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RESUMO

PEREIRA, Jaqueline Amorim, D.Sc., Universidade Federal de Vigosa, outubro de 2022.
Evolucao da c-heterocromatina baseada no estudo de sequéncias de DNA repetitivo em
abelhas do género Melipona e Trigona (Apidae: Meliponini). Orientadora: Denilce
Meneses Lopes. Coorientadora: Tania Maria Fernandes Salomao.

A heterocromatina constitutiva (c-heterocromatina) esta relacionada a estabilidade dos
cromossomos, formagdo de centrdmeros e telomeros. Sua composicdo € basicamente de
sequéncia de DNA repetitivo, como DNA satélite (DNAsat) e elementos transponiveis (TE).
Essas sequéncias estdo sujeitas a rapidas modificacOes, as quais podem influenciar na
evolugdo da c-heterocromatina e do genoma das espécies. Em Meliponini, abelhas sem ferrao,
normalmente as espécies apresentam um dos bragos cromossdmicos com grandes blocos de
c-heterocromatina, como ocorre no género Trigona. Entretanto, o género Melipona é uma
excecao a esse padrdo, com espécies em que a c-heterocromatina ocupa quase toda a extensao
dos cromossomos (alto conteddo de c-heterocromatina) e espécies com pouca quantidade de
c-heterocromatina (baixo conteido de c-heterocromatina), sendo nesse caso restrita a regiao
centromérica e pericentromérica dos cromossomos. Devido a essas caracteristicas
cromossomicas, as espécies dos géneros Melipona e Trigona sao um modelo pertinente para
estudar a evolugdo da c-heterocromatina, a partir da abordagem de sua composicao molecular.
Desse modo, no capitulo I, caracterizamos as sequéncias de DNA repetitivo dos cromossomos
de duas espécies de Melipona, Melipona (Michmelia) scutellaris, com alto conteido de c-
heterocromatina e Melipona (Melipona) quadrifasciata, baixo conteido de c-
heterocromatina, por meio do sequenciamento gendmico, métodos de bioinformética e
citogenética. Nossos dados revelaram que a composi¢do da c-heterocromatina € diferente
entre as duas espécies analisadas e a amplificacdo dessa regido nos cromossomos de M.
scutellaris é decorrente da intensa amplificacdo de familias especificas de DNA repetitivo.
No capitulo II estendemos as andlises anteriores para representantes de diferentes subgéneros
de Melipona: Melipona (Michmelia) mondury, Melipona (Melikerria) interrupta, Melipona
(Melikerria) fasciculata, Melipona (Eomelipona) bicolor, com alto e baixo conteido de c-
heterocromatina. A composi¢do da c-heterocromatina mostrou diferente entre os quatro
subgéneros e isso foi decorrente de mudangas quantitativas na biblioteca de DNAsat das
espécies. Os subgéneros com baixa proporcao de c-heterocromatina (Eomelipona e Melipona)

apresentaram baixa abundancia de DNAsat, enquanto o oposto € observado em espécies com



alto conteido (Michmelia e Melikerria). Notamos, que a amplificacdo da c-heterocromatina
ocorreu de forma independente em Michmelia e Melikerria, e esse processo foi decorrente de
duas familias de DN Asat que forma amplificadas de forma diferente em cada subgénero. No
capitulo III usamos diferentes técnicas, enzimas de restricdo, sequenciamento de genoma,
andlises de bioinformadtica e hibridizacdo fluorescente in situ, com intuito de identificar as
sequéncias que estdo contribuindo para evolucdo da c-heterocromatina em Trigona.
Identificamos uma familia de DNAsat altamente abundante do genoma de Trigona hyalinata
como um dos principais constituintes da c-heterocromatina dessa espécie, bem como de
espécies pertencentes ao clado B. Essa familia ndo foi observada em nenhuma espécie
analisada do clado A. Desse modo, a c-heterocromatina em Trigona estd evoluindo de forma
diferente entre clado A e B, e isso € decorrente da modificacdo da biblioteca de DN Asat ao

longo do tempo.

Palavras-Chave: Genoma. DNA repetitivo. RepeatExplorer. Citogenética.



ABSTRACT

PEREIRA, Jaqueline Amorim, M.Sc., Universidade Federal de Vigosa, October, 2022.
Evolution of c-heterochromatin based on the study of repetitive DNA sequences in bees
of the genus Melipona and Trigona (Apidae: Meliponini). Advisor: Denilce Meneses
Lopes. Co-advisor: Tania Maria Fernandes Salomao.

Constitutive heterochromatin (c-heterochromatin) is related to chromosome stability,
centromeres and telomeres formation. Its composition is basically a repetitive DNA sequence,
such as satellite DNA (DNAsat) and transposable elements (TE). These sequences are subject
to rapid modifications, which can influence the evolution of c-heterochromatin and the
genome of the species. In Meliponini, stingless bees, the species normally have one of the
chromosome arms with large blocks of c-heterochromatin, as in the genus Trigona. However,
the genus Melipona represents an exception to this pattern, with species in which c-
heterochromatin occupies almost the entire length of the chromosomes (high content of c-
heterochromatin) and species with little amount of c-heterochromatin (low content of c-
heterochromatin). Due to these chromosomal characteristics, the species of the genera
Melipona and Trigona are relevant model to study the evolution of c-heterochromatin based
on its molecular composition. Thus, in chapter I, we characterized the repetitive DNA
sequences of the chromosomes of two species of Melipona, Melipona (Michmelia) scutellaris,
with high c-heterochromatin content and Melipona (Melipona) quadrifasciata, low c-
heterochromatin content, through of genomic sequencing, bioinformatics and cytogenetics
methods. Our data revealed that the composition of c-heterochromatin is different between
the two analyzed species and the amplification of this region in the chromosomes of M.
scutellaris is due to the intense amplification of specific families of repetitive DNA. In chapter
IT we extend the previous analyzes to representatives of different subgenera of Melipona:
Melipona (Michmelia) mondury, Melipona (Melikerria) interrupta, Melipona (Melikerria)
fasciculata, Melipona (Eomelipona) bicolor, with high and low c-heterochromatin content.
The composition of c-heterochromatin showed differences between the four subgenera and
this was due to quantitative changes in the satDNA library of the species. The subgenera with
a low proportion of c-heterochromatin (Eomelipona and Melipona) showed a low abundance
of satDNA, while the opposite is observed in species with a high content (Michmelia and
Melikerria). We noticed that the amplification of c-heterochromatin occurred independently

in Michmelia and Melikerria, and this process was due to two families of satDNA that were



amplified differently in each subgenus. In chapter III we used different techniques, restriction
enzymes, genome sequencing, bioinformatics analysis and fluorescent in sifu hybridization,
in order to identify the sequences that are contributing to the evolution of c-heterochromatin
in Trigona. We identified a family of highly abundant satDNAs from the genome of Trigona
hyalinata as one of the main constituents of c-heterochromatin of this species, as well as of
species belonging to the clade B. This family was not observed in any analyzed species from
clade A. Thus, c-heterochromatin in 7Trigona is evolving differently between clade A and B,

and this is due to the modification of the satDNA library over time.

Keywords: Genome. Repetitive DNA. RepeatExplorer. Cytogenetics.
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1. INTRODUCAO

1.1 Heterocromatina

A heterocromatina foi identificada pela primeira vez por Heitz, ao analisar o
comportamento dos cromossomos durante a divisdo celular (HEITZ, 1928). Em suas andlises
foi notada a presencga de duas regides distintas nos cromossomos: a eucromatina, com diferentes
graus de condensacdo, e a heterocromatina, apresentando-se condensada ao longo do ciclo
celular. A heterocromatina, por sua vez, pode ser classificada em heterocromatina facultativa e
heterocromatina constitutiva (LIU; ALI; ZHOU, 2020; PIMPINELLI; GATTI; DE MARCO,
1975). A heterocromatina facultativa constitui uma regiao dos cromossomos que contém genes,
de modo que a sua condensacdo varia ao longo do desenvolvimento do organismo. Por outro
lado, a heterocromatina constitutiva (c-heterocromatina) é caracterizada por ser pobre em genes
e apresentar maior grau de condensacdo que a eucromatina. A c-heterocromatina apresenta
importante papel na manutencdo da estabilidade dos cromossomos, formagdo de centromeros,
pareamento e segregacio de cromossomos durante a divisao celular (ALLSHIRE; MADHANI,
2018; LIU; ALIL; ZHOU, 2020).

O estudo da c-heterocromatina tem demonstrado que essa regido € constituida
preferencialmente por sequéncias de DNA repetitivo, como por exemplo, as repeticdes in
tandem, que incluem o DNA satélite; e as sequéncias dispersas, como elementos transponiveis
(BOSTOCK, 1980; CHARLESWORTH; SNIEGOWSKI; STEPHAN, 1994; RICHARD;
KERREST; DUJON, 2008). Devido a sua constitui¢do, a c-heterocromatina pode exibir rapida
modificacdo ao longo do tempo, o que pode refletir na evolu¢do do genoma e das espécies
(FERREE; PRASAD, 2012; GARRIDO-RAMOS, 2017; HUGHES; HAWLEY, 2009).

1.2 Elementos Transponiveis

Os elementos transponiveis (TEs), foram identificados por Barbara McClintock, quando
conduzia experimentos com milho e observou mudancgas no padrio de coloracdo dos graos apos
os cruzamentos (MCCLINTOCK, 1950, 1951, 1956). Diante desses resultados ela concluiu que
existiam ‘“‘elementos controladores” que se moviam pelo genoma e podiam influenciar a
atividade dos genes e consequentemente nas caracteristicas fenotipicas (MCCLINTOCK, 1950,
1951, 1956). Dentre as caracteristicas dos TEs estdo a localizag@o dispersa e a capacidade de se
mover pelo genoma, replicar e multiplicar (WICKER et al., 2007). Como consequéncia disso,
essas sequéncias contribuem para modulacdo da arquitetura gendOmica e evolucdo

cromossdmica, ja que podem facilitar a ocorréncia de mutagdes € rearranjos cromossomicos
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(GRABUNDZIJA et al., 2016; GRAY, 2000; KLEIN; O’NEILL, 2018). Os TEs podem estar
envolvidos na regulacdo génica, alterando os padrdes de transcricdo quando inseridos nas
regides ocupadas por genes (CARBONE et al., 2014; STUART et al., 2016). Além disso, essas
sequéncias podem exibir proporcao variada no genoma de diferentes espécies e isso pode estar
relacionado com o tamanho genoma (GREGORY, 2005; ZUCCOLO et al., 2007).

Usualmente TEs sdo divididos em duas classes de acordo com os mecanismos de
transposicdo (WICKER et al.,, 2007). Os elementos da classe I, sdo chamados de
retrotransposons e realizam transposi¢do através de um RNA intermediério e da acdo de uma
transcriptase reversa. Os retrotransposons podem ser divididos em dois grupos, devido a
presenca ou ndo de repeti¢des terminais longas (L'TR) nas extremidades. Os elementos da classe
II, s@o conhecidos como transposons, € usam DNA para transposi¢do. Elementos da classe II
podem codificar o gene da transposase, que normalmente € flanqueado por repeti¢des terminais
invertidas (TIR) (WICKER et al., 2007).

Os TEs estdo sujeitos a modificagdes epigenéticas a fim de minimizar sua atividade de
transposi¢do, como exemplo o mecanismo de metilagdo na lisina 9 da histona H3, o que resulta
em uma regido condensada e inativa (LIPPMAN; MARTIENSSEN, 2004; SLOTKIN;
MARTIENSSEN, 2007). Desse modo, essas sequéncias contribuem para formacdo da c-
heterocromatina, regidao na qual essas sequéncias predominam (LIPPMAN; MARTIENSSEN,
2004; MARSANO; DIMITRI, 2022; SLOTKIN; MARTIENSSEN, 2007). Alguns estudos vém
demonstrando uma relacao entre TEs e DNA satélite, com a tendéncia de TEs invadirem regides
de DNA satélite (MESTROVIC et al., 2015). Nos centrdmeros, por exemplo, foi relatado que
os TEs podem participar da sua formagdo e funcionalidade quando se misturam com o DNA
satélite presente nessa regidao (LI et al., 2013). Os TEs também podem ser modelo para formacao
de DNA satélite, apresentando homologias entre eles e contribuindo para a evolugdo dessas

sequéncias (MESTROVIC et al., 2015).

1.3 DNA satélite

Os DNAs satélites (DNAsat) caracterizam como arranjos de sequéncias repetidas in
tandem e sdo classificados de acordo com o tamanho da unidade de repeticdo em microssatélite
(1 — 6pb), minissatélite (7 — 100pb) e satélite (> 100pb) (CHARLESWORTH; SNIEGOWSKI,
STEPHAN, 1994; RICHARD; KERREST; DUJON, 2008). Essas sequéncias foram
primeiramente identificadas por meio de experimentos de ultracentrifugacdo em gradiente de
cloreto de césio, na qual identificou-se duas bandas com diferentes densidades, sendo a banda

menos densa, cerca de 10% do genoma, caracterizada como DNAsat (KIT, 1961; SUEOKA,
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1961). Por meio do uso da técnica de cinética de reassociacdo (Cot-DNA), observou-se que essa
regido apresentava taxa de re-naturagdo maior que o restante do DNA gendmico devido a sua
natureza repetitiva (BRITTEN; DAVIDSON, 1971; WARING; BRITTEN, 1966). O uso dessa
técnica para estudo de sequéncias repetitivas predominou por anos, no entanto por volta de
1980, outra metodologia foi introduzida, o uso de enzimas de restricdo, permitindo isolar uma
sequéncia repetitiva especifica (HORZ; ZACHAU, 1977; SINGER, 1982). Posteriormente
essas metodologias foram atreladas a Hibridizagao Fluorescente in sifu (FISH) e a clonagem,
possibilitando identificar sua localizacdo nos cromossomos € a constituicdo das sequéncias
repetitivas (RATAN et al., 2017).

Ao longo de anos e com avancos dos estudos, o papel do DNAsat no genoma comegou
a ser desvendado (GARRIDO-RAMOS, 2017). Essas sequéncias podem ser encontradas em
quantidade elevada no genoma de algumas espécies, e em geral t€ém sido observadas na c-
heterocromatina e em alguns casos também na eucromatina, ocupando regides centroméricas,
pericentroméricas, subteloméricas e algumas regides intersticiais (GREWAL; JIA, 2007;
RUIZ-RUANO et al., 2016). Mesmo prevalecendo em regides com baixa taxa transcricional,
algumas sequéncias de DNA satélite podem ser processadas em pequenos RNAs, como
piwiRNAs e siRNAs que atuam na regulacdo epigenética do genoma, na formagdo e
manutencdo da c-heterocromatina (BISCOTTI et al., 2015). Além disso, também podem estar
envolvidas no alongamento de teldmeros, formagao de centromeros, montagem do cinetécoro,
pareamento de cromossomos e segregacio cromossdmica (PLOHL; MESTROVIC;
MRAVINAC, 2012, 2014).

