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RESUMO

TEIXEIRA, Gisele Amaro, D.Sc., Universidade Federal de Vicosa, maio de 2022.
Organizacao cromossomica e dinamica evolutiva de sequéncias repetitivas em formigas
cultivadoras de fungos (Myrmicinae: Attini: Attina). Orientadora: Denilce Meneses Lopes.
Coorientadoras: Luisa Antonia Campos Barros e Tania Maria Fernandes Salomao.

DNA repetitivo compde uma por¢do substancial do genoma eucariético e € importante para sua
estabilidade, evolucdo, regulacdo e arquitetura. Formigas cultivadoras de fungos (subtribo
Attina, clados Paleoattina e Neoattina) mostram altas taxas de rearranjos estruturais em seus
genomas, com contragdes e expansoes génicas, que foram necessdrias para o estabelecimento
de seu estilo de vida baseado em sociedades agricolas. Processos que levaram a diversificacao
genOmica em Attina também podem ter atuado sobre sequéncias repetitivas, destacando a
importancia do estudo do DNA repetitivo nesse grupo. Consistente com essa hipdtese, dados
citogenéticos em Attina mostram que sequéncias repetitivas heterocromaticas sio ricas em GC,
o que € um traco incomum em Formicidae. Assim, essa tese focou no estudo do DNA repetitivo
em Attina a partir de uma abordagem citogenética molecular. Considerando que a maior parte
dos estudos disponiveis envolvendo sequéncias repetitivas para Attina bem como para
Formicidae, estdo disponiveis para genes rDNA, no capitulo I dados sobre mapeamento de
genes TDNA em formigas foram compilados e resultados inéditos de 13 espécies neotropicais
sao apresentados. Os dados mostraram que um unico sitio de rDNA intracromossdmico € a
caracteristica mais frequente e provavelmente ancestral em formigas, e que a localizacdo
cromossomica de clusters TDNA influencia na restricao/dispersao desses genes no cariotipo.
No capitulo II, caracterizamos as espécies de Neoattina Cyphomyrmex transversus,
Sericomyrmex maravalhas e Mycetomoellerius relictus, através de citogenética cldssica,
molecular e bandamentos. Cyphomyrmex transversus e S. maravalhas mostram cariotipos
inéditos em seus respectivos géneros. As trés espécies apresentam heterocromatina rica em GC,
o que reforca a hipdtese de origem comum dessa heterocromatina em Attina. Dados obtidos
associados a estudos prévios sugerem que um unico sitio de rDNA intracromossdmico é
plesiomoérfico em Attina e que inversdes parecem ser importantes para mudar a posi¢cao desses
genes no caridtipo. No capitulo III, foi produzido uma sonda Co-DNA (sequéncias altamente
e moderadamente repetitivas) de M. relictus que foi hibridizada nos cariétipos de espécies de
Paleoattina e Neoattina. Os resultados indicam pelo menos cinco eventos evolutivos que

levaram a diferenciacdo da heterocromatina rica em GC em Attina desde seu provavel



surgimento no ancestral da subtribo. Adicionalmente, mapeamos as sequéncias repetitivas
(GA)15 e (TTAGG)s em espécies dos dois clados que mostraram resultados mais homogéneos
localizadas na eucromatina e teldmeros, respectivamente. No capitulo IV, o cariétipo da
formiga cortadeira Atta cephalotes foi caracterizado por citogenética cldssica, bandamentos
cromossOmicos e mapeamento fisico de diferentes sequéncias repetitivas (teloméricas,
microssatélites e genes rDNA 18S). Atta cephalotes mostrou um cariétipo conservado em
relacdo as demais espécies de Atta, e os possiveis fatores que influenciam essa conservagao
cromossdmica no género siao discutidos. Os primeiros insights sobre a diversidade e
organizacdo cromossomica de varios DNAs repetitivos sdo apresentados em formigas
cortadeiras, dteis para estudos futuros comparativos. Os marcadores citogenéticos utilizados
nesta tese em diferentes espécies de Attina indicam padrdes distintos de diversificagdo para o
DNA repetitivo localizado na heterocromatina, enquanto o DNA repetitivo da eucromatina e

telomeros parece ser mais conservado na subtribo.

Palavras-Chave: Formigas. Heterocromatina. Microssatélites. DNA. Telomero.



ABSTRACT

TEIXEIRA, Gisele Amaro, D.Sc., Universidade Federal de Vicosa, May, 2022. Chromosomal
organization and evolutionary dynamics of repetitive sequences in fungus-farming ants
(Myrmicinae: Attini: Attina). Advisor: Denilce Meneses Lopes. Co-advisors: Luisa Antdnia
Campos Barros and Tania Maria Fernandes Salomao.

Repetitive DNA constitutes a substantial portion of the eukaryotic genome and are important
for its stability, evolution, regulation, and architecture. Fungus farming ants (Attina subtribe,
Paleoattina and Neoattina clades) show high rates of structural rearrangements in their
genomes, with gene contractions and expansions, which were necessary for the establishment
of their lifestyle based on agriculture. Processes that led to genomic diversification in Attina
may also have acted on repetitive sequences, highlighting the importance of studying repetitive
DNA in this group. Consistent with this hypothesis, cytogenetic data in Attina show that
repetitive heterochromatic sequences are rich in GC, which is an uncommon trait in Formicidae.
Thus, this thesis focused on the study of repetitive DNA in Attina from a molecular cytogenetic
approach. Considering that most of studies involvig repetitive sequences available for Attina as
well as Formicidae are available on rDNA genes, in chapter I data on mapping rDNA genes in
ants were compiled and unpublished results from 13 Neotropical species are presented. The
data showed that a single intrachromosomal rDNA site is the most frequent and probably
ancestral feature in ants, and that the chromosomal location of rDNA clusters influences the
restriction/dispersion of these genes in the karyotype. In chapter II, we characterized the
Neoattina  species  Cyphomyrmex  transversus, Sericomyrmex  maravalhas  and
Mycetomoellerius relictus, through classical and molecular cytogenetics, and chromosomal
banding. Cyphomryemx transversus and S. maravalhas show new karyotypes in their respective
genera. The three species present GC-rich heterochromatin, which reinforces the hypothesis of
a common origin of this heterochromatin in Attina. Data obtained in association with previous
studies suggest that a single intrachromosomal rDNA site is plesiomorphic in Attina and that
inversions seem to be important to change the position of these genes in the karyotype. In
chapter III, a Cot-DNA probe (highly and moderately repetitive sequences) from M. relictus
was produced and hybridized in the karyotypes of species from Neoattina and Paleoattina
clades. The results indicate at least five evolutionary events that led to the differentiation of
GC-rich heterochromatin into Attina since its probable emergence in the subtribe's ancestor.

Additionally, the repetitive sequences (GA)is and (TTAGG)s were mapped in species of the



two clades that showed more homogeneous results located in euchromatin and telomeres,
respectively. In chapter IV, the karyotype of the leaf-cutting ant Atfta cephalotes was
characterized by classical cytogenetics, chromosomal banding and physical mapping of
different repetitive sequences (telomeric, microsatellites and 18S rDNA genes). Atta cephalotes
showed a conserved karyotype in relation to other Atta species, and the possible factors that
influence this chromosomal conservation in the genus are discussed. The first insights into the
chromosomal diversity and organization of the various repetitive DNAs are presented in leaf-
cutting ants, useful for future comparative studies. The cytogenetic markers used in this thesis
in different Attina species indicate distinct patterns of diversification for the repetitive DNA
located in heterochromatin while the repetitive DNA of euchromatin and telomeres seems to be

more conserved in the subtribe.

Keywords: Ants. Heterochromatin. Microsatelites. DNA. Telomeres.
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1-INTRODUCAO GERAL

Uma grande porcdo do genoma de eucariotos € composta por diferentes sequéncias
altamente e moderadamente repetitivas organizadas em tandem ou dispersas localizadas na
heterocromatina ou eucromatina, como familias multigénicas, microssatélites, minissatélites,
DNA satélites, DNA telomérico, e elementos transponiveis (Martins et al. 2011; Loépez-
Flores e Garrido-Ramos 2012). Além da funcdo génica observada nas familias multigénicas
(ex.: genes ribossomais e histonas), atualmente é consenso que o DNA repetitivo pode ter
papéis importantes no genoma, incluindo na sua organizagao e estabilidade arquitetonica, na
regulacdo génica, segregacdo cromossOmica € na origem de rearranjos cromossOmicos
(Shapiro e Sternberg 2005; Martins et al. 2011; Biscotti et al. 2015a; Koo et al. 2016). Além
disso, sequéncias repetitivas podem estar relacionadas diretamente com a evolucdo de regides
cromossdomicas especificas como centromeros e teldomeros (Biscotti et al. 2015b; Shatskikh
et al. 2020; Thakur et al. 2021), e de cromossomos inteiros como Cromossomos sexuais e
cromossomos Bs (Martins et al. 2011; Chalopin et al. 2015; Hobza et al. 2015; Ruiz-Ruano
et al. 2017). O DNA repetitivo também pode estar envolvido na evolucao génica uma vez
que podem servir como matéria prima para novos genes ou variantes de genes que podem
estar relacionados com adaptagcdes ambientais (revisao em Paco et al. 2019; Sayah et al. 2004;
Aminetzach et al. 2005; revisdo em Gonzalez e Petrov 2009; revisdo em Gilbert et al. 2021).
A notédvel importancia funcional, estrutural e evolutiva do DNA repetitivo sobre o genoma
instiga o estudo de sequéncias repetitivas nos mais variados organismos.

