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RESUMO 

 

PEREIRA, Jaqueline Amorim, D.Sc., Universidade Federal de Viçosa, outubro de 2022. 
Evolução da c-heterocromatina baseada no estudo de sequências de DNA repetitivo em 
abelhas do gênero Melipona e Trigona (Apidae: Meliponini). Orientadora: Denilce 
Meneses Lopes. Coorientadora: Tânia Maria Fernandes Salomão. 

 
 
A heterocromatina constitutiva (c-heterocromatina) está relacionada à estabilidade dos 

cromossomos, formação de centrômeros e telômeros. Sua composição é basicamente de 

sequência de DNA repetitivo, como DNA satélite (DNAsat) e elementos transponíveis (TE). 

Essas sequências estão sujeitas a rápidas modificações, as quais podem influenciar na 

evolução da c-heterocromatina e do genoma das espécies. Em Meliponini, abelhas sem ferrão, 

normalmente as espécies apresentam um dos braços cromossômicos com grandes blocos de 

c-heterocromatina, como ocorre no gênero Trigona. Entretanto, o gênero Melipona é uma 

exceção a esse padrão, com espécies em que a c-heterocromatina ocupa quase toda a extensão 

dos cromossomos (alto conteúdo de c-heterocromatina) e espécies com pouca quantidade de 

c-heterocromatina (baixo conteúdo de c-heterocromatina), sendo nesse caso restrita à região 

centromérica e pericentromérica dos cromossomos. Devido a essas características 

cromossômicas, as espécies dos gêneros Melipona e Trigona são um modelo pertinente para 

estudar a evolução da c-heterocromatina, a partir da abordagem de sua composição molecular. 

Desse modo, no capítulo I, caracterizamos as sequências de DNA repetitivo dos cromossomos 

de duas espécies de Melipona, Melipona (Michmelia) scutellaris, com alto conteúdo de c-

heterocromatina e Melipona (Melipona) quadrifasciata, baixo conteúdo de c-

heterocromatina, por meio do sequenciamento genômico, métodos de bioinformática e 

citogenética. Nossos dados revelaram que a composição da c-heterocromatina é diferente 

entre as duas espécies analisadas e à amplificação dessa região nos cromossomos de M. 

scutellaris é decorrente da intensa amplificação de famílias especificas de DNA repetitivo. 

No capítulo II estendemos as análises anteriores para representantes de diferentes subgêneros 

de Melipona: Melipona (Michmelia) mondury, Melipona (Melikerria) interrupta, Melipona 

(Melikerria) fasciculata, Melipona (Eomelipona) bicolor, com alto e baixo conteúdo de c-

heterocromatina. A composição da c-heterocromatina mostrou diferente entre os quatro 

subgêneros e isso foi decorrente de mudanças quantitativas na biblioteca de DNAsat das 

espécies. Os subgêneros com baixa proporção de c-heterocromatina (Eomelipona e Melipona) 

apresentaram baixa abundância de DNAsat, enquanto o oposto é observado em espécies com 



alto conteúdo (Michmelia e Melikerria). Notamos, que a amplificação da c-heterocromatina 

ocorreu de forma independente em Michmelia e Melikerria, e esse processo foi decorrente de 

duas famílias de DNAsat que forma amplificadas de forma diferente em cada subgênero. No 

capítulo III usamos diferentes técnicas, enzimas de restrição, sequenciamento de genoma, 

análises de bioinformática e hibridização fluorescente in situ, com intuito de identificar as 

sequências que estão contribuindo para evolução da c-heterocromatina em Trigona. 

Identificamos uma família 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 família não foi observada em nenhuma espécie 

analisada do clado A. Desse modo, a c-heterocromatina em Trigona está evoluindo de forma 

diferente entre clado A e B, e isso é decorrente da modificação da biblioteca de DNAsat ao 

longo do tempo.  

 

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



ABSTRACT 

 

PEREIRA, Jaqueline Amorim, M.Sc., Universidade Federal de Viçosa, 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: Tânia Maria Fernandes Salomão. 