Foi postulado que a introducao de uma familia de DNA satélite no genoma, comeca com
a duplicagdo de novo de qualquer sequéncia de dois ou mais pares de bases, seja por
“derrapagem” da polimerase durante a replicagdo ou por reinser¢dao de copias replicadas por
circulo rolante de intermediarios de DNA circulares extracromossomicos (COHEN; SEGAL,
2009; RUIZ-RUANO et al., 2016). Posteriormente, esse novo segmento pode ser disseminado
pelo genoma (RUIZ-RUANO et al., 2016). Apds o estabelecimento dessas sequéncias no
genoma, as repeticdes que compdem uma familia de DNAsat podem mudar rapidamente ao
longo do tempo devido a amplificacdo ou delecdo de suas repeticdes e ao acimulo de mutagdes
(GARRIDO-RAMOS, 2017; PLOHL; MESTROVIC; MRAVINAC, 2012). Isso pode
ocasionar modificacdo no genoma e consequentemente favorecer o isolamento reprodutivo,
contribuindo para a especiagdo (FERREE; PRASAD, 2012; HUGHES; HAWLEY, 2009;
JAGANNATHAN; YAMASHITA, 2021).
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Com a ampliagdo do uso do sequenciamento de nova geracao (NGS), novas informagdes
sobre genomas tém sido fornecidas. No entanto, sempre foi um desafio a caracterizacdo de
sequéncias repetitivas de genomas sequenciados, muitas vezes devido as ferramentas de
bioinformatica disponiveis exigir a montagem completa do genoma (ALTEMOSE et al., 2014;
GARRIDO-RAMOS, 2017). Atualmente o desenvolvimento de novas ferramentas de
bioinformdtica tem auxiliado na identificacio dessas sequéncias, como o pipeline
RepeatExplorer (NOVAK; NEUMANN; MACAS, 2020). Esse método se baseia na
identificacdo e clusterizagdo de reads semelhantes, provenientes de sequenciamento de nova
geragio que foram cortadas aleatoriamente (NOVAK; NEUMANN; MACAS, 2020). Com base
nas semelhancas entre as reads, um gréfico é construido e sua topologia analisada a fim de
identificar sequéncias de DNA repetitivo (NOVAK; NEUMANN; MACAS, 2020). Com isso
0o NGS juntamente com ferramentas de bioinformatica tem permitido a andlise detalhada e
abrangente do conteudo repetitivo do genoma, sendo possivel um estudo minucioso do DNAsat
e TEs, enquanto outras técnicas (uso de enzimas de restricdo) permitiam estudo de apenas
poucas sequéncias. O uso dessas técnicas estd sendo empregado em varios organismos,
incluindo plantas (PAMPONET et al., 2019), insetos (CAMACHO et al., 2022; LIMA; RUIZ-
RUANO, 2022; RUIZ-RUANO et al., 2016), peixes (SERRANO-FREITAS et al., 2020), e
juntamente com a citogenética tem revelando informacdes sobre a evolugdo dessas sequéncias
no genoma, que de modo geral, contribui para o entendimento da c-heterocromatina e dos
Cromossomos.

1.4 Melipona

Melipona Illiger, 1806, compreende um gé€nero da tribo Meliponini (abelhas sem ferrao),
com distribuicao exclusivamente neotropical, rico em espécies, sendo 73 espécies descritas e
43 com ocorréncia no Brasil (CAMARGO; PEDRO, 2013; MICHENER, 2007). Espécies desse
género, assim como outros Meliponideos, constituem importantes polinizadores, ja que coletam
recursos alimentares como pélen e néctar das flores, contribuindo para a reprodugdo das plantas
(GIANNINI et al., 2015).

H4 décadas, esse grupo tem sido alvo de estudos morfoldgicos, filogenéticos e
citogenéticos, contribuindo para ampliar o conhecimento dessas espécies (CAMARGO;
PEDRO, 2013; DA CUNHA et al., 2018; RAMIREZ et al., 2010). Com base em estudos
morfoldgicos, as espécies desse género sao distribuidas em quatro subgéneros: Eomelipona
Moure, 1992, Melikerria Moure, 1992, Michmelia Moure, 1975 e Melipona Illiger, 1806
(CAMARGQO; PEDRO, 2013). Andlises moleculares de genes mitocondriais € nucleares
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corroboram essa classificac@o, e mostram que possivelmente o ancestral mais recente do grupo
existiu a 14-17~ milhdes de anos (RASMUSSEN; CAMERON, 2010).

Estudos citogenéticos, demonstraram que o nimero cariotipico predominante em
Melipona é 2n = 18, com variacdes apenas em Melipona seminigra 1lliger, 1806 com 2n = 22,
Melipona quinquefasciata Lepeletier, 1836 e Melipona rufiventris Lepeletier, 1836, sendo que
as duas dltimas diferem devido a presenca de cromossomos B (CUNHA et al., 2021; SILVA et
al., 2018). Dados obtidos por bandamento C revelaram uma caracteristica peculiar desse grupo
em relacdo a c-heterocromatina, que € distinta dos demais constituintes da tribo (CUNHA et
al., 2021). Na maioria das espécies de Meliponini a c-heterocromatina é restrita a um dos bracos
cromossomicos (COSTA; BRITO; MIYAZAWA, 2004; GODOY; FERREIRA; LOPES, 2013;
MIRANDA; FERNANDES; LOPES, 2013; ROCHA; POMPOLO; CAMPOS, 2003), ja em
Melipona essa regido pode variar quanto a localizacio e quantidade, o que permite a separacao
desse género em dois grupos (LOPES et al., 2008, 2011; ROCHA et al., 2002; ROCHA;
POMPOLO, 1998; ROCHA; POMPOLO; CAMPOS, 2003). O primeiro grupo € constituido de
espécies com baixa quantidade de c-heterocromatina, menor que 50%, localizada na regido
pericentromérica dos cromossomos. Neste grupo encontramos espécies pertencentes aos
subgéneros Eomelipona, Melikerria e Melipona sensu stricto. No segundo grupo, as espécies
possuem alta quantidade de c-heterocromatina, maior que 50%, distribuida em quase toda a
extensdo dos cromossomos. No segundo grupo encontramos representantes dos subgéneros
Melikerria e Michmelia. TAVARES et al (2010) corroboram com essa classificacao
citogenética quando analisaram o conteido de DNA de 15 espécies de Melipona e constataram
que esse grupo possuia variacdo quanto ao tamanho do genoma, que estava relacionado com a
quantidade de c-heterocromatina.

Visto as caracteristicas desse género, alguns estudos vém sendo desenvolvidos visando
a compreensdo da evolucdo da c-heterocromatica nesse grupo de abelhas (CUNHA et al., 2018;
PEREIRA et al., 2021; PICCOLI; BARDELLA; CABRAL-DE-MELLO, 2018;
TRAVENZOLI et al., 2019). Esses estudos, por sua vez revelam que possivelmente o ancestral
putativo desse gé€nero possuia baixo contetido de c-heterocromatina e o alto conteido surgiu
pelo menos duas vezes ao longo da evolugcdo desse género, nas espécies de Michmelia e
Melikerria (CUNHA; CAMPOS; LOPES, 2020; CUNHA et al., 2018; PEREIRA et al., 2021;
PICCOLI; BARDELLA; CABRAL-DE-MELLO, 2018). Além disso a composi¢do da c-
heterocromatina mostra-se divergente entre espécies de Melipona (PEREIRA et al., 2021;
PICCOLI; BARDELLA; CABRAL-DE-MELLO, 2018), assim possivelmente as sequéncias

repetitivas que compdem essa regido estdo evoluindo de forma diferente. Isso é evidenciado
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quando hibridizamos uma sequéncia repetitiva isolada da c-heterocromatina de uma espécie de
Michmelia com espécies dos outros subgéneros e ndo observamos marcacdes (PEREIRA et al.,
2021; PICCOLI; BARDELLA; CABRAL-DE-MELLO, 2018). Além disso, observou-se a
predominancia em quase toda a c-heterocromatina de uma sequéncia de DNA repetitivo,
quando analisadas espécies de alto contetido pertencentes ao subgénero Michmelia (LOPES et
al., 2014; PEREIRA et al., 2021). No entanto, mesmo que os estudos mencionados tenham
contribuido para ampliar o conhecimento da c-heterocromatina em Melipona, a investigacdo da
composi¢do e evolucao dessa regido de forma detalhada € necessaria para entender os processos

que levaram a amplificacdo maciga dessa regiao.

1.5 Trigona
O género Trigona Jurine, 1807, assim como Melipona, também constitui importantes

polinizadores pertencentes a tribo Meliponini, a qual possui 32 espécies descritas, com
distribuicao na Regido Nedrtica e Regido Neotropical (CAMARGO; PEDRO, 2013). No Brasil,
podemos encontrar representantes desse género ao longo de todo o territério (CAMARGO;
PEDRO, 2013). De acordo com dados moleculares e considerando as caracteristicas dos ninhos,
Trigona pode ser dividido em dois clados: A e B, cujo ancestral comum data cerca de 19
milhdes de anos atrds (RASMUSSEN; CAMARGO, 2008; RASMUSSEN; CAMERON,
2010). Esses dois clados englobam 9 grupos: “pallens”, “fulviventris”, “cilipes”, “amalthea”,
“spinipes”, “‘fuscipennis”, “crassipes” e “recursa” (RASMUSSEN; CAMARGO, 2008).

De acordo com os dados citogenéticos, as espécies de Trigona apresentam cariotipo
com numero de cromossomos conservado, sendo 2n = 34, a unica excecdo € Trigona braueri
Friese, 1900 (como Trigona fulviventris) com 2n = 32 (COSTA; BRITO; MIYAZAWA, 2004;
TRINDADE DOMINGUES et al.,, 2005). Diferente de Melipona, a distribui¢dio da c-
heterocromatina é mais semelhante a de outros representantes da tribo, nos quais essa regido se
concentra em um dos bragos cromossomicos (BARBOZA; COSTA, 2021; BARTH et al., 2011;
COSTA; BRITO; MIYAZAWA, 2004; SANTOS et al.,, 2018; FERNANDES; BARTH;
SAMPAIO, 2013; GODOY; FERREIRA; LOPES, 2013; TAVARES et al., 2021;
DOMINGUES et al., 2005). O mapeamento de sonda microssatélites (GA)is e sonda de rDNA
mostrou variagdes entre populagdes de Trigona spinipes (BARBOZA; COSTA, 2021;
TAVARES et al., 2021). Esses microssatélites se localizaram principalmente em eucromatina
e ambas as sondas mostraram variagdes quanto a localizacao e ao niimero de cromossomos que
abrigam essas sequéncias (BARBOZA; COSTA, 2021; TAVARES et al., 2021). A escassez de
trabalhos mostra o qudao pouco se sabe sobre a constituicdo e evolucdo da c-heterocromatina

neste grupo. Desse modo, o estudo com sequéncias repetitivas pode ser uma oportunidade para
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o entendimento da evolugdo dessa regido nos dois grupos, Melipona e Trigona, os quais
possuem grande quantidade de c-heterocromatina distribuida em um padrdao distinto nos
cromossomos. Assim, no capitulo I e II realizamos uma andlise citogendmica de seis espécies
de Melipona, pertencentes aos quatro subgéneros. Nosso objetivo foi investigar a composi¢ao
da c-heterocromatina, bem como as sequéncias e mecanismos envolvidos na amplificacdo e
evolucdo dessa regido.

No capitulo III objetivamos avaliar a evolucdo da c-heterocromatina em espécies do
género Trigona, cujas caracteristicas em relac@o a distribuicao dessa regido se assemelham a
outros géneros de Meliponini. Nesse estudo aplicamos diferentes técnicas, incluindo enzimas

de restri¢ao, sequenciamento de nova geracao e citogenética.
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Abstract

Satellite DNAs (satDNAs) and transposable elements (TEs) are among the main components of constitutive heterochromatin
{e-heterochromating and are related to thewr functionahty, dynamics, and evolution. A peculiar case regarding the quantity
and distribution of c-heterochromatin is observed in the genus of bees. Melipona, with species having a low amount of het-
erochromatin and species with high amoum occupying almost all chromosomes. By combining [ow-pass genome sequencing
and chromosomal analysis, we characterized the smtDNAs and TEs of Melipona guadiifosciaia (low c-heterochromating
and Melipona sewtellaris (high low c-heterochromating to understand c-heterochromatin composition and evolution. We
identified 15 satDNA families and 20 TEs for both species. Significant variations in the repeat landscapes were observed
between the species. In M. guadrifasciata, the repetitive fraction corresponded 1o only 3.78% of the genome library studied,
whereas in M. scutellarts, it represented 54.95%. Massive quantitative and qualitative changes contributed 1o the differential
amplification of c-heterochromatin, mainly due w the amplification of exclusive repetitions in M. scutellaris, as the satDNA
MscuSarl-195 and the TE LTR/Gypsy_1 that represent 38.20 and 14.4% of its genome, respectively. The amplification
of these (wo repeats is evident at the chromosomal level, with observation of their occurrence on most c-heterochromatin,
Moreover, we detected repeats shared between species, revealing that they experienced mainly quantitative variations and
varied in the organization on chromosomes and evolutionary patterns. Together. our data allow the discussion of patterns of
evolution of repetitive DNAs and c-heterochromatin that occurred in a short period of time. after separation of the Mfclmelio
and Melipona subgenera.

Keywords Satellite DNAs - Transposable elements - Repeatome - Stingless bees - Fluorescence in situ hybridization

Introduction by dense condensation, paucity of genes, enrichment of mul-

tiple classes of repetitive DNA, low transcription levels, and

Constitutive heterochromatin (c-heterochromatin domains
correspond o regions of DNA that are fundamental for the
organization of eukaryotic genomes. They are characierized
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late replication compared to euchromatin, Moreover, they
ensure stability, centromere assembly, chromosome pairing,
and segregation during cell division (Allshire and Madhani
2018). Due to the enrichment of repetitive DNA, which
usually presents rupid wrnover in nucleotide sequence and
abundance, c-heterochromatin is highly dynamic (Plohl et al.
201 2; Garrido-Ramos 2017; Liu et al. 2020).

Among the main components of c-heterochromatin are
transposable elements (TEs) and satellite DNA (satDNA)
(Lipez-Flores and Garrido-Ramos 200 2; Lio et al. 20207,
TEs are usually scattered and can multiply in genomes;
moreover, they are mobile and can change position on chro-
mosomes (Bourque et al. 2018; Klein and O°Neill, 201 8).
The satDNAs are characterized as tandem repeats and pener-
ally tend to occupy specific chromosomal positions. mainly
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enriched with c-heterochromatin (Garrido-Ramos 2017).
Molecular mechanisms, such as unequal crossing-over, gene
conversion, intrastrand homologous recombination, ranspo-
sition, slippage rolling circle replication, and re-insertion are
involved in the evolution of satDNAs, In this way, satDNA
members tend to occur with greater intraspecific similarity
and greater interspecific divergence (Dover, 1982 Charles-
worth et al. 1994 Garrido-Ramos 2017). In combination,
the satDMNAs and TEs are subject wo amplificarions, losses,
and nucleotide sequence variation, resulting in qualitative
amd guantitative changes in genomes, which can favor chro-
mosomal evolution by facilitating chromosomal rearrange-
mienis and differentiation between species (Plohl et al. 2012;
Skinner and Griffin 2012; Bourque et al. 2018; Christmas
et al. 2019).