Desde a década de 1980, a citogenética molecular tem permitido o estudo mais
resolutivo da estrutura cromossdmica representando grandes avancgos nos estudos citogenéticos.
Uma das técnicas de citogenética molecular mais empregada € a hibridizagdo in situ
fluorescente (FISH) que provou ser uma ferramenta eficaz e precisa para mapear fisicamente
sequéncias de DNA especificas dentro dos cromossomos, permitindo a construcdo de mapas
citogenéticos das espécies (revisdo em Levsky e Singer, 2003; Liehr, 2017; Martins et al. 2011).
Estudos citogenéticos moleculares tém mapeado as diferentes sequéncias repetitivas nos
cariotipos das espécies e tém sido notavelmente importantes para a compreensdo da
composi¢ado, origem, funcdo, organizacdo e padrdes evolutivos do DNA repetitivo no genoma
de eucariotos (Martins et al. 2011; Biscotti et al. 2015a).

Umas das sequéncias repetitivas amplamente mapeadas com a técnica de FISH sdo os
genes ribossomais 45S, que se apresentam em varias copias in tandem no genoma dos

eucariotos. Cada cépia do gene rDNA 45S € constituida, nessa ordem para a maioria dos
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organismos, pelos genes ribossomais 18S, 5.8S e 28S, os espacadores internos transcritos entre
esses genes, 0s espagadores externos transcritos flanqueando os genes 18S e 28S, espacador
intergénico ndo transcrito a montante, além da regido do promotor que contém duas sequéncias
importantes para a formagao do complexo transcricional, o elemento de controle a jusante e o
ndcleo promotor (Sumner 2003, Symonova 2019). Uma caracteristica notdvel desses genes é
que suas sequéncias codificantes sdo altamente conservadas em eucariotos devido a sua
importancia funcional permitindo comparagdes entre tdxons distantes. Entretanto, os
espacadores intergénicos variam em sequéncia e comprimento (Sumner 2003; Symonova
2019).

Os genes rDNA 458 fazem parte das regides organizadoras de nucléolo (NORs) e sdao
localizados em por¢des do DNA que apds sua condensacio, usualmente aparecem como
constricdes secundarias nos cromossomos metafdsicos (Sumner 2003). Variagdes no nimero
de sitios e localizacdo de genes ribossomais sdo bem documentados em diferentes grupos de
eucariotos, com espécies apresentando os clusters de rDNA em um ou mais pares
cromossOmicos localizados proximos a teldmeros, centrdmeros ou em posicdes intersticiais
(Sochorova et al. 2018; Roa and Guerra 2012; Dutrillaux e Dutrillaux 2012; Menezes et al.
2021). A compilacdo de dados cromossOmicos referentes a distribui¢do de genes ribossomais
em diferentes organismos tem mostrado um padrdo de associacdo entre a localizacdo
cromossdmica e o nimero sitios de genes rDNA presentes no cariétipo (um tnico sitio de rDNA
em regides intracromossdmicas € multiplos sitios de rDNA em regides terminais). Os estudos
propdem que a localizacdo cromossdmica influencia a dispersdo desses genes rDNA no
cariétipo devido a ocorréncia de rearranjos, como translocagdes, trocas desiguais € mecanismos
de recombinagdo ectdpica (entre cromossomos nao homoélogos), que podem levar a dispersao
génica ou aumento do tamanho das matrizes in tandem de rDNA no genoma, serem mais
provaveis nas regides terminais/subterminais dos cromossomos € serem incomums nas regioes
intracromossomicas (Martins and Wasko 2004; Nguyen et al. 2010; Roa and Guerra 2012;
Dutrillaux et al. 2016; Gerbault-Seureau et al. 2017; Hirai 2020).

Outras sequéncias repetitivas que t€m sido estudadas do ponto de vista citogenético
molecular sdo os microssatélites, pequenas matrizes de repeticoes em tandem, também
denominadas SSR (Simple Sequence Repeats) ou STR (Short Tandem Repeats) presentes no
genoma de todos os organismos ja estudados (Sumner 2003, Ellegren 2004). Os microssatélites
evoluem rapidamente, principalmente em termos de variabilidade no comprimento das
sequéncias repetitivas e, portanto, sdo importantes marcadores genéticos (Li et al. 2002;

Ellegren 2004). Diferentes mecanismos podem estar envolvidos na origem, propagacao ou
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eliminagdo de microssatélites no genoma, como o deslizamento da DNA polimerase durante a
replicacdo ou reparo do DNA, crossing-over desigual ou transposi¢ao, que influenciam seus
padrdes cromossdmicos (Li et al. 2002; Ellegren 2004; Zhang 2004; Ruiz-Ruano et al. 2015).
A distribui¢do cromossomica dessas sequéncias é altamente varidvel em eucariotos, podendo
estar localizados na eucromatina ou heterocromatina de cromossomos autossomicos ou sexuais,
microcromossomos ou cromossomos B, agrupados em regides especificas ou espalhados por
todo o comprimento do cromossomo. Isso indica que os microssatélites podem se acumular de
maneira diferente e seguir caminhos evolutivos divergentes, o que é util para entender a
evolucdo do genoma das espécies (Palacios-Gimenez e Cabral-de-Mello 2015; Piscor e
Maltempi 2016; Augstenova et al. 2018; Gunski et al. 2019; Marchioro et al. al. 2020).

A constitui¢do de teldmeros, responsdveis por evitar a fusdo e degradacao de terminais
cromossOmicos, nos diferentes eucariotos também tem sido investigada através da técnica de
FISH mostrando que essas regides cromossdmicas sdo compostas de repeticdes especificas de
DNA (revisdo em Gomes et al. 2010; revisdo em Watson e Riha 2010). O motif repetitivo
hexonucleotidico (TTAGGG), é conservado na maioria dos animais (Metazoa), no entanto
variacOes nas sequéncias teloméricas sdo observadas em alguns grupos como em nematodos
que tem a sequéncia telomérica (TTAGGC),, enquanto a maioria dos artrépodes apresenta
(TTAGG), em seus telomeros (revisdao em Gomes et al. 2010). Especificamente em insetos,
(TTAGG), € considerado o motif ancestral, embora tenha sido perdido independentemente em
diferentes grupos que mostram variacdoes na estrutura telomérica (Kuznetsova et al. 2019;
Lukhtanov 2022). Por exemplo, algumas espécies de Coleoptera mostram a sequéncia
telomérica (TCAGGQG),, enquanto em Diptera observa-se uma divergéncia maior na composicao
telomérica com espécies apresentando retrotransposons, repeticdes terminais longas complexas
(>120 pb) ou repeti¢cdes curtas (14, 16, and 22 bp). Além disso, inser¢des de outras sequéncias
(retrotranposons nao-LTR e repeti¢des de ordem maior) dentro da matriz telomérica (TTAGG),
sdo observadas em algumas espécies incluidas em Hemiptera, Coleoptera, Lepidoptera e
Apidae (revisdo em Kuznetsova et al. 2019). Recentemente, utilizando andlises gendmicas de
180 espécies de 8 ordens diferentes de insetos, Lukhtanov (2022) forneceu dados inétidos para
telomeros de insetos mostrando a presenca de 19 novas variantes de motifs curtos de 1 a 17 bp.
Além disso, repeticdes teloméricas longas e repeti¢cdes intercaladas com retrotransposons
especificos foram observados em novas espécies. Essa notdvel diversidade da composicdo e
estrutura telomérica em insetos destaca a importancia de estudos dessas regides cromossomicas

nesse grupo de organismos.
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Sequéncias moderadamente e altamente repetitivas andnimas (fracdo Cot-DNA)
também tém sido utilizadas como sondas na FISH. Essas sequéncias sdo obtidas pela técnica
de cinética de reassociagcdo Cot-DNA que se baseia na velocidade mais rdpida com que
sequéncias repetitivas se renaturam em relacdo as sequéncias de copias tnicas do genoma
(Zwick et al. 1997; Martins et al. 2011). O procedimento consiste na fragmentacdo de DNA
genOmico total em altas temperaturas, desnaturacdo desse DNA gendmico fragmentado (95°C),
reanelamento do DNA (65°C por tempo especifico), e finalmente o tratamento com a enzima
S1 nuclease que ird degradar as sequéncias de cOpia Unica que ainda permaneceram como fita
simples (Zwick et al. 1997). Vérios estudos conduzidos em diferentes organismos, por exemplo
besouros, abelhas, cigarrinhas, peixes e lagartos, t€ém utilizado a fracdo Cot-DNA (sequéncias
moderadamente e altamente repetitivas do genoma) como marcador da heterocromatina, uma
vez que essas regides cromossOmicas sdo geralmente enriquecidas com sequéncias repetitivas
(Cabral-de-Mello et al. 2011; Teréncio et al. 2015; Anjos et al. 2016; Carvalho et al. 2016;
Cunha et al. 2020). Esses estudos mostraram que a fragdo Cot-DNA € uma ferramenta ttil para
entender os eventos de diferenciacdo e evolugdo da heterocromatina bem como os padrdes de
organizacdo de sequéncias repetitivas nos genomas de espécies relacionadas (Carvalho et al.
2016; Cunha et al. 2020).

