversdes (CHARLESWORTH
et al. 2005; HUA-VAN et al. 2005; BACHTROG et al. 2008; SLIWINSKA et al. 2016).
O acimulo de TEs em cromossomos sexuais foi observado em espécies como na mosca
de fruta, Drosophila miranda, e na planta Silene latifolia (BACHTROG 2005;
KEJNOVSKY et al. 2013; BACHTROG et al. 2013). Deste modo, os TEs sdo
componentes distintos e difundidos nos genomas eucariéticos com potencial de impactar

a diversificacdo e evolucdo (SERRATO-CAPUCHINA e MATUTE 2018).

1.2. Cromossomos holocéntricos

O centrbmero é a regido essencial no cromossomo pois, é neste local que as fibras
do fuso se ligam em uma Unica placa proteica, 0 cinetocoro, no processo de segregagdo
cromossOmica durante a divisao celular e caracteriza 0s cromossomos conhecidos como

monocéntricos (DERNBURG 2001; HOUBEN e SCHUBERT 2003). Esta regido é
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enriquecida por distintas sequéncias de DNAs repetitivos, principalmente por DNAsat
(HOUBEN e SCHUBERT 2003). Entretanto, alguns grupos como os artropodes
(exemplos, Odonata, Lepidoptera, Hemiptera) e plantas (Cyperaceae, Juncaceae),
apresentam a placa cinetocorica estendendo-se ao longo de todo o cromossomo, em uma
distribuicéo tipica dos cromossomos denominados holocéntricos (HAIZEL et al. 2005;
ZEDEK e BURES 2016; MELTERS et al. 2012; ESCUDERO et al. 2016). Esses
cromossomos também sdo chamados de holocinéticos, com potencial de atividade
cinetocdrica ao longo de toda a extensdo dos cromossomos e, durante a divisao celular,
as cromatides separam-se em paralelo e ndo no formato de “V” caracteristico de
cromossomos monoceéntricos (COOPER 1972; WRENSCH et al. 1994; MANDRIOLI e
MANICARDI 2020). Além da grande diferenca em relacdo a estrutura e segregacao entre
0s cromossomos holocéntricos e monocéntricos, a organizacdo de sequéncias de DNA
(eucromatina e heterocromatina) também € diferencial entre os mesmos. De modo geral,
0s DNAsat estdo enriquecidos no centrdbmero dos cromossomos monocéntricos, enquanto
que para os holocéntricos, esta classe de DNA repetitivo pode estar mais dispersa pelo
cromossomo (HECKMANN et al. 2012; MARQUES et al. 2015). Essa variagdo na
organizacdo de DNAS repetitivos foi evidenciada na espécie de hemiptera, Chariesterus
armatus, em que se encontra distintos arranjos de DNA ribossomal 5S ao longo de todo
cromossomo, disperso em regibes eucromaticas do genoma (BARDELLA e CABRAL-
DE-MELLLO 2018), assim como para DNAsat em mariposas (CABRAL-DE-MELLO
et al. 2021), percevejos (BARDELLA et al. 2020) e plantas (MARQUES et al. 2015).
Os cromossomos holocéntricos surgiram de forma independente treze vezes durante
a evolucdo das plantas e animais, sendo nove em animais e quatro em plantas (MELTERS
et al. 2012). Em Insecta, as ordens Lepidoptera e Hemiptera representam os maiores

grupos de espécies com cromossomos holocéntricos. Embora a origem holocéntrica
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desses cromossomos seja independente entre os dois grupos, ambos compartilham de
modo especifico a auséncia da proteina cinetocorica (CenH3), a qual é conservada no
nucleossomo responsavel pela segregacdo nos eucariotos (MELTERS et al. 2012;
DRINNENBERG et al. 2014).

A natureza holocéntrica, como consequéncia de seu cinetocoro difuso, pode
estabilizar fragmentos cromossémicos, favorecendo os rearranjos do cariétipo (MONTI
et al. 2012; MANDRIOLI e MANICARDI 2020). Entre os animais, os lepidopteros
exibem notavel variabilidade cariotipica inter e intraespecifica. Lepidoptera apresenta tal
tolerancia a variagbes cromossomicas em vista de seus cromossomos holocéntricos
facilitarem a heranga bem sucedida de novos fragmentos de fissdo ou fuséo e, como
resultado, os lepidopteros evitam os consequentes eventos deletérios da fissdo e fusdo
cromossOmica em larga escala (MAREC et al. 2001; HILL et al. 2019; MANDRIOLI e
MANDICARDI 2020). Contudo, o cromossomo holocéntrico pode apresentar limitagdes
no processo de crossing-over, 0 que causa uma reestruturacdo das divisdes meidticas

resultando em uma meiose invertida (LUKHTANOV et al. 2018).

1.3. Cromossomos sexuais em Lepidoptera

Os cromossomos sexuais (X e Y ou Z e W) representam um componente especial
do genoma, sendo em diversos grupos os elementos mais notaveis de um complemento
cromossémico em termos de tamanho, forma, heterocromatinizagcdo e comportamento na
meiose. Frequentemente, sdo esses cromossomos gque fornecem o sinal primario na via de
determinacdo do sexo, diferindo macho e fémea (CHARLESWORTH et al. 1994;
KEJNOVSKY et al. 2009; SAHARA et al. 2012; HOBZA et al. 2015). Os cromossomos
sexuais originaram-se multiplas vezes independentemente a partir de um par comum de

autossomos apdés a aquisicdo de um locus principal de determinagdo do sexo por um dos
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dois homdlogos autossémicos (CHARLESWORTH et al. 2005; WRIGHT et al. 2016;
ABBOTT et al. 2017; FURMAN et al. 2020). A diferenciacdo dos cromossomos sexuais
ocorre pela supressdo de recombinacdo, que proporciona o acumulo de diferencas na
composic¢ao molecular, entre os cromossomos X e Y ou Z e W. Esse evento pode resultar
na degeneragdo molecular dos cromossomos Y/W levando a uma perda de sequéncias de
codificagdo (pseudogenizacdo) e ao acumulo de DNAs repetitivos. Enquanto que o
cromossomo X ou Z continua a se recombinar no sexo homomorfico e, assim, 0s genes
ligados a esse cromossomo persistem gerando variabilidade por recombinagdo ao longo
das geracbes (CHARLESWORTH et al. 2005; BACHTROG 2013; NGUYEN e
CARABAJAL PALADINO 2016).

Na ordem Lepidoptera (mariposas e borboletas) o nimero cromossémico é alto,
2n=62 (VIRKKI 1963), com o cari6tipo formado por cromossomos holocéntricos e,
geralmente, com tamanho e forma uniformes, além de 1-2 pares grandes de cromossomos,
correspondente ao bivalente sexual (ROBINSON 1971; NGUYEN e CARABAJAL
PALADINO 2016). A caracteristica mais marcante dos lepidopteros, e que os difere da
grande maioria dos outros grupos de insetos, € 0 mecanismo de determinacdo sexual com
a fémea heterogamética representada pelo sistema sexual WZ/ZZ (fémea/macho). Com
base em estudos da arvore filogenética de Lepidoptera, foi evidenciado que o sistema
sexual Z/ZZ é comum nas linhagens basais de lepiddpteros, indicando que 0 cromossomo
W foi uma aquisi¢do posterior. O W surgiu no ancestral comum dos clados-irmaos
Ditrysia e Tischerioidea (TRAUT e MAREC 1996; LUKHTANOV 2000). Uma das
hipdteses sobre a origem evolutiva do W postula que ele se derivou de um autossomo,
tornando-se feminino por uma fusdo de seu homologo com o cromossomo Z ancestral.
Outra hipotese propde o surgimento do W a partir de um cromossomo supranumerario

(cromossomo B) que foi incorporado no genoma, adquirindo combinagdo com o
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cromossomo Z (LUKHTANOV 2000; MAREC et al. 2010; SAHARA et al. 2012;
DALIKOVA et al. 2017a). Curiosamente, alguns grupos recentes de lepiddpteros,
ocasionalmente e independentemente, apresentam o sistema sexual Z/ZZ, devido a perda
secundaria do cromossomo W. Enquanto que ainda, em outras espécies, o sistema sexual
WZ/ZZ ¢ substituido por um sistema sexual mdltiplo a partir da fissdo ou fusdo
cromossdmica do W ou Z com um autossomo, resultando nos cromossomos neo-sexuais
(exemplo, WiW2Z/Z7 ¢ WZ.Z2/7.7.7-7-) (MAREC et al. 2010; SAHARA et al. 2012;
SICHOVA et al. 2015). Um caso interessante de organizagio do sistema sexual foi
observado na espécie selvagem de traca-da-seda, Samia cynthia, em que trés diferentes
sistemas foram observados em trés populagdes diferentes. A populacdo do Vietna
apresentou sistema sexual Z/ZZ, a populacdo de Sapporo com um sistema WZ/ZZ e a
populacao de Nagano com um sistema sexual multiplo WZ.1Z,/7:7.7.7. (YOSHIDO et
al. 2005; YOSHIDO et al. 2011).

O cromossomo W é heterocromatico e, assim como o Y, sofre degeneracdo
molecular resultando em pseudogenizacdo e consideravel acimulo de DNAS repetitivos
(MAREC et al. 2010) como, por exemplo, elementos transponiveis (non-LTRs e SINES)
identificados no W da espécie de mariposa Bombyx mori (OSANAI-FUTAHASHI et al.
2008) e, também, o DNA satélite (PiISAT1) caracterizado na espécie de traca- indiana,
Plodia interpunctella (DALIKOVA et al. 2017b). Nas espécies de Crambidae, Ostrinia
nubilalis e Cydalima perspectalis, o cromossomo W esta enriquecido com trés satélites,
contribuindo para sua diferenciacdo dos cromossomos Z (CABRAL-DE-MELLO et al.
2021). Além disso, 0 W ¢é responsavel por uma particularidade no nucleo interfasico dos
lepidopteros. Devido a sua natureza heterocromatica, o W forma um corpuasculo denso
conhecido como cromatina sexual, a qual € especifica nas fémeas. A cromatina sexual W

é altamente condensada e especialmente visivel em tecidos poliploides dos tdbulos de
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Malpighi e das glandulas de seda (MAREC et al. 2010). Uma aplicabilidade para este
corpusculo é através da microdisseccao da cromatina W para ser utilizada como sonda na
pintura cromossomica para identificagdo do cromossomo W. Esta cromatina sexual,
derivada do cromossomo W, é ausente no sistema sexual Z0 (FUKOVA et al. 2007;
VITKOVA et al. 2007; TRAUT et al. 2007).