 

 

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 

II 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 situ 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 Trigona 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. INTRODUÇÃO 

 

1.1 Heterocromatina 

A heterocromatina foi identificada pela primeira vez por Heitz, ao analisar o 

comportamento dos cromossomos durante a divisão celular (HEITZ, 1928). Em suas análises 

foi notada a presença de duas regiões distintas nos cromossomos: a eucromatina, com diferentes 

graus de condensação, 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 região dos cromossomos que contém genes, 

de modo que a sua condensação 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 condensação que a eucromatina. A c-heterocromatina apresenta 

importante papel na manutenção da estabilidade dos cromossomos, formação de centrômeros, 

pareamento e segregação de cromossomos durante a divisão celular (ALLSHIRE; MADHANI, 

2018; LIU; ALI; ZHOU, 2020).  

O estudo da c-heterocromatina tem demonstrado que essa região é constituída 

preferencialmente por sequências de DNA repetitivo, como por exemplo, as repetições in 

tandem, que incluem o DNA satélite; e as sequências dispersas, como elementos transponíveis 

(BOSTOCK, 1980; CHARLESWORTH; SNIEGOWSKI; STEPHAN, 1994; RICHARD; 

KERREST; DUJON, 2008). Devido à sua constituição, a c-heterocromatina pode exibir rápida 

modificação ao longo do tempo, o que pode refletir na evolução do genoma e das espécies 

(FERREE; PRASAD, 2012; GARRIDO-RAMOS, 2017; HUGHES; HAWLEY, 2009). 

1.2 Elementos Transponíveis  

Os elementos transponíveis (TEs), foram identificados por Barbara McClintock, quando 

conduzia experimentos com milho e observou mudanças no padrão de coloração dos grãos após 

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 características fenotípicas (MCCLINTOCK, 1950, 

1951, 1956). Dentre as características dos TEs estão a localização dispersa e a capacidade de se 

mover pelo genoma, replicar e multiplicar (WICKER et al., 2007). Como consequência disso, 

essas sequências contribuem para modulação da arquitetura genômica e evolução 

cromossômica, já que podem facilitar a ocorrência de mutações e rearranjos cromossômicos 



10 

 

 

(GRABUNDZIJA et al., 2016; GRAY, 2000; KLEIN; O’NEILL, 2018). Os TEs podem estar 

envolvidos na regulação gênica, alterando os padrões de transcrição quando inseridos nas 

regiões ocupadas por genes (CARBONE et al., 2014; STUART et al., 2016). Além disso, essas 

sequências podem exibir proporção variada no genoma de diferentes espécies e isso pode estar 

relacionado com o tamanho genoma (GREGORY, 2005; ZUCCOLO et al., 2007).   

Usualmente TEs são divididos em duas classes de acordo com os mecanismos de 

transposição (WICKER et al., 2007). Os elementos da classe I, são chamados de 

retrotransposons e realizam transposição através de um RNA intermediário e da ação de uma 

transcriptase reversa. Os retrotransposons podem ser divididos em dois grupos, devido à 

presença ou não de repetições terminais longas (LTR) nas extremidades. Os elementos da classe 

II, são conhecidos como transposons, e usam DNA para transposição. Elementos da classe II 

podem codificar o gene da transposase, que normalmente é flanqueado por repetições terminais 

invertidas (TIR) (WICKER et al., 2007).  

Os TEs estão sujeitos a modificações epigenéticas a fim de minimizar sua atividade de 

transposição, como exemplo o mecanismo de metilação na lisina 9 da histona H3, o que resulta 

em uma região condensada e inativa (LIPPMAN; MARTIENSSEN, 2004; SLOTKIN; 

MARTIENSSEN, 2007). Desse modo, essas sequências contribuem para formação da c-

heterocromatina, região na qual essas sequências predominam (LIPPMAN; MARTIENSSEN, 

2004; MARSANO; DIMITRI, 2022; SLOTKIN; MARTIENSSEN, 2007). Alguns estudos vêm 

demonstrando uma relação entre TEs e DNA satélite, com a tendência de TEs invadirem regiões 

de DNA satélite (MEŠTROVIĆ et al., 2015). Nos centrômeros, por exemplo, foi relatado que 

os TEs podem participar da sua formação e funcionalidade quando se misturam com o DNA 

satélite presente nessa região (LI et al., 2013). Os TEs também podem ser modelo para formação 

de DNA satélite, apresentando homologias entre eles e contribuindo para a evolução dessas 

sequências (MEŠTROVIĆ et al., 2015).  