Em Formicidae, estudos citogenéticos moleculares empregando a técnica de FISH tém
focado no mapeamento de genes ribossomais desde os primeiros estudos conduzidos em
formigas australianas (Hirai et al. 1994; 1996), e vem aumentando consideravelmente nos
ultimos anos (ex.: Mariano et al. 2008; Santos et al. 2016; Aguiar et al. 2017; Barros et al. 2016,
2021, 2022; Micolino et al. 2019a, b, 2022; Teixeira et al. 2020). Outras sequéncias repetitivas
também tem sido mapeadas com a FISH em diferentes espécies de formigas como a sequéncia
telomérica candnica de insetos (TTAGG), (Meyne et al. 1995; Pereira et al. 2018; Micolino et
al. 2019a, b, 2020, 2022; Castro et al. 2020; Barros et al. 2021), e mais recentemente,
microssatélites em trés espécies de formigas cultivadoras de fungos (Barros et al. 2018;
Micolino et al. 2019a, 2022).

Dentre os Formicidae, as formigas cultivadoras de fungos (subtribo Attina) sdo
particularmente notdveis por cultivarem um fungo simbionte para sua alimentacdo (Weber
1966; Schultz e Brady 2008; revisdo em Mehdiabadi e Schultz 2010), e em troca fornecem ao
fungo nutricdo, propagagdo para novos locais e prote¢do contra microorganismos parasitarios
(Weber 1966; Little et al. 2005). A subtribo Attina forma um grupo monofilético com origem
ha 50-65 milhdes de anos nas florestas tropicais da América do Sul (Schultz e Brady 2008;

Nygaard et al. 2016; Branstetter et al. 2017) e sao exclusivas do Novo Mundo com distribui¢ao
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predominantemente neotropical (Mayhé-Nunes e Jaffe 1998). Atualmente, Attina inclui
aproximadamente 250 espécies descritas agrupadas em 20 géneros (Bolton 2022). De acordo
com dados moleculares, os géneros sdo divididos em dois clados irmaos monofiléticos:
Paleoattina (Apterostigma, Mycocepurus e Myrmicocrypta) e Neoattina (os 17 géneros
restantes) (Sosa-Calvo et al. 2018; Solomon et al. 2019; Cristiano et al. 2020).

Essas formigas podem ser agrupadas em cinco sistemas agricolas: agricultura basal € o
sistema ancestral observado em géneros de Paleoattina e Neoattina basais, agricultura de fungos
corais observado em Apterostigma grupo pillosum (Paleoattina), agricultura de levedura
observado na maioria das espécies de Cyphomyrmex (Neoattina), agricultura superior
generalizada observada nos géneros Sericomyrmex, Xerolitor, Mycetomoellerius,
Trachymyrmex, Paratrachymyrmex (Neoattina) e a forma mais derivada de agricultura, a de
corte de folhas, que incluem os géneros de formigas cortadeiras Amoimyrmex, Acromyrmex €
Atta (Neoattina) (Mehdiabadi e Schultz 2010). De maneira geral, as espécies de formigas
cultivadoras de fungos (com exce¢do das formigas cortadeiras) sdo pequenas e monomorficas,
com cor escura € sem brilho e entram em tanatose quando perturbadas, as rainhas sdo
inseminadas com unico macho e seus ninhos sdo profundos, demandando grandes esforcos de
coleta. Contrastamente, formigas cortadeiras mostram além da forma mais derivada de
agricultura utilizando somente material vegetal fresco para o cultivo do fungo simbionte, outras
caracteristicas de histéria-natural derivadas como castas trabalhadoras maiores e polimérficas,
rainhas inseminadas por multiplos machos e grandes colonias (Mehdiabadi e Schultz 2010;
Sosa-Calvo et al. 2015).

Do ponto de vista citogenético, mais de 50 tdxons de formigas cultivadoras de fungos
incluidas em 12 géneros ja foram estudadas, e uma ampla diversidade cariotipica é observada
na subtribo com o nimero cromossdmico variando de 2n=8 em Mycocepurus goeldii (Forel,
1893) (Paleoattina) e Mycocepurus sp. até 2n=64 em Mycetophylax lectus (Forel, 1911) (como
Cyphomyrmex lectus, Neoattina) (Murakami et al. 1998; Barros et al. 2010; revisdo em Mariano
et al. 2019). Variacdes no nimero cromossomico também sdo observadas dentro da maioria
dos géneros estudados (revisdo em Mariano et al. 2019; Barros et al. 2021; 2022; Cardoso e
Cristiano 2022). Isso contrasta com o género de formigas cortadeiras Afta em que se observa,
até o momento, uma notdavel conservacao cariotipica entre as espécies estudadas de grupos
filogenéticos distintos considerando todos os caracteres citogenéticos analisados (nimero,
morfologia cromossOmica, localizacdo de heterocromatina, de regides ricas em bases GC e de
genes ribossomais 18S) (Barros et al. 2014, 2015; Teixeira et al. 2017; revisdao em Mariano et

al. 2019).
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Uma caracteristica citogenética notdvel observada em formigas cultivadoras de fungos
através de técnicas de bandamentos cromossdmicos € a presenga de heterocromatina rica em
pares de bases GC em todos os cromossomos de varias espécies incluidas em Paleoattina e
Neoattina. (Barros et. al. 2010, 2013, 2018, 2022; revisdo em Mariano et al. 2019).
Heterocromatina rica em GC € um traco incomum em formigas em geral. Barros et al. (2018)
sugerem que essa heterocromatina rica em GC pode ter se originado no ancestral comum da
subtribo, uma hipdtese que necessita ser melhor investigada. Variagcdes na composicdo da
heterocromatina ja foram observadas em algumas espécies como nas Neoattina Atta spp. e
Acromyrmex spp. que possuem apenas as regides de genes ribossomais ricas em GC (Barros et
al. 2014, 2015, 2016, 2021; Teixeira et al. 2017), em Amoimyrmex striatus (Roger, 1863),
Acromyrmex niger (Smith, 1858) e Acromyrmex rugosus (Smith, 1858) que mostram
heterocromatina rica em GC em alguns pares cromossomicos (Cristiano et al. 2013; Barros et
al. 2016), e mais recentemente algumas linhagens derivadas de Mycetophylax spp.
apresentaram heterocromatina pericentromérica rica em bases AT na maioria dos cromossomos
(Cardoso et al. 2022).

Esses dados de bandamentos cromossdmicos peculiares para Formicidae estdo em
acordancia com os dados gendmicos de formigas cultivadoras de fungos que mostram taxas de
rearranjos estruturais notaveis em comparagao com as de outras formigas e insetos ja estudados,
com contragdes e expansdes génicas indicando que um novo material genético substancial se
tornou disponivel e foi necessario para o estabelecimento desse estilo de vida baseado em
sociedades agricolas (Nygaard et al. 2016). Os processos que levaram a diferenciagdo génica
também podem ter afetado as diferentes sequéncias repetitivas, mostrando a relevancia desse
grupo peculiar na compreensdo da por¢ao repetitiva do genoma das formigas.

A maior parte dos estudos citogenéticos moleculares disponiveis para formigas
cultivadoras de fungos bem como para formigas em geral, sao focados em genes ribossomais,
e até o momento ainda nao foi realizado uma compila¢do dos dados disponiveis. Assim, no
primeiro capitulo, foi revisado todos os dados citogenéticos moleculares publicados até o ano
de 2020 relacionados ao mapeamento de genes ribossomais (45S, 18S ou 28S) em Formicidae
e novos dados de 13 espécies neotropicais de quatro subfamilias foram apresentados pela
primeira vez. Esses dados foram utilizados para investigar se o nimero e a localizacdao dos
clusters de genes rDNA seguem um padrio especifico ou foram distribuidos aleatoriamente nos
cariétipos e assim entender a organizacdo gendmica e a dindmica evolutiva desses genes em

formigas.
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No segundo capitulo, cariétipos de trés espécies de formigas cultivadoras de fungos,
Cyphomyrmex transversus Emery, 1894, Mycetomoellerius relictus (Borgmeier, 1934), e
Sericomyrmex maravalhas JeSovnik e Schultz, 2017, foram caracterizados através de nimero,
morfologia cromossdmica, localiza¢do de heterocromatina, de regides ricas em GC e de genes
ribossomais. O objetivo do capitulo foi investigar a presenca de heterocromatina rica em GC
nessas espécies e fornecer insights para auxiliar na compreensdo dos padrdes de evolugdo
cromossdmica em seus respectivos géneros.

No terceiro capitulo, uma sonda Cot-DNA foi produzida a partir do genoma de
Mycetomoellerius relictus (Borgmeier, 1934), pertencente a Neoattina, que possui a
heterocromatina rica em GC em todos os seus cromossomos. Essa sonda foi hibridizada nas
sequéncias gendmicas de espécies dos trés géneros de Paleoattina e de diferentes géneros de
Neoattina, basais e derivados, para testar se as sequéncias ricas em GC sdo compartilhadas entre
os dois clados e entender a dindmica evolutiva da heterocromatina no genoma de formigas
cultivadoras de fungos. Além disso, foi mapeado fisicamente o microssatélite (GA)is e a
sequéncia telomérica ancestral de insetos (TTAGG)s em diferentes espécies de Paleoattina e
Neoattina para investigar seus padrOes de distribuicdo nos caridtipos dessas formigas. Esses
dados fornecem os primeiros insights sobre a organizacgao, diversidade e padrdes evolutivos da
porc¢do repetitiva do genoma de Attina de uma perspectiva ampla.