Em contraste ao W, o cromossomo Z é bastante conservado e, de modo geral, sua
composicéo é parecida com a dos autossomos (SAHARA et al. 2012). O conteudo génico
do Z é conservado entre os lepidopteros, sendo muito parecido com o que ocorre no Z das
aves (NANDA et al. 2008) ou no X dos mamiferos (OHNO 1973). Yasukochi et al. 2006
e Pringle et al. 2007, identificaram os genes Tpi (triose fosfato isomerase) e apterous
localizados no cromossomo Z de B. mori (Bombycoidea) e de uma espécie distantemente
relacionada, a borboleta ninfalidea Heliconius melpomene (Papilionoidea), indicando a
estabilidade evolutiva entre os grupos de Lepidoptera. A sintenia conservada de uma
ordem de genes entre 0 cromossomo 15 de B. mori e um cromossomo de Manduca sexta
(Sphingidae, Bombycoidea) também apoia essa evidéncia de estabilidade génica
(SAHARA et al. 2007; NGUYEN et al. 2010). O cromossomo Z parece desempenhar um
papel importante no processo de especiacao pois, seus genes podem estar relacionados ao
controle e reconhecimento de feromonios, favorecendo barreiras reprodutivas
(SPERLING 1994; DOPMAN et al. 2005; SAHARA et al. 2012). Adicionalmente, 0s
genes no cromossomo Z evoluem mais rapido do que aqueles em autossomos pois,
encontram-se em um estado hemizigdtico e, portanto, estdo mais expostos as forcas de
selecdo (MANK et al. 2011; SAHARA et al. 2012).

A evolucdo do cromossomo neo-sexual por meio de mdultiplas fusdes entre
cromossomos sexual-autossomo foi descrita em mariposas com cariétipos altamente

derivados como a exemplo das espécies Orgyia antiqua e Orgyia thyellina
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(Lymantriidae), e na espécie geogréfica Samia cynthia (Saturniidae) (YOSHIDO et al.
2005). Sugere-se que a selecdo natural pode favorecer esses rearranjos cromossoémicos,
diminuindo a recombinacéo entre alelos, contribuindo para adaptagdes locais, que por sua
vez, podem aumentar a fixacdo de mudancas na arquitetura do genoma nas populacoes
(FARIA e NAVARRO 2010; NGUYEN et al. 2013) Portanto, 0s cromossomos neo-
sexuais podem desempenhar um papel importante na evolugédo adaptativa e na especiacao
com o fluxo génico (NGUYEN e CARABAJAL PALADINO 2016). Na grande familia
Tortricidae, por exemplo, 0 cromossomo neo-Z surgiu pela fuséo entre um cromossomo
Z ancestral e um autossomo correspondente ao cromossomo 15 no genoma de referéncia
de Bombyx mori. A fusdo associou dois genes principais que conferem resisténcia a
inseticidas, além de um arranjo de genes envolvidos na desintoxicacdo de metabolitos
secundarios de plantas ao cromossomo neo-sexual. Assim, 0s resultados sugerem que 0
cromossomo neo-Z de Tortricidae € um elemento relevante de inovacdo evolutiva que
aumentou significativamente o potencial adaptativo das mariposas tortricidas e contribuiu

para sua radiacdo adaptativa e subsequente especiagdo (NGUYEN et al. 2013).

1.3.1. Estudos cromossomicos em Crambidae

A familia de mariposas Crambidae, com mais de onze mil espécies descritas,
corresponde a uma das familias mais especiosa entre os grupos de insetos lepiddpteros.
Além da riqueza de espécies, também inclui importantes pragas agricolas, sendo mais
conhecida a broca de milho europeia, Ostrinia nubilalis. Essa espécie nativa da Europa,
originalmente infestava variedades de pain¢o, mas, no inicio dos anos 1900, ao ser
introduzida nos Estados Unidos, tornou-se uma praga séria do milho. Além disso, ha
outras espécies de importantes pragas, como, por exemplo, a broca de milho neotropical,

Diatraea lineolata, que ocorre no sul do Texas, Caribe, América Central até o Brasil, e a
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broca de milho do sudoeste, Diatraea grandiosella, encontrada no México e partes do sul
da América do Norte. Outra importante espécie, a broca-do-caule do arroz, Chilo
supressalis, comum na China, india, Jap3o e sudeste da Asia, € uma das principais pragas
do arroz. Aléem disso, varias espécies de Crambidae se estabeleceram como principais
pragas da cana-de-agucar. Essas sdo, por exemplo, a broca da cana (Chilo infuscatelus) e
a broca manchada (Chilo sacchariphagus), ambas nativas do sul e sudeste da Asia, e a
broca da cana-de-agucar, Diatraea saccharalis, que € encontrada no Caribe, América
Central e na América do Sul, destacando-se como importante praga nas plantacdes da
cana-de-acucar do Brasil. Desta forma, a familia Crambidae é uma das principais
linhagens de lepidopteros em termos de riqueza e importancia econémica (ROBINSON
1971).

Contudo, apesar destas mariposas terem grande importancia, como demonstrado
em estudos sobre sua taxonomia, ecologia, genética de populacdes e controle de pragas,
pouco se sabe sobre sua arquitetura genémica pois, a citogenética de Crambidae é pouco
explorada. 1sso se aplica particularmente aos cromossomos sexuais que foram estudados
em duas espécies do género Ostrinia, O. scapulalis (KAGEYMA e TRAUT 2004) e O.
nubilalis (YASUKOCHI et al. 2016), ambas apresentando cariétipo haploide n=31,
namero cromossdmico ancestral de Lepidoptera, e sistema sexual ZW (fémea) e ZZ
(macho), comum nesse grupo (TRAUT et al. 2007; MAREC et al. 2010; SAHARA et al.
2012). No entanto, ainda em algumas outras espécies de Crambidae, apenas o0 nimero
cromossémico € conhecido (ROBINSON 1971), como na especie Chilo infuscatellus,
com numero reduzido de cromossomo n=28, além de 1-2 pares grandes de cromossomos,
indicando fusdo cromossémica na evolucgdo do cariétipo (ZHANGWU et al. 1994). Um
grande par de cromossomos também foi encontrado na espécie O. scapulalis, equivalente

ao bivalente sexual WZ (KAGEYMA e TRAUT 2004). Em lepidopteros, grandes pares
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de cromossomos sexuais ocorrem com uma frequéncia muito alta e, foi demonstrado em
varios grupos de lepiddpteros que eles representam o cromossomo neo-sexual, originado
pela fusdo de um cromossomo sexual ancestral com autossomo (YOSHIDO et al. 2011,
NGUYEN et al. 2013; CARABAJAL PALADINO 2016). Logo, parece provavel que 0s
grandes cromossomos sexuais observados no caridtipo de algumas espécies de Crambidae
também representem cromossomos neo-sexuais.

Recentemente, analises gendmicas de trés importantes espécies praga, a broca de
milho europeia (Ostrinia nubilalis), a mariposa praga do Buxus sp. (Cydalima
perspectalis) e a broca de cana-de-aglcar da Guatemala (Diatraea postlineella),
identificaram sete DNAs satélites (DNAsat) presentes no genoma dessas espécies, dos
quais trés estavam enriquecidos e arranjados ao longo dos cromossomos W de C.
perspectalis e O. nubilalis e, em contraste, no cromossomo W de D. postlineella, ndo foi
identificado a presenca de satélites. Adicionalmente, o0 mapeamento por FISH com sonda
de DNAr 18S em células de paquitenos de machos, revelou significativa diferenca no
namero e arranjos de clusters de DNAr entre as trés espécies de Crambidae. Em C.
perspectalis, dois arranjos foram encontrados, cada um localizado na posic¢ao terminal de
diferentes bivalentes, enquanto que para D. postlineella apenas um cluster foi observado
na posicéo intersticial. Em contraposicao, quatro arranjos de DNAr foram identificados
em diferentes bivalentes na espécie O. nubilalis. Esses resultados elucidam a plasticidade
no arranjo e composicdo de sequéncias repetitivas nos genomas de lepiddpteros além de
contribuir para o entendimento da arquitetura genémica de Crambidae (CABRAL-DE-
MELLO et al. 2021).

Embora as espécies de Crambidae apresentem extensa radiagdo adaptativa e grande
importancia econdmica, com diversas espécies pragas incluindo a broca da cana-de-

acucar (Diatraea saccharalis), ainda pouco se sabe sobre sua organizagdo cromossomica,
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composicdo do genoma e evolucdo de seus sistemas sexuais. Assim, neste trabalho,
caracterizamos o cariétipo, detalhando os DNAS repetitivos e o sistema neo-sexual dessa
importante praga, a fim de contribuir com o conhecimento sobre a organizagdo genomica

e evolucdo dos cromossomos sexuais em representantes de Crambidae.
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2. OBJETIVOS
2.1. Geral

Entender a composicdo, estrutura e evolucdo do genoma, com énfase nos
cromossomos sexuais, da mariposa praga Diatraea saccharalis, baseado na analise dos

DNAS repetitivos.

2.2. Especificos
2.2.1. Analisar detalhadamente o cariétipo e 0s cromossomos sexuais da espécie D.

saccharalis utilizando técnicas convencionais e de citogenética molecular;

2.2.2. Elucidar a composicdo e origem dos cromossomos sexuais em D. saccharalis
pela prospeccdo e mapeamento comparativo de DNAS repetitivos entre machos e fémeas,
utilizando abordagem direta como mapeamento fisico cromossémico por Hibridizagdo in

situ fluorescente — FISH e indireta com analises computacionais.
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3. MATERIAL E METODOS
3.1. Material biologico e analises cromossémicas convencionais

Individuos machos e fémeas de Diatraea saccharalis foram obtidos da Escola
Superior de Agricultura Luiz de Queiroz, ESALQ-USP (Piracicaba, S&o Paulo/Brasil).
As lagartas foram alimentadas com dieta artificial e mantidas na Incubadora B.O.D
(Demanda Biogquimica de Oxigénio) (Solab, Piracicaba, Brasil) em condic¢des controladas
(temperatura 25 = 4°C, 60% de umidade e 12 horas/luz e 12 horas/escuro) (King et al.
1975).

Quatro 6rgdos diferentes foram dissecados no estagio de lagarta no terceiro ou
quarto instar para obtencdo de preparacGes cromossdmicas, incluindo os testiculos,
ovarios, discos da asa e tubos de Malpighi. Foram estudados, pelo menos, cinco
individuos de cada sexo para cada uma das analises. As preparacdes cromossémicas
foram feitas de acordo com Mediouni et al. (2004) e Sichova et al. (2013). Brevemente,
0s cromossomos em metafase meidtica e no estagio de paquiteno foram obtidos de
testiculos no terceiro instar e ovarios do Ultimo instar e em estagio inicial de impupacao.
Cromossomos mitdticos foram obtidos de discos da asa no terceiro instar de ambos 0s
sexos. Os testiculos e discos da asa foram dissecados em solucdo fisioldgica,
hipotonizados por 10 minutos em KCI 75mM e fixados em solugdo de Carnoy
(etanol/cloroférmio/acido acético, 6:3:1) por 15 minutos. Os ovérios dissecados sdo
transferidos diretamente para a solucdo de Carnoy sem tratamento hipoténico para
preservar o padrdo heterocromatico do cromossomo W. Os tecidos fixados foram
macerados em lamina contendo uma gota de acido acético 60% e em seguida espalhados
sob placa aquecida a 45°C. As laminas com qualidade suficiente de material foram
desidratadas em série alcodlica (70%, 80% e 100% por 30 segundos cada) e armazenadas

a -20°C ateé utilizacdo em diferentes técnicas citogenéticas. Todo o corpo das lagartas
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dissecadas foi armazenado em etanol 100% em freezer a -20°C até a extracdo do DNA

gendmico (DNAGQ).