Melipona stingless bees are significant pollinators, with
over 76 species exclusively distributed in the Neotropi-
cal region (Michener 2007; Camargo and Pedro 2013).
The genus is divided into four subgenera, Melipona,
Eomelipona, Melikerria, and Michmelia whose diversifi-
caton occurred ~ [4-17 million years (My) ago (Ramirez
et al. 2010). Chromosomal studies in Meliponag revealed a
neodal dipleid number of 2n= 18, with slight variations to
2n=22, and the cccurrence of B chromosomes (Rocha and
Pompolo 19%98; Lopes et al. 2008; Silva et al. 2018; Cunha
et al. 2020). An intriguing characteristic of Melipona chro-
mosomes is the vast difference in the e-heterochromatin dis-
tribution revealed by classical cytogenetic technigues such as
C-banding. According to the amount of c-heterochromatin,
measured by the relative size of c-heterochromatin blocks
with respect o the whole chromosome length, Meliponea
is artificially divided into two groups. Group T consists of
species with low amounts of c-heterochromatin, less than
50% of the karyotype. located in the pericentromeric region
of the chromosomes. and group I consists of species with
high amounts of c-heterochromatin, more than 50% of the
karyotype, distributed along slmost the entire extension of
the chromosomes, Group I are species belonging to the sub-
penera Eomelipona, Melikerria, and Melipona 5. str, while
group 11 represents Melikerria and Michmelia (Rocha and
Pompolo 1998: Rocha et al. 2002, 2003; Lopes et-al. 2008,
2011). Putatively, as a consequence of variable amount of
c-heterochromatin, the penome size of Melipona is also van-
able. Species with high amounts of c-heterochromatin have
greater genome sizes ranging from 0.7 to 138 pg. while spe-
cies with low e-heterochromatin have genome sizes ranging
from 0.27 to 035 pg (Tavares et al. 2010,

The chromosomal studies. along with the phylogenetic
hypothesis for Melipona, suggested that the putative ances-
tor had low heterochromatin content, and the kigh contemt
appeared at least twice during the evolution of this group
in species of the subgenera Michmelio and Melikerria.
This was proposed becanse Michmelio species wi' Lgn
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heterochromatin content is more phylogenetically related o
species from Eomelipona with low heterochromatin con-
tent than with representatives of Meltkerria that also present
high heterochromatin content | Ramirez et al. 200{; Lopes
eral. 2011; Piccoli etal. 2018; Travenzoli et al. 2019; Cunha
ebal. 2018, 2020; Pereira et al. 2021). The studies show that
the general composition of o-heterochromatin is divergent
between Melipona subgenera, but this information is lim-
ited to the chromosomal mapping of an anonymous repeli-
tive DNA fraction (Ct-DNA), 1o a pnique repetitive DNA
sequence obtained by enzymalic resiriciion, and (o some
microsatellites {Piccoli et al. 20018; Travenzoli et al. 20019
Cunha etal. 2018, 2020; Pereira et al. 2021).

This extensive difference in the amount of e-heterochno-
matin in Melipona provides & unique opporiunity to study
c-heterochromatin evolution from a molecular viewpoint,
elucidating the mechanisms and specific sequences mvolved
in the amplification of this genomic fraction. In this way, we
aimed to advance our understanding of the composition and
evolution of the intriguing o-heterochromatin in Melipona
species. Thus, we performed a detailed analysis of satDNA<
and main TEs, in M. {Melipona ) guadrifasciata of group I
and M. (Michmelia) scutellaris of group 1L We combined
high-throughput low-pass genome sequencing obtained from
the [Humina platform, RepeatExplorer (Novik et al. 2013),
satMiner (Ruiz-Ruano et al. 2006}, and other boinformatics
protocols for repetitive DNA identfication and characteriza-
tion, followed by mapping of repeats on chromosomes. Our
analysis focused on repetitive DNAs putatively related 1o
the differential amplification of c-heterochromatin, revealing
intense amplification of specific repetitive families between
species.

Materials and methods

Species sampling, chromosome preparation,
and DNA extraction

Wi collected larvae and adult bees of M. (Melipona) quad-
rifesciota (MOQUA) and M. (Michmelia) scuvellaris (MSCU)
at two localities, VigosaMinas Gerais, Brazil (207 45" 177 5,
427 32" 377 W) and Encruzilhads/Bahia, Brazil (157 317 53"
5, 407 534" 34" W), respectively. To obiain mitotic chromo-
somes, we dissected the brain ganglia of post-defecating lur-
vae gecording to Imai et al. ( 1988). Whole adults were stored
in absolute ethanol for DNA éxtraction. Genomic DNA of
the two species was obtained vsing the DNeasy kit {Qiagen
Inc.. CA.USA}. according to the manufaciurer’s protocol.
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Genome sequencing and identification of repetitive
sequences

We sequenced the genome of MSCU using Iuming Hiseq
2000 (Inc.., San Diego, CA. USA), oblaining a paired-
end library (23 101 bp) using the service of Macrogen
Inc. (Korea). Sequencing of the MSCU genome pro-
vided 200.720.210 raw reads of 2 101 nt, corresponding
o ~4xof genome coverage. The genomic reads of this
species were deposited in the Sequence Read Archive
(SRA) under accession number PRINATI9201. The
genome of MOUA is available in the SRA database (acces-
sion number SRX972105) and corresponds to the ~ 35 » of
genome size. Similar 1o the MSCU genome, the genome of
MOQUA was sequenced using [Numina Hiseq 2000, obtain-
ing paired-end raw reads (23 101 bp).

To identify the repetitive DNA sequences (satDNAs
and TEs) putatively invalved in the differential amplifica-
tion of heterochromatin between MQUA and MSCU, we
performed gualitative and guantitalive comparative anal-
yses between the two sequenced genomes. To this end,
we used RepeatExplorer2 (Galaxy Version 1.3.1) o per-
form graph-based clustering analysis (Novik et al. 2013),
available on the online public platform hitps:dfrepeatexpl
orer-elivir.cerit-sc.caf/galaxy/ and the saiMiner protocol
(Ruiz-Ruano et al. 20106). available on GitHub (hips:/f
github.com/fjruizruano/satminer). The reads were pre-
processed using “quality trimming tool,” “FASTQ inter-
lace™ on paired-end reads, and “FASTOQ o FASTA™ con-
verter. After pre-processing, to run the satMiner protocol
(Ruiz-Ruano et al. 2016}, we selected 2 x 200,000 reads
of each genome for the first round of clusiering. These
steps were repeated until no satDNAS were identified:; for

this, two more clustering rounds were necessary. adding
2 3¢ 300000 reads and 2w 400,000 reads for each species.
For RepeatExplorer2, we randomly selected 500,000 reads
from each genome (MOQUA and MSCLU). Subsequently, the
clusters were analyzed, and we selected those with linear
structure and Repbase v20.10 (Bao et al, 2015) annota-
tion as putative TEs. For satDNAs, we selected clusiers
with spherical or ring-like shapes and high graphic densi-
ties. The contigs of each cluster were analyzed by dot plot
eraphs using Geneious software v4.8 (Drummond et al.
2009). Sequences that did not have a tandem structure
were considered putative TEs. The TEs were confirmed
by searching for similarity with families of TEs published
in databases such as Repbase v20.10 (Bao et al. 2015).
Sequences showing tandem structures were characierized
as safDNAs. The satDNA and TEs were named according
to the order of abundance in the genomes of each species,
according to Ruiz-Roano et al. (2016),

Computational analysis of satDNAs and TEs

After identification of putative satDNAs and TEs, we com-
pared all satDNA sequences to identify homology between
them and classify as superfamilies. famalies, or variants,
secording (o Ruiz-Ruano et al. (20016), following the same
protocol with RepeatMasker v4.0.5 using a cross-maich
search engine. In addition, we also checked the similarity
berween sequences with the Muscle (Edgar 2004 ) alignment
1ool in Geneious software v4 8 (Drummond et al. 2009).
To verify the relationship between variants of families for
superfamily 1 (5F1; see resulis), we generated a minimum
spanning tree with Arlequin v3i.5 (Excoffier and Lischer
2010). Each indel position wias considered a single change
and represented the relative abundance for MQUA and
MSCU.

To infer sequence abundance and divergence, we used
26 million paired pre-processed reads for both genomes
by guality trimming with the same criteria used for the
previous analyses, The abundance and divergence of each
satDNA and TE sequence in the genome of each species
were estimated using RepeatMasker (Smitet al. 2017). We
inferred the average sequence divergence of the sequences
by applying the Kimura 2-parameter model with the script
calcDivergenceFromAlign.pl within the RepeatMasker
suite. The abundance of each repetitive family was esti-
mated as the proportion of nucleotides aligned with the ref-
erence consensus sequence divided by the size of the library.
Finally. repeat landscapes were generated by comparing the
sequence divergence versus the abundance of each saDNA
and TE sequence among MOQUA and MSCU o check the
temporal amplification patierns.

Primers design and PCR

For chromosomal analysis, we selected satDNAs and TEs
that showed different abundances between species and
those that were species-specific. Thus, we designed prim-
ers o amplify sequences by PCR and synthesized probes
for fluorescence in situ hybndization (FISH) mapping. The
consensus sequence of each family was used for the manual
design of primers for saiDNAs and TEs (Supplementary
Table 51). PCR reactions were conducted vsing 10xPCR
Ran Buffer, 0.2 mM MgCls, 0,16 mM dNTPs, 2 mM of each
primer, 1 U Tag Plafinum DNA Polymerase (Invitrogen, CA,
USA), and 50-100 ng/pl. iemplate DNA. The amplification
of the sequences by PCR used the following conditions: ini-
tial denaturation at 94 °C for 5 min, followed by 30 cycles
at 94 "C (30 8], 35 “C (30 =), and 72 "C (80 8). and one final
extension at 72 °C for 3 min. PCR products were checked
on a 1'% agarose gel. The monomeric bands were isolated
and used as a source of reamplification for further analysis.
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Sequences werg deposited in GenBank under accession
numbers MZDE3437-MZIE34T1.

C-banding and FI5SH chromosomal mapping
of repeats

We followed for C-banding the protocol proposed by Rocha
and Pompoloe (1998) allowing o-heterochromatin detection.
The fluorescence in situ hybridization (FISH) was per-
formed according to Cabral-de-Mello and Marec (2021).
The selected sstDNA and TE sequences were labeled by
the indirect method through nick translation or by PCR
with digoxigenin-11-dUTP (Roche, Mannheim, Germany)
or biotin-14-dATP (Invitrogen). To detect the signal, we
used anti-digoxigenin-rhodamine (Roche Applied Science)
and streptavidin Alexa Fluor 488 (Invitrogen). The chromo-
somes were contrasted with 2° 4-diamidine-2-phenylindole,
dihydrochloride (DAPI), and slides were mounted with
VECTASHIELD (Vector, Burlingame. CA, USA). Meia-
phases were analvzed using an Olympus BX61 microscope
equipped with a fluorescence lamp and appropriate filters.
The images were capiured using a DP70-cooled digital cam-
era in grayscale. The FISH signals were pseudo-colored in
red, and images of chromosomes and signals were combined
and optimized for brightness and contrast using Adobe Pho-
toshop C52 software.

Results

Extensive difference between repeatome
of two Melipona species with high and low
c-heterochromatin content

We identified the heterochromatin of MOQUA restricted to the
pericentromeric region of three metacentric/submetacentric
chromosomes and the short arm of the scrocentric chromo-
some (Fig. La). In contrast. heterochromatin occupied almost
the entire extension of the chromosomes of MSCU (Fig. la),
as previously reported (Rocha and Pompolo 1998). Further-
more, we observed a highly divergent amount of satDNAs
and TE=, berween MOUA and MSCU. The repetitive frac-
tion characterized here comprised only 3.78% of the MOUA
genome library, cortesponding to about 0.0099% Gb of its
(.26 Gb total genome (Tavares et al. 20010). Meanwhile, in
MSCU, the repetitive DNA comprised 54.95% of the genome
Iibrary, corresponding to about 0.58 Gb of its 1.056 Gb total
genome ( Tavares et al. 2000) (Table 1, Fig. Ib.c). In general,
the accumulation (calculated by abundance ) and divergence
(measured by Kimura-2 parameter) among the repeats dif-
fered greatly between species, highlighting the differentia-
tion of repetitive DNA profiles (Fig. 1d).

4 springer

Among all repetitive DNAs, we identified 15 families of
satDNAs, of which 11 were shared between MQUA and
MSCU (Table 1). The sequence monomer length ranged
from 200 to 586 bp, and the A+ T sequence content ranged
from 38.3 to 70%. These satDNAs comprised 2.84% of
the MQUA genome and 38.41% of the MSCU genome
(Table 1. Fig. Ib). The most abundant satDNA in MQUA
(MauaSat0]-386) corresponded o 0.949% of its genome,
representing 23.1 1% of the repetitive DNA genome frac-
tion characterized. In contrast, the most abundant satDNA
in MSCU (MscuSat01-195) presented an abundance of
38.20%, corresponding to 69.53% of the characterized
repetitive DNA sequences, or (403 Gb of the genome of
the species (Fig. 1c). The less abundant saiDNA in MQUA
(MguaSa07-20) represented (0.5741% of the genome, and
in MSCL the lowest abundance was 0.00021% for Mqua-
SatDB - MscuSail 3-306 (Table 1)

For the 11 satDMNAs shared berween the two spe-
cies. we nobiced that the abundance was quite variable,
as follows: seven saiDNA families, specifically Moua-
Sar6_MscuSat02-145, MguaSatdd_MscuSar03-195,
MyuaSar09_MscuSarl2-43, MouaSa02_MscuSat 10-196,
MguaSat05_MscuSatl 1-225, MguaSai03_MscuSat] 2- 146,
and MguaSat08_MscuSatl3-306, were more represented
in the MOQUA genome, whereas four, specifically Mgua-
Sarll_MscuSar05-147, MguaSatl3_MscuSatde- 146,
MguaSatl2_MscuSat07-145, and MguaSatl(_Mscu-
SatlB- 145, were more represented in MSCU genome. The
diffiérences of abundances for the satDNAs dentified in
the two species were from approximately 1.8 fimes more

(MauaSat6_MscuSa2-145) 10 more than one thousand
tmes (MguaSatd3_MscuSatl2-146), both more represented

in the MQUA genome. Two of the four satDNA families
identified in only one species were exclusive for MQUA
(MouaSat0]-586 and MquaSatQ7-20) and two for MSCU
(MscuSatD 1-195 and MscuSat04-115) {Table 11

The average sequence divergence of the 13 satDNA fami-
lies in MQUA was 11.19%, ranging from 1.65 1o 25.830%
(standard deviation of 9%). In MSCU, the average diver-
gence for 13 satDNA families was 14.48%, varying from
211 o 30.3% (standard deviation 7.66%) (Table 1). By
inspecting satDNA landscape plots (abundance versus
divergence ) for each satDNA family, we observed distinet
profiles of amplification, homogeneons (new variants) or dif-
ferentiated [old variants), depending on the repetitive DNA
element (Fig. 2, Supplementary Fig. 1). For the two satDNA
families exclusive of the MSCU genome, we observed two
peaks of sequence abundance for MscuSai]-195. one at
low divergence and the second with higher divergence,
which was more abundant, and for MscuSa(4-113. a single
sequence abundance peak at low divergence was observed
{Fig. 2a). Interestingly, between the two peaks of Mscu-
Sar0l-195, a mediom degree of sequence abundance was
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Table 1 Characteristics of repetitive DNAS (satDMNA and TEx) identified in the penome of teo Melipona species, M. guodrdfecionn (MOUAY
and M. sewtellaris {MSCL). SF: superfamily, ML monomer length, A+T%: A +T sequence contem

Repetitive clemento SF ML A+TH Abundance T Divergence & Abundance { coefficient)
MQLIA MECU MQUA MSCL MSCLIMQUA
Satellite DNA
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Fig.2 Comparative landscapes (abundance versus divergence) for
the satDNAs (a—c¢) and TEs (d.e) identified in the genomes of the two
Melipona species, M. quadrifasciata (MQUA, blue) and M. scurella-
ris (MSCU. red). For landscape plots, the repeat element divergence
in K2P model distance to consensus is showed on the x-axis and the
satDNA abundance on the y-axis. (a) satDNAs exclusively observed
in the genome of only one species, showing distinct patterns of abun-
dances in distinct divergences. (b) satDNAs shared between the
genomes of both species. revealing expected accumulation of repeats
with lower divergence in the species with more abundance of cop-

also observed. For MquaSat01-386 and MguaSai7-20,
which occurred exclusively in the MOQUA genome, we
observed a single peak (Fig. 2a). The peak was in low
divergence for MquaSar01-586 and a higher divergence for
MuyuaSat07-20(Fig. 2a). Concerning the shared satDNAs, as
expected, in the species in which they were more abundant,
they presented a more evident peak with low divergence,
demonstrating the process of amplification (Fig. 2b). The
exception was MouaSard®_MsacuSat09-43, that although
slightly less abundant in the MSCU genome, presenting o
peak with lower divergence in comparison to the peéak in
MOQUA (Fig. Ze).