No quarto capitulo, o cariétipo da formiga cortadeira Atta cephalotes foi caracterizado
através de citogenética cldssica, bandamentos cromossdomicos € mapeamento fisico de
diferentes sequéncias repetitivas (18S rDNA, motivos teloméricos e microssatélites mono-, di-
e tri- nucleotideos). O objetivo deste capitulo foi testar a conservacao cariotipica desta espécie
em comparacao com outras espécies de Affa e iniciar a compreensdo da organizacdo gendmica

e diversidade de diferentes seqii€ncias repetitivas em formigas cortadeiras.
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Abstract

The major rDNA genes are composed of tandem
repeats and are part of the nucleolus organizing
regions (NORs). They are highly conserved and there-
fore useful in understanding the evolutionary pattems
of chromosomal locations. The evolutionary dynamics
of the karyotype may affect the organization of rDNA
genes within chromosomes. In this study, we physi-
cally mapped 18S rDNA genes in 13 Neotropical ant
species from four subfamilies using fluorescence in
sifu hybridization. Furthermore, a survey of published
rDNA cytogenetic data for 50 additional species was
performed, which allowed us to detect the evolutionary
patterns of these genes in ant chromosomes. Species
from the Neotropical, Palearctic, and Australian
regions, comprising a total of 63 species from 19 gen-
era within six subfamilies, were analysed. Most of the
species (48 out of 63) had rDNA genes restricted to a
single chromosome pair in their intrachromosomal
regions. The position of rDNA genes within the chro-
mosomes appears to hinder their dispersal throughout
the genome, as translocations and ectopic recombina-
tion are uncommon in intrachromosomal regions
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because they can generate meiotic abnommalities.
Therefore, rDNA genes restricted to a single chromo-
some pair seem to be a plesiomorphic feature in ants,
while multiple rDNA sites, observed in distinct subfam-
ilies, may have independent origins in different genera.

Keywords: evolution, ribosomal DNA, gene disper-
sion, Formicidae, chromosome rearrangements, phys-
ical mapping.

Introduction

Eukaryotic genomes have repetitive tandem sequences
such as in the major ribosomal RNA genes {45S = 18S
+ 5.8S + 288), herein denominated rDNA, which contain
highly conserved genic sequences and are therefore use-
ful as molecular genetic markers, allowing comparisons
across distant taxa. However, intergenic spacers vary in
both sequence and length {Long and Dawid, 1980;
Sumner, 2003; Symonovd, 2019). The 458 ribosomal
genes are part of the nucleolus organizing regions
{NORs) and are located in portions of the DNA that, after
their condensation, usually appear as secondary constric-
tions on metaphase chromosomes (Sumner, 2003).

The silver nitrate impregnation technigue (Ag-NOR band-
ing) shows only transcriptionally active NCRs by staining
nuclear acid proteins involved in transcription {Howell and
Black, 1980; reviewed by Sumner, 2003). Species with multi-
ple rDNA clusters do not usually exhibit silver-staining in all
clusters (reviewed by Sumner, 2003; Vicari et al., 2008). How-
ever, it must be assumed that if a species has only a single
NOR {or single 455 rDNA gene site), then it will be transcrip-
tionally active, as evidenced for different organisms (Dobigny
etal., 2002; Barros et al., 2015; Falcione et al., 2018; Cholak
etal., 2020; Malimpensa et a/., 2020).

Intercellular and interindividual variations are frequentty
detected by the AgNOR banding method (Zurita
et al., 1997; Cross et al., 2003; Walker et al., 2014; Schmid
et al., 2017). However, the use of this technique in ant species
has not produced reliable results owing to low repeatability, dif-
ficulty in obtaining good-quality markings, and the appearance
of unspecified marks on heterochromatic regions of many
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chromosomes, which makes using this procedure unsatisfac-
tory and inconclusive {Imai et al., 1992; Hirai et al., 1994; Loiite
et al., 1997; Barros et al., 2009, 2015; Aguiar et al., 2017).

Since the 1980s, molecular cytogenetic tools have been
used to study karyotypes. For example, fluorescence in
situ hybridization (FISH) has proven o be an effective
and precise tool for physically mapping specific DNA
sequences within chromosomes (reviewed by Levsky and
Singer, 2003; Liehr, 2017). The rDNA genes can be located
in single or multiple chromosome pairs {Sochorovd
et al., 2018). In several organisms, studies of these genes
have pointed to chromosomal differences within species
complexes {(Mantovani et al., 2005; Barbosa ef al., 2017;
Dutra et al., 2020) and between species with similar karyo-
types {Panzera et al., 2012; Golub et al., 2015; Gokhman
et al., 2016). As a consequence, inferences can be made
based on chromosomal rearrangements that shape the chro-
mosomal evolution of a species {Roy et al., 2005; Nguyen
et al., 2010; Britton-Davidian et al., 2012; Cabral-de-Mello
et al., 2011; Dutillaux and Dutrllaux, 2012; Roa and
Guerra, 2012; Menezes et ai., 2019; Degrandi et al., 2020).

In ants, the physical mapping of rDNA genes using the FISH
technique was first described in Australian ants by Hirai
et al. {1994, 1996). Since then, the number of studies mapping
these genes has increased (Maiiano et ai, 2008; Santos
et al., 2016; Micolino et al., 2019a; Teixeira et al., 2020) and
other repelitive sequences, such as telomeres {Meyne
et al, 1995; Pereira et al, 2018; Micolino et al., 2020;
Castro et al., 2020), satelite DNA {Lorite &t &l., 2004; Huang
et al., 2016), 58 ribosomal genes {(Aguiar et af., 2017), and
microsatellites (Barros et al., 2018; Micolino et al., 2019b), have
been mapped in the chromosomes using the FISH technique.
To date, molecular cytogenetic studies on rDNA genes in ants
have improved understanding of chromosomal evolution and
phylogeny and provided taxonomic resolutions for different
ant groups (Hirai et &/., 1994, 1996; Santos et al., 2010, 2016).

In this study, we physically mapped 188 rDNA clusters
using the FISH technique and verified if they were GC-rich
in 13 Neotropical ant species from four subfamilies
(Ectatomminae, Formicinae, Mymicinae, and Ponerinae).
In addition, we reviewed previous molecular cylogenetic
data related to rDNA gene clusters (458, 18S, or 288) in
ants. Using these data, we investigated whether the
number and location of the ribosomal gene clusters fol-
lowed a specific pattem or were randomly distributed in
order to understand the genomic organization and evolu-
tionary dynamics of these genes in ants.

Results

Chromosome mapping of 18S rDNA clusters in 13
Neotropical ant species

All of the studied ant species presented only a single 188
rDNA site that was colocalized with GC-rich regions
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(CMAg*) (Table 1), while AT-rich regions {DAPI*) were
not detected in any species. Most of the species presented
GC-rich rDNA genes in the intrachromosomal regions
(pericentromeri¢ or interstitial), including Pseudoponera
gitberti (Kempf, 1960) {Fig. 1A, S1A), Anocheius targionii
Emery, 1894 (Fig. 1B, S1B), Odoniomachus haematodus
(Linnaeus, 1758) (Fig. 1C, D, S1C), Odontomachus bauri
Emery, 1892 (Fig. 1E, S1D), Pheidole germaini Emery,
1896 (Fig. 2A, S2A), Crematogaster longispina Emery,
1890 (Fig. 2B, $2B), Soienopsis geminata (Fabricius,
1804) (Fig. 2C, D, S2C), Myrmicocrypia sp. (Fig. 2E,
$2D), and Acromyrmex echinatior (Forel, 1899) (Fig. 2F).
Additional GC-rich bands only occurred in P. giiberti in
the pericentromeric region of the 3@ and 4™ metacentric
chromosome pairs (Fig. S1B). Differences in rDNA cluster
sizes between homologous chromosomes were observed
in heterozygous O. bauri individuals. One of the homolo-
gous chromosomes showed clusters approximately twice
the size of those in the other chromosome {Fig. 1F, S1E).
A male individual bearing a chromosome with minor
GC-rich bands was analysed (Fig. S1F). Homozygous indi-
viduals with duplicated clusters were not observed.

The remaining species showed GC-rich 18S rDNA clus-
ters across the entire chromosome arm, occupying either
the long am, as in Gnamptogenys tortuolosa {Smith,
1858) {Fig. 3A, S3A), orresiding in the shortarm, as in Stru-
migenys diabola Bolton, 2000 (Fig. 2G, S2E), Campono-
tus atriceps (Smith, 1858) (Fig. 3B, S3B), and Gigantiops
destructor (Fabricius, 1804) {Fig. 3C, S3C, D). Heteromor-
phism of 188 rDNA clusters was detected inall of the ana-
lysed C. atriceps and G. tortuoiosa individuals. In the latter
species, the heteromorphism of the NOR resulted in differ-
ences in total size between homologous chromosomes,
which changed their morphology such that one was
submetacentric while the other was subtelocentric. In
G. destructor, additional GC-rich bands were located
in the interstitial region of the long am of the largest
subtelocentric chromosome pair (Fig. S3C, D).