3.2. Preparacéo de nucleos poliploides e microdissec¢do da cromatina sexual

Os tabulos de Malpighi de lagartas de ultimo instar de individuos macho e fémea
foram usados para obtencdo de células poliploides do nlcleo interfasico. Apds disseccao
em solucgdo fisioldgica, os tubos de Malpighi montados em laminas foram brevemente
fixados em Carnoy por 1 minuto e em seguida corados com orceina latica-acética a 1,25%
por 5 minutos. As laminas foram observadas em microscopio de luz para anélise da
presenca ou auséncia de cromatina sexual, referente ao cromossomo W, especifica nas
fémeas. Este cromossomo é facilmente reconhecido nesta fase por se apresentar altamente
condensado como um corpusculo (Traut e Marec 1996, 1997).

Para a microdisseccdo da cromatina sexual foram usados tubos de Malpighi
dissecados de lagartas fémeas no ultimo instar, previamente hipotonizados por 10 minutos
em uma solucdo hipoténica (KCIl 75mM) e fixados em Carnoy por 15 minutos. O material
foi dissociado com agulha de tungsténio em uma gota de acido acético 60% e espalhado
sobre laminulas em placa aquecida a 40°C e, em seguida, corado com Giemsa 5% a 7
minutos. Um total de 15 corplsculos foram manualmente microdissectados usando um
micromanipulador Eppendorf 5171 acoplado com um microscépio invertido Nikot

Axiphot.

3.3 Caracterizacao do repeatome atraves do sequenciamento gendmico
O DNA gendmico foi extraido no estagio de lagarta de um individuo macho e um
individuo fémea no terceiro instar utilizando o kit “Wizard® Genomic DNA Purification

Kit” (Promega), seguindo o protocolo descrito pelo fabricante. Os genomas de ambos 0s
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sexos de D. saccharalis foram sequenciados via plataforma Illumina Hiseq 4000 paired-
end utilizando o servico da Novogene (HK) Co., Ltd. (Hong Kong, China), gerando reads
pareados de 2 x 150pb (pares de base). Os reads obtidos através do sequenciamento foram
processados, filtrados e entrelagados utilizando as ferramentas disponiveis na plataforma
Galaxy/RepeatExplorer (Novék et al. 2013; Ruiz-Ruano et al. 2016). A identificacdo e
caracterizacdo do Satelitoma (DNAs satélites) foi feita pela ferramenta do TAREAN
disponivel no RepeatExplorer (Novék et al. 2017). Além disso, os clusters de DNAsat
foram confirmados como arranjos em tandem via dotplot e pelo Tandem Repeats Finder
— TRF (Benson 1999). Apos a prospeccdo de DNAsat, foi utilizada a ferramenta do
RepeatMasker (Smit et al. 2017) com o script python “rm_homology.py” (disponivel em:
https://github.com/fjruizruano/satminer/blob/master/rm_homology.py) (Ruiz-Ruano et
al. 2016) para anéalise de similaridade e definicdo de todas as familias de DNAsat
recuperadas. Adicionalmente, o RepeatMasker foi utilizado para calcular abundancia e
divergéncia de cada DNAsat, comparando os genomas de macho e fémea. Para estimar
os parametros de Kimura (K2P) foi utilizado o script “calcDivergenceFromAlign.pl”
disponivel na ferramenta do RepeatMasker (Smit et al. 2017), gerando landscapes
representados pela abundéncia dessas sequéncias repetitivas no eixo Y e a distancia K2P
do consenso no eixo X.

A identificacdo e quantificacdo de Elementos Transponiveis (TEs) foi feita pela
linha de comando dnaPipeTE (Goubert et al. 2015). Essa ferramenta utiliza o programa
Trinity (Grabherr et al. 2011) para montagem das sequéncias mais abundantes, seguida
por caracterizagdo automatica com a ferramenta Blast (Goubert et al. 2015). Para isso,
utilizamos uma biblioteca personalizada de TEs descrita em Marti et al. (2021). As

superfamilias de TEs identificadas foram realinhadas com a biblioteca Illumina de ambos
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0s sexos utilizando a ferramenta de RepeatMasker (Smit et al. 2017), a divergéncias K2P

e a abundancia de TE para fémea e macho foram feitas conforme descrito acima.

3.4. Caracterizacédo gendmica e mapeamento cromossdmico por Hibridizacéo in situ
fluorescente (FISH)

Foram selecionadas sondas ndo-especificas para espécie para a localizacdo de
sequéncias conservadas, incluindo as repeticdes teloméricas (TTAGG)n e o DNA
ribossomal (DNAr) 18S. Também foram preparadas sondas especificas como a sonda de
pintura do cromossomo W, sondas de DNAsat e sondas derivadas de TEs. Para os TEs,
selecionamos a superfamilia mais representativa no genoma da espécie e a mais
diferencialmente enriquecida no genoma da fémea em comparacdo ao macho. Enquanto
que para os DNAsat, selecionamos as cinco familias mais abundantes no genoma de D.
saccharalis, como também, as sequéncias enriquecidas no genoma da fémea. As sondas
foram isoladas por PCR (Reag&o em cadeia da polimerase), e em seguida, mapeadas por
FISH nos cromossomos da mariposa praga D. saccharalis.

A sonda de DNAr 18S foi obtida utilizando os primers descritos por Cabral-de-
Mello et al. (2011). Para amplificacdo de DNAsat e TEs foram desenhados manualmente
primers ou utilizando o software Geneious com a sequéncia consenso de cada DNAsat e
cada elemento de TE. A repeticdo telomérica de inseto foi amplificada seguindo o
protocolo de ljdo et al. (1991) por PCR sem molde (non-template DNA) usando primers
auto-complementares (TTAGG)s e (CCTAA)s. O mix de PCR contém: 10x PCR Rxn
Buffer, 0.2mM MgCl., 0.16mM dNTPs, 2mM de cada primer, 1 U de Taq Platinum DNA
Polymerase (Invitrogen, San Diego, CA, Estados Unidos) e 50-100ng/uL. de DNA. As
condicdes de PCR incluem a desnaturacao inicial a 94°C por 5 minutos e 30 ciclos a 94°C

(30 segundos), 55°C (30 segundos) e 72°C (80 segundos), seguido de uma extens&o final
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a 72°C por 5 minutos. Os produtos resultantes da PCR sdo separados em gel de agarose
1%. As sondas foram marcadas com digoxigenina 11-dUTP (Roche, Manheim,
Alemanha) ou biotina 14-dATP (Invitrogen) através da nick-translation. Para sete DNAs
satélites utilizamos oligonucleotideos sintéticos diretamente marcados com biotina-14-
dATP na extremidade 5’ que foram desenhados em regides conservadas e exclusivas de
cada DNAsat.

O DNA gendmico extraido de lagartas macho e fémea foram marcados por nick-
translation com digoxigenina 11-dUTP (Roche) para DNAg derivado de macho ou
biotina 14-dATP (Invitrogen) para DNAg derivado de fémea ou vice-versa. Estas sondas
derivadas do DNAg foram utilizadas para realizar o CGH (Hibridizagdo gendmica in situ
comparativa) de acordo com o protocolo descrito por Traut et al. (1999), com
modificacGes propostas por Dalikova et al. (2017a). A pintura cromossémica do
cromossomo W foi preparada conforme descrito por Fukova et al. (2007). As amostras
da cromatina-W microdissectada foram submetidas a amplificagdo por PCR utilizando
“GenomePlex Single Cell Whole Genome Amplification Kit — WGA4” (Sigma-Aldrich),
seguido para reamplificacdo e marcacdo com digoxigenina 11-dUTP (Roche) ou biotina
14-dATP (Invitrogen) por PCR usando o kit “GenomePlex — WGA3” (Sigma-Aldrich),
de acordo com recomendacdes do fabricante. A sonda de pintura da cromatina-W obtida
da espécie-irmd@ D. postlineella foi descrita por Cabral-de-Mello et al. (2021). Em
combinagdo com a sonda-W também foi utilizada a sequéncia telomérica para checagem
da presenca ou nao de sinais teloméricos intersticiais.

Laminas ndo coradas de preparagdes mitoticas e meidticas obtidas de discos da asa,
testiculos e ovarios, foram usadas para FISH simples ou dupla realizada de acordo com o
protocolo descrito em Cabral-de-Mello e Marec (2021). As sondas marcadas com

digoxigenina 11-dUTP foram detectadas por anti-digoxigenin-Rhodamine (Roche),
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assim como as sondas marcadas com biotina 14-dATP foram detectadas usando Alexa
fluor 488-conjugated (Invitrogen). Em todos os experimentos de FISH, os cromossomos
foram contracorados com DAPI (4°,6-diamidino-2-phenylindole, Sigma-Aldrich) e as
laminas montadas em VECTASHIELD (Vector, Burlingame, CA, Estados Unidos). As
imagens foram capturadas utilizando uma camera digital refrigerada DP70 acoplada a um
microscopio Olympus BX61 equipado com uma lamina de fluorescéncia e filtros
apropriados. Posteriormente, as imagens foram pseudocoloridas, sobrepostas (sinais das
sondas e cromossomos) e otimizadas com brilho e contraste pelo programa Adobe
Photoshop CC6. Para caracterizar os padrdes de distribuicdo de DNASs repetitivos foram

analisados pelo menos 10 paquitenos.
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4. RESULTADOS E DISCUSSAO

Os resultados obtidos durante o mestrado serdo apresentados e discutidos no
manuscrito intitulado “Repeated DNAs populating the sugarcane borer Diatraea
saccharalis (Crambidae) genome with an emphasis on sex chromosomes: a cytogenomic

analysis” a ser submetido para a revista Insect Molecular Biology, INSS: 1365-2583.
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Abstract

Crambidae lepidopterans include pests that causes economic losses to agricultural crops,
as the sugarcane borer Diatraea saccharalis. Although the crambid moths have extensive
adaptive radiation and economic importance, little is known about their genome
architecture and chromosomal evolution. Here we characterized the chromosomes and
repetitive DNAs of D. saccharalis by association of low pass genome sequencing,
bioinformatic and cytogenetic methods, with an emphasis on sex chromosomes. Diploid
numbers differed between sexes, i.e., 2n=33 females and 2n=34 males, and occurrence of
amultiple sex system WZ.Z./Z.7.7-Z- was noticed. Telomeric probe revealed one strong
interstitial signal on the W chromosome, and this chromosome was associated to two
chromosomes Z (Z: and Z-), confirming the occurrence of a sex trivalent WZ.Z-, as result
of a chromosomal fusion. Concerning the repetitive DNAS, the TEs represented about
39,18% (males) to 41,35% (females), while satDNAs comprised only 0,214% of male
genome and 0,215% of female genome. FISH mapping revealed distinct chromosomal
organization for satDNAs, as single located clusters, spread signals and non-clustered
repeats. The two TEs mapped by FISH were scattered. Although we noticed slightly
enrichment of some satDNAs on female genome, they were not differentially enriched on
the W chromosome. On the other hand, we noticed enrichment of FISH signals on the W
chromosome for TEs, suggesting their involvement on W chromosome degeneration and
differentiation. These data reveal dynamism of general karyotype structure and repetitive
DNAs of D. saccharalis, mainly as result of chromosomal fusions and spread or local
amplification of repetitive DNAs. Finally, our data can help in future structural and

functional genomic analysis that could be also useful in pest control programs.