1.3 DNA satélite 

 Os DNAs satélites (DNAsat) caracterizam como arranjos de sequências repetidas in 

tandem e são classificados de acordo com o tamanho da unidade de repetição em microssatélite 

(1 – 6pb), minissatélite (7 – 100pb) e satélite (> 100pb) (CHARLESWORTH; SNIEGOWSKI; 

STEPHAN, 1994; RICHARD; KERREST; DUJON, 2008). Essas sequências foram 

primeiramente identificadas por meio de experimentos de ultracentrifugação 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 reassociação (C0t-DNA), observou-se que essa 

região apresentava taxa de re-naturação maior que o restante do DNA genômico devido à sua 

natureza repetitiva (BRITTEN; DAVIDSON, 1971; WARING; BRITTEN, 1966). O uso dessa 

técnica para estudo de sequências repetitivas predominou por anos, no entanto por volta de 

1980, outra metodologia foi introduzida, o uso de enzimas de restrição, permitindo isolar uma 

sequência repetitiva específica (HORZ; ZACHAU, 1977; SINGER, 1982). Posteriormente 

essas metodologias foram atreladas à Hibridização Fluorescente in situ (FISH) e à clonagem, 

possibilitando identificar sua localização nos cromossomos e a constituição das sequências 

repetitivas (RATAN et al., 2017). 

Ao longo de anos e com avanços dos estudos, o papel do DNAsat no genoma começou 

a ser desvendado (GARRIDO-RAMOS, 2017). Essas sequências podem ser encontradas em 

quantidade elevada no genoma de algumas espécies, e em geral têm sido observadas na c-

heterocromatina e em alguns casos também na eucromatina, ocupando regiões centroméricas, 

pericentroméricas, subteloméricas e algumas regiões intersticiais (GREWAL; JIA, 2007; 

RUIZ-RUANO et al., 2016). Mesmo prevalecendo em regiões com baixa taxa transcricional, 

algumas sequências de DNA satélite podem ser processadas em pequenos RNAs, como 

piwiRNAs e siRNAs que atuam na regulação epigenética do genoma, na formação e 

manutenção da c-heterocromatina (BISCOTTI et al., 2015). Além disso, também podem estar 

envolvidas no alongamento de telômeros, formação de centrômeros, montagem do cinetócoro, 

pareamento de cromossomos e segregação cromossômica (PLOHL; MEŠTROVIĆ; 

MRAVINAC, 2012, 2014). 

Foi postulado que a introdução de uma família de DNA satélite no genoma, começa com 

a duplicação de novo de qualquer sequência de dois ou mais pares de bases, seja por 

“derrapagem” da polimerase durante a replicação ou por reinserção de cópias replicadas por 

círculo rolante de intermediários de DNA circulares extracromossômicos (COHEN; SEGAL, 

2009; RUIZ-RUANO et al., 2016). Posteriormente, esse novo segmento pode ser disseminado 

pelo genoma (RUIZ-RUANO et al., 2016). Após o estabelecimento dessas sequências no 

genoma, as repetições que compõem uma família de DNAsat podem mudar rapidamente ao 

longo do tempo devido à amplificação ou deleção de suas repetições e ao acúmulo de mutações 

(GARRIDO-RAMOS, 2017; PLOHL; MEŠTROVIĆ; MRAVINAC, 2012). Isso pode 

ocasionar modificação no genoma e consequentemente favorecer o isolamento reprodutivo, 

contribuindo para a especiação (FERREE; PRASAD, 2012; HUGHES; HAWLEY, 2009; 

JAGANNATHAN; YAMASHITA, 2021). 
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Com a ampliação do uso do sequenciamento de nova geração (NGS), novas informações 

sobre genomas têm sido fornecidas. No entanto, sempre foi um desafio a caracterização de 

sequências repetitivas de genomas sequenciados, muitas vezes devido às ferramentas de 

bioinformática disponíveis exigir a montagem completa do genoma (ALTEMOSE et al., 2014; 