Our analysis of sequence similarity identified one supet-
family (5F) comprising six ssiDNA families. All saiDMNA
families were shared between the two species, with varia-
tions in the sequence abundance of each family (Table 1).
The six families showed slight variation in the length of
the monomer (145147 bp), so the differences between
them were mainly due 1o the substitution of nucleotides that
varied from 35 to 43 bp. For the family MguaSatd6_Mscu-
Sat02-145, we noticed three sequence variants (named A,

ies: (c) satDNAs shared between the genomes of both species with
an accumulation of repeats with lower divergence in the species with
less copy abundance; (d) TEs shared between species with an accu-
mulation of lower divergent copies in the species with higher abun-
dance for the repeat; (e) TEs shared between the two species with
lower divergence in the species with less abundance for the repeat. In
(b—e), selected examples for the distinct patterns, and the landscapes
for the other repeats can be seen in Supplementary Figs. 1 (satDNAs)
and 2 (TEs)

B. and C), while for the other five satDNA families. only
one variant occurred. Therefore, we constructed a minimum
spanning three (MST) for the six satDNA families belong-
ing 1o 5F1. that included the three variants of MguaSat(6_
MscuSat02-145, and found that one variant of MguaSatDa_
MscuSar(2-145 (varant C) was the probable ancestor for the
other satDMNA families belonging o 5F1 (Fig. 3).
Compared o satDB A, the TE: that conld be character
ized were less abundant in the genome of both Mefipomna. We
identified a toral of 20 elements that represented 0.9432%
of the MOUA and 16.64% of the MSCU genomes {Table 1,
Fig. 1h). All TEs were shared between the (wo species,
except for LTR/Gypey_l. which was exclusively present
in the MSCU genome, accounting for 14.4% of the total
abundance (Table |, Fig. le.dh Among the 19 shared TEs,
seven were more abundant in the MOQUA genome and 12 in
the MSCU genome. Generally. we observed a minor differ-
ence in sequence abundance between the species, ranging
from approximately 1.9 times more (DNAMariner_4 in
MQUA) to approximately 93.5 times more (DNA/MuDR_2
in MSCLT). The only exception was DNAMariner_6, which
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Fig.3 Minimum spanning tree (MST) represcnting the relationships
for the six satDMNA familics (and their variants) belonging w SF1
superfamily in both species of Melipoaa, M. gquadrifsedons (MOLIA,
blue) and M. scirellary (MSCL, red). The sizes of the circles are

had a low abundance (0.58672%) in the MOQUA genome;
it was more than one thousand times more abundant than
MSCU (Table 1} The landscape plots for the TEs were con-
sistent with the putative patterns of more recent sequence
amplification with peaks with lower K2P in species that
present more sequence abundance (Fig. 2d, Supplementary
Fig. 2). Exceptions were observed for DNAMariner ] and
DNA/Mariner_4, which, although more abundant in the
MOUA penome, presented a peak with lower K2P sequence
divergence for MSCU copies (Fig. 2e).

Our similarity analysis between TEs and satDNAs did not
reveal any sequence similarity, suggesting no origin relation-
ships among them. The analysis of satDNA with TEs data-
bases (Repbase} also did not retrieve any significant similar-
iy. For MscuSat01-195 and LTR/Gypsy_1 that presented
migjor abundances and simikar chromosomal distrribution (see
next section), we also compared in detail each clusterfcontig
penerated by RepeatExplorer and no similarity was noticed
between them.

Chromosomal mapping of repetitive DNAs reveals
highly differentiated heterochromatin in Melipona

We studied the chromosomal distribution of mostly dif-
ferentially enriched repetitive DNAs between the MOUA
and MSCU genomes that comprised nine satDNAs and
three TEs. Among the nine satDNAz, six were successfully
mapped in the chromosomes of MQUA and five in MSCL;
for TEs, we observed signals for one in MOQUA and two
in MSCU chromosomes. These repetitive sequences were
located primarily in the heterochromatic region of the chro-
mosomes in both species (Fig. 4). Some repeats that we
identified by computational analysis of the genomes of the

&) Springer

proportional to their abondance. In parenthesis, the number of sub-
stitutions {5} or indels (i) between the distinct sequences are shown.
Note: MguaSasO6-MucuSa02-145 i the putative apcestor for the
other satDNA families

species did not reveal signals in chromosomes by FISH, sug-
gesting non-clusiered organization or small signals below
FISH resolution {results not shown). FISH data is summa-
rized on Supplementary Table 52.

In MOQUA, the most representative ssiDNA (Mgua-
Sat01-386), which was also identified only in this species,
was observed in the pericentromeric region of a single chro-
mosome pair (Fig. 4a). In contrast, the more representative
satDNA (MscuSar01-193) in MSCU occupied almost the
enfire heterochromatin extension of the chromosomes. show-
ing spread dots (Fig. 4b). The other satDNA exclusive to the
MSCU genome (MscuSat(4-115) was located rerminally in
one pair of chromosomes, eccapying the eachromatic region
{Fig. 4c).

Among the six saiDNAS shared between the two Melipona
genomes. only two revealed signals in both species, Mqua-
Sarld_MscuSar3-195 (Fig. 4d4.1) and MquaSat11_Mscu-
Satd5-147 (Fig. 4e.g). In MQUA, MquaSatd_Mscu-
Sat(3-195 revealed signals in the pericentromeric region in
twin chromosome pairs (Fig. 4d), whereas in MSCU, this
repeat was distributed in all chromosomes along heterochio-
matin (Fig. 40). MguaSatl]_MscuSad5- 147 was present
in one chromosome pair in the two species. However, in
MOQUA, it was located in the interstitial region (Fig. 4e), and
in MSCL, it was the termini of the chromosomes (Fig. 4g).
Among the four other satDNAs identified in the genomes
of both Melipona, three revealed signals only on the chro-
mosomes of MOQUA (MauaSar02_MscuSat10-196, Mqua-
Sar3_MscuSat12-246, and MguaSat0f_MscuSat13-306)
and one in the chromosomes of MSCU (MguaSatl3_Mscu-
Satlo-146) as follows: MguaSatd2_MscuSarl0-196 was
tocated on the pericentromeric region of seven chromosomal
pairs, (Fig. 4h); MguaSat03_MscuSat]2-146 (Fig. 4i) and
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Fig.4 Chromosomal organizstion of repetitive DNAs  revealed
Ihrllu-__'h FISH mappang in 'lfr.l'l_rk'-'.'.'s.' SEClEs. M .,llm..l'.' |:||-IJ-| Rertid
(MOQUA) and M. scwrellaris (MSCU ). (a—c) satDNAs with exclusive
occurrence in-one of the species: (d-K) satDN As shared berween spe-
cies) (i-n) TEs. Gray cormesponds o chromosomies stained with DAPL
and red correspomds to FISH signals {probes). Ammowheads indicate

MouaSat0E_MscuSatl 3-306 (Fig. 4) were located in the
intersttial region of different chromosome pairs of MOTA;
MuguaSatl3_MscuSar(6- 146 showed clusters in the termin
of one chromosomal pair and the interstitial region of dif-
ferent chromosome pair (Fig. 4K) in MSCUL

Concerning the three TEs. we observed FISH signals
only for DNA/Mariner_6 in MQUA, which presented

signals along the pericentromeric region of virtually all

A

MquaSat04_MscuSat03

MquaSat11_MscuSatds

k

LTR/Gypsy_1 DNAMuDR_1

chromaosomes harboring signals for repetitive DNAs located in one
ar few chromosemes. Mote the difference of hybridization pattems
between the species with the ocourrence of some repeats dispersed
along almost the entire chromosomal extension in MSCU and o dis-
crote bocation in MOUA Scale bar= 10 pm

chromosomes and one chromosome arm of two chromao-
some pairs (Fig. 411 The other two TEs, LTR/Gypsy_1
and DNA/MUDR_I, were aobserved only in MSCU chro-
mosomes with the occurrence of spréad signals along the

c-heterochromatin extension (Fig. 4m.n}). The signals of
LTR/Gypay_1 (Fig. 4m) were more intense than those of
DNAMUDR_1 (Fig. 4n). in accordance with the differ-
ence in sequence abundance between these two families.
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Discussion

The molecular composition and the causes of unusual
amplification of the c-heterochromatin of Melipona spe-
cies discovered more than 20 years ago (Rocha and Pom-
pelo 1998), remained completely unknown unti] the recent
years (Piccoli et al. 2018; Cunha et al. 202(; Perneira et al.
2021). Here, we advanced in the undersianding of compo-
sition and amplification of c-heterochromatin in Melipona
by characterizing the repeatome in MQUA and MSCU.
Altheugh the difference in genome size. as observed in
Melipona (Tavares et al. 2010). also occurs in other spe-
cies even atl the intraspecies level (Alvarez-Fuster et al.
1991; Diez et al. 2013: Stelzer et al. 2019), the intense
amplification of c-heterochromatin in congeneric species,
colonizing almost eéntire chromosomes. is unusual and
renders Melipona a special case. Genome size variation
and enlargement can occur through diverse mechanisms,
mncluding polyploadization. supernumerary DNAs (B chro-
mosomes), or repetitive DNA amplification (revised by
Blommaert 2020). The last mechanism is the most par-
simonious for enlarpement of the MSCU genome com-
pared o MOQUA, as the two species have the same dip-
loid number and ne B chromosomes. Moreover. as other
Apidoe bees generally have gpenomes smaller than (.5 Gb
(Gregory 2021), it is a more parsimonious gain of repeats
than repeated elimination. Supporting this hypothesis, we
noticed significant differences between the proportion of
repetitive DMNA composition of the MOQUA (3.78%) and
MSCU (34.84%) penomes libraries, besides the observed
difference in amount of c-heterochromatin as well as the
difference genome size between the species (Rocha et al.
2002: Tavares et al. 20107 Most of these differences are
attributed only (o one satDNA (MscoSat01-193) and
one TE (LTR/Gypsy_1). which are highly abundant in
the MSCU genome and distributed along the most het-
erochromatic extension of MSCUL suggesting that these
two elements are the leading players in c-heterochromatin
amplification of this species.

Recent studies have shown that at least part of the
repetitive DNA pool is shared between Michmelia species,
occupying a large portion of c-heterochromatin (Piccol:
et al. 2018; Cunha et al. 202(); Pereira et al. 2021). M5CU
belongs to Michmelia: thus, the dissemination and amphifi-
cation of MscuSat-195 and LTRAGypsy_1 in the genome
can occur during the diversification of this subgenus. Our
results support this idea, considering that in the MSCU
genome, there are differennated copies (old varants) for
both sequences. These old variants conld have originated
in the common ancestor of the subgenus and it deserves
investigation. Moreover, the occurrence of homogensous
sequences (new varianis) for MecuSard1-195 and LTRS

€] Springer

Gypsy _l. revealing more recent amplification of repeats
is evident also. Although much less abundant compared
to MscuSatll, another satDNA identified only in MSCU,
MscuSat(4-115. also contributed to heterochromatin
amplification, presenting patterns of recent amplification,
i.e. sequence homogensity. In MOQUA, despite the low
heterochromatin contént, some repeats also experienced
some degree of amplification. This is the case for Mgua-
Sat01-586. which is éxclusive to the genome of the spe-
cies, corresponding o the most abundant repetitive DNAL
This element is located in one chromosome pair and 18
homogeneous, indicating that this family may have expe-
rienced recent local amplification. The action of molecular
mechanisms, such as unequal crossing-over, replication
slippage, rolling circle amplification. and transposition,
are among the main factors responsible for the spread-
ing and amplifying repeats (Charlesworth et al. 1994) and
consequently interfering with the content and structure of
heterochromatin.

Although less representative in abundance, our investiga-
tion showed 25 repeats, shared between MOQUA and MSCU,
a5 part of the library present in the ancestor of Melipona 5.
str and Michmefia subgenus. Despite the conservation of the
sequences, we observed variations in the number of copies,
mainly for satDNA families. This is expected and in accord-
ance with the Library Hypothesis, which predicts that phy-
logenetically related species share an ancestral collection of
satDNA families that experience guantitative changes after
gpecialion events, peneraling species spacific or population
specific profiles (Salser et al. 1976; Fry and Salser [977;
Landais et al. 2000; Ferree und Barbash 2009; Ricci et al.
200 3; Wei et al. 2014; 2018; Feliciello et al. 2015; Palacios-
Gimenez et al. 2020). For TEs, we noticed considerable dif-
ferences in abundance for DNAMuDRE_ 1 and DNAMari-
ner_6. and both were more abundant in MSCU, putatively
due o independent recent activity, with the occurrénce of
homogeneous repeats that occupy the c-heterochromatin.

Among the shared satDNA families. we identified a rela-
tionship between six of them, comprising the SF1_ all shared
berween the two species. This suggests that these families
emerged in the common ancestor and experienced mainly
quaniitative changes and few nucleotide substitutions among
them and between the two Meliporna species. The accumiila-
tion of mutations can canse the emergence of new variants in
& family of satDMA, which can be homogenized and fixed in
the genome {Plohl et al. 2012). Thus, a set of satDNA famalies
can originate from an ancestral fmily (MeStrovid et al. 2006;
Garrido-Ramos 2017) in the case of SF1 from variant C of
MguaSatt_MscuSai02. Interestingly, FISH demonstrated
that some members of SF1 occur in distinct positions on the
chromosomes_as is the case for MguaSatl | _MscoSa05 (long
chromosomal arm of the second pair) and MguaSa03_Mscu-
Sat12 {short chromosomal arm of the second pair) in MOQUA,
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and MoguaSat] 1 _MscuSa05 (ierminal region of one chromo-
sorne pair) and MouaSatl3_MscuSat06 (interstitial regions
of two chromosome pairs). This could be a consequence of
focal amplification of these repeats from ancestral short repeat
arrays, as proposed in the grasshopper Locustear migratoria
(Ruiz-Ruano et al. 2016},

Based on the location of 185 rDNA in Melipoma species,
it has been sugeested that amplification of c-heterochromatin
occurs from the interstitial region of the chromosomes (Cunha
et al. 2018, 2020k Pereira et al. 2021). In species with low
c-heterochromatin content, the 185 tDNA cluster is located
in the interstitial region of one chromosome, whereas in spe-
cies with high c-heterochromatin content, it is located in the
terminal region of a chromosome pair. The satDNA Moua-
Sarll_MscuSail5-147 support this hypothesis about staring
point of heterochromatin amplification as our data for FISH
mapping reveated that signal for this repeat displaced from
the intersiitial location in the MOQUA to the terminal position
in MSCLL

Taken together, our detailed characterization of satDNAs
amd TEs in the two Melipona expanded our knowledge about
the evolutionary patterns of repetitive DNAs in the genus and
species with highly differentiated amounts of c-heterochroma-
tin. We report that the amplification and emergence of specific
repetitive DNAs were the leading causes of heterochromatin
expansion and genome diversification in short evolutionary
periods since Michmelie subgenus diversification. On the
contrary, we identified that despite intense amplification and
differentintion of a few repeats, some repeats remained con-
served, experiencing primarily quantitative changes. Finally.
thes study of other species belonging tw the genus Meliparna that
also show differences in heterochromatin amount could serve
as & model w help the broad understanding of rapid changes in
heterochromatin from a phylogenetic perspective.