Key-words: chromosome fusion, FISH, holocentric chromosome, W-chromatin
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Introduction

Repetitive DNAs are sequences repeated hundreds or thousands of times, comprising the
major proportion of all nuclear DNA in eukaryotic genomes. These sequences may be
present in long in tandem arrays of similar motifs i.e., satellite DNAs (satDNAs), and
some multigene families, while others, may be dispersed through the genome as the
transposable elements (TEs), with a mid to high rate of repetitiveness. All types of
repetitive sequences can be enriched and located at specific chromosomes domains,
mainly the heterochromatic ones, including centromeres and telomeres and are important
organizational and functional components of the genomes (Charlesworth et al. 1994;
Lépez-Flores and Garrido-Ramos 2012; Biscotti et al. 2015). Additionally, the
accumulation, expansion and lability of repetitive DNAs contribute to formation and
differentiation of the heteromorphic sex chromosomes, as described in multiple species
from most eukaryote groups (e.g., Charlesworth et al. 1994; Kejnovsky et al. 2013; Hobza
et al. 2015; Chalopin et al. 2015; Palacios-Gimenez et al. 2017; Dalikova et al. 2017b;
Ferretti et al. 2020).

Lepidoptera (moths and butterflies) is one highly diverse order of insects with more
than 160,000 valid species (Van Nieukerken et al. 2011). At karyotypic point of view,
Lepidopteran chromosomes are numerous (with a modal number 2n = 60-62), small and
uniform, without any landmarks, such as centromeres, namely holocentric chromosomes
(Robinson 1971; Traut et al. 2007; Lukhtanov 2000; Sahara et al. 2012). This order
represents the largest group with female heterogamety, with most species harboring
WZ/ZZ sex chromosome system. This differs from the most other insect groups that
presents male heterogamety, except Lepidoptera sister order Trichoptera (caddisflies) in
which the female is also heterogametic (Traut et al. 2007; Marec et al. 2010; Sichova et

al. 2015). Chromosomal rearrangements, like fusions, fissions, and inversions enabled
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dynamic karyotype evolution with occurrence of some variable diploid numbers and sex
chromosome system in Lepidoptera (Marec et al. 2001; Yasukochi et al. 2006; Sahara et
al. 2007, 2012; Lukhtanov 2015; Sichov4 et al. 2015; Hill et al. 2019). This is especially
evident in some groups, like in Agrodiaetus (Lycaenidae) n = 10 to n = 134 (Kandul et
al. 2007); Godyris (Nymphalidae) n = 13 to n = 120 (Brown et al. 2004); Lysandra
(Lycaenidae) n =24 to n = 93 (Talavera et al. 2013). In Leptidea (Pieridae), besides large
diploid number variability (n = 28 to n = 103), it was noticed variable multiple sex
chromosome systems, including Wi-3Zi-4/Z1-4Z1-4, Wi-3Z1-3/Z1-3Z1-3, Wi-4Z1-4/Z1-4Z1-,
Wi-3Zi-6/Z1-6Z1-6 (Sichova et al. 2015, 2016; Yoshido et al. 2020).

Repetitive DNAs could be involved in genome organization and in its plasticity, as
they could be frequent chromosomal rearrangement sites. Despite the large number of
chromosomal studies developed in Lepidoptera, their great chromosomal variability and
the extensive growing in the genome sequencing in this group, the understanding of some
repetitive DNA fraction chromosomal organization remains elusive, mainly for the
satDNAs and TEs. Until now, most cytogenetic studies mapped mainly multigene
families, including rDNAs and H3 histone genes (Nguyen et al. 2010; Provaznikova et
al. 2021) and only 12 satDNAs were identified (Cabral-de-Mello et al. 2021). These
studies allowed generation of landmarks for comparative analysis, that are useful for
understanding genomic organization and changing patterns between species. Specially
for sex chromosomes, although it is well known that the W chromosome is largely
heterochromatic and enriched of DNA repeats, the specific content of this chromosome
was poorly identified, with description of some TEs, satDNAs and in the lesser extent
rDNA (Abe et al. 2005; Traut et al. 2013; Vechtova et al. 2016; Dalikova et al. 2017b;

Zrzava et al. 2018; Cabral-de-Mello et al. 2021).
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The grass moth family Crambidae includes serious pests species that causes several
economic losses to agricultural crops (Robinson 1971). Despite the crambid moths have
extensive adaptative radiation and economic importance, very little is known about their
genome architecture because only a few cytogenetic studies were performed. Among the
only few species studied, the diploid number ranged from n = 17 to n = 31, the WZ/ZZ
sex chromosome system was determined for Ostrinia scapulalis and a FISH (fluorescence
in situ hybridization) based map was constructed for O. nubilalis (Virkki 1963; Zhangwu
et al. 1994; Kageyma and Traut 2004; Nguyen et al. 2010; Yasukochi et al. 2016; Cabral-
de-Mello et al. 2021). Recently, by combination of cytogenetics and genomic approaches
in four Crambidae species Cabral-de-Mello et al. (2021) revealed differences in gross
genome architecture (diploid chromosome numbers) and high variability for repetitive
DNA:s, that putatively contributed to the plasticity of sex chromosomes in the group.

Diatraea saccharalis, commonly known as sugarcane borer, is one of the most
important crambid pests and it is responsible for considerable crop damage and economic
losses in maize and sugarcane (Robinson 1971; Flynn et al. 1984). This moth is widely
distributed throughout the Americas, including Caribbean, South and Central America
and the southeastern United States (Myers 1935; Robinson 1971; Palacio Cortés et al.
2010). An example of economic losses associated to D. saccharalis is observed in Brazil
where this species become major pest of sugarcane, causing losses around US$ 4,6
billion/year in the ethanol and sugar productions, representing more than 10% of the
production (Oliveira et al. 2014). Due to this economic importance, D. saccharalis has
attract attention of scientific community for population, structural and functional genetic
studies (e.g., Joyce at al. 2014; Lopes et al. 2014; Merlin and Consoli 2019; Noriega et
al. 2020; Borges dos Santos et al. 2020), but there is a complete lacking about the

understanding of the genome architecture at chromosomal level in the species, except for




33

the chromosome number that is n = 17 (Virkki 1963). In this way, we characterized the
repeatome (repetitive fraction of the genome) of the sugarcane borer by association of
cytogenetic and bioinformatic methods, allowing the detailed description of general
karyotype, sex chromosomes and chromosomal architecture of repetitive DNAs. The data
contribute to knowledge about genomic organization and evolution of sex chromosomes
in representatives of Crambidae and can help in future structural and functional genomic

analysis in D. saccharalis that could be also useful in pest control programs.

Materials and Methods

Insects and chromosome preparations

Diatraea saccharalis individuals were obtained from lab culture of Luiz de Queiroz
College of Agriculture, University of Sdo Paulo — ESALQ/USP (Piracicaba, Sao Paulo,
Brazil). The larvae were feed an artificial diet and maintained in B.O.D (Bio-Oxygen
Demand) incubator (Solab, Piracicaba, Brazil) at controlled conditions (temperature 25 +
4°C, 60% humidity and 12 h light/12 h dark regime) (see King et al. 1975).

Spread chromosome preparations were made as described by Mediouni et al.
(2004) and Sichova et al. (2013). Meiotic chromosomes in the pachytene stage were
obtained from testes of the third larvae instar and ovaries at last larvae instar and in initial
stage of impupation. Mitotic chromosomes were obtained from wings imaginal disks of
the third instar of both sexes. Summarily, testes and wings imaginal disks were dissected
in physiological solution, hypotonized for 10 min in 7SmM KCI and fixed in Carnoy’s
solution (ethanol/chloroform/acetic acid, 6:3:1) for 15 min. Ovaries were transferred to
Carnoy’s solution without hypotonic treatment to preserve the putative pattern of W
chromosome heterochromatin. The fixed tissues were macerated on a slide in a drop of

60% acetic acid and then spread at 45°C using a heating plate. The slides with sufficient
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quality were dehydrated in an ethanol series (70%, 80% and 100% for 30 s each) and
stored at -20 °C until use. All bodies of dissected larvae were stored in 100% ethanol in

the freezer at -20 °C until the extraction of genomic DNA (gDNA).

Preparation of polyploid nuclei and microdissection of the sex chromatin

The Malpighian tubules from last instar larvae of female and male individuals were used
to obtain polyploid interphase nuclei. After dissection in physiological solution, the
Malpighian tubules were briefly fixed in Carnoy fixative on a slide for about 1 min and
then stained with 1.25% lactic acetic orcein for 5 min. The slides were observed in a light
microscope for the analysis of presence or absence of female specific sex chromatin
(Traut and Marec 1996, 1997).

For sex chromatin microdissection we used Malpighian tubules dissected from
female larvae in last instar, swollen for 10 min in a hypotonic solution (75mM KCI) and
fixed in Carnoy’s fixative for 15 min. The material was dissociated with tungsten needles
in adrop of 60% acetic acid and spread on coverslips in a heating plate at 40°C and stained
with 5% Giemsa for 7 min. A total of 15 W-chromatin bodies were microdissected
manually using an Eppendorf 5171 micromanipulator coupled with a Nikon Axiphot

inverted microscope.