GARRIDO-RAMOS, 2017). Atualmente o desenvolvimento de novas ferramentas de 

bioinformática tem auxiliado na identificação dessas sequências, como o pipeline 

RepeatExplorer (NOVÁK; NEUMANN; MACAS, 2020). Esse método se baseia na 

identificação e clusterização de reads semelhantes, provenientes de sequenciamento de nova 

geração que foram cortadas aleatoriamente (NOVÁK; NEUMANN; MACAS, 2020). Com base 

nas semelhanças entre as reads, um gráfico é construído e sua topologia analisada a fim de 

identificar sequências de DNA repetitivo (NOVÁK; NEUMANN; MACAS, 2020). Com isso 

o NGS juntamente com ferramentas de bioinformática tem permitido a análise detalhada e 

abrangente do conteúdo repetitivo do genoma, sendo possível um estudo minucioso do DNAsat 

e TEs, enquanto outras técnicas (uso de enzimas de restrição) permitiam estudo de apenas 

poucas sequências. O uso dessas técnicas está sendo empregado em vários organismos, 

incluindo plantas (PAMPONÉT 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 informações sobre a evolução dessas sequências 

no genoma, que de modo geral, contribui para o entendimento da c-heterocromatina e dos 

cromossomos.  

1.4 Melipona 

Melipona Illiger, 1806, compreende um gênero da tribo Meliponini (abelhas sem ferrão), 

com distribuição exclusivamente neotropical, rico em espécies, sendo 73 espécies descritas e 

43 com ocorrência no Brasil (CAMARGO; PEDRO, 2013; MICHENER, 2007). Espécies desse 

gênero, assim como outros Meliponídeos, constituem importantes polinizadores, já que coletam 

recursos alimentares como pólen e néctar das flores, contribuindo para a reprodução das plantas 

(GIANNINI et al., 2015). 

Há décadas, esse grupo tem sido alvo de estudos morfológicos, filogenéticos e 

citogenéticos, contribuindo para ampliar o conhecimento dessas espécies  (CAMARGO; 

PEDRO, 2013; DA CUNHA et al., 2018; RAMÍREZ et al., 2010). Com base em estudos 

morfológicos, as espécies desse gênero são distribuídas em quatro subgêneros: Eomelipona 

Moure, 1992, Melikerria Moure, 1992, Michmelia  Moure, 1975 e Melipona  Illiger, 1806 

(CAMARGO; PEDRO, 2013). Análises moleculares de genes mitocondriais e nucleares 
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corroboram essa classificação, e mostram que possivelmente o ancestral mais recente do grupo 

existiu a 14-17~ milhões de anos (RASMUSSEN; CAMERON, 2010).  

Estudos citogenéticos, demonstraram que o número cariotípico predominante em 

Melipona é 2n = 18, com variações apenas em Melipona seminigra  Illiger, 1806 com 2n = 22, 

Melipona quinquefasciata Lepeletier, 1836 e Melipona rufiventris Lepeletier, 1836, sendo que 

as duas últimas diferem devido à presença de cromossomos B (CUNHA et al., 2021; SILVA et 

al., 2018). Dados obtidos por bandamento C revelaram uma característica peculiar desse grupo 

em relação à c-heterocromatina, que é distinta dos demais constituintes da tribo (CUNHA et 

al., 2021). Na maioria das espécies de Meliponini a c-heterocromatina é restrita a um dos braços 

cromossômicos (COSTA; BRITO; MIYAZAWA, 2004; GODOY; FERREIRA; LOPES, 2013; 

MIRANDA; FERNANDES; LOPES, 2013; ROCHA; POMPOLO; CAMPOS, 2003), já em 

Melipona essa região pode variar quanto a localização e quantidade, o que permite a separação 

desse gênero em dois grupos (LOPES et al., 2008, 2011; ROCHA et al., 2002; ROCHA; 

POMPOLO, 1998; ROCHA; POMPOLO; CAMPOS, 2003). O primeiro grupo é constituído de 

espécies com baixa quantidade de c-heterocromatina, menor que 50%, localizada na região 

pericentromérica dos cromossomos. Neste grupo encontramos espécies pertencentes aos 

subgêneros Eomelipona, Melikerria e Melipona sensu stricto. No segundo grupo, as espécies 

possuem alta quantidade de c-heterocromatina, maior que 50%, distribuída em quase toda a 

extensão dos cromossomos.  No segundo grupo encontramos representantes dos subgêneros 

Melikerria e Michmelia. TAVARES et al (2010) corroboram com essa classificação 

citogenética quando analisaram o conteúdo de DNA de 15 espécies de Melipona e constataram 

que esse grupo possuía variação quanto ao tamanho do genoma, que estava relacionado com a 

quantidade de c-heterocromatina. 