Chromosome mapping review of rDNA ciusters in ants

Cylogenetic data available in the literature related to the
rDNA genes of 50 ant species from 12 genera and six sub-
families were reviewed (Table 1; Fig. 4). Most data were
concentrated on Neotropic ants, withinformation on 33 spe-
cies, while the Palearctic and Australian regions had
data on only one and 16 species, respectively. A single
rDNA site localized in the intrachromosomal region was
observed in most species (Fig. 4A, B). However, Campo-
nolus renggeri Emery, 1894, Dinoponera giganiea
(Perty, 1833), and most of the studied Myrmecia species
presented multiple rDNA sites over the entire short chro-
mosome arm. The subfamily Myrmicinae possessed most
of the rDNA data, and the Mymmeciinae subfamily showed
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Table 1. Summary of the available molecular cytogenstic data conceming major ribosomal genes (455, 285 or 18S) detacted by FISH inants [Colourtable can

be viewed at wileyonlinelibrary.com].

Localization of IDNA Co-localization
Ant species 2nf(n} genes in karyotype Ideogram CMALTDNA Reference CMAZTDNA
Neotroplcal ants
Subfamlly Mymlcinae
ACromyrmex aspersus 38 Largest subtslogentric pair | D G| Yos Teixeira et al. (2017}
Acromyrmex coronatus 38 Largest subtslogentric pair | D Yos Barros et al. (2016)
Acromyrmex disciger 38 Largest subtalocentric pair D] Yes Barros et al. (2016
Acromyrmex echinatior 38 Largest subtalogentric pair [ ) G Yos Barros et al. (2016)/
Present study
Acromyrmex niger 38 Largest subtalocentric pair | D Yes ? Barros et al. (2016}
Acromyrmex striatus 22 2nd metacentric pair [ Yes ? Cristianoc ot ai. (2013)Y
Teixeira et al. (2017)
Acromyrmex subtorraneus 38 Largest subtalocentric pair D] Yas Teixeira et a. (2017}
Attmzspt:::ﬂca 2 4th matacertric pair e Yos Barros et &/. (2014)/Teixaira
etal. (2017}
Atta lasvigata 22 4th metacentric pair <X Yas Barros 6t al. (2014)/Teixaira
otal_ (2017}
Atta robusta 22 4th metacentric pair <X Yas Barros et al. (2015}
Atta sexdens rubropiiosa 22 4th matacentric pair [ Yas Barros et al. (2014)/Teixeira
otal_ (217}
Crematogaster longispina 24 Largest metacentric pair <1 Yes Present study
Mycetophytax conformis 30 11th metacentric pair | | Yes Cardoso et al. (2014Y
Migeline ot al. (2019a)
Mycetophylax morschi 26 2nd submetacentric pair <) - Micoline ot al. (2019a}
Mycetophylax morschi 28 7Tth matacentric pair [ | - Micoline et al. (2019a}
Mycstophyfax morschi e o3 Acrocentric pair 1 - Micoline ot al. (2019a}
Mycestophylax simplox 36 Smallest metacentric pair a1 Yas Cardoso ef al. (2014
Miceline ot ai. (2019a)
Mycocepurus gooldit 8 2nd metacentric pair ] Yes ® Barros et al. (2010)/Bamos
et al. (2012}
Myrmicocrypta sp. 30 9th matacentric pair ] Yas Present study
Pheidole germaini 22 Subtelocentric pair [ Yos Pregent study
Solenopsis geminata 32 Smallest submetacentric <1 Yos Pregent study
Strumigenys diabola 40 4th submels:ernlric pair | e Yes Present study
Mycetomoelierius holmgreni 20 4th matacertric pair [ Yes Barros et al. (2018)
Subfamlly Formicinae
Camponolus atriceps © a0 2nd submetacantric pair < ] Yas Pregent study
Camponotus cingulatus © 40 2nd submetacantric pair | 4 Yas Aguiar et al. (2017}
Camponotus renggeri 40 2nd submetacentric pair < 1 Yes Aguiar et a/. (2017}
and madium-sized [ O
subtelocantric pair
Camponotus rufpes © 40 2nd submetacentric pair ] Yeos Aguiar et /. (2017}
Gigantiops destructor (39) 8th matacertric pair | e Yes ? Present study
Subfamlly Ponerinae
Anochetus altisquamis © 30 3rd submetacentric pair [ - Santos et al. (2010}
Anochetus horridus © 46 4th telogentric pair b - Santos st al. (2010)
Anochetus targionii 30 7th metacentric pair [ Yas Present study
Dinoponera gigantea 82 Multiple pairs - - Aguiar et al. (2011}
Dinoponeta lucida (58) Largast pair . N Yaos Mariano et al. (2008)
Odontomachus bauri 44/(22) 2nd subtelocentric pair [ i Yos Present study
Odontomachus haematodus 44 3rd subtelocantric pair [ I Yas Present study
(Continued)
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Localization of IDNA Co-localization
Ant species 2nf(n} genes in karyotypa Ideogram CMAZDNA Reference CMAS/DNA

Pseudoponera gilberti 22 Largest metacentric pair < Yes? Present study

Subfamlly Ectatomminae
Gnamptogenys moelleri 34,44 4th metacentric pair <1 Yes Teixeira et al. (2020}
Gnamptongeys regularis © 26 Metacentric and [ Yes Teixeira et al. (2020}

submetacentric Y 0
homologues
Gnamptogenys striatula 32 Sth metacentric pair <1 Yes Teixeira et al. (2020}
Gnamplogenys striatula 34 4th metacentric pair 1 Yes Teixeira of al. (2020}
Gnamptogenys triangularis 24 Largast metacentric pair A1 Yes Teixeira et al. (2020)
Gnamptogenys tortucicsa © 44 Subtelocentric and » | Yes Pregent study
submetacantric » |
homologues

Subfamlly Dollchoderinae
Dolichodetus atteiaboides 58 Largest submatacentric PC ) Yos Santos et al. (2016)
Dolichodetus bidens 18 Largest melgat;;ntric pair S | Yo ? Santos et al. (2016)
Dolichodernus decollatus 38 2nd metacentric pair a1 Yeos Santos et al. (2016}
Dolichodenus diversus 22 Largest metacentric pair ] Yog ? Santos et al. (2016}
Dolichoderus imitator 38 Largest metacentric pair [ Yes Santos et al. (2016)
Dolichoderus lutosus 10 2nd metacentric pair [ Yos® Santos et al. (2016)
Dolichodonts voraginosus 20 Largest metacentric pair 1 No? Santos et al. (2016

Australlan ants

Subfamlly Myrmeclinae
Myrmecia banksi ° 10 Smallest acrocentric pair [ - Hirai et al. (1994), (1996}
Myrmecia chasei 47 Multiple pairs - - Hirai et al. (1986}
Myrmecia crostandi 2,3,4% Acrocantric pair ] - Hirai ot al. {1994), (1996)
Myrmecia forficata 52,54 Multiple pairs - - Hirai et al. (1986}
Myrmecia fulvipes 48, 50 Multiple pairs - - Hirai et al. (1996)
Myrmecia gulosa aab Multiple pairs - - Hirai et al. (1986}
Myrmacia haskinsorum 18 Multiple pairs - - Hirai et al. (1984), (1996}
Myrmecia imail © 8 Largest acrocentric pair ] - Hirai et al. (1984), (1996}
Myrmecia mandibularis 56° Multiple pairs - - Hirai et al. (1986}
Myrmecia michaelseni 27 Multiple pairs - - Hirai et al. (1886}
Myrmecia cccidentaiis 64° Multiple pairs - - Hirai et al. (1986)
Myrmecia pavida 44 Multiple pairs - - Hirai ot al. 1896
Myrmecia pilosula 22° Acrocentric pair [ o) - Hirai et al. (1986}
Myrmecia pilosula 19,23° 27, 32 Multiple pairs - - Hirai ot al. (1984}, (1996}
Myrmecia simiftima 70° Multiple pairs - - Hirai et al. (1986}
Myrmecia amoldi 53, 55, 57, 59, Multiple pairs - - Hirai et al. (1986}

60°, 64, 66

Myrmecia vindex 74,76 Multiple pairs - - Hirai et a/. (1996}

Palearctic ant

Subfamlly Dollchoderinae
Tapinoma nigerimum 18 Largest submetacentric [N e Yes Lorite et al. (1997)

pair

2Additional markers CMAz*.

“Data showed by Hirai ot a/. (1996).

“Heteromemhism of IDNA clusters between the homologues.
dPelymaorphism of IDNA clusters between the homalogues
— unavailable data.

© 2021 Royal Entomological Society, 30, 340-354
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Flgure 1. Fluorescencs in situ hybridization with 185 rDNA probe (red blocks) of Ponerinas ants: (A} Pseudoponera gilberti (2n = 12), (B) Anochetus targionii
(2n = 30}, (C, D) Odontomachus haesmatodus (2n = 44, Brazil and French Guiana, respactively), (E, F} Odontomachus bauri (2n = 44). In the last species, the
185 rDNA site was locatad on the long am of the polymemhic chromosemal pair. The boxes show a polymorphic sublelogentric pair in (E) in the homozygous
state, and (F} in the heterozygous state. Bars = 5 pm. [Colour figure can be viewed at wileyonlinalibrary.com].

a different pattem in relation to other subfamilies with mul-
tiple rDNA sites observed in the majority of species
(Fig. 4C). Dolichoderus voraginosus Mackay, 1993 did
not show any co-localization of 185 rDNA clusters and
GC-rich bands. Fig. 5 summarizes the available data on
the number and position of NORSs in ant species and the
phylogenetic relationships among these species and is
based on the published molecular phylogenies.