Low pass genome sequencing, satDNAs and TEs identification and analysis

The gDNA was extracted from one female larva and one male larva on third instar using
the “Wizard Genomic DNA Purification Kit” (Promega), following the manufacturer’s
protocol. The genomes of both sexes of D. saccharalis were sequenced via paired-end
sequencing (2 x 150pb) using the Illumina HiSeq 4000 system, performed by Novogene

(HK) Co., Ltd. (Hong Kong, China). The reads were processed, filtered and interlaced
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using the tools available on the Galaxy/RepeatExplorer platform (Novék et al. 2013).
Identification of satDNAs were performed separately using 500,000 reads for each sex as
input. Succeeding the clustering by RepeatExplorer, the satDNAs identified by TAREAN
tool (Novak et al. 2017) were selected for subsequent analysis. Furthermore, the tandem
arrangement was checked by dotplot and Tandem Repeats Finder, TRF (Benson 1999).
RepeatMasker (Smit et al. 2017) and the “rm_homology.py” python script
(https://github.com/fjruizruano/satminer/blob/master/rm_homology.py) were used to
performed all-against-all comparison of monomers of the recovered satDNAs for analysis
of similarity and definition of all satDNA families.

We also used RepeatMasker to calculate abundance for each satDNA, comparing
the female and male genomes. To estimate the average Kimura 2-parameter distances
(K2P) we used the calcDivergenceFromAlign.pl script from RepeatMasker utility tool
(Smit et al. 2017). For this we randomly selected about 2.65 million previously pre-
processed read pairs per library obtained by seqtk (https://github.com/Ih3/seqtk) and
aligned them against dimers of consensus satDNA sequences. For normalization, the
abundance of each satDNA family was estimated as genome proportion, calculated by
the number of mapped nucleotides in respect to the library size. In addition, we compared
the divergence of satDNAs between sexes generating repeat landscapes represent the
relative abundance of repeat elements on one axis and the K2P distance from the
consensus on the other axis. The satDNAs families were named by abundance
considering the mean value of abundance between sexes. The possible abundance bias of
satDNAs putatively associated to the W chromosome of females were estimated by the
female/male abundance ratio for each satDNA family.

We identified and quantified TEs in both sexes by using dnaPipeTE (Goubert et al.

2015). dnaPipeTE relies on Trinity (Grabherr et al. 2011) to assembly the most abundant
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sequences (i.e., repetitive sequences), followed by a homology-based characterization
with Blast (Goubert et al. 2015). For the automated homology-based annotation of
contigs, we used a custom TEs library as described elsewhere (Marti et al. 2021). TEs
superfamilies were then aligned back to Illumina libraries from both sexes with
RepeatMasker (Smit et al. 2017), the K2P divergence and normalization for both sexes
were done as described above. To detect TEs superfamilies potentially related to the W

chromosome, we estimated and a female/male abundance ratio for each TE group.

DNA probes and chromosomal mapping by fluorescence in situ hybridization
(FISH)
We selected non-species-specific probes to localize conserved sequences, including
telomeric repeats and the major ribosomal DNA (18S rDNA). We also prepared specific
probes, like W-chromosome painting probe, gDNA probes from male and female,
satDNAs probes and TEs-derived probes. For TEs, we selected the most representative
superfamily in the genome of the species and the most differentially enriched in female
library in comparison to male library. While for satDNAs we selected the five most
abundant families in the genome of D. saccharalis and also the sequences enriched in
female genome. These probes were isolated and mapped by FISH in the chromosomes of
D. saccharalis.

18S rDNA and satDNAs probes were amplified by PCR from female gDNA and
labeled through nick-translation with biotin-14-dATP (Invitrogen, San Diego, CA, USA).
The 18S rDNA probe was obtained using the primers described by Cabral-de-Mello et al.
(2011). For satDNA and TEs amplification we designed primers manually or using
Geneious software with the consensus sequence of each satDNA (Supplementary Table

1). PCR were carried out using the mix 10x PCR Rxn Buffer, 0.2mM MgCl., 0.16mM
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dNTPs, 2mM of each primer, 1 U of Taqg Platinum DNA Polymerase (Invitrogen) and 50-
100 ng/pL of template DNA. The conditions of PCR included an initial denaturation at
94°C for 5 min and 30 cycles at 94°C (30 s), 55°C (30 s) and 72°C (80 s), plus a final
extension at 72°C for 5 min. PCR products were separated at 1% electrophoresis agarose
gel. For seven of the satDNAs we used synthetic oligonucleotides directly labeled with
biotin-14-dATP at 5’end designed in conserved and exclusive regions of the satDNAs
(Supplementary Table 1).

Genomic DNA extracted from male and female larvae were labeled by nick-
translation with digoxigenin-11-dUTP (Roche, Mannheim, Germany) for male DNA or
biotin-14-dATP (Invitrogen) for female DNA or vice versa. These labeled gDNAS probes
were used for CGH performed according the protocol describe in Traut et al. (1999), with
modifications proposed by Dalikova et al. (2017a). W-chromosome painting probes were
prepared as described in Fukova et al. (2007). The samples of manually microdissected
W-chromatin were subjected to amplification by PCR using GenomePlex Single Cell
Whole Genome Amplification Kit, WGA4 (Sigma-Aldrich). The amplified product was
followed for re-amplification and labeled with either digoxigenin-11-dUTP (Roche) or
biotin-14-dATP (Invitrogen) by PCR using the GenomePlex WGA Reamplification Kit,
WGA3 (Sigma-Aldrich). The W chromosome painting probe from D. postlineella
obtaining is described by Cabral-de-Mello et al. (2021). We also combined the W-
painting with a (TTAGG), telomeric probe for checking the presence or absence of
interstitial telomere signals. Insect telomeric probe was synthetized by non-template PCR
according to ljdo et al. (1991), using self-complementary primers (TTAGG)s and
(CCTAA)s, and labeled with digoxigenin-11-dUTP (Roche) through nick-translation.

Unstained slides obtained from ovaries were used to single or two-color FISH

performed according to the protocol described by Cabral-de-Mello and Marec (2021).
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Probes labeled with digoxigenin-11-dUTP were detected using anti-digoxigenin-
Rhodamine (Roche), as probes labeled with biotin-14-dATP were detected with
streptavidin Alexa-fluor 488-conjugated (Invitrogen). In all FISH experiments,
chromosomes were counterstained with DAPI (4’°,6-diamidino-2-phenylindole; Sigma-
Aldrich) and slides mounted in VECTASHIELD (Vector, Burlingame, CA, USA).
Pictures were captured using a DP70 cooled digital camera in grayscale coupled to the
Olympus microscope BX51 equipped with a fluorescence lamp and appropriate filters.
The images were pseudocolored, merged (chromosomes and probe signals) and
optimized with brightness and contrast using Adobe Photoshop CC6. To characterized

the patterns of repetitive DNAs distribution at least 10 pachytene were analyzed.

Results

General characteristics and the multiple sex chromosomes of Diatraea saccharalis
Diploid chromosome numbers were determined from analyzing and repeated counts of
pachytene and mitotic metaphase prepared from testes, ovaries and wings imaginal disks,
besides nurse cells from ovaries. To facilitate the identification of individual
chromosomes, we used FISH with telomeric probes. The karyotypes consisted of various-
sized chromosomes, as large, medium and small. We found differences in chromosomes
numbers between sexes, i.e., 2n = 34 males (Figure 1a) and 2n = 33 females (Figure 1b).
In some mitosis of both sexes, it was possible to recognize two small chromosomes with
a constriction, which corresponds to the cluster of 18S rDNA (Figure 1c). None more
condensed region was observed in pachytenes, suggesting the low abundance of
heterochromatin and the non-enrichment of this repetitive fraction in specific regions of
the genome. The exception was one chromosome highlighted by DAPI, that corresponds

to the W chromosome, clearly seen in pachytene from oocytes (Figure 1d). Besides the
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occurrence of canonical telomeres on terminal regions of chromosomes it was observed
in the putative W chromosome clearly the occurrence of one interstitial signal (Figure 1b,
d-h). The difference in diploid number among males and females indicated the occurrence
of a multiple sex chromosome system in the species, formed by one W chromosome and
two Z chromosomes (Z: and Z>), i.e., WZ1Z, system. The multiple sex system and
interstitial telomeric site in the W chromosome was confirmed by more detailed analysis
(see below).

Preparations of polyploid nuclei of the Malpighian tubules from females showed a
single conspicuous sex chromatin body with regular spherical shape, confirming the
presence of the W chromosome. As expected, the sex chromatin was absent in the
polyploid nuclei of Malpighian tubules from males. Moreover, non-additional condensed
blocks of heterochromatin were observed (Supplementary Figure 1).

The CGH used in order to investigate and characterize the gross molecular
differentiation of W and Z chromosomes revealed more intense signal on the W
chromosome from female gDNA derived probe in comparison to male gDNA derived
probe, revealing enrichment of females’ sequences on W chromosome. No difference of
signal intensity was observed along the W chromosome (Figure 2a-e).

W-chromosome painting probe highlighted intensely the entire W chromosome,
allowing easy identification of this sex chromosome and confirming molecular
differentiation of the W from other chromosomes, as well Z chromosome (Figure 2f).
Furthermore, W-chromosome painting combined with telomeric probe revealed one
strong interstitial signal in the W chromosome (coincident with the painted region from
W-derived probe). Near to the interstitial telomeric site of W chromosome we observed
two additional telomeric signals, correspondent to the end of the two Z chromosomes,

confirming the occurrence of a sex trivalent WZ.Z. (Figure 2g-1). In nurse cells it was
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possible to see clearly the W chromosome associated to two Z chromosomes, that are
slightly different in size (Figure 2f, inset).

The cross-hybridization with W-painting probe derived of the W-chromatin from
the sister-species, Diatraea postlineella revealed hybridization signals along the entire
extension of the W chromosome of D. saccharalis. The intensity of signal was similar on
entire W chromosome but, as expected, much less intense when compared with signals

obtained from W-chromosome painting probe obtained from D. saccharalis (Figure 2m-

0).

Genomic and chromosomal characterization of satDNAs and TEs

By clustering analysis in RepeatExplorer using the TAREAN report, we identified a total
of fourteen putative satDNAs on D. saccharalis, including male and female genomic
libraries. The searching in the RepBase/GIRI and NCBI databases did not find any
relevant similarity with the satDNAs sequences described with other repetitive elements
already described. These repetitive DNA sequences represent only a small portion of the
male and female genomes, 0.214 to 0.215%, respectively. Monomers of these satDNASs
were highly variable in size, ranging from 12 to 1,327 bp, in addition the sequences were
mostly A+T rich content, ranging from 39,4 to 72,5% (Table 1). Considering the mean
value between sexes the abundance of the distinct satDNA families on D. saccharalis
genome ranged from 0.0002% to 0.0570% and K2P distance from 3,96% to 17,85%. The
satellitome landscape (abundance vs. divergence) revealed a higher peak of abundance
with low divergence (around zero) and a smaller peak of abundance between 6-10% of
divergence. Repeats with higher divergence tended to decrease in amount from 10% of

K2P (Figure 3a).
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Among the fourteen satDNAs eight families (DsaSat01-30, DsaSat04-901,
DsaSat07-294, DsaSat08-338, DsaSat10-84, DsaSatll1-12 and DsaSat13-134) were
slightly enriched in female genome (Figure 3b), suggesting enrichment on the W
chromosome. Although, through FISH the enrichment of these repeats on W chromosome
was discarded, as for the DsaSat01-30 (Figure 3c) and DsaSat04-901 (Figure 3e) one
autosomal cluster were observed, terminally and interstitially located, respectively. The
other female enriched satDNAs (DsaSat07-294, DsaSat08-338, DsaSat10-84, DsaSat11-
12 and DsaSat13-134) did not revealed visible FISH signals. FISH signals were absent
also for DsaSat03-32 (result not shown). Finally, the DsaSat02-774 and DsaSat05-1327
revealed scattered signals in all chromosomes with no evidence of enrichment in specific
chromosomes or chromosomal areas (Figure 3d,f).