Visto as características desse gênero, alguns estudos vêm sendo desenvolvidos visando 

a compreensão da evolução da c-heterocromática 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 gênero possuía baixo conteúdo de c-heterocromatina e o alto conteúdo surgiu 

pelo menos duas vezes ao longo da evolução desse gênero, 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 composição da c-

heterocromatina mostra-se divergente entre espécies de Melipona (PEREIRA et al., 2021; 

PICCOLI; BARDELLA; CABRAL-DE-MELLO, 2018), assim possivelmente as sequências 

repetitivas que compõem essa região estão evoluindo de forma diferente. Isso é evidenciado 
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quando hibridizamos uma sequência repetitiva isolada da c-heterocromatina de uma espécie de 

Michmelia com espécies dos outros subgêneros e não observamos marcações (PEREIRA et al., 

2021; PICCOLI; BARDELLA; CABRAL-DE-MELLO, 2018). Além disso, observou-se a 

predominância em quase toda a c-heterocromatina de uma sequência de DNA repetitivo, 

quando analisadas espécies de alto conteúdo pertencentes ao subgênero Michmelia (LOPES et 

al., 2014; PEREIRA et al., 2021). No entanto, mesmo que os estudos mencionados tenham 

contribuído para ampliar o conhecimento da c-heterocromatina em Melipona, a investigação da 

composição e evolução dessa região de forma detalhada é necessária para entender os processos 

que levaram à amplificação maciça dessa região.   

1.5 Trigona 

O gênero Trigona Jurine, 1807, assim como Melipona, também constitui importantes 

polinizadores pertencentes à tribo Meliponini, a qual possui 32 espécies descritas, com 

distribuição na Região Neártica e Região Neotropical (CAMARGO; PEDRO, 2013). No Brasil, 

podemos encontrar representantes desse gênero ao longo de todo o território (CAMARGO; 

PEDRO, 2013). De acordo com dados moleculares e considerando as características dos ninhos, 

Trigona pode ser dividido em dois clados: A e B, cujo ancestral comum data cerca de 19 

milhões de anos atrás (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 cariótipo 

com número de cromossomos conservado, sendo 2n = 34, a única exceção é Trigona braueri 

Friese, 1900 (como Trigona fulviventris) com 2n = 32 (COSTA; BRITO; MIYAZAWA, 2004; 

TRINDADE DOMINGUES et al., 2005). Diferente de Melipona, a distribuição da c-

heterocromatina é mais semelhante a de outros representantes da tribo, nos quais essa região se 

concentra em um dos braços cromossômicos (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)15 e sonda de rDNA 

mostrou variações entre populações de Trigona spinipes (BARBOZA; COSTA, 2021; 

TAVARES et al., 2021). Esses microssatélites se localizaram principalmente em eucromatina 

e ambas as sondas mostraram variações quanto à localização e ao número de cromossomos que 

abrigam essas sequências (BARBOZA; COSTA, 2021; TAVARES et al., 2021). A escassez de 

trabalhos mostra o quão pouco se sabe sobre a constituição e evolução da c-heterocromatina 

neste grupo. Desse modo, o estudo com sequências repetitivas pode ser uma oportunidade para 
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o entendimento da evolução dessa região nos dois grupos, Melipona e Trigona, os quais 

possuem grande quantidade de c-heterocromatina distribuída em um padrão distinto nos 

cromossomos. Assim, no capítulo I e II realizamos uma análise citogenômica de seis espécies 

de Melipona, pertencentes aos quatro subgêneros. Nosso objetivo foi investigar a composição 

da c-heterocromatina, bem como as sequências e mecanismos envolvidos na amplificação e 

evolução dessa região. 