Supplementary Information The online version contiins supplemen-
tary material available at hitps:/Fdodorg! L0007/ 004 L 2-021-00764-5.
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Supporting information - The extensive amplification of heterochromatin in Melipona bees
revealed by high throughput genomic and chromosomal analysis

Sequence names

Forward primers

Reverse primers

Satellite DNA
MscuSat01
MquaSat04_MscuSat03
MscuSat04
MquaSatl1_MscuSat05
MquaSat13_MscuSat06
MquaSat02_MscutSat10
MquaSat03_MscuSat12
MquaSat08_MscuSat13

MquaSat01

TCATTTGATGTTCTACAGCATG

GATTCAGTACAAACACGATTC

ACTTCGGCCGGCAGTGTC

TATCAGGAGAACCGCGCAT

TAGAAATTTCAGTTAGACAAAC

GGATTTCGACCAAACATGAC

GTTCTCCTGATACAGGCTTC

TTCAGACATAATGCCTCATAAA

TGAACATGAATGTTATGCCTGA

CCGAGGAACGAGAAGAATCT

CCTTAGCAGGGATTGATAAAT

CGTCCTTGGGTCTGCAACT

CACAGGCTTTTCGAAAAATCGT

CTTTTGTATCAGGAGCATATG

GTGACTTCTGACAGATTTTTC

CGTTTATCCCTGGACAATGTA

ACTTACATTCTCACGCGAATTG

GGTACACCGTATCACAAGTG

Transposable Elements
LTR/Gypsy_1
DNA/MuDR_1

DNA/Mariner_6

ATTTTGATTTGTGTCGTTCTAT

TGGATATTGATACACGAGCATA

GACTCTAAGTGGCTGTGTTTA

GCGATGAGGTGCAGAATGA

AATATCGTCGTGGTATTCCTAT

TTTCATGTCGCTGGAGAAGC

Supplementary Table S1 - List of primers used for amplification through PCR of satDNA

and TEs from Melipona genomic DNAs
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Number of chromosome

Repetitive element FISH signal Chromosome location

pairs labeled

MQUA MSCU MQUA MSCU MQUA MSCU
satellite DNA
MscuSat01 No Yes 9 D (het)
MquaSat04_MscuSat03 Yes Yes 2 9 P D (het)
MscuSat04 No Yes 1 T (eu)
MgquaSatl1_MscuSat05 Yes Yes 1 1 1 T (het)
MquaSat13_MscuSat06 No Yes 2 T (het), I (eu)
MquaSat02_MscutSat10 Yes No 6 P
MquaSat03_MscuSat12 Yes No 1 1
MquaSat08_MscuSat13 Yes No 1 1
MquaSat01 Yes No 1 P
transposable elements
LTR_Gypsy_1 No Yes 9 D (het)
DNA_MuDR_1 No Yes 9 D (het)
DNA_Mariner_6 Yes No 9 P A

Supplementary Table S2 List of satDNA and TEs used for fluorescence in sifu hybridization
(FISH) mapping on chromosomes of MQUA and MSCU. Chromosome location: location of
signals on chromosomes, P — pericentromeric, I — interstitial, D — dispersed, T — terminal, A —

one chromosome arm, eu — euchromatin, het — heterochromatin.
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Supplementary Figure 1 Comparative landscapes (abundance versus divergence) for the

satDNAs shared between the genome of both species. Repeat element divergence in the K2P
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model distance to consensus is shown on the x-axis and the satDNA abundance on the y-axis.
(a-c) satDNAs with more abundance of copies in the MSCU genome, and (d-h) more abundance

of copies in the MQUA genome
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Supplementary Figure 2 Comparative landscapes (abundance versus divergence) for the TEs.
Repeat element divergence in the K2P model distance to consensus is shown on the x-axis and
the satDNA abundance on the y-axis. (a) TE exclusively observed in the genome of MSCU;
(b-n) TEs shared between both species with more abundance in the MSCU genome; and (m-p)

more abundance in the MQUA genome
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CAPITULO 11

DNA satellite amplification drives the differentiation of c-heterochromatin into
Melipona (Apidae: Meliponini).
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Abstract

Satellite DNA (satDNA) is one of the main constituents of c-heterochromatin (constitutive
heterochromatin). The dynamics of these sequences relate to changes in c-heterochromatin over
time, as well as genome and species evolution. In Melipona bees, c-heterochromatin has been
investigated due to the large variation that this region can occupy in chromosomes of some of
these species. However, this characteristic does not extend to all representatives of the genus,
which makes this an unusual case in relation to the distribution of c-heterochromatin. In order
to investigate the composition and processes that led to the differentiation of c-heterochromatin
in Melipona, we combined low-pass genome sequencing and chromosomal analysis for satellite
DNA analysis in representatives of four subgenera of this group: Michmelia, Melikerria,
Melipona e Eomelipona. We identified a total of 11 new satDNA families. Most families are
shared, but the abundance varies widely between species of the four subgenera. In Michmelia
and Melikerria the high proportion of c-heterochromatin was related to the high abundance of
satDNA in the genome. MeliponaSat01-395 was highly abundant in Michmelia, with 22.64%
and 24.03% in Melipona (Michmelia) scutellaris and Melipona (Michmelia) mondury,
respectively. On the other hand, in Melikerria the MeliponaSat02-196 with 20.80% in Melipona
(Melikerria) interrupta and 5.35% in Melipona (Melikerria) fasciculata. In species with low
amounts of c-heterochromatin, the proportion of all satDNA families was 1.24% in Melipona
(Eomelipona) bicolor and 3.05% in Melipona (Melipona) quadrifasciata. Thus, we showed that
the amplification of c-heterochromatin occurred independently between Michmelia and
Melikerria and this process was due to the massive amplification of specific satDNA families.
Furthermore, c-heterochromatin is also evolving differently between the Melipona and

Eomelipona subgenera.

Key-words: bees, RepeatExplorer, genome, chromosome.
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Introduction

Since the term heterochromatin was coined for the first time (HEITZ, 1928) this region
has become the target of studies aimed at understanding it. Heterochromatin can be categorized
into facultative heterochromatin and constitutive heterochromatin. Facultative heterochromatin
harbors genes that are kept silent (ALLSHIRE; MADHANI, 2018; LIU; ALI; ZHOU, 2020).
On the other hand, constitutive heterochromatin (c-heterochromatin) is gene-poor, highly
condensed and has low transcriptional activity (ALLSHIRE; MADHANI, 2018; LIU; ALI;
ZHOU, 2020). In addition, c-heterochromatin represents an important structural component and
contributes to the maintenance of genome integrity (LIU; ALI; ZHOU, 2020). C-
heterochromatin is composed of repetitive DNA sequences, especially satellite DNA (satDNA)
(GARRIDO-RAMOS, 2017; PLOHL; MESTROVIC; MRAVINAC, 2012).

SatDNA are noncoding nuclear repetitive sequences tandemly organized, which
normally constitute large portions of the eukaryotic genome (GARRIDO-RAMOS, 2017;
PLOHL; MESTROVIC; MRAVINAC, 2012). Usually, satDNA exhibits a concerted pattern of
evolution, obtained by homogenization and fixation of intraspecific sequences (DOVER, 1982,
1986; GARRIDO-RAMOS, 2017). This implies more homogeneous variants within the species
than in comparison between two species. The form of evolution and absence of functional
selective constraints contribute to variations in satDNA sequences to occur quickly, so that
quantitative and qualitative changes can be easily noticed between closely related species
(PALACIOS-GIMENEZ et al., 2020; RUIZ-RUANO et al., 2016). Genome size and
architecture can be impacted by contraction/amplification events of different satDNA families
(LIMA; RUIZ-RUANO, 2022; FERREE; PRASAD, 2012). Thus, repetitive DNA sequences
can drive changes in c-heterochromatin (FERREE; PRASAD, 2012; GARRIDO-RAMOS,
2017). Therefore, evaluating their composition and behavior over time can reveal valuable
information about the modification of the species' genome.

Melipona corresponds to a genus of stingless bees belonging to the Meliponi tribe. In
Melipona, the distribution of c-heterochromatin in the chromosomes is different from the
pattern found in other representatives of this tribe. In most Meliponini, c-heterochromatin is
restricted to one of the chromosomal arms (BARTH et al., 2011; SANTOS et al., 2018;
GODOY; FERREIRA; LOPES, 2013; ROCHA; POMPOLO; CAMPOS, 2003). On the other
hand, in Melipona, some species present c-heterochromatin along the entire length of the
chromosomes, corresponding to more than 50% of the karyotype, while in others, this region is

present only in the centromeric region and short arm of the chromosomes and corresponds to
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less of 50% of the karyotype (LOPES et al., 2008, 2011; ROCHA et al., 2002; ROCHA;
POMPOLO, 1998; ROCHA; POMPOLO; CAMPOS, 2003; TRAVENZOLI et al., 2019a). This
variation in the distribution and amount of c-heterochromatin observed among the species of
this group is possibly due to two amplification events, which occurred after the diversification
of the group approximately ~ 14—17 million years ago (My) (CUNHA; CAMPOS; LOPES,
2020b; DA CUNHA et al., 2018; PEREIRA et al., 2021a; PICCOLI; BARDELLA; CABRAL-
DE-MELLO, 2018; RASMUSSEN; CAMERON, 2010; TRAVENZOLI et al., 2019b). Thus,
considering the four subgenera of Melipona: Melipona, Eomelipona, Melikerria and Michmelia,
the large proportion of c-heterochromatin is observed in species of Melikerria and Michmelia,
while in Melipona and Eomelipona only small portions of c-heterochromatin are observed
(CAMARGQO; PEDRO, 2013; CUNHA; CAMPOS; LOPES, 2020b; DA CUNHA et al., 2018;
PEREIRA et al, 202la; PICCOLI; BARDELLA; CABRAL-DE-MELLO, 2018;
TRAVENZOLI et al., 2019b). Therefore, possibly the first amplification event would have
occurred in Melikerria (high c-heterochromatin), and the second in Michmelia (high c-
heterochromatin) which is phylogenetically closer to Eomelipona (low c-heterochromatin)
(CUNHA; CAMPOS; LOPES, 2020a; PEREIRA et al., 2021a; PICCOLI; BARDELLA;
CABRAL-DE-MELLO, 2018; TRAVENZOLI et al., 2019b).

This characteristic of Melipona makes this group a special case, in which studies with
the c-heterochromatin of its representatives is essential to advance knowledge about this
chromosomal region. Recently, using methods of high-throughput sequencing methods and
bioinformatics tools Repeatome, we were able to characterize two species of this genus:
Melipona scutellaris (high c-heterochromatin) and Melipona quadrifasciata (low c-
heterochromatin) (PEREIRA et al., 2021b). A large variation in the proportion of repetitive
DNA sequences that compose the genomic library of these species was identified. This large
variation is related to the proportion of c-heterochromatin of each species. Thus, it was noted
that a transposable element (LTR/Gypsy_1) and a satDNA (MscuSat01-195) highly abundant
in M. scutellaris are responsible for the amplification of c-heterochromatin in this species.
These data show that satellite DNA can perform a crucial role in the changes that occur in the
c-heterochromatin of this group.

Here we will expand the work carried out previously with Melipona (PEREIRA et al.,
2021b) in order to elucidate the sequences and mechanisms that contributed to the amplification
of c-heterochromatin in Melikerria and Michmelia. Thus, we will analyze the Satellitome of
four species of Melipona: Melipona (Michmelia) mondury, Melipona (Eomelipona) bicolor,

Melipona (Melikerria) faciculata, Melipona (Melikerria) interrupta. With this, we identified
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that the expansion of heterochromatin in the chromosomes is due to specific families of satDNA

and the evolution of this region is occurring differently among the four subgenera.
Materials and methods

Species sampling and chromosome preparation

Adult and larvae Melipona were collected from the following locations: Melipona (Michemelia)
mondury (MMON), Melipona (Melipona) quadrifasciata (MQUA) and Melipona
(Eomelipona) bicolor (MBIC) (Vigosa, Minas Gerais, Brazil); Melipona (Michmelia)
scutellaris (MSCU) (Encruzilhada/Bahia, Brazil); Melipona (Melikerria) interrupta (MINT)
(Iranduba, Amazonas, Brazil); Melipona (Melikerria) fasciculata (MFAS) (Sao Luiz,
Maranhao, Brazil). The adults were stored in absolute ethanol. For all these species collected,
we obtain genomic DNA using the DNeasy kit (Qiagen Inc., CA, USA), according to the
manufacturer’s protocol. Mitotic metaphase chromosomes were obtained from brain ganglia of
post-defecating larvae of the MMON, MBIC, MINT and MFAS, according to IMAI et al.

(1988), and used for fluorescent in situ hybridization.
Genome and sequencing

Genome sequencing was performed for four species: MMON, MBIC, MINT, MFAS,
using the Illumina Hiseq 2000 (Inc., San Diego, CA, USA) with the service of Novogene
(China), obtaining 2 x 150 bp paired reads. The genomic reads from these four species are
deposited in Sequence Read Archive (SRA), XXXXX. To MSCU (accession number
PRINA759201) and MQUA (accession number SRX972105), we used the satDNA library
previously obtained by PEREIRA et al. (2021b), in addition the genomes of these species were
also used for abundance and divergence analyses performed later.

To identify the main satDNA families that make up the MMON, MBIC, MINT, MFAS
genome, we adopted the graph-based clustering analysis using the RepeatExplorer2 (NOVAK
et al., 2013), available on the public platform https://repeatexplorer-elixir.cerit-sc.cz/galaxy.
That way, each genome was analyzed separately using the suggestions by NOVAK et al.
(2020), with the “repeat identification in a single species" protocol, that includes the tools “read
pre-processing” and “RepeatExplorer2 clustering”. We identified the supposed satDNA with
the use of tandem repeat analyzer (TAREAN) (NOVAK et al., 2017). All identified satDNA
families were compared against previously characterized sequences deposited in Repbase

v20.10 (BAO; KOJIMA; KOHANY, 2015) and in the GenBank/ NCBI DNA databases with
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the BASTn service (ALTSCHUL et al., 1990) in order to identify possible similarities with each
other.

The abundance and divergence of each satDNA family that we identified and for the
satDNA families previously characterized for MSCU and MQUA (PEREIRA et al., 2021b)
were estimated for the six Melipona genomes by means of RepeatMasker (SMIT; HUBLEY;
GREEN, 2017) using the Cross_match option. The divergence of the sequences was determined
by the Kimura 2-parameter (K2P) using the calcDivergenceFromAlign.pl script in software
RepeatMasker (SMIT; HUBLEY; GREEN, 2017). The abundance of each satDNA was
estimated as a proportion of the genome, constituting the sum of mapped nucleotides belonging
to it divided by the total number of nucleotides in the library. Based on abundance, satDNA
families were named in order of increasing abundance according to RUIZ-RUANO et al,
(2016). Finally, we verified the temporal amplification patterns of satDNA families, for that we
generated a repetitive landscape for each genome relating sequence divergence versus
abundance.

To identify possible homologies between the satDNA families, we followed the protocol
with RepeatMasker v4.0.5 using a cross-match search engine. With this it was possible to

classify as superfamilies, families, or variants, according to RUIZ-RUANO et al (2016).
PCR amplification and chromosomal mapping of satDNAs

We selected the most representative satDNAs in each of the species for chromosomal
analyses. For one of these selected satDNAs, we used the primer previously published by
PEREIRA et al. (2021b), for others we designed primers manually (Table 1). The polymerase
chain reaction (PCR) was used to amplify the satDNAs in each of the species, as applied by
PEREIRA et al. (2021b). Monomeric bands for each satDNA were isolated and used for PCR
reamplification for next analysis.

We performed fluorescence in situ hybridization (FISH) following the protocol
proposed by CABRAL-DE-MELLO AND MAREC (2021). The monomers of each selected
satDNA were used as probe. The sequences were labeled by nick translation or by PCR with
digoxigenin-11-dUTP (Roche, Mannheim, Germany) or biotin-14-dATP (Invitrogen), and for
detection anti-digoxigenin-rhodamine (Roche Applied Science) and Alexa Fluor 488
streptavidin (Invitrogen) were used. The chromosomes were contrasted with 2’,4-diamidino-2-
phenylindole, dihydrochloride (DAPI), and slides were mounted with VECTASHIELD

(Vector, Burlingame, CA, USA). The analysis of the results and image capture was performed
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using an Olympus microscope BX61 equipped with fluorescence lamp and appropriate filters

and a DP70-cooled digital camera.
Results
SatDNA library is variable in Melipona

A total of 11 satDNA families were recovered for the MMON, MBIC, MINT, MFAS genomes.
These new families together with the satDNA library had previously been described for MSCU
and MQUA genome, totalizing 24 satDNA families for the six Melipona species (Table 2). For
the MeliponaSat01-395 and MeliponaSat15-315 families, we identified B variants, in addition
to the a variant that had been identified previously (PEREIRA et al., 2021b), in which there are
differences in monomer length. For the analysis we use the B variants that were most prevalent
in the genomes. The range of variation for the monomer length was 20-4454 pb, and the A + T
content of consensus sequences varied between a range of 38,3% to 72,5%, for the 24 satDNA
families (Table 2).