The TEs were much more abundant in the genome of D. saccharalis than the
satDNAs, corresponding to about 41,35% of female genome and 39,18% of male genome,
comprising at least 123 elements, considering the few unknown (not annotated) elements
identified. LINEs and Helitron were the most representative TEs (about 10% each)
followed by LTR that represented about 6% of D. saccharalis genome. On the other hand,
the retrotransposons and Roling Circle (RC) TEs were extremely low represented. The
number of elements per distinct types of TEs were correlated with their abundance, i.e.,
TEs with higher abundance presented higher number of elements and vice versa (Table
2, Supplementary Table 2). For distinct classes of TEs almost no differences for
abundance were noted between male and female genomes and number of elements (Table
1). Although, for four elements it was noticed higher enrichment in female genome, with
abundance ratio > 2, i.e., Helitron-2, TcMarStowaway, Maverik, and TcMar-Sagan
(Supplementary Table 2). The comparative TEs landscape between female versus male

genomes evidences clearly the recent amplification of some TEs on female genome, with
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occurrence of some elements with higher abundance with low divergence (Figure 4a).
The FISH mapping of the most abundant TE, i.e., Helitron (mean genome abundance of
10,774%) and for the TcMar-Stowaway DNA TE elements, that is enriched in female
genome, revealed similar patterns on pachytene chromosomes from oocytes. The both
TEs were virtually distributed along the entire extension of all chromosomes as small
dots, but it is clearly noticed more intense signals on the W chromosome in comparison

to other chromosomes, especially in comparison to the Z chromosome (Figure 4b-e).

Discussion

In this study, we made a progress on the structural knowledge of genome characteristics
by physical characterization of the karyotype and repetitive DNAs of D. saccharalis,
contributing to the genomic understanding of this important pest species and also in the
understanding of chromosome evolution in Crambidae moths. Moreover, we present
advance in the understanding of repetitive DNA composition of sex chromosomes in
Lepidoptera, revealing occurrence of satDNAs and enrichment of TEs on the
heterochromatic W chromosome.

While most species of Lepidoptera harbor 2n = 62 chromosomes (Robinson 1971),
on Crambidae representatives some examples of chromosome number reduction, as
noticed here for D. saccharalis were described, that are putatively resultant of fusion
events (Cabral-de-Mello et al. 2021). This is especially evident on the two Diatraea
species studied, that present extensive diploid number reduction, D. postlineella 2n = 42
(Cabral-de-Mello et al. 2021) and D. saccharalis 2n = 34 (males) and 2n = 33 (females)
(this work). Although, based in the ancestral Lepidopterans diploid number it is supposed
occurrence of chromosomal fusions on these species, interstitial telomeric sites were not

observed, suggesting elimination of telomeric repeats. Concerning rDNA, among the six
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Pyraloidea (Pyralidae and Crambidae) species in which this sequence was mapped four
presented terminal sites (Nguyen et al. 2010; Cabral-de-Mello et al. 2021; Provaznikovéa
et al. 2021). The unique exceptions are the two species of Diatraea with interstitial site
in one small chromosome pair (Cabral-de-Mello et al. 2021; this work). Based in this
data, we could suggest that the chromosome bearing the rDNA cluster was involved in a
fusion in Diatraea, causing its placement on interstitial position, although, a simple
inversion could not be ruled out, as proposed to other few Lepidoptera species (Nguyen
et al. 2010). Moreover, ectopic recombination, a mechanism involved in rDNA
chromosomal repatterning in insects (Nguyen et al. 2010; Cabral-de-Mello et al. 2011,
Panzera et al. 2012; Gunderina et al. 2015; Bardella et al. 2016; Ferretti et al. 2020),
could also be occurred.

Concerning the sex chromosomes, the observation of interstitial telomeric site, was
noticed for the W chromosome of D. saccharalis, resultant from a chromosomal fusion
involving an autosomal pair and ancestral sex chromosome, generating a neo-sex system,
a mechanism previously noticed in Lepidoptera (Marec et al. 2010; Yoshido et al. 2011,
Sahara et al. 2012) and other insects (Blackmon et al. 2017). It is parsimonious to claim
that diploid number reduction to 2n = 42 occurred in the common ancestor of D.
postlineella and more fusions occurred independently on the karyotype of D. saccharalis,
that could also be shared with other species of the genus, deserving more analysis. For D.
saccharalis, a trivalent exclusively observed on meiotic cells of oocytes explain the sex-
specific difference in chromosome numbers as result of the presence of a multiple sex
chromosome system formed by one W chromosome and two Z chromosomes i.e., W1Z.1Z-
(female)/Z.Z.7.7-> (male). Although, more commonly Lepidoptera species harbor Wz/ZZ
or Z0/ZZ sex chromosome system (Traut et al. 2007; Marec et al. 2010), the occurrence

of neo-sex chromosome multiple system was also reported sporadically in multiple
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species, belonging to distinct evolutionary branches (Marec et al. 2010; Nguyen and
Carabajal Paladino 2016). Distinct types of neo-sex chromosomes in Lepidoptera,
including the W1Z.Z. (female)/Z,Z.Z.Z- (male) observed in D. saccharalis, could has
important role in adaptive potential, contribute to ecological specialization and formation
of reproductive barriers and ultimately speciation (Yoshido et al. 2011, 2020; Nguyen et
al. 2013; Sichova et al. 2015; Carabajal Paladino et al. 2019). One exceptional example
was described on Tortricidae species, in which the origin of a neo-sex system involved
an autosome enriched of genes that confers insecticide and plant metabolite
detoxification, linking these genes to sex inheritance and increasing the adaptive potential
of leafrollers tortricid moths (Nguyen et al. 2013). In D. saccharalis it is especially
important to check the composition of the autosome involved in the generation of multiple
neo-sex chromosome system, to check the possible presence of genes on this chromosome
that could be involved with performance of the species as sugar-cane pest.

Our CGH analysis revealed that the W and Z in D. saccharalis almost fully
differentiated, indicating the gross molecular differences in the DNA composition,
revealing a more intense signal on the W from female gDNA derived probe. Enrichment
of W chromosome on repeats derived from female genomic probe was evidenced for other
Crambidae (Cabral-de-Mello et al. 2021) and other Lepidoptera (Yoshido et al. 2006;
Dalikova et al. 2017a; Hejnickova et al. 2021), including species with neo-sex
chromosome system (Yoshido et al. 2011; Sichova et al. 2016; Carabajal Paladino et al.
2019). This mainly reflects an accumulation of repetitive sequences, TEs in the case of
D. saccharalis (see results) and putatively satDNAs and/or TEs on the W chromosome in
other species (Sahara et al. 2003; Mediouni et al. 2004; Abe et al. 2005; Dalikova et al.
2017b). Furthermore, cross-hybridization experiment revealed that the W chromosome

from D. saccharalis exhibit conservation at least of some repetitive sequences with its
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congeneric species D. postlineella. Moreover, the fully painting of W chromosome of D.
saccharalis with the W-probe from D. postlineella indicate that repetitive sequences from
ancestral W shared between the two Diatraea species colonized the new part of the W
chromosome of D. saccharalis (ancestor autosome involved in the fusion) during the
heterochromatinization process. Certain degree of sequence conservation among
Crambidae species were noticed (Cabral-de-Mello et al. 2021), as among Pyralidae
species (Vitkova et al. 2007), contrasting with congeneric Abraxas (Geometridae) species
that showed a high molecular divergence between the W chromosomes (Zrzava et al.
2018), suggesting that the rates of molecular differentiation of W chromosomes is
variable between Lepidoptera groups.

The combined analysis of low genome pass sequencing, computational tools and
chromosomal mapping, allowed a more precise understanding about the composition of
the whole genome and especially the W sex chromosomes of D. saccharalis. The
occurrence of satDNAs with low abundance in the genome of D. saccharalis (total of
0,214% of male genome and 0,215% of female genome) is apparently a common feature
on Crambidae (Cabral-de-Mello et al. 2021), and it is in concordance with the low
heterochromatic content observed in D. saccharalis and in most species of Lepidoptera
in which higher concentration of heterochromatin mostly on the W chromosome (Traut
et al. 2007). It could also be attributed to the small genome size of this group (Gregory
2020, Animal Genome Size Database) and to the predominance of interspersed elements,
i.e.,, TEs (Talla et al. 2017). This last assumption is corroborated by the high amount of
TEs identified in D. saccharalis genome, that corresponded to about 40% of the species
genome. The amount of interspersed repeats identified here is similar to previously

described in the first genome draft of D. saccharalis (Borges dos Santos et al. 2020).
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The chromosome organization of the repeats identified here were variable,
suggesting high dynamisms of these sequences at chromosomal level. It is evident by
comparison of satDNAs that, (i) as in most Lepidoptera presented scattered signals
decorating all chromosomes (Mahendran et al. 2006; Vechtova et al. 2016; Cabral-de-
Mello et al. 2021), (ii) where located as single localized cluster as described in D.
postlineella, Plodia interpunctella and Mamestra brassicae (Mandrioli et al. 2003;
Dalikova et al. 2017b; Cabral-de-Mello et al. 2021), and (iii) did not revealed evident
signals on chromosomes, i.e., non-clustered pattern, or quite small clusters, bellow FISH
resolution. This is the first intragenome variation for chromosomal distribution of
satDNAs noticed for Lepidoptera, as the species studied until now, in which more than
one satDNA was mapped, presented or exclusively scattered or single located signals
(Cabral-de-Mello et al. 2021). This data suggests that satDNAs is more dynamic in
Lepidoptera genomes, than previously thought, and although in low abundance could be
important player in the genome repatterning on this group.