No capítulo III objetivamos avaliar a evolução da c-heterocromatina em espécies do 

gênero Trigona, cujas características em relação a distribuição dessa região se assemelham a 

outros gêneros de Meliponini. Nesse estudo aplicamos diferentes técnicas, incluindo enzimas 

de restrição, sequenciamento de nova geração e citogenética. 
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CAPÍTULO I  

The extensive amplification of heterochromatin in Melipona bees revealed by high 

throughput genomic and chromosomal analysis 
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Supporting information - The extensive amplification of heterochromatin in Melipona bees 
revealed by high throughput genomic and chromosomal analysis 

 

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

and TEs from Melipona genomic DNAs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sequence names Forward primers Reverse primers 

Satellite DNA   

MscuSat01 TCATTTGATGTTCTACAGCATG CCGAGGAACGAGAAGAATCT 

MquaSat04_MscuSat03 GATTCAGTACAAACACGATTC CCTTAGCAGGGATTGATAAAT 

MscuSat04 ACTTCGGCCGGCAGTGTC CGTCCTTGGGTCTGCAACT 

MquaSat11_MscuSat05 TATCAGGAGAACCGCGCAT CACAGGCTTTTCGAAAAATCGT 

MquaSat13_MscuSat06 TAGAAATTTCAGTTAGACAAAC CTTTTGTATCAGGAGCATATG 

MquaSat02_MscutSat10 GGATTTCGACCAAACATGAC GTGACTTCTGACAGATTTTTC 

MquaSat03_MscuSat12 GTTCTCCTGATACAGGCTTC CGTTTATCCCTGGACAATGTA 

MquaSat08_MscuSat13 TTCAGACATAATGCCTCATAAA ACTTACATTCTCACGCGAATTG 

MquaSat01 TGAACATGAATGTTATGCCTGA GGTACACCGTATCACAAGTG 

Transposable Elements     

LTR/Gypsy_1 ATTTTGATTTGTGTCGTTCTAT GCGATGAGGTGCAGAATGA 

DNA/MuDR_1 TGGATATTGATACACGAGCATA AATATCGTCGTGGTATTCCTAT 

DNA/Mariner_6 GACTCTAAGTGGCTGTGTTTA TTTCATGTCGCTGGAGAAGC 
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Repetitive element FISH signal 
Number of chromosome 
pairs labeled 

Chromosome location 

  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) 
MquaSat11_MscuSat05 Yes Yes 1 1 I T (het) 
MquaSat13_MscuSat06 No Yes  2  T (het), I (eu) 
MquaSat02_MscutSat10 Yes No 6  P  
MquaSat03_MscuSat12 Yes No 1  I  
MquaSat08_MscuSat13 Yes No 1  I  
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 situ 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.  

 

 

 
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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CAPÍTULO II 

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; MEŠTROVIĆ; MRAVINAC, 2012).  

SatDNA are noncoding nuclear repetitive sequences tandemly organized, which 

normally constitute large portions of the eukaryotic genome (GARRIDO-RAMOS, 2017; 

PLOHL; MEŠTROVIĆ; 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 

(CAMARGO; PEDRO, 2013; CUNHA; CAMPOS; LOPES, 2020b; DA CUNHA et al., 2018; 

PEREIRA et al., 2021a; 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) (Viçosa, Minas Gerais, Brazil); Melipona (Michmelia) 

scutellaris (MSCU) (Encruzilhada/Bahia, Brazil); Melipona (Melikerria) interrupta (MINT) 

(Iranduba, Amazonas, Brazil); Melipona (Melikerria) fasciculata (MFAS) (São Luiz, 

Maranhão, 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 × 150 bp paired reads. The genomic reads from these four species are 

deposited in Sequence Read Archive (SRA), XXXXX. To MSCU (accession number 

PRJNA759201) 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 NOVÁK 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) (NOVÁK 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 

https://repeatexplorer-elixir.cerit-sc.cz/galaxy
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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 β variants, in addition 

to the α variant that had been identified previously (PEREIRA et al., 2021b), in which there are 

differences in monomer length. For the analysis we use the β 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, MquaSat11_MscuSat05-147, 

MquaSat10_MscuSat08-145, MquaSat12_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, MeliponaSat01-
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395 (β variant), MscuSat01-195 (α 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 α and β variants, however we 

were only successful with the α 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. MeliponaSat15-314 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 (RAMÍREZ 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; MEŠTROVIĆ; 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; 

SATOVIĆ 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; MEŠTROVIĆ; 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; SALOMÃO; 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; MEŠTROVIĆ; 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; MEŠTROVIĆ; 

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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Table 1. List of primers used for PCR amplification of satDNA including the new primers 

and the primers used in PEREIRA et al. 2021b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sequence names Forward primers Reverse primers 