Comparison between the species revealed that five satDNA families were not shared
among the genome of all species, as follows: MeliponaSat01-395, MeliponaSat02-195,
MquaSat01-586, MeliponaSat06-195, MquaSat07-20, MscuSat04-115. Furthermore, a great
variation in the abundance of some satDNAs can be noticed between species, which is related
to the proportion of c-heterochromatin and the subgenus to which each species belongs. In this
way, we can highlight the main results that show these variations in three parts.

Firstly, in Michmelia, MSCU and MMON (high c- heterochromatin) the abundance of
satDNA was 22.97 % and 24,37 %, respectively (Table 2). The most abundant satDNA for these
species, MeliponaSat01-395, corresponded to 22.64 % and 24.037 %, respectively (Table 2).
Second, in Melikerria, the satDNA represented 23.54 % and 6.50 % of the MINT and MFAS
genome (high c-heterochromatin), respectively. MeliponaSat02-196 was more representative in
these genomes with 20.80 % (MINT) and 5.35 % (MFAS), corresponding to an abundance
difference between the two species of approximately 3.8 times more (Table 2). In these species
MeliponaSat03-145 was also abundant with 1.486% in MINT and 0.526% in MFAS. In the end,
we noticed Melipona s. str., MQUA and Eomelipona, MBIC, (low c-heterochromatin) whose
satDNA fraction corresponded only 3.05 % and 1.24 %, respectively. In MQUA the most
abundant satDNA was MquaSat01-586 corresponding to 0.94% of the genome, whereas in
MBIC the MeliponaSat15-314 and MquaSat06-MscutSat02-145 comprised 0.246 % and
0.238% of the genome (Table 2).
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The divergence (measured by Kimura-2 parameter) between satDNA families in
Michmelia was 16,15% (MSCU) and 19,19% (MMON), in Melikerria was 21,86% (MINT) and
21,35% (MFAS), in Eomelipona was 16,84% (MBIC) and in Melipona was 15,86% (MQUA)
(Table 2). Based on satDNA landscape plots, we identified the possible changes in relation to
the abundance and divergence of each satDNA family over time. The increase in divergence is
mainly dependent on point mutations, leading to different variants (old variants). On the other
hand, the lower divergence is a consequence of amplification and homogenization (new
variants). The MeliponaSat01-395 shows a peak with low divergence in the MSCU and MMON
species, evidencing the recent process of amplification and homogenization of this family in
the subgenus Michmelia. In the two most abundant families in MINT and MFAS of the
subgenus Melikerria, we can observe a recent peak of amplification for MeliponaSat2-196 and
a smaller peak with greater divergence for MeliponaSat03-145 (Figure 1). For the MquaSat06-
MscuSat02-145 and MeliponaSat15-314 families, we noticed an amplification peak with
greater divergence and another less divergent, respectively, in MBIC (Figure 1).

The comparison between the 24 satDNA families revealed similarity between some of
them. In this way, we can include two new families, MeliponaSat03-145 and MeliponaSat24-
145, in the superfamily (SF1) that had been previously defined (PEREIRA et al. 2021b). Thus,
the superfamily (SF1) now has eight satDNA families: MeliponaSat03-145,
MquaSat03_MscuSat12-146, MquaSat06_MscuSat02-145, MquaSatl1_MscuSat05-147,
MquaSat10_MscuSat08-145, MquaSatl2_MscuSat07-145, MquaSat13_MscuSat06-146,
MeliponaSat24-145. The monomer size between these families showed small variations from
145pb to 147pb. A second superfamily was also defined (SF2), composed of five satDNA
families: MeliponaSat02-196, MeliponaSat06-195, MquaSat04_MscuSat03-195,
MquaSat02_MscutSat10-196, MeliponaSat14-196. In SF2 we also observed little variation
between the size of the monomers of each satDNA family (195pb-196pb). Interestingly, we
noted that the most abundant families of MINT and MFAS are components of different
superfamilies, with MeliponaSat02-196 being a member of SF2 and MeliponaSat03-145 of SF1
(Table 2).

Chromosomal mapping reveals that more abundant satDNA are the main constituents of c-

heterochromatin

We mapped the satDNA families that were most abundant in the species, in order to
identify the distribution of these sequences in the chromosomes. The families with the highest

abundance and that could be related to the amplification of c-heterochromatin, MeliponaSatO1-
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395 (B variant), MscuSat01-195 (a variant) and MeliponaSat02-196, were analyzed in MMON,
MINT, MFAS and MBIC. Already MeliponaSat03-145 were analyzed only in MINT and
MFAS, and MquaSat06_MscuSat02-145 and MeliponaSat15-315 in MBIC. In some species we
did not identify signals in the chromosomes by FISH, possibly this is related to absence or the
low proportion of these sequences in the genome, which can generate small signals below the
detection of FISH.

For MeliponaSat01-395 we performed analyzes with the a and 3 variants, however we
were only successful with the o variant in which it exhibited hybridization signals only in
MMON, in which this family is more representative, like what was observed for MSCU (see
data published in PEREIRA et al., 2021b). MscuSat01-195 was in almost the entire length of
the c-heterochromatin of MMON chromosomes, in some chromosomes we can see more
evident blocks and in other signals more scattered (Figure 2 E).

The MeliponaSat02-196 and MeliponaSat03-145 families were successfully mapped
only in MINT and MFAS, in these analyzes we performed two-color FISH. In both MINT and
MFAS, MeliponaSat02-196 showed to localize in most of the c-heterochromatin of the
chromosomes of these species (Figure 2 A,C). Similarly, we also noticed MeliponaSat03-145
localizing part of the c-heterochromatin in these species (Figure 2 B, D). Two-color FISH shows
that in some chromosomes there is a co-localization of MeliponaSat02-196 and MeliponaSat03,
while in others there was a predominance of one of the satDNAs. It is possible to notice that
MeliponaSat02-196 signals are more intense and occupy a greater extent of c-heterochromatin
than MeliponaSat03-145, which is consistent with the difference in abundance between these
families.

In MBIC the two mapped satDNA revealed signals in the chromosomes of this species,
being MquaSat06_MscuSat02-145 located in the pericentromeric region in two chromosome
pairs (Figure 2 F). It is possible to observe differences in signal strength between the two
chromosome pairs. MeliponaSatl15-314 was also identified in the pericentromeric region

however in only one chromosome pair (Figure 2 G).
Discussion

In this study, we analyzed the satellite of six species of Melipona which provided clear
evidence on the mechanisms behind the differentiation of c-heterochromatin in this group. Here
we show that the composition of c-heterochromatin is divergent among the four subgenera of
Melipona, and this is due to the evolution of the satDNA library present in the ancestor of this

group. We note that during about ~14—17 My (RASMUSSEN; CAMERON, 2010), different
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satDNA families underwent amplification, which resulted in high variation in satDNA
abundances between subgenera, stemming from different amounts of c-heterochromatin.

Quantitative changes in c-heterochromatin distribution led to genome size expansion
and may be related to the satDNA proportion (CRADDOCK; GALL; JONAS, 2016).
PEREIRA et al (2021b) clearly demonstrated that the amplification of c-heterochromatin in
MSCU was driven by the addition of satDNA in the genome of this species, which also
contributes to genomic size increase. Our results reveal that this relationship also extends to
another species of Michmelia, as well as to species of high c-heterochromatin content of
Melikerria. Although most satDNA families are shared between Michmelia and Melikerria
species, we identified that the composition of c-heterochromatin is different due to the variable
abundance of determined families. Thus, these results are consistent with the hypothesis of c-
heterochromatin independent amplification (CUNHA; CAMPOS; LOPES, 2020b; DA
CUNHA et al.,, 2018; PEREIRA et al.,, 2021a; PICCOLI; BARDELLA; CABRAL-DE-
MELLO, 2018; TRAVENZOLI et al., 2019b) and show that quantitative changes were the main
responsible for the amplification of this region in the subgenera Michmelia and Melikerria.

In Michmelia the satDNA family MeliponaSat01-395 is highly abundant in MSCU and
MMON, presenting as one of the main components of c-heterochromatin. This finding
reinforces previous data showing that among Michmelia species the composition of c-
heterochromatin is similar (CUNHA; CAMPOS; LOPES, 2020b; PEREIRA et al., 2021a).
Despite this, MeliponaSat01-395 is not exclusive to Michmelia, being found in low abundance
in the genome of Melikerria and Eomelipona species, but absent in MQUA (Melipona), in
which probably was degenerated and lost over time in this species, or even in a closest ancestor
of the subgenus it belongs to. This hypothesis is plausible, as the subgenera Melikerria and
Melipona share a common ancestor (RAMfREZ et al., 2010). So that the accumulation of
mutations over time leads to sequence degeneration, on the other hand, amplification implies
the massive duplication of satDNA arrays throughout the genome (CAMACHO et al., 2022).
In this sense, we can assume that MeliponaSat01-395 was part of the satDNA library present in
the ancestral species of the genus Melipona. The MeliponaSat01-395 family experienced
massive amplification even in the ancestor of the Michmelia species, at about 5 My
(RASMUSSEN; CAMERON, 2010), causing the spread of satDNA arrays and the
homogenization of the family. This can be shown by the low divergence for this family. In
addition, this satDNA may have undergone other modifications, which led to the emergence of
variants of different sizes. The increase in tandem structure length and complexity appears to

be an evolutionary trend for satDNA, so mechanisms such as unequal crossover and replication
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slippage might be involved in this process (GARRIDO-RAMOS, 2017; RUIZ-RUANO et al.,
2018).

In Melikerria, the composition of c-heterochromatin is similar between the two species
analyzed (MINT and MFAS), with a predominant satDNA family, MeliponaSat02-196. This
family is part of a superfamilies, which indicates that this satellite has homologies with other
satDNA families. One of the main factors responsible for the increase in divergence between
the set of repeats in a satDNA family are mutations (PLOHL; MESTROVIC; MRAVINAC,
2012). In fact, in this superfamily the monomer size did not vary greatly, indicating that
mutations over time may have led to the formation of new families from an ancestral family.
As in Michmelia, MeliponaSat02-196 was probably present in the ancestor of the genus
Melipona, as it is present in all subgenera in low proportion, and was highly amplified in
Melikerria.

In MBIC and MQUA we observed a lower abundance of satDNA when compared to
species with high content. Despite the similarity in the proportion of c-heterochromatin between
the Melipona and Eomelipona subgenera, their composition does not show similar. The
divergence in c-heterochromatin composition between these two species is due to the
amplification/degeneration of specific families over time. This indicates that although there was
no amplification of c-heterochromatin in these subgenera, the satDNA library experienced
changes that are leading to a modification in the composition of this region.

Taking these data together, we can draw some conclusions about the evolution of c-
heterochromatin in Melipona genus. First, we noted that interspecific differences were
predominantly quantitative, with most satDNA families conserved throughout Melipona
evolution. Thus, our results relate to the patterns proposed by the “library hypothesis”, which
indicates that related species share a common collection of satDNA families, each of which can
be independently amplified in each species (FRY; SALSER, 1977). Thus, mechanisms such as
unequal crossover, replication of extrachromosomal circles of tandem repeats by the rolling-
circle mechanism and reinsertion of replicated arrays, transposition and mutations can drive
changes in tandem arrays, leading to amplification or degeneration (CAMACHO et al., 2022;
SATOVIC et al., 2016; WALSH, 1987).

Next we observed that each subgenus presents particularities in relation to its satDNA
library reflecting changes in c-heterochromatin composition. In Melipona it is possible that
these changes are related to the diversification of the subgenus. Some studies show that
repetitive sequence divergence located in c-heterochromatin can be directly linked to

reproductive isolation between related species (FERREE; PRASAD, 2012; JAGANNATHAN;
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YAMASHITA, 2021). This is because variations in these sequences can alter chromosomal
dynamics and chromatin structure. In Drosophila, satDNA has been shown to be related to
chromocenter formation, which involves the organization of heterologous chromosomes within
the nucleus. Thus, the divergence of satDNA between phylogenetically close species of
Drosophila can compromise this organization resulting in hybrid incompatibility and
reproductive isolation JAGANNATHAN; YAMASHITA, 2021).

In the end, we noted two major global bursts of satDNA amplification that led to the
increase in c-heterochromatin in Michmelia and Melikerria. SatDNA is highly dynamic, so
rapid changes in the number of arrays in the genome are predictive for these sequences
(GARRIDO-RAMOS, 2017; PLOHL et al., 2008; PLOHL; MESTROVIC; MRAVINAC,
2012). Furthermore, it has been noted that massive amplification of certain satDNA appears to
be a trend in Meliponini (PEREIRA et al., 2021; PEREIRA; SALOMAO; LOPES, 2020).
However, what would have contributed to the occurrence of these events only in these two
subgenera (Michmelia and Melikerria), or being a recent process that could be extended to the
other subgenera (Melipona and Eomelipona) still awaits further investigation. Some authors
suggest that the most abundant satDNA in the genome may be involved in centromeric function
(MELTERS et al.,, 2013; PLOHL,; MESTROVIC; MRAVINAC, 2014). Moreover, the
sequences that make up this region can change rapidly and experience amplifications, which
contribute to the expansion of centromeres (HUANG et al., 2016; PLOHL; MESTROVIC;
MRAVINAC, 2014). In Hymenoptera, such events have been observed in ants, and show that
centromere elongation can be advantageous in these species (HUANG et al., 2016; TEIXEIRA
et al., 2022). In Melipona species with high c-heterochromatin content, the high compaction of
this region makes it impossible to identify the location of the centromeres, so it is not possible
to establish any relationship between the amplification of satDNA and the expansion of
centromeres. Studies involving centromeric proteins in this species will throw much light on

this subject.
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Sequence names Forward primers Reverse primers

Satellite DNA

MeliponaSat01-395 {3 ACAGCATGCCGTGCAATTGT AGAACATCAAATGTCCGACGA
MscuSat01-195 o TCATTTGATGTTCTACAGCATG CCGAGGAACGAGAAGAATCT
MeliponaSat02-196 TTCGATGATAGTTTCAAATGCG GTCCTCAATTGCTAGCGATAT
MeliponaSat03-145 GAGAACTGCTTGTCGGGCT CTGTTACAGGCGTCTTTCCT
MquaSat06_MscuSat02-145 ATCCAGACGATGTACATCTCT CTCGAGATATTCCCGATTGAA
MeliponaSat15-314 AGAGCATGGACTCAAAGGGA AGGTCGGCAAGAGTGTAATG

Table 1. List of primers used for PCR amplification of satDNA including the new primers
and the primers used in PEREIRA et al. 2021b.
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M. bicolor M. quadrifasciata M. scutellaris M. mondury M. interrupta M. fasciculata
A+T |K2P K2P K2P K2P K2P