Although, a plenty of information were gathered about the W chromosome on
Lepidoptera, giving insights about its evolution (Traut et al. 2007; Nguyen and Carabajal
Paladino 2016), the specific molecular composition of this chromosome still largely
elusive. Our analysis for the sex chromosomes revealed that although the W chromosome
of D. saccharalis is heterochromatic, as in most Lepidoptera (Traut et al. 2007), it is not
highly enriched on satDNAs in comparison to other chromosomes. Although we
identified eight satDNAs slightly overrepresented on female genome in comparison to
male these repeats did not reveal evident enrichment on W chromosome, and the genomic
abundance variation observed could represent only interindividual variability, not sex
related. On the other hand, it was quite evident the higher enrichment of the two TEs

mapped by FISH on the W chromosome of D. saccharalis in comparison to other
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chromosomes, decorating its entire extension. This reveal involvement of TEs in the
degeneration of the W chromosome and its differentiation to the Z chromosomes in the
species. Occurrence of TEs on W chromosomes were noticed in the lepidopterans,
Bombyx mori (Abe et al. 2005) and Ephestia kuehniella (Traut et al. 2013).

Altogether, our data reveal dynamism of general karyotype and repetitive DNAs on
the genome of D. saccharalis. This dynamism is resultant of chromosomal fusion events
and spreading or local amplification of the distinct repetitive DNAs. The high incidence
fusions in the karyotype of D. saccharalis resulted also in the emergence of the multiple
neo-sex chromosome system W.Z.Z. (female)/Z:Z.:Z.Z. (male), in which the W
chromosome degenerated and differentiated to the rest of the genome essentially by the
accumulation of TEs, giving new insights about evolution of sex chromosomes on
Lepidoptera. Finally, as the repetitive DNAs is a difficult part of the genome to be
assembled, our data will help for future improvements in the genome sequencing and

assembly of this important pest species.
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Figures

Figure 1. Analysis of general chromosomal characteristics of Diatraea saccharalis
karyotype. Spreads of mitotic chromosomes from wing discs of male (a) and female (b)
larvae labeled for telomeric probe with 2 = 34 and 2n = 33, respectively. In (b) the
chromosome W is indicated and highlighted in the inset. Note the presence of an
interstitial telomeric site on this chromosome. (c) mitotic metaphase spread from ovary
probed for 18S rDNA. The inset show the small autosome that harbor the rDNA cluster
containing an evident constriction (white dots). The W chromosome is indicated. (d)
Female pachytene with identification of telomeres. In the sex chromosome it is possible
to observe interstitial signal for telomeric probe, indicated in the schematic representation
in the right side. Observe the W chromosome with deeply staining for DAPI. (e-h)
Selected sex chromosomes showing the distribution of the telomeric signals; (e) DAPI,
(F) telomeric signals indicated by red arrowheads, (g) merge, (h) schematic

representation.
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Figure 2. Sex chromosomes characterization of Diatraea saccharalis. (a-€) Comparative
genomic hybridization in pachytene from oocytes, the sex chromosomes were selected.
(a) DAPI staining, (b) female-derived genomic probe, (c) male-derived genomic probe,
(d) merged probed and DAPI, (e) schematic representation of sex chromosomes. (f-1) two
color FISH for W-derived probe (green) and telomeric probe (red) in pachytene oocyte.

() the complete pachytene, (g) selected sex chromosomes stained with DAPI, (h) W-
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derived probe hybridization, (i) telomeric probe hybridization (the signals corresponding
to sex chromosomes are indicated by red arrowheads), (j) merged image for W-painting
probe and telomere signals, (k) merged image for probed and DAPI counterstaining, (1)
schematic representation of the sex trivalent. In (f) the inset shows a selected sex trivalent
WZ:1Z, from a nurse cell of a female ovary. (m-0) Zoo-FISH of W-chromosome from D.
postlineella in female pachytene of D. saccharalis. (m) Chromosomes counterstained in
DAPI, (n) W-derived probe from D. saccharalis and (0) W-chromosome probe from D.
postlineella. Note signals of W-painting probe from D. postlineella spread along the

entire extension of the W chromosome of D. saccharalis, but with faint signal.
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chromosomal (c-f) characterizations. (a) satDNAs landscape (mean of abundance versus
K2P divergence of male and female genomes). Note two peaks of abundance, one with
K2P divergence of 0 and the second between 6-10. (b) Comparative abundance of each
satDNA family in male and female genomes. Observe the slightly higher abundance of
eight of the satDNA families in female genome. (c-f) FISH mapping of four satDNAs
(green) and W-painting probe (red) on female pachytene. The satDNAs mapped are
indicated directly in each panel. The white arrows point the W sex chromosome and the
green arrowheads in (c,e) the single cluster for two of satDNAs. Observe in (d,f) the two

satDNAs virtually distributed homogeneously in all chromosomes.
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Figure 4. TEs on the genome of Diatraea saccharalis. (a) subtractive landscape
(abundance versus divergence) obtained from female and male genomes. Abundance
values are the difference between female minus male genomes. Positive values indicate
overabundant sequences in female genome and negative values overabundant sequences
on male genome. Observe overabundance of some TEs with low divergence in female
genome, suggesting recent amplification. (b,d) FISH mapping of two TEs elements (red)
and W-painting probe (green) on pachytene oocytes. The white arrows show the sex
chromosomes. In (c,e) sex chromosomes from female pachytenes were selected to show
in detail the distribution of the two TEs.
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Tables

Table 1. General characteristics, including, satDNA name, monomer size, A+T content,
abundance, abundance ratio between female/male genomes and divergence, for the 14
satDNA families identified in the genome of Diatraea saccharalis.

satDNA ID Size (bp) A+T (%) Abundance (%) Abundance ratio Divergence (%)
female/male (%0)

Female Male Female Male
DsaSat01 30 53.4 0,0570 0,0524 1,0878 9,44 9,03
DsaSat02 774 67.3 0,0504 0,0553 0,9114 17,85 17,6
DsaSat03 32 53.1 0,0425 0,0436 0,9748 12,41 12,39
DsaSat04 901 59.4 0,0184 0,0155 1,1871 3,96 6,05
DsaSat05 1327 66.7 0,0174 0,0196 0,8878 6,98 6,07
DsaSat06 182 70.3 0,0082 0,0087 0,9425 7,10 7,75
DsaSat07 294 70.5 0,0050 0,0045 11111 4,22 3,56
DsaSat08 338 61.8 0,0036 0,0023 1,5652 8,81 4,34
DsaSat09 59 47.5 0,0036 0,0035 1,0286 8,73 8,59
DsaSat10 84 72.5 0,0035 0,0030 1,1667 17,92 18,04
DsaSat11 12 50.0 0,0020 0,0017 1,1765 9,45 8,58
DsaSat12 179 62.0 0,0016 0,0025 0,6400 4,82 4,04
DsaSat13 134 67.9 0,0016 0,0013 1,2308 10,26 8,96

DsaSat14 94 39.4 0,0002 0,0002 1,0000 4,95 4,57
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Table 2. Main TEs classes recovered from the genome of Diatraea saccharalis and their
characteristics, including number of elements, genome abundances and abundance ratio

between female/male genomes.

TE Class Number of Elements  Genome abundance (%0) Abundance ratio (female/male)

Female Male Female Male
LINE 3179 3156 11,41721 10,37860 1,10007
Helitron 2294 2293 10,79091 10,75877 1,00299
DNA 1921 1916 7,07904 6,87058 1,03034
LTR 2139 2098 6,67902 5,58523 1,19584
SINE 380 381 3,39406 3,50060 0,96957
Unknown 391 388 1,98161 2,08621 0,94986
Retroposon 1 1 0,00448 0,00492 0,91057

RC 1 1 0,00014 0,00001 14,00000
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Supplementary Material

Supplementary Figure 1. Polyploid nuclei obtained from Malpighian tubule cells from
(a) male and (b) female larvae. The material was stained with Lacto-acetic orcein. The

arrow in (b) points the deeply stained W chromatin body.
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Supplementary Table 1. DNA sequences oligos designed to obtain probes for the repetitive DNAs prospected for the first time in this work.

Asterisks show oligos directly labelled with biotin-14-dATP to be used as probes.

Sequence names

satDNAs

Oligos

DsaSat01-30*
DsaSat02-774

DsaSat03-32*
DsaSat04-901

DsaSat05-1327

DsaSat07-294*
DsaSat08-338*
DsaSat10-84*
DsaSat11-12*
DsaSat13-134*

TCTGATGTCAACGTCAAATGCCGTGACACTTCTGATGTCAACGTCAAATGCCGTGACACT

F: AAATCGGTCTAAGGTTCGCG

R: CTACCCGATCCTGAACCTCC

ATCTGAGTGTCATGACACTTCATGTGACGTCGATCTGAGTGTCATGACACTTCATGTGACGTCG

F: TCATTGTATACAGATAGTGATTT

R: CTCGTTAACTAACCGTATATC

F: GTTGCAACAGATCCCACACC

R: GCCGTCTTACTTACTGAGCG
TTACATAACGAACATAACTTGACGACTTTTAAAGCAGAGATTGATATTTTTCTTCAAACAGAAATGCTCAGTCAGTTCTTTTTCAAAACGTTGTCTGCAC
TTTCAACAACAATAAAAACAAAGTATGTTTTACCTGAAGAATGGCGAGACCTTATTTTGCCACGGATCAACATAGGATCTATTCCCTCCAGTTAAAAAAT
AGAAATCACAGACATATGGTCTTTCATTAGTATGTATCCTTTTATGTACGACTAAATTACTTCTTTGAGTAAATGATTTATTAC
CAGTTGAGTCGACAGTTGAGTCGACAGTTGAGTCGA
TGCTTAATTACATTATTGAAGAAGGCATGAGACTCTTTGAGAAAGGGTTTTCGTGTTATTAAACATTTGTAAATGGACAGTACTCTGCAGAAGCAATATC

TEs
Helintron/Unknown

DNA/TcMAr-Stowaway

F: GTGCCACAATTGCTGCCAA

R: GCATGCGGCTACTTCCAGA

F: TCAAACGCAAGAAATAGCAATTTTTA
R: AAGGATGCTGACATCAGTATTAAG
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abundance, abundance ration between female/male genomes and genome divergence.