Discussion

Paiterns of rDNA clusters in the karyotypes of specific ant
groups

Specific rDNA pattems can be observed in the karyotypes
of some ant groups where several species have been stud-
ied. In species of the genus Dolichoderus, the chromo-
some numbers range from 2n = 10 fo 58, and a single
rDNA site in the interstitial region has been observed in
the majority of the investigated species. However, there
are two exceptions: D. voraginosus and Dolichoderus atte-
laboides (Fabricius, 1775), where the rDNA clusters are

located in the terminal region of the long arm and in the
short am, respectively (Santos et al., 2016).

Despite the chromosomal variation observed in Gnamp-
togenys spp. (2n = 24-44), they all have a single rDNA site
in the intrachromosomal region (Teixeira etai., 2020). Even
Gnamptogenys moelieri (Forel, 1912), a species with dif-
fering chromosome numbers between two populations
(2n =34 and 44), has asingle intrachromosomal rDNA site.
Gnamptogenys torluolosa is an exception, with rDNA clus-
ters oceurring over the entire long am {this study). In the
genus Anochetus, the chromosome number ranges from
2n = 30 to 46, and a single pericentromeric rDNA site has
been observed (Santos et al., 2010).

All analysed fungus-farming ants (Attina) had a single
rDNA site (Table 1). In the genus Mycetophylax, although
chromosome number differs among species (2n = 26—
36), a single rDNA site is located in the pericentromeric or
terminal region in all the species of the genus (Micolino
et al., 2019a). The leafcutling ants are considered the
most derived among the Aftina species (Schuliz and
Brady, 2008). Atta spp. {2n = 22) have a single rDNA site
in the interstitial region and Acromyrmex spp. {(2n = 38)

© 2021 Royal Entomological Society, 30, 340-354

30



Evolution of rDNA genes in ant chromosomes 345

Flgure 2. Fluorescence in situ hybridization with 185 rDNA probe (red blocks) of Mymicinae ants: (A) Pheidoie germaini (2n = 22), (B) Crematogaster
longispina (2n = 24}, (C) Solenopsis geminata (2n = 32} and (D) Sofenopsis geminata (n = 16}, (E) Myrmicocrypta sp. (2n = 30), (F} Acromyrmex echinatior
(2n = 38), (G) Strumigenys diabola (2n = 40). Bars = § pm. [Colour figure can be viewad at wileyonlinelibrary.com].

have a single rDNA site in the terminal region (Barros
etal., 2015, 2016; Teixeira et al., 2017). Acromyrmex siria-
tus (Roger, 1863), a sister group of the leaf-cutting ants,
has 2n = 22 and pericentromeric rDNA clusters that are
not located on the same chromosome pair relative to that
in Atta spp. (Cristiano et al., 2013; Teixeira et al., 2017).
In A. echinatior (2n = 38), rDNA clusters are located in the
interstitial region of the same pair as observed in other
Acromyrmex spp. (this study).

The chromosome number of the Australian bulldog ants
is highly variable, ranging from 2n = 2 to 76 {Imai et
al., 1994). In addition, Myrmecia spp. present remarkable
pattems of multiple 285 rDNA clusters that are highly dis-
persed throughout their genomes. The number of rDNA
sites increases with the chromosome number of the spe-
cies. This suggests several ribosomal gene amplification
events have occurred in the different species of Myrmecia
and that they have accumulated in karyotypes throughout
the evolution of the genus. Only four out of 16 species from
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this monophyletic genus have the entire arm or intrachro-
mosomal rDNA clusters restricted to a single pair of chro-
mosomes (Hirai et al, 1994, 19896; Hirai, 2020). This
pattern is observed in species with small chromosome
numbers, which suggests that a single NOR is plesio-
morphic among Myrmecia {Hirai, 2020).

Carmpenter ants {Camponotus) from the subgenus
Myrmothrix have 2n = 40 chromosomes, with its
studied species having a single rDNA site in the terminal
region. Camponotus renggeri is the only exception,
having an additional rDNA cluster at the terminal region
of a medium-sized subtelocentric pair (Aguiar
etal., 2017).

In the giant ants of the genus Dinoponera, two contrast-
ing pattems have been observed: D. gigantea (2n = 82)
has multiple rDNA sites located on its short chromosome
amms (Aguiar el al., 2011), whereas Dinoponera lucida
Emery, 1901 has a higher chromosome number
(2n = 120), but only a single rDNA site restricted to the
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Flgure 3. Fluorescence in sifu hybridization with 185 [3NA probe (red blocks) of an Ectatomminae ant (A} Gnamptogenys tortuciosa (2n = 44), and Formicinae
ants (B} Camponotus atriceps (2n = 40) and (C) Gigantiops destructor (n= 39). In G. torfuclosa, the box shows a remarkable size heteromomhism of 188 IDNA
clusters betwaen homologues. Bars: 5 ym. [Colour figure can be viewed at wileyonlinglibrary.com].

intrachromosomal region of its largest chromosome pair
(Mariano et al., 2008).

Homeology pattems among chromosomal pairs bearing
ribosomal genes can be detected in a few ant genera, such
as Gnamptogenys (striatuia group), Camponotus {Myrmo-
thrix), Atta, and Acromyrmex (Table 1). However, it is spec-
ulative to infer such homeology pattems for the entire
Fommicidae family. Ants constitute an ultra-diverse mono-
phyletic group with more than 13 800 described species
{Bolton, 2020). They show a wide range of karyotype vari-
ation both in number (2n = 2-120) and chromosomal mor-
phology {reviewed by Lorte and Palomeque, 2010;
Mariano et al., 2019).

Insights concerning the organizational patterns of
ribosomal gene clusters in the ant genome

The mapping of the ribosomal gene clusters of 63 species
distributed in 19 genera and six subfamilies, together with
information on their phylogenetic relationships, demon-
strated that a single pair of chromosomes bearing the
GC-rich rDNA clusters is the most frequent trait among the
studied species, regardless of the chromosome number
(Table 1, Fig. 4A). Genomes carrying rDNA clusters in
more than a single chromosome pair have been observed

in non-related taxa, such as D. giganiea (Aguiar
etal.,2011), C. renggeri (Aguiaret al., 2017), and Myrmecia
spp. (Hirai et al., 1994, 1996). We hypothesize that having a
single rDNA site should be considered a plesiomorphic trait
because multiple rDNA sites were observed in different non-
related lineages that do not share exclusive common ances-
try and appear de novo throughout the Formicidae family.
In eukaryotes, it is common fo observe variafions in the
number of rDNA clusters and the location of these genes in
the chromosomes within genera (Sanchez-Gea et al., 2000;
Gross et al., 2010; Cabral-de-Mello et al., 2011; Gokhman
et al, 2014; Mazzoleni et al., 2018), among populations
(Panzera et al., 2014; Femeti et af., 2019; Menezes
et al, 2019), and sexes of the same species (Nakayama
et al., 2001; Stahlavsky et al., 2018). The possession of temi-
nal rDNA clusters seems to be a common tfrait among mam-
mals, fish, and molluscs, but less so in arthropods
{Sochorové et al., 2018). Within the ultra-diverse insect group,
the location of rDNA clusters may follow distinct pattems in its
two largest orders; terminal rDNA sites are more abundant in
Coleoptera, whereas pericentromeric rDNA clusters are more
frequentin Orthoptera (Sochorovd et al., 2018). In Fomicidae,
terminal rDNA sites are a less common feature and all species
with multiple rDNA. clusters show these genes in the entire
short chromosome ams including terminal/subterminal

© 2021 Royal Entomological Society, 30, 340-354
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Figure 4. Summary of available molecular cytogenetic data (this study and
in the literature} conceming rNA genas in ant species: (A} numbar of
species with single and multipla rDNA sites in a karyotype, (B) location of
rDNA genes in chromosomes of ant species, considering the following
chromosemal regions: ¢, centromaric region; p, pericentromeric region; i,
interstitial region; 1, terminal region; wsa, whola short amm; wia, whole long
am, and (C} number of species with single and multipla rDNA sites by
subfamilies of Formicidas.

regions, such as C. renggeri, D. gigantea, and Mymecia spp.
{Aguiar et al., 2011, 2017; Hirai et al., 1994, 1996).

Different hypotheses have been proposed fo explain the
cytogenetic pattem (conservative or varable) of these rDNA
clusters in the genome of several organisms. Such hypothe-
ses are linked to the specific locations of these rDNA clusters
on the chromosomes. Rearrangements, such as transloca-
tions, unequal exchange, and ectopic recombination mecha-
nisms (i.e., between non-homologous chromosomes), which

© 2021 Royal Entomological Society, 30, 340-354

33

Evolution of rDNA genes in ant chromosomes 347

can lead fo gene dispersion or increases in number in the
genome, are more likely in the terminal/subterminal regions
of chromosomes and are uncommon in the intrachromoso-
mal regions (Martins and Wasko, 2004; Mantovani
et al., 2005; Nguyen et al,, 2010; Roa and Guerra, 2012;
Hirai, 2020).