Satellite DNA   

MeliponaSat01-395 β ACAGCATGCCGTGCAATTGT AGAACATCAAATGTCCGACGA 

MscuSat01-195 α TCATTTGATGTTCTACAGCATG CCGAGGAACGAGAAGAATCT 

MeliponaSat02-196 TTCGATGATAGTTTCAAATGCG GTCCTCAATTGCTAGCGATAT 

MeliponaSat03-145 GAGAACTGCTTGTCGGGCT CTGTTACAGGCGTCTTTCCT 

MquaSat06_MscuSat02-145 ATCCAGACGATGTACATCTCT CTCGAGATATTCCCGATTGAA 

MeliponaSat15-314 AGAGCATGGACTCAAAGGGA AGGTCGGCAAGAGTGTAATG 
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     M. bicolor  M. quadrifasciata  M. scutellaris  M. mondury  M. interrupta  M. fasciculata   

Satellite 
S
F ML 

A+T 
(%) 

K2P      
(%) Abundance 

K2P 
(%) Abundance K2P (%) Abundance 

K2P 
(%) Abundance 

K2P 
(%) Abundance 

K2P 
(%) Abundance 

MeliponaSat01-395  395 60,3 7,33 0,00202% ----- ------ 10,00 22,64499% 7,30 24,03782% 22,01 0,00004% 6,07 0,00100% 

MeliponaSat02-196 2 196 62,2 6,58 0,00194% 24,61 0,00036% ------ ------ 33,09 0,00001% 6,31 20,80750% 6,15 5,35920% 

MeliponaSat03-145 1 145 55,2 21,07 0,00108% 26,95 0,00077% 24,57 0,00022% 28,26 0,00013% 16,72 1,48631% 16,37 0,52681% 

MquaSat01-586  586 57 38,41 0,00032% 1,65 0,94930% ------ ----- ------ ----- 9,48 0,00001% ------ ------ 

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 2 195 67,7 ------ ------ 28,92 0,00002% ----- ------ ------ ----- 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% 

MquaSat04-MscuSat03-195 2 195 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 2 196 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 1 146 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% 

MquaSat05-MscuSat11-225  225 41,3 19,03 0,03791% 3,27 0,10950% 21,14 0,00232% 20,56 0,02268% 22,70 0,21950% 22,72 0,10704% 

MquaSat06-MscuSat02-145 1 145 52,4 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 2 196 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 68,5 2,25 0,24615% 17,59 0,00163% 11,45 0,00007% 15,55 0,00008% 16,83 0,00004% 16,78 0,00028% 

MquaSat07-20  20 70 ------ ------ 8,6 0,05740% ----- ----- ----- ----- ----- ----- 21,88 0,00005% 

MscuSat04-115  115 38,3 24,53 0,00163% ------ ------ 5,92 0,04235% 13,82 0,02048% 24,18 0,00004% 22,27 0,00000% 

MquaSat11-MscuSat05-147 1 147 54,4 14,58 0,03413% 20,13 0,00167% 10,76 0,01769% 13,50 0,00790% 24,02 0,00119% 23,41 0,00331% 

MquaSat09-MscuSat09-43  43 41,9 8,46 0,00489% 11,58 0,01838% 2,11 0,00687% 7,24 0,00589% 13,60 0,01410% 13,77 0,00466% 

MquaSat10-MscuSat08-145 1 145 53,8 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 72,5 11,53 0,01864% 15,07 0,00464% 16,59 0,00064% 15,49 0,00111% 15,32 0,00269% 14,27 0,00343% 

MquaSat12-MscuSat07-145 1 145 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% 

MquaSat13-MscuSat06-146 1 146 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 1 145 53,8 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. 