Supplementary Table 2. General characteristics of TES prospected in the genome of Diatraea saccharalis. It includes number of elements, genome

TE Class/Superfamily

Number of Elements

Genome abundance (%)

Abundance ratio (female/male)

Genome divergence (%)

Female Male Female Male Female Male
DNA hAT-Blackjack 115 115 0,99100 1,03027 0,96189 8,14 8,11
DNA 179 180 0,91327 0,88745 1,02909 9,52 10,06
hAT-Charlie 223 223 0,81968 0,85343 0,96045 11,08 10,96
TcMar-Mariner 149 148 0,62801 0,62302 1,00800 7,16 7,40
TcMar-Tcl 106 105 0,54815 0,46269 1,18469 6,46 7,42
PIF-Harbinger 125 125 0,42668 0,43617 0,97822 9,76 9,97
hAT-Tip100 150 150 0,37346 0,36075 1,03522 11,47 12,08
hAT-Ac 101 100 0,29146 0,27603 1,05593 7,66 8,33
P 50 50 0,19702 0,18807 1,04761 7,71 7,88
Zator 65 65 0,17696 0,18267 0,96877 13,20 13,41
hAT 51 51 0,15992 0,14471 1,10510 9,06 9,85
CMC-EnSpm 47 47 0,14996 0,14349 1,04510 7,85 7,89
DNA? 15 15 0,11228 0,10939 1,02644 6,29 6,64
TcMar-m44 26 26 0,11291 0,07673 1,47147 4,72 6,87
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CMC-Chapaev-3
CMC-Transib
PIF-Spy
PiggyBac
MULE-MuDR
hAT-hATm
Ginger-2
Sola-1
TcMar-Fotl
Sola-2
Maverick
Ginger
Academ-1
MULE-MuDR?
Academ
TcMar-Tigger
CMC-Chapaev
hAT-hATX
Kolobok-Hydra

18
13
59
33
25
22
42
43
21
20
13
20

15
21

16

35
18
13
60
34
24
22
40
43
21
18
13
20

15
21

16

0,09959
0,09122
0,09505
0,08872
0,08249
0,07582
0,06376
0,06245
0,06151
0,04356
0,04856
0,03142
0,02740
0,02693
0,02584
0,02611
0,02145
0,02200
0,01612

0,09316
0,08269
0,07089
0,07775
0,07799
0,07708
0,06351
0,05967
0,05729
0,04715
0,01888
0,03235
0,02987
0,02929
0,02865
0,02655
0,02244
0,02118
0,01736

1,06900
1,10315
1,34085
1,14107
1,05771
0,98365
1,00395
1,04670
1,07365
0,92389
2,57230
0,97122
0,91735
0,91947
0,90208
0,98337
0,95611
1,03839
0,92877

4,42
6,80
3,91
4,82
9,34
3,63
11,90
10,52
6,67
7,00
6,03
6,67
9,53
4,58
11,45
13,15
17,08
8,83
2,15

4,76
7,33
4,78
5,77
9,55
3,69
12,35
11,70
6,91
6,74
10,57
7,29
10,47
4,48
11,57
13,37
17,55
9,91
2,01
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Crypton-V
hAT-hAT19
Zisupton
Novosib
hAT-hAT5
Kolobok-E
PIF-ISL2EU?
TcMar-Pogo
Ginger-1
hAT?

Sola
TcMar-Tcd
Dada
Kolobok-T2
Crypton-S
PIF-Harbinger?
Merlin
CMC-EnSpm?
hAT-hobo

NN N OO W, RN O N, oo o

N N OO, W, W N0 N oo N o

0,01513
0,01341
0,01302
0,01028
0,00915
0,00934
0,01098
0,00851
0,00817
0,00657
0,00642
0,00608
0,00553
0,00545
0,00492
0,00485
0,00501
0,00449
0,00421

0,01319
0,01267
0,01314
0,00960
0,01035
0,00952
0,00581
0,00834
0,00796
0,00667
0,00622
0,00535
0,00559
0,00527
0,00542
0,00529
0,00468
0,00534
0,00412

1,14695
1,05905
0,99076
1,07102
0,88405
0,98038
1,89000
1,02054
1,02678
0,98506
1,03273
1,13659
0,99008
1,03504
0,90735
0,91657
1,07206
0,84023
1,02220

5,94
7,76
8,86
4,84
4,22
4,24
2,90
10,44
6,66
11,30
6,69
12,32
16,31
7,56
4,71
13,82
10,08
18,70
11,10

6,74
8,93
9,74
4,48
3,71
4,26
2,64
9,30
7,12
12,57
7,26
13,02
16,86
7,68
3,62
13,29
11,73
18,67
12,02
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MULE-NOF 1 1 0,00329 0,00320 1,02874 6,25 4,93
Crypton-H 4 4 0,00312 0,00257 1,21578 14,73 16,68
TcMar-ISRm11 3 3 0,00296 0,00187 1,58209 5,79 10,47
TcMar-Antl 1 1 0,00207 0,00195 1,06188 19,54 19,95
Crypton-A 1 1 0,00075 0,00403 0,18504 19,97 17,92
Crypton 2 2 0,00178 0,00170 1,05201 16,58 17,62
PIF-ISL2EU 1 1 0,00084 0,00068 1,24948 14,80 9,73
TcMar-Stowaway 1 1 0,00051 0,00011 4,68729 0,97 0,10
TcMar-Cweed 1 1 0,00038 0,00031 1,24470 10,08 17,24
PIF-HarbS 1 1 0,00032 0,00022 1,49917 4,04 4,91
TcMar-Sagan 1 1 0,00025 0,00011 2,23718 3,60 7,09
Academ-2 1 1 0,00022 0,00012 1,88486 4,17 6,22
IS3EU 1 1 0,00020 0,00010 1,91933 0,36 0,00
Sola-3 1 1 0,00005 0,00023 0,21353 13,09 0,47
TcMar-Tc2 1 1 0,00002 0,00028 0,08766 0 1,31

Total 1921 1916 7,07904 6,87058 1,03034

LINE L2 975 964 3,90321 3,37825 1,15539 6,86 7,52
R1 261 256 1,16609 1,09104 1,06879 7,73 7,85
CR1 418 415 1,04753 0,90206 1,16127 6,76 7,48
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RTE-RTE
Penelope
RTE
RTE-BovB
I

R1-LOA
I-Jockey
CR1-Zenon
L1

Proto2
Dong-R4
R2

CRE
RTE-X
CR1?
Dualen
Rex-Babar
Tadl

L2?

313
66
230
250
166
67
158
57
22
75
42

w o o1k O © N

312
66
230
250
166
67
156
57
24
74
42

w o1 o1 kO © N

0,95611
0,86303
0,82707
0,58696
0,59965
0,48594
0,33545
0,21808
0,13953
0,10620
0,05698
0,03490
0,02128
0,01735
0,01033
0,01201
0,00837
0,00465
0,00397

0,94384
0,79938
0,80980
0,58228
0,54297
0,45382
0,27500
0,19606
0,14645
0,07751
0,05738
0,03818
0,02275
0,01604
0,01079
0,00660
0,00838
0,00532
0,00389

1,01300
1,07961
1,02133
1,00803
1,10438
1,07078
1,21984
1,11231
0,95276
1,37011
0,99313
0,91407
0,93546
1,08183
0,95691
1,82000
0,99835
0,87399
1,01944

8,24
6,34
9,14
11,85
4,42
5,99
8,01
7,45
8,71
6,65
6,73
10,51
10,65
12,12
9,28
5,05
7,00
13,02
8,60

8,57
6,85
9,62
12,37
4,75
5,45
8,02
8,31
8,80
8,47
7,47
10,50
11,39
13,51
9,33
7,28
6,94
12,97
8,84
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CRE-Odin 3 3 0,00294 0,00266 1,10734 9,44 11,26
[-Nimb 4 4 0,00282 0,00259 1,08842 3,12 3,66
Jockey 5 5 0,00290 0,00241 1,20524 7,79 6,85
L1-Tx1 7 6 0,00258 0,00191 1,35166 8,61 12,77
R2-Hero 1 1 0,00066 0,00059 1,12228 2,66 3,05
R2-NeSL 2 2 0,00032 0,00034 0,95546 6,35 11,83
L1-DRE 1 1 0,00029 0,00032 0,90834 13,66 15,66

Total 3179 3156 11,41721 10,37860 1,10007

SINE tRNA-RTE 181 181 2,00833 2,08188 0,96467 13,35 13,39
5S-Deu 144 145 0,98552 0,99855 0,98695 14,26 14,55
tRNA-Deu 17 17 0,11201 0,12005 0,93300 10,76 10,79
tRNA 15 15 0,08611 0,08401 1,02504 7,08 7,12
tRNA-Meta 4 4 0,07458 0,07779 0,95862 9,89 9,59
ID 3 3 0,03983 0,04216 0,94481 14,03 14,24
tRNA-V-CR1 2 2 0,04027 0,03973 1,01355 15,85 16,29
tRNA-Deu-L2 8 8 0,03746 0,03750 0,99897 12,64 12,99
Alu 1 1 0,00473 0,01406 0,33634 14,68 15,07
SINE? 1 1 0,00191 0,00218 0,87436 22,78 23,69
tRNA-Deu-I 2 2 0,00190 0,00188 1,01272 17,59 19,46
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tRNA-I 1 1 0,00098 0,00056 1,74996 5,90 5,85
B2 1 1 0,00043 0,00025 1,74817 11,41 11,55
Total 380 381 3,39406 3,50060 0,96956
LTR Gypsy 791 772 2,99455 2,33603 1,28190 3,78 4,14
Pao 745 729 1,98513 1,67776 1,18320 3,69 3,80
Copia 329 326 0,65740 0,62952 1,04430 6,18 6,74
LTR 55 54 0,44095 0,40795 1,08090 8,77 9,32
DIRS 169 168 0,33289 0,22765 1,46226 4,57 5,02
ERV1 21 20 0,19476 0,20492 0,95044 7,13 7,03
Caulimovirus 19 19 0,03457 0,06118 0,56508 10,84 14,34
ERVK 5 5 0,02225 0,02231 0,99765 10,14 10,29
Ngaro 2 2 0,01150 0,01282 0,89696 18,73 18,24
Unknown 3 3 0,00500 0,00509 0,98256 11,39 12,20
Total 2139 2098 6,67902 5,58523 1,19584
Helitron Unknown 2294 2293 10,79091 10,75877 1,00299 9,41 9,78
RC Helitron-2 1 1 0,00014 0,00001 13,34489 6,78 20,84
Retroposon 1 1 0,00448 0,00492 0,91238 7,06 7,28
Unknown 391 388 1,98161 2,08621 0,94986 8,84 8,77
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5. CONCLUSOES FINAIS

Nossos dados revelam o dinamismo do cariétipo geral e DNAS repetitivos no genoma de
Diatraea saccharalis. Esse dinamismo ¢é resultante de eventos de fusdo cromossémica e
disseminacéo ou amplificagéo local dos distintos DNAS repetitivos. A alta incidéncia de
fusdo no cariodtipo de D. saccharalis resultou também no surgimento de um sistema neo-
sexual multiplo WZ.Z. (fémea)/ Z.Z.Z.Z. (macho), no qual o cromossomo W degenerado
e diferenciado do resto do genoma, essencialmente pelo acimulo de TEs, possibilitou
novos insights sobre a evolucdo dos cromossomos sexuais em Lepidoptera. Finalmente,
como 0s DNAs repetitivos sdo uma parte dificil de montagem no genoma, nossos dados
contribuem em futuras melhorias no sequenciamento e montagem do genoma dessa

importante espécie praga.
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