Based on rDNA mapping datain fish karyotypes, Martins
and Wasko (2004) proposed that translocations are more
likely to oceurin telomeric regions because of their proxim-
ity within the interphase nucleus, which originates from the
ordering of chromosomes according to Rabls model.
Effects due to the location of ribosomal genes in relation
to their dispersion in the karyotype were also observed in
Coleoptera {(Dutrillaux et al., 2016) and primates
{Gerbault-Seureau et al., 2017). These authors argued that
translocations in the interstitial position could result in
abnormal meiosis and, therefore, unbalanced gametes. In
contrast, translocations in terminal positions may increase
the number of rDNA genes in the genome. This would lead
to fewer meiotic abnormalities and highlights the selection
for interstitial rDNA site stability (Dutrillaux et al., 2016;
Gerbault-Seureau et al., 2017).

Ectopic recombination is another mechanism suggested
to explain the rDNA patterning in moths and butterflies
{Nguyen et al., 2010) and plants {Roa and Guerra, 2012).
It is also included in the recent model proposed by
Hirai (2020). In this model, two mechanisms are important:
the “site effect” and the “molecular effect.” The former
allows terminal region associations due to the proximity of
these regions in a meiotic bouquet. The “site effect” is a
precondition for the “molecular effect,” which refers to sys-
tems of affinity/non-affinity due to the similarity between
rDNA. sequences with other repefitive sequences. Thus,
rDNA clusters in the terminal regions tend to associate with
other repefitive sequences of non-homologous chromo-
somes more easily, facilitating the oceurrence of ectopic
recombination and dispersion of these genes in the
genome {Hirai, 2020).

There are reports of species with multiple rDNA clusters
associated with the centromeres of acrocentric chromo-
somes (Cazaux et al., 2011). In the recent model proposed
by Hirai {2020), the centromeric region of acrocentri¢ chro-
mosomes {chromosomes with a short and heterochromatic
arm) that have rDNA genes associated with the centromere
may behave as subterminal regions. Therefore, such an
arrangement would also facilitate eventual associations of
rDNA genes with other repetitive sequences and the occur-
rence of ectopic recombination, which leads to their
dispersal in the genome (for details, see Hirai, 2020).

The ant rDNA chromosome evolution seems to be in
accordance with the above-mentioned hypothesis about
dispersal and NOR location because the single rDNA clus-
ters of most studied species are interstitial or pericentro-
meric (Fig. 4B). In ant species, terminal rDNA clusters are
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Table 2. The relationship batween Neoftropical ant species studied using 185 DNA ASH and their chromoscme numbar
Ant spacies Subfamily Locality 2n
Acromyrmex echinatior (Forel, 1889} Mymicinag Barro Colorado—FPanama 38
Anochetus targioni Emery 1894 Ponarinag Campus Agronhomigue, Kourou—FG 30
Camponotus atriceps (Smith, 1858) Fommiginas Vigosa—Minas Gerais—BR 40
Crematogaster longispina Emary, 1890 Mymicinaa La Mentagne des Singes—FG 24
Gigantiops destructor (Fabricius, 1804} Fomicinas Sinnamary—FG 78
Gnamptogenys tortuclosa (Smith, 1858) Ectatomminae Sinnamary—FG a4
Myrmicocrypta sp. Mymnicinas Sinnamary—FG 20
Odontomachus bauri Emery, 1892 Ponarinag Acailindia—Maranhac—BR 44
Odontomachus haematodus (Linnasus, 1758} Ponarinae Campus Agronomique, Kourou—FG and Ubd—Minas Gerais—BR Lrs
Pheidole germaini Emary, 1896 Mymicinas Vigosa—Minas Gerais—BR 20
Pseudoponera gitberti (Kempf, 1960) Ponarinae Sinnamary—FG 12
Solenopsis geminata (Fabricius, 1804) Mymicinas Sinnamary—FG a2
Strumigenys diaboia Bolton 2000 Mymicinaa Sinnamary—FG 40

FG, Franch Guiana; BR, Brazil.

prone to rearrangements that lead to their dispersal. Cam-
ponolus renggeri {Aguiar et al., 2017), D. giganiea {Aguiar
et al., 2011), and Myrmecia spp. present multiple NORs in
the entire short chromosome arms including terminal/sub-
terminal regions, which facilitates the association of these
genes with the heterochromatic sequences of other non-
homologous acrocentric chromosomes during meiosis
and the subsequent occurrence of ectopic recombination
{Hirai, 2020). This pattem may be applicable to different
ant groups. In addition, inversions have been shown 1o
change the position of rDNA genes in A. echinatior (this
study), Dolichoderus spp. {Santos et al., 2016), and Myr-
mecia spp. {Hirai et al., 1996).

A single rDNA site located in the terminal region or entire
chromosomal arm was observed in some ant species. The
repetitive sequences in the subterminal/terminal chromo-
some regions probably do not form affinity systems with
ribosomal genes (the so-called molecular effect; for details,
see Hirai, 2020) in these species. Therefore, rDNA clusters
are restricted to a single chromosomal pair. Future studies
focusing on the characterization of repetitive sequences
that make up the heterochromatin of these species will help
clarify this hypothesis.

Size heteromorphisms are frequent in karyotypes where
the rDNA clusters have terminal posifions in the c¢hromo-
somes, as reported in this study {G. foriuolosa and
C. atriceps) as well as in other ants (Aguiar et al., 2017)
and insects in general {Cabral-de-Mello et al, 2011;
Maryariska-Nadachowska et al., 2016; Andrade-Souza
et al., 2018). Sublle variations in the size of the rDNA clus-
ters between homologous chromosomes can be observed
as a result of late condensation during cell division
{Sumner, 2003). However, large variations, such as those
mentioned above, at the terminal region on the chromosome
are usually related to duplications/delefions as a result of
unequal exchange {Schubert and Lysack, 2011). lt is believed
that exchanges are less common in intrachromosomal
regions {Hirai, 2020).
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Size variafions in the rDNA clusters can be observed
when these genes are located in the interstitial/pericentro-
meric region of the chromosomes, as seen in Gnampto-
genys regularis Mayr, 1870 (Teixeira &t al., 2020) and in
O. bauri (this study). A different path seems fo be involved
in the evolution of these karyotypes compared to the rear-
rangements involved in terminal rDONA heteromorphisms.
In these cases, the mechanism may be associated with
the formation of extrachromosomal circular DNA (eccDNA),
whichis likely to form tandem repetitive sequences similar to
the rDNA genes {Cohen and Segal, 2009). These eccDNAs
may be lost, leading to deletions in the original rDNA
sequences, or they may be replicated via a rolling circle
megchanism and reintegrated into the original chromosome,
producing duplications of these repefiive sequences
{Cohen and Segal, 2009).

In ants as well as in other eukaryotes, rDNA clusters are
located in GC-rich regions (Symonovd, 2019) and, there-
fore, usually coincide with CMAz* bands, possibly as a
result of GC-biased gene conversion {(gBGC) over the
course of evolutionary time (Escobar et al., 2011). This
co-ocalization of GC-rich regions and rDNA was observed
for all the ants studied to date {Table 1), with the exception
of D. voraginosus (Santos et al., 2016). However, GC-rich
chromatin is not always an indication of ribosomal genes,
as seen here in G. destructor, P. gilberti, and in some
Dolichoderus spp. and fungus-farming ants {Table 1).

In insects, a compilation of previous data conceming
rDNA genes has been conducted, for example, in moths
and butterflies {Lepidoptera; Nguyen &t al., 2010), beetles
{Coleoptera; Dutrillaux and Dutrillaux, 2012), and kissing
bugs (Heteroptera; Panzera et al., 2012). However, this is
the first survey of Hymenoptera species. We have com-
piled available information and new data on 13 Neotropical
ant species. In different organisms, including ants, the
number and location of chromosomes bearing rDNA clus-
ters within the genome follow general patterns that govermn
the modes of evolution for these genes (Marting and
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Wasko, 2004; Nguyen et al., 2010; Dutrillaux et al., 2016;
Gerbault-Seureau et al., 2017; Hirai, 2020; this study).
We can conclude that having only a single pair of chromo-
somes bearing rDNA clusters is more common in the ant
genome because of the pericentromeric/interstitial location
of these genes on the chromosomes. Intrachromosomal
regions are sites with low frequencies of rearrangements,
such as non-Robertsonian translocations and ectopic
recombination, and are therefore less prone to meiotic
abnomalities. It should be assumed that the chromosomal
location of rDNA ¢clusters influences the dispersion of these
genes within the karyotype.

Future studies will allow the mapping of rDNA genes in
more ant taxa, including the other remaining subfamilies.
Other repetitive sequences, such as 5S rDNA and histone
genes, may also be mapped in ant species as a tool fo
investigate further pattems that reflect the relationship
between chromosomal location and dispersion in the
genome. Finally, a solid understanding of the evolutionary
pattemns of ribosomal gene dispersal in ant chromosomes
may provide a comparative model for other insects.

Experimental procedures

Obtaining sampies for analysis

Field surveys to collect ant colonies were performed in French Gui-
ana, Brazil, and Panama (Table 2) from the following locations: La
Montagne des Singes, Kourou (5.07225, —52.69407), Campus
Agronomique, Kourou (5.17312, —-52.65480), and Sinnamary
(5.28482, -52.91403), all in French Guiana; Vigosa
{—20.757041, —42.873516) and Uba (-21.128880, —42.937646),
both in Minas Gerais, Brazil, and Agailandia (-4.84200,
—-47.29667) in Maranhdo, Brazil; and Barro Colorado Island
{9.150000, —79.83333) in Panama. Sampling permit in Brazil
was provided by the Instituto Chico Mendes de Conservagdo da
Biodiversidade (ICMBio) (SISBIO accession numbers 32 459
and 62 598). Adult specimens were identified by Dr. Jacques
H. C. Delabie and deposited in the ant collection at the Laboratério
de Mimecologia do Centro de Pesguisas do Cacau
{CPDC/Brazil), in Bahia, Brazil, under records #5802, #5803,
and #5804.