 

 

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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CAPÍTULO III 

The satellite DNAs populating the genome of Trigona hyalinata and the sharing of a 

highly abundant satDNA in Trigona genus 
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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 Trigona. 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 C0t-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/CMA3 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 C0t-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 Trigona 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 T. hyalinata genomic DNA with the 

restriction enzymes HinfI, EcoRI, Eco571, VspI, BcnI (Thermo Fisher Scientific). For the 

reactions, we used 2.5 μL DNA (100 ng/μL), 0.5 μL enzyme (10 U/μL), and 2.0 μL Buffer 

(10×) 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 Düren · 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 (DH5α). 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 10×PCR Rxn 

Buffer, 0,2 mM of MgCl2, 0,16 mM of dNTPs, 2mM of each primer, 1 U de Taq Platinum DNA 

Polymerase (Invitrogen) and 100 ng/µl 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 T. 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 × 150 bp) using the service of Novogene (China). The 

genomic reads were deposited in GenBank under accession number PRJNA885409. To identify 

the abundant satDNAs populating the genome of T. 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 Novák 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 

https://repeatexplorer-elixir.cerit-sc.cz/galaxy
https://repeatexplorer-elixir.cerit-sc.cz/galaxy
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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 µg/ml) and kept at 37ºC for 1 hour. Then, a wash was performed in 2 × SSC 

for 5 min and the slides were incubated in a solution containing 5 µg/ml of pepsin in 0.01 N 

HCl for 10 min. After, the slides were washed in 2 × 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 × SSC for 5 min. The repetitive sequence 

isolated from the T. 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 × SSC and 

for signal detection we used anti-digoxigenin-rodamine (Roche Applied Science) for 1h at 

37ºC. Finally, slides were washed in 4 × 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 HinfI allowed us to identify one repetitive 

DNA sequence from the genome of T. 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 T. 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 HinfI 

(Figure 1D). Although much less abundant than ThyaSat01-301, another satDNA family also 

showed relevant abundance in T. 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, ThyaSat08-

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 T. spinipes (Figure 3F), T. aff. fuscipennis (Figure 3I) and T. 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 T. aff. 

fuscipennis (Figure 3I) 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 T. 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 T. 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 T. 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 T. 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 T. 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)15 [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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*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 1 301 63.5 5.74 13.774% 0.53pg 

ThyaSat02-300 1 300 62.7 5.50 2.246%  
ThyaSat03-542  542 66.1 8.99 0.370%  
ThyaSat04-145 2 145 55.9 20.05 0.110%  
ThyaSat05-291  291 58.8 9.26 0.016%  
ThyaSat06-145 2 145 61.4 20.13 0.015%  
ThyaSat07-145 2 145 58.6 16.87 0.017%  
ThyaSat08-145 2 145 58.6 20.59 0.017%  
Total     16.565%  
       

 

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). 

 

 

 

 

 

 

 

 

 

 

 

Species Species group* Clades* Sample locality 

Trigona williana 

Trigona pallens 

Trigona hyalinata 

Trigona spinipes 

Trigona aff.  fuscipennis 

“fulviventris” 

“pallens" 

“spinipes” 

“spinipes” 

“ fuscipennis” 

A 

A 

B 

B 

B 

Altamira, Pará 

Altamira, Pará 

Viçosa, Minas Gerais 

Ribeirão Preto, São Paulo 

Florestal, Minas Gerais 

Trigona recursa       “recursa” B Januária, Minas Gerais 
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Figure 1. Satellite DNAs populating the genome of Trigona hyalinata. (A) agarose gel 

showing the enzymatic digestion with HinfI 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,K,L) 

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. 
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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). 
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6.CONCLUSÕES GERAIS 

 A análise citogenômica com M. scutellaris e M. quadrifasciata revelou que entre essas 

duas espécies existem diferenças quantitativas e qualitativas em relação a porção 

repetitiva do genoma. Vimos que a grande quantidade de c-heterocromatina nos 

cromossomos de M. scutellaris está relacionada à amplificação de uma família de 

satDNA e um elemento transponível.   

 A maioria das famílias de DNAsat identificadas nas diferentes espécies de Melipona 

são compartilhadas, de modo que a diferenciação da c-heterocromatina entre os 

subgêneros se deve principalmente a eventos de amplificação de famílias específicas.  

 Em Trigona a composição da c-heterocromatina é diferente entre clado A e B. 

ThyaSat01-301 mostrou abundante no genoma de T. hyalinata e o principal constituinte 

da c-heterocromatina das espécies do clado B.  

 Apesar de Melipona e Trigona apresentarem diferenças em relação a distribuição da c-

heterocromatina, nos dois gêneros notamos que a evolução da c-heterocromatina está 

relacionada a modificação da biblioteca de DNAsat ao longo do tempo. Além disso em 

abelhas parece ser comum uma família de DNAsat altamente abundante como o 

principal componente da c-heterocromatina. 
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