Satellite ML (%) | (%) Abundance (%) Abundance K2P (%) Abundance (%) Abundance (%) Abundance (%) Abundance
MeliponaSat01-395 395 603 7,33 0,00202% | --- - 10,00 22,64499% 7,30 24,03782% 22,01 0,00004% 6,07 0,00100%
MeliponaSat02-196 196 62,2 6,58 0,00194% | 24,61 0,00036% | - e 33,09 0,00001% 6,31 20,80750% 6,15 5,35920%
MeliponaSat03-145 145 552 21,07 0,00108% 26,95 0,00077% 24,57 0,00022% 28,26 0,00013% 16,72 1,48631% 16,37 0,52681%
MgquaSat01-586 586 57 38,41 0,00032% 1,65 094930% | - | e e 9,48 0,00001% | - e
MeliponaSat05-4454 4454 63,2 7,92 0,16209% 15,85 0,03321% 13,90 0,02001% 14,58 0,05581% 24,85 0,30139% 24,35 0,19410%
MeliponaSat06-195 195 677 | - - 28,92 0,00002% | - | e e 25,39 0,28785% 25,52 0,07564%
MeliponaSat07-3390 3590 53,8 6,78 0,17592% 15,28 0,03815% 16,46 0,08439% 17,31 0,12611% 15,78 0,20122% 16,44 0,09428%
MgquaSat04-MscuSat03-195 195 65,1 33,61 0,00067% 0 0,50781% 30,30 0,04780% 30,74 0,00030% 27,83 0,00137% 29,40 0,00052%
MquaSat02-MscuSat10-196 196 62,2 37,39 0,00001% 3,83 0,55339% 21,09 0,00373% 26,67 0,00003% 36,60 0,00059% 36,52 0,00013%
MquaSat03-MscuSat12-146 146 59,6 27,30 0,00029% 3,71 0,52111% 22,37 0,00046% 27,23 0,00010% 27,12 0,00228% 27,21 0,00111%
MgquaSat05-MscuSat11-225 225 413 19,03 0,03791% 3,27 0,10950% 21,14 0,00232% 20,56 0,02268% 22,70 0,21950% 22,72 0,10704%
MgquaSat06-MscuSat02-145 145 524 17,27 0,23871% 14,38 0,08749% 16,33 0,04904% 18,44 0,02998% 22,97 0,04170% 21,16 0,03091%
MeliponaSat13-2660 2660 62,7 6,02 0,13793% 16,1 0,12580% 17,09 0,01290% 17,52 0,02054% 21,45 0,05890% 19,15 0,04529%
MeliponaSat14-196 196 59,7 8,40 0,13256% 26,45 0,03263% 25,45 0,00900% 27,96 0,02222% 30,76 0,10771% 30,26 0,04375%
MeliponaSat15-314 314 685 2,25 0,24615% 17,59 0,00163% 11,45 0,00007% 15,55 0,00008% 16,83 0,00004% 16,78 0,00028%
MgquaSat07-20 20 70 | - e 8,6 0,05740% | - | e e e e 21,88 0,00005%
MscuSat04-115 115 383 24,53 0,00163% | ------ - 5,92 0,04235% 13,82 0,02048% 24,18 0,00004% 22,27 0,00000%
MgquaSat11-MscuSat05-147 147 544 14,58 0,03413% 20,13 0,00167% 10,76 0,01769% 13,50 0,00790% 24,02 0,00119% 23,41 0,00331%
MgquaSat09-MscuSat09-43 43 419 8,46 0,00489% 11,58 0,01838% 2,11 0,00687% 7,24 0,00589% 13,60 0,01410% 13,77 0,00466%
MgquaSat10-MscuSat08-145 145 538 17,90 0,02214% 25,8 0,00199% 11,08 0,01040% 12,21 0,01171% 24,21 0,00216% 23,55 0,00466%
MeliponaSat21 131 725 11,53 0,01864% 15,07 0,00464% 16,59 0,00064% 15,49 0,00111% 15,32 0,00269% 14,27 0,00343%
MgquaSat12-MscuSat07-145 145 51,7 18,62 0,01228% 23,58 0,00141% 7,88 0,01075% 12,94 0,00228% 29,25 0,00080% 27,02 0,00103%
MgquaSat13-MscuSat06-146 146 59,6 20,84 0,00263% 22,11 0,00049% 13,22 0,01307% 17,11 0,00881% 23,82 0,00084% 25,27 0,00147%
MeliponaSat24 145 538 14,70 0,01412% 23,59 0,00286% 25,23 0,00040% 25,49 0,00099% 21,52 0,00328% 21,60 0,00563%

1,24805 % 3,05000 % 22,97711% 24,37499 % 23,54150 % 6,50429 %
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Table 2. Characteristics of the satDNAs of the Melipona species including families,
superfamilies (SF), monomer length (ML), A+T sequence content (A+T%), abundance and

divergence (K2P)
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Figure 1. Landscape (abundance versus divergence) for the satDNAs of Melipona: (A) M.
bicolor; (B); M. quadrifasciata; (C) M. fasciculata; (D) M. interrupta; (E) M. scutellaris; (F)
M. mondury.

MeliponaSat02-196 B MeliponaSat03-145 x MscutSat01-195
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Figure 2. Distribution and chromosomal location of the most abundant satDNA families in
Melipona species: M. interrupta (A) MeliponaSat02-196, (B) MeliponaSat03-145; M.
fasciculata (C) MeliponaSat02-196, (D) MeliponaSat03-145; M. mondury (E) MscuSat01-195;
M. bicolor (F) MquaSat06-MscuSat02-145, (G) MquaSat15-314.
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Abstract

Among Meliponini species, c-heterochromatin can occupy large portions of chromosomes.
Although this characteristic could be useful for understanding evolutional patterns of satellite
DNAs (satDNAs), few sequences have been characterized in these bees. In Trigona,
phylogenetically represented by clades A and B, the c-heterochromatin is mostly located in one
chromosome arm. Here we used different techniques, including restriction endonucleases and
genome sequencing followed by chromosomal analysis, to identify satDNAs that may be
contributing to the evolution of c-heterochromatin in 7rigona. Our results revealed a highly
abundant ThyaSat01-301 satDNA family, corresponding to about 13.77% of the Trigona
hyalinata genome. Another seven satDNAs were identified, one corresponding to 2.24%, and
other six 0.545% of the genome. The satDNA ThyaSat01-301 family was shown to be one of
the main constituents of the c-heterochromatin of this species, as well as of other species
belonging to clade B of Trigona. However, this satDNA was not observed on the chromosomes
of species from clade A, demonstrating that the c-heterochromatin is evolving divergently
between species of clade A and B, as a consequence of the evolution of repetitive DNA
sequences. Finally, our data suggest molecular diversification of the karyotypes, despite a

conservated macro-chromosomal structure on the genus.

Key-words: c-heterocromatin, genome, RepeatExplorer, Meliponini, bees.
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1. Introduction

Eukaryotic genomes are enriched with multiple classes of repetitive DNAs, including satellite
DNA (satDNA) and Transposable Elements (TEs) [1]. The satDNAs can represent large
portions of the genomes and are characterized as tandem repeats which have a repeat unit length
frequently larger than 100 bp [1,2]. Over the years, the use of different techniques to study
repetitive DNA, such as Cot-DNA renaturation kinetics, restriction enzymes, chromosomal
analysis, and more recently sequencing technologies combined with computational approaches,
has allowed to understand the structure and evolution the satDNAs in genomes [3,4]. This class
of repetitive DNA is found primarily on constitutive heterochromatin (c-heterochromatin)
domains, and are predominant on chromosomal regions, such as telomeres and pericentromeres
[3,5]. SatDNA sequences are highly dynamic, and some molecular mechanisms (unequal
crossing-over, transposition, rolling circle replication and re-insertion) contribute to variations
in the number of copies, nucleotide base pair composition, and ultimately to their evolution
[3,4]. Usually, groups of related species share families of satDNA from a common ancestor that
can evolve independently within each species, according to the library hypothesis model [6].

In stingless bees (Meliponini), studies about evolution of c-heterochromatin and
repetitive DNA sequences have been limited [7—11]. Since Kerr et al. [12] first described the
karyotype of Meliponini species, the study of chromosomes was mainly limited to the use of
techniques such as C-banding and DAPI/CMA; fluorochromes staining. This approach gives
only superficial information about c-heterochromatin [13—15], but revealed variable patterns of
chromosomal organization of c-heterochromatin in Meliponini. In most species the c-
heterochromatin is located in one of the chromosomal arms, frequently occupying large
extension of the chromosomes, and specially in Melipona representatives, the c-
heterochromatin occupies almost the entire length of the chromosomes or is restricted to the
pericentromeric region [15-19]. Recently, some studies using Cot-DNA and restriction
endonucleases to isolate repetitive DNA sequence, show that the composition of c-
heterochromatin is divergent among some subgenera and genera of Meliponini [7-10].
Furthermore, the molecular composition of c-heterochromatin was presented in details for two
species Melipona quadrifasciata and Melipona scutellaris, revealing that quantitative and
qualitative changes in the repetitive DNA library contributed to the evolution of the highly
divergent c-heterochromatin of the genus Melipona [11].

Trigona (Meliponini) bees has about 32 species and based on morphological, biological

characteristics, and geographical distribution it is divided into 9 groups of species [20].
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According to the molecular phylogeny proposed by Rasmussem and Camargo [20], Trigona
can be divided into two major clades, A and B, with the last shared common ancestor dating
from approximately 19 million years, Mya [21]. The study of the karyotypes of Trigona species
showed that the chromosome number of 2n = 34 is conserved, except for Trigona braueri (as
Trigona fulviventris) with 2n = 32 [17,22]. Similar to most species of Meliponini high amount
of c-heterochromatin is observed in Trigona, occupying one of the chromosomal arms [15,17—
19,22-26]. The c-heterochromatin in Trigona was characterized only by fluorochrome staining,
revealing enrichment of G+C base pairs in few [22,24] or multiple chromosomes [25,26].
Since most Meliponini species have a frequent occurrence of large proportions of c-
heterochromatin on chromosomes, putatively as result of massive amplification, studies on this
group could contribute to broadening the knowledge of repetitive DNAs and their role in
genome evolution. Here, our aim was to investigate repetitive DNA sequences and their
relationship with the evolution of c-heterochromatin in 7rigona species at a phylogenetic
context. For this, we use different approaches, including restriction endonucleases and low-
coverage genome sequencing followed by computational and chromosomal analysis. Our data
showed a highly abundant satDNA family as the main repetitive DNA that constitute the c-
heterochromatin of some of the species of this genus belonging to the clade B, but not to the
clade A. This reveal conservation of heterochromatin in close related species, but also some
degree of molecular differentiation of the chromosomes in the genus, despite conservation of

macro-chromosomal structure.
2. Materials and methods

2.1 Genomic DNA isolation and digestion by restriction enzymes

Total genomic DNA from adults of Trigona hyalinata was extracted according to Waldschmidt
et al [27]. In order to obtain repetitive DNAs, we digested 7. hyalinata genomic DNA with the
restriction enzymes Hinfl, EcoRI, Eco571, Vspl, Bcnl (Thermo Fisher Scientific). For the
reactions, we used 2.5 pL. DNA (100 ng/pL), 0.5 pL enzyme (10 U/uL), and 2.0 pL. Buffer
(10x) incubated in a water bath at 37 °C for 4 h. The restriction products were separated on a
1.2% agarose gel, and the result of DNA restriction that showed a band pattern typical for
tandem repetitive sequences, was isolated and purified from the gel using the NucleoSpin® Gel
and PCR kit (Neumann-Neander-Str. 6-8 - 52355 Diiren - Germany) following the

manufacturer's instructions.

2.2 Cloning, sequencing and sequence analysis
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The isolated and purified bands were modified using the A-tailing procedure and inserted in
pGEM-T Easy Vector (Promega) and used for transformation of competent Escherichia coli
cells (DHS5a). We obtained a total of eight positive clones by PCR screening using the primers
M13 Reverse (-48) and T7 Promoter in which the plasmids were sequenced in both directions
by the Sanger sequencing method, carried out by Myleus Facility (Brazil). The nucleotide
sequences obtained from the sequencing were analyzed using the software Geneious v4.8 [28].
To verify if the obtained sequences had similarities with other sequences previously described,
we made a search on Repbase v20.10 [29] and GenBank/NCBI DNA databases using the
BLAST tool [30].

After characterizing the repetitive sequence isolated by enzymatic digestion, we
designed primers manually: Forward 5’-AAGTGATCAGAGGAGAACGAT-3’ and Reverse
5’-ATATAGCAATGTGGCGGCCA-3’. PCR reactions were performed using 10xPCR Rxn
Buffer, 0,2 mM of MgCl,, 0,16 mM of dNTPs, 2mM of each primer, 1 U de Taq Platinum DNA
Polymerase (Invitrogen) and 100 ng/ul of genomic DNA. PCR conditions 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),
and final extension at 72 ° C for 5 minutes. The PCR products were checked on a 1% agarose

gel. The monomeric bands were isolated and used for reamplification for further protocols.

2.3 Genome Sequencing and satellite DNA sequence analysis

For the genome sequencing, the genomic DNA of the 7. hyalinata was obtained using
the DNeasy kit (Qiagen Inc., CA, USA), according to the manufacturer’s protocol. The
sequencing of the genome was performed using Illumina Hiseq 2000 (Inc., San Diego, CA,
USA), obtaining paired-end reads (2 x 150 bp) using the service of Novogene (China). The
genomic reads were deposited in GenBank under accession number PRINA885409. To identify
the abundant satDNAs populating the genome of 7. hyalinata, we used RepeatExplorer2
(Galaxy Version 2.3.7), available on the public platform https://repeatexplorer-elixir.cerit-
sc.cz/galaxy. These analyzes followed the protocol suggested by Novak et al. [31]. After
grouping by RepeatExplorer2, satDNAs were identified using the TAREAN tool [32]. All
sequences were analyzed to identify possible similarities with satDNA previously identified by
comparison with sequences deposited on Repbase v20.10 [29] and in the GenBank/NCBI DNA
databases with the BASTn tool [30]. The abundance and divergence of each satDNA family
was estimated by means of RepeatMasker [33] using the Cross_match. The abundance of each
satDNA family was estimated based on its proportion in the genome, so the sum of the mapped

nucleotides belonging to one specific satDNa family was divided by the total number of
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nucleotides in the library. The divergence of the satDNA family was determined by the Kimura
2-parameter (K2P) using the calcDivergenceFromAlign.pl script in software RepeatMasker
[33]. Finally, we identified possible homology between satDNA families using the software
Geneious v4.8 [28]. Finally, the sequences were named according to Ruiz-Ruano et al. [34],

considering the abundance.

2.4 Fluorescence in situ hybridization (FISH)

Mitotic chromosomes were obtained according to Imail et al. [35] from brain ganglia of post
defecating larvae of different species of Trigona from clades A and B (Table 1). FISH followed
the protocol described by Pinkel et al. [36] with modifications. First, the slides were treated
with RNase A (100 pg/ml) and kept at 37°C for 1 hour. Then, a wash was performed in 2 x SSC
for 5 min and the slides were incubated in a solution containing 5 pg/ml of pepsin in 0.01 N
HCI for 10 min. After, the slides were washed in 2 x SSC for 5 min and dehydrated in alcoholic
series at the following concentrations 50%, 70% and 100% for 2 min each. For denaturation of
metaphase chromosomes, we use 70% formamide/2 x SSC for 5 min. The repetitive sequence
isolated from the 7. hyalinata genome was labeled by indirect method through PCR with
digoxigenin-11-dUTP (Roche, Mannheim, Germany). For probe hybridization in the
chromosomes, the slides were kept overnight at 37°C. The slides were washed in 2 x SSC and
for signal detection we used anti-digoxigenin-rodamine (Roche Applied Science) for 1h at
37°C. Finally, slides were washed in 4 x SSC/Tween and dehydrated in an Ethanol series of
50%, 70% e 100%. Chromosomes were counterstained with 4',6-Diamidino-2-Phenylindole,
Dihydrochloride (Sigma). The metaphases were captured in an Olympus BX53F microscope

equipped with an Olympus MX10 camera, using the CellSens imaging software.
3. Results

3.1 Extensive amplification of a satDNA superfamily on the genome of Trigona hyalinata

Through enzymatic digestion of genomic DNA with Hinfl allowed us to identify one repetitive
DNA sequence from the genome of 7. hyalinata, this was the only restriction enzyme that give
a ladder-like pattern, which represents one of the characteristics of a putative authentic tandem
repeat (Figure 1A). Two fragments of approximately 300 bp and 600 bp were isolated. The
sequence analysis from cloned fragments revealed a sequence with 302 bp, percentage of A+T
= 63.2%, with repetitive pattern, since the 600 bp fragment corresponds to two monomers. PCR
assays for the sequence revealed a ladder pattern, characteristic for in tandem repeats (Figure

1B). As we did not identify any correspondence of these fragments with other sequences of
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repetitive DNA previously characterized (TEs for example) and because they present
repetitively in tandem by the genome, we classify it as a satDNA.

Through RepeatExplorer clustering analysis we identified eight satDNA families
(deposited on GenBank under accession numbers OP559492 - OP559499) which corresponded
together to 16.565% of the T. hyalinata genome considering the characterized repetitive fraction
(Table 2). These satDNAs monomer sequences ranged in length from 145 bp to 542 bp, and the
AT content of the sequences ranged from 55.9% to 66.1%. The homology analysis among the
eight 7. hyalinata satDNA families revealed similarity between some of them, so that it was
possible to group into two superfamilies. The superfamily (SF1) being represented by
ThyaSat01-301 and ThyaSat02-300, and the second superfamily (SF2) by ThyaSa04-145,
ThyaSat06-145, ThyaSat07-145 and ThyaSat08-145. In SF1 we noticed difference of one base
pair between the length of the monomer of consensus sequences, while in SF2 the monomers
have the same length. This indicates that the divergence between them is mainly due to
nucleotide substitution, sush as point mutation events (Table 2).

ThyaSat01-301 is the most abundant satDNA family corresponding to 13.774% of the
genome, that is about 83% of the characterized satDNAs (Table 2, Figure 1C). Furthermore,
the ThyaSat01-301 corresponds to the satDNA isolated with the restriction enzyme Hinfl
(Figure 1D). Although much less abundant than ThyaSat01-301, another satDNA family also
showed relevant abundance in 7. hyalinata genome, the ThyaSat02-300, corresponding to
2.246% (14% of the satDNA content) of the genome. These two satDNA families are member
of SF1 and together represent 97% of the satDNA content of the species genome (Table 2,
Figure 1C). The other six satDNAs were very low abundant, representing together only 0.545%
of the genome. The average of nucleotide K2P divergence of the eight satDNA families was
13.39, ranging from 5.5 to 20.59 (Table 2).

The analysis of landscapes (abundance versus divergence) evidences more recent
amplification of the members of SF1 in comparison to other satDNAs, as it has high abundance
with lower divergence (K2P) (Figure 2A,B). Low K2P was also observed for ThyaSat05-291,
but with no amplification pattern (Figure 2C). For the ThyaSat03-542 variable K2P was noticed
(Figure 2D). Finally, for the members of SF2 the distinct peaks of abundance in variable K2P
for ThyaSat04-145 and the other members, i.e. ThyaSat06-145, ThyaSat07-145, ThyaSatO8-
145 suggested that these families are under distinct patterns of homogenization/amplification

(Figure 2E).

3.2 A phylogenetically conserved satDNA on heterochromatin of Trigona species
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We analyzed the chromosomal distribution of the main satDNA isolated from the T.
hyalinata genome (ThyaSat01-301) in other six species of Trigona belonging to the clades A
and B, and we observed positive FISH signals on four of them, all these from clade B (Figure
3,4). According to previously published data, the c-heterochromatin for these species is
predominant in one of the chromosomal arms [17,26]. The c-heterochromatin is easily observed
by DAPI staining as more brightness regions after formamide FISH treatment (Figure
3A.D,G,J,M,P). Thus, we observed that the ThyaSat01-301 satDNA is exclusively enriched on
the c-heterochromatin region of the chromosomes (Figure 3).

In T. hyalinata, the signals formed large blocks occupying all the c-heterochromatin of
almost all chromosomes, except the c-heterochromatin of one chromosome pair (Figure 3C).
Similarly, in 7. spinipes (Figure 3F), T. aff. fuscipennis (Figure 3I) and 7. recursa (Figure 3L)
the signals also coincided primarily with c-heterochromatic regions. However, we observed
differences in the intensity of the signals among these species, with scattered signals for 7. aff.
fuscipennis (Figure 31I) and T. recursa (Figure 3L). In T. spinipes (Figure 3F) and T. recursa
(Figure 3L) two and four chromosomes lacked signals, respectively. All of these species with
positive FISH signal belong to clade B and no signal has been identified for 7. williana (Figure

3N) and T. pallens (Figure 3Q), which belong to clade A.
4. Discussion

One of the most striking characteristics of bees from the Meliponini tribe is the high
abundance of c-heterochromatin [16,17,19], as noticed on the Trigona species selected for this
study. Most species share the same chromosome number and heterochromatin distribution on
one arm of most chromosomes is the commonly observed pattern. Recently, methods for
repetitive DNAs study, as the used here, have been allowing to reveal differences on the
karyotypes of Meliponini representatives, mainly on the c-heterochromatin. Even among
congeneric species, like Trigona, relevant differences have been noticed, suggesting that the
repetitive DNAs in this group have undergone intense differentiation processes and can be an
important tool for evolutionary genomic and karyotypic studies [11].

Here we were able to identify and characterize eight satDNAs in the genome of T.
hyalinata. The most abundant, ThyaSat01-301, is A+T enriched, similarly to observed on most
satDNAs characterized on insects so far [37]. The ThyaSat01-301 form large blocks virtually
covering the heterochromatin of most chromosomes of the species and is shared with among

some other Trigona representatives from clade B, suggesting that this is the main constituting
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of the c-heterochromatin in these species. This idea is supported by the high abundance of
ThyaSat01-301 on the genome of 7. hyalinata, corresponding to 13.774% of its genome.

The prevalence of one specific family of repetitive DNA occupying a large part of c-
heterochromatin also seems to be recurrent for some genera of Meliponini, as already reported
for Tetragonisca [9] and Melipona [10,11]. In some insects the presence of one or more highly
abundant families in the genome can also be observed in Triatoma infestans [38)], Hippodamia
variegata [39] and Holhymenia histrio [40]. However, these studies are based on the analysis
of isolated species, so it is not possible to propose whether this characteristic also extends to
other species belonging to the same subgenus or genus. Furthermore, for most insects the most
abundant satDNA may not represent more than 1% of the genome [34,41-44]. With this, we
can infer that the massive amplification of a certain family seems to be a trend in Meliponini
and occurs independently in each genus or subgenus. For ThyaSat01-301 and the other member
of SF1, i.e. ThyaSat02-300 the high abundance and low divergence suggest that this
amplification was more recent in comparison to other satDNAs families in 7. hyalinata genome.

According to the phylogeny proposed by Rasmussen et al. [20], Trigona species are
divided into two clades A and B. Our FISH results revealed signals ThySat01-301 exclusively
on chromosomes of representatives of Clade B species, T. hyalinata, T. spinipes, T. recursa and
T. aff. fuscipennis. The sharing of the same satDNA family between these species suggests an
ancient origin that was possibly present in the common ancestor of this clade, approximately
11 Mya [21]. Although, we can not completely rule out that this satDNA is also present in
species of clade A (T. williana e T. pallens) in very low proportion not detected by FISH
analysis. In any case, our data clearly evidence that the c-heterochromatin is evolving in a
divergent manner between species of Clade A and B, achieving different molecular
composition. This suggest that the amplification of heterochromatin in the genus, that has
similar distribution on species of clade A and B, occupying one entire arm of most
chromosomes, occurred independently, or after ancestral amplification it was completely
differentiated by mutational processes. This is a similar case to observed in the genus Melipona,
in which the analysis of repetitive DNA revealed that the composition of c-heterochromatin is
divergent between subgenera, suggesting more than one round of amplification of c-
heterochromatin [7,8,10].

Among insects, analyzes using high-throughput sequencing data and molecular
cytogenetics clearly illustrate the evolutionary dynamics of satDNA over time [45—47]. Most
satDNAs are highly dynamic, and follow the principles of the Library Hypothesis that predicts

that sister species shares a set of satDNA from the common ancestor and certain members of
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the library may be differentially amplified, appearing as the main component of satDNAs, while
others occur at low abundance, leading to distinct profiles of satDNA between species [6,45].
In Trigona the difference in c-heterochromatin composition of between species of clade A and
B, illustrate very well the predictions of the evolution of satDNA library that differentiated,
approximately 19 Mya [21]. Also, in accordance with phylogenetic history of the Trigona
genus, our FISH results reveal variations in the intensity of hybridization signals between
species of clade B, which may be related to quantitative changes in ThySat01-301 over time,
as predicted in satDNA library hypothesis. In T. hyalinata and T. spinipes, ThySat01-301 shows
a similar distribution on chromosomes, covering almost all c-heterochromatic extensions.
These two species are closely related and belong to the “spinipes” group, and they may not
have had sufficient time for the accumulation of large variations between the variants of
ThySat-301. On the other hand, in T. recursa and T. aff. fuscipennis, the ThySat01-301 signals
were more scattered along the heterochromatin of most chromosomes. These two species are
more distantly related to 7. hyalinata and belong to different groups, "recursa” and
"fuscipennis" [20]. Thus, other variants of the ThySat01-301 family may be present in the
genome of these species in comparison to variants from 7. hyalinata, as well as there may have
been both amplifications and contractions for this satDNA family over time between these
species’ groups.

In Trigona, both intraspecific and interspecific variations were demonstrated in the
number and location of 18 rDNA sites [25,26,48]. Interspecific variations occur mainly between
species of Clade A and B. Thus, in Clade A the ribosomal sites are located in the interstitial
region of the chromosomes, and in Clade B they are mainly placed on the terminal region of
the chromosomes [48]. According to these previous works, the genomic dispersion of rDNA
sites can be facilitated by the interaction with repetitive sequences located in c-heterochromatin.
Furthermore, the molecular mechanisms acting on spreading of satDNA monomers, as
transposition and replication of extrachromosomal circles may be related to the dispersion of
rDNA sites [3,26]. Although less variable, chromosomal distribution of other repetitive DNAs
are also variable on Trigona species, like the microsatellite (GA)is [25,26]. Thus, these
cytogenetic data along with the c-heterochromatin divergence between Clade A and B observed
here highlight the genomic differentiation on Trigona species, despite the conservation of the

diploid number (2n=34).
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Species Species group*  Clades* Sample locality

Trigona williana “fulviventris” A Altamira, Para

Trigona pallens “pallens” A Altamira, Para

Trigona hyalinata “spinipes” B Vigosa, Minas Gerais
Trigona spinipes “spinipes” B Ribeirao Preto, Sao Paulo
Trigona aff. fuscipennis “ fuscipennis” B Florestal, Minas Gerais
Trigona recursa “recursa” B Januaria, Minas Gerais

*Segundo Rasmussem e Camaron (2008)

Table 1. Trigona species and respective collection sites.

Satellite DNA family SF ML

AT % Divergence Abundance Genome Size

ThyaSat01-301
ThyaSat02-300
ThyaSat03-542
ThyaSat04-145
ThyaSat05-291
ThyaSat06-145
ThyaSat07-145
ThyaSat08-145
Total

1
1

\9}

301 63.5
300 62.7
542 66.1
145 559
291 588
145 61.4
145 58.6
145 58.6

5.74
5.50
8.99
20.05
9.26
20.13
16.87
20.59

13.774% 0.53pg
2.246%
0.370%
0.110%
0.016%
0.015%
0.017%
0.017%
16.565 %
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Table 2. Main attributes of satDNAs characterized from Trigona hyalinata including families,

superfamilies (SF), monomer length (ML), A+T sequence content (A+T%), abundance and

divergence (K2P).
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Figure 1. Satellite DNAs populating the genome of Trigona hyalinata. (A) agarose gel
showing the enzymatic digestion with Hinfl that revealed occurrence of ladder pattern; one
asterisk (monomer) and two asterisks (dimer). (B) agarose gel after PCR amplification of
ThyaSat01-301 showing the ladder pattern; quantity of asterisks corresponds to monomer
multiples. (C) relative abundance of each satDNA family identified by RepeatExplorer. (D)
upper panel shows the alignment of consensus sequences obtained by restriction enzyme
(ENZ) and by RepeatExplorer (REP) for ThyaSat01-301, note that the sequences are highly
similar. The lower panel shows the consensus sequence from cloned fragments and arrows

indicate the restriction sites.
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Figure 2. Landscape (abundance versus divergence) for the satDNAs identified on the genome

of Trigona hyalinata through analysis of RepeatExplorer. The abundance and divergence were

estimated by RepeatMasker. (A) general landscape for all satDNAs. In (B-E) are showed

landscapes in more details for specific satDNA families; (B) members of SF1, ThyaSat01-301
and ThyaSat02-300; (C) ThyaSat05-291; (D) ThyaSat03-542; (E) members of SF2,
ThyaSat04-145, ThyaSat06-145, ThyaSat07-145, and ThyaSat08-145.
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Figure 3. Chromosomal distribution of ThyaSat01-301 detected by FISH in Trigona. (A,B,C)
Trigona hyalinata; (D,E,F) Trigona spinipes; (G,H,I) Trigona aff. fuscipennis; (J,KL)
Trigona recursa (M,N,O) Trigona williana;, (P,Q,R) Trigona pallens. (A-L) Clade B
representatives, (M-R) Clade A representatives. Blue corresponds to chromosomes stained
with DAPI and red corresponds to FISH signals. The arrows correspond to the chromosomes
where no FISH signals were observed. Note differences in the intensity of hybridization
signals between species, with occurrence of scattered signals for Trigona fuscipennis and

Trigona recursa.



~19 Mya

A

10 Mya

B

~11 Mya

Trigona pallens

Trigona williana

Trigona hyalinata

Trigona spinipes

Trigona aff. fuscipennis

Trigona recursa

-]
— |
—a
—" |
-
—a
—a
- |
—a

i ]
—a

=Y —a

I 2 ¥ ¥ E§ FOf 9 i@ Iz o, R Us s 17

W ThyaSat01-301

83

Figure 4. Simplified phylogeny for Trigona species based on Rasmussem and Camargo [20],

Rasmussen and Cameron [21]. The ideograms on the right show the distribution of ThyaSat01-

301 on the Trigona karyotypes. (*) Chromosomes in which no signs of ThyaSat01-301 were

observed. Note that ThyaSat01-301 is located on the heterochromatic arm of chromosomes in

Clade B species (blue), but it is not present on Clade A species (red).



84

6.CONCLUSOES GERAIS

A andlise citogendomica com M. scutellaris € M. quadrifasciata revelou que entre essas
duas espécies existem diferencas quantitativas e qualitativas em relacdo a por¢ao
repetitiva do genoma. Vimos que a grande quantidade de c-heterocromatina nos
cromossomos de M. scutellaris estd relacionada a amplificagdo de uma familia de

satDNA e um elemento transponivel.

A maioria das familias de DNAsat identificadas nas diferentes espécies de Melipona
sdo compartilhadas, de modo que a diferenciacdo da c-heterocromatina entre os

subgéneros se deve principalmente a eventos de amplificagdo de familias especificas.

Em Trigona a composicdo da c-heterocromatina € diferente entre clado A e B.
ThyaSat01-301 mostrou abundante no genoma de 7. hyalinata e o principal constituinte

da c-heterocromatina das espécies do clado B.

Apesar de Melipona e Trigona apresentarem diferencas em relacio a distribuicdo da c-
heterocromatina, nos dois géneros notamos que a evolucio da c-heterocromatina esta
relacionada a modificagdo da biblioteca de DN Asat ao longo do tempo. Além disso em
abelhas parece ser comum uma familia de DNAsat altamente abundante como o

principal componente da c-heterocromatina.



	ddca63f2ef8d5bc84594d42a64a9afaa2c651c6c54f2cf644045f2e51ea26087.pdf
	b728a9084de4282f12445d0b4884e32f9890c33cd75d32b1ce4a5eb54d771b14.pdf
	ddca63f2ef8d5bc84594d42a64a9afaa2c651c6c54f2cf644045f2e51ea26087.pdf