In this study, previous molecular cytogenetic data related to
rDNA genes (455, 18S, or 285) mapped by FISH from 50 ant spe-
cies were used. For comparative analysis, the following traits were
considered for each species: chromosome number, number of
rDNA-bearing chromosomes, location of rDNA clusters in the kar-
yotype, and co-localization of CMAg fluorochrome and rDNA clus-
ters. Ag-NOR data were disregarded due fo the highly variable
pattemns and unreliable results (for details, see Introduction).

Chromosome preparation

Mitotic metaphase chromosomes were obtained from the cerebral
ganglia of larvae after meconium elimination, using colchicine
hypotonic solution (0.005%) and fixatives according to the
methods described by Imai ef al. (1988).

Staining with fluorochromes chromomycin A3 (CMA3) and
4'6-diamidino-2-phenyiindole (DAPI)

Metaphase chromosomes of all the species, except A. echinatior,
were stained with the fluorochromes CMA; and DAPI for the detec-
tion of GC and AT-rich regions, respectively, based on the tech-
nique proposed by Schweizer (1980). The A. echinatior samples
studied here comrespond to the same colonies studied by Barros
et al. (2016) and the CMAg/DAPI staining in this species was per-
formed by these authors.

Fiuorescence in situ hybridization with rDNA 188 probe
The 185 rDNA probes were obtained by amplification via polymer-
ase chain reaction (PCR) using Melipona quinquefasciata Lepele-
tier, 1836, rDNA primers 185F1 (5'—GTC ATA GCTTTG TCT CAA
AGA-3) and 18SR1.1 (§-CGC AAA TGA AAC TTT AAT CT-3)
Pereira JOP {20086, unpublished data) in the genomic DNA from
the ant Camponotus rufipes (Fabricius, 1775). Gene amplification
was performed following Pereira JOP (2008, unpublished data).
The probes were labelled by an indirect method using
digoxigenin-11-dUTP (Roche Applied Science, Mannheim, Ger-
many), and the FISH signals were detected with anti-digoxigenin-
rhodamine (Roche Applied Science), following the manufacturer's
protocol.

The rDNA 18S genes were mapped by FISH, following the pro-
tocol of Pinkel et al. (1986). The slides were treated with RNase A
(100 pg/mi) and kept in a moist chamberat 37°C for 1 h. After that,
they were washed in 2 x SSC for 5 min, incubated in 5 pg/ml pep-
sin in 0.01 N HCI for 10 min, washed in 1 x PBS for 5 min, and
dehydrated in 50%, 70% and 100% alcohol series for 2 min each.
After this pretreatment, metaphase chromosomes were denatured
in 70% formamide/2 x SSC at 75°C for 3 min, and 20 pl of hybrid-
ization mix including 200 ng of labelled probe, 2 x SSC, 50% form-
amide, and 10% dextran suliate was denatured for 10 min at 85°C
and added on preparations. The slides were kept in a moist cham-
ber at 37°C ovemight. Then, the slides were washed in 2 x S5C
for &min; the detection solution including anti-digoxigenin-
rhodamine was added on slides that were kept in a moist chamber
at 37°C for 1 h. The slides were washed in 4 x SSC/Tween and
dehydrated in an alcohol series. Finally, counterstaining with DAPI
(DAPI Fluoroshield, Sigma Aldrich) was performed.

Chromosomal analysis

Chromosomes were arranged in order of decreasing size and
based on the ratio of the chromosomes amm lengths (r = long
arm/short arm), according to the classification proposed by Levan
ef al. (1964). The chromosomes were classified as
m = metacentric {r = 1-1.7), sm = submetacentric {r = 1.7-3),
st = subtelocentric {r= 3-7), and a = acrocentric {r > 7); they were
organized using Adobe Photoshop® 21.1.1 and measured using
Image Pro Plus®. Ideograms of the NOR-bearing chromosome/
chromosomes (i.e., graphical representation of the chromosomes
conceming the rDNA clusters) of the ant species were then
designed with the Easy kdio software (Diniz and Xavier, 2006).
For the fluorochrome staining and FISH 183 rDNA technique,
30 metaphases from at least three individuals of each species
were analysed. In the case of O. bauri, which presented a chromo-
somal polymorphism involving rDNA clusters, seven individuals
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were analysed (six females and one male). The metaphases were
analysed and photographed using a fluorescence microscope,
Clympus BX60, attached to an image system, QColor Olympus®,
with the filters WB (450-480 nm), WU (330-385 nm), and WG
(510-550nm) for the fluorochromes CMA; DAPI, and
rhodamine, respectively.

Phyiogenetic relationships

The phylogenetic relationship among ant species was determined
by associating with previously published molecular phylogenies.
The resultant cladogram topology at the subfamily level was deter-
mined following Moreau and Bell (2013). The Poneroid clade topol-
ogy was determined according to Schmidt (2013) and Larabee
et al. (2018); the clade topology for the subfamily Dolichoderinae
was determined according to Santos et al. (2016), and that for the
subfamily Myrmicinae was determined according to Bacc
et al. (2009), Ward of al. (2015), Queiroz EC (2015, unpublished
data), Solomon et al. (2019), and Micolino et al. (2019a). The topol-
ogy of the species groups within the subfamily Mymmeciinae was
determined according to Hasegawa and Crozier (2006).
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the Supporting Information section at the end of the
article.

Flgure §1 Staining with chromomycin A; showing GC-rich regicns (amows)
of Ponsrinas ants: (A} Pseudoponera gilberti (2n = 12), (B} Anochetus tar-
gionii (2n =30), (C) Odontomachus haematodus (2n = 44, French Guiana),
(D, E} Odontomachus baurd showing the homozygous and heterczygous
states, raspectivaly (2n = 44}, and (F) male of Odontomachus bauri with
the smaller size regions rich in GC base pairs. Bars = 5 ym.

Flgure $2 Staining with chromomycin Az showing GC-rich regions (amows)
of Mymicinae anis: (A) Pheidole germaini (2n = 22), (B) Crematogaster
Iongispina (2n = 24), (C) Solenopsis geminata (n = 16), (D) Myrmicocrypta
sp. (2n = 30), (E) Strumigenys diabola (2n = 40). Bars = 5 ym.

Flgure 83 Staining with chromomycin A; showing GC-rich regions (amows)
of an Ectatemminae ant (A) Gnamptogenys tortuciosa (2n = 44}, and Formi-
cinas ants (B) Camponotus atriceps (2n = 40) and (C, D} Gigantiops
destructor (2n =78, n=39). Bars = 5 ym.
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Supporting information — Evolutionary insights into the genomic organization of major

ribosomal DNA in ant chromosomes.

Figure S1. Staining with chromomycin A3 showing GC-rich regions (arrows) of Ponerinae
ants: (A) Pseudoponera gilberti (2n = 12), (B) Anochetus targionii (2n = 30), (C)
Odontomachus haematodus (2n = 44, French Guiana), (D, E) Odontomachus bauri showing
the homozygous and heterozygous states, respectively (2n = 44), and (F) male of

Odontomachus bauri with the smaller size regions rich in GC base pairs. Bars =5 pm.
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Figure S2. Staining with chromomycin A3 showing GC-rich regions (arrows) of Myrmicinae
ants: (A) Pheidole germaini (2n = 22), (B) Crematogaster longispina (2n = 24), (C) Solenopsis
geminata (n = 16), (D) Myrmicocrypta sp. (2n = 30), (E) Strumigenys diabola (2n = 40). Bars
=5 um.
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Figure S3. Staining with chromomycin A3 showing GC-rich regions (arrows) of an
Ectatomminae ant (A) Gnamptogenys tortuolosa (2n = 44), and Formicinae ants (B)
Camponotus atriceps (2n = 40) and (C, D) Gigantiops destructor (2n = 78, n = 39). Bars =
S pm.
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Capitulo I

Distribution of GC-rich heterochromatin and ribosomal genes in three fungus-farming

ants (Myrmicinae, Attini, Attina): insights on chromosomal evolution

Artigo publicado na revista Comparative Cytogenetics
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Abstract

Cytogenetic studies on fungus-farming ants have shown remarkable karyotype diversity, suggesting differ-
ent chromosomal rearrangements involved in karyotype evolution in some genera. A notable cytogenetic
characteristic in this ant group is the presence of GC-rich heterochromatin in the karyotypes of some
ancient and derivative species. It was hypothesized thart this GC-rich heterochromatin may have a com-
mon origin in fungus-farming ants, and the increase in species studied is important for understanding
this question. In addition, many genera within the subtribe Attina have few or no cytogenetically studied
species; therefore, the processes that shaped their chromosomal evolution remain obscure. Thus, in this
study, we karyotyped, through classical and molecular cytogenetic techniques, the fungus-farming ants
Cyphomyrmex transversus Emery, 1894, Sericomyrmex maravalhas Jesovnik et Schultz, 2017, and Myceto-
moellerius relictus (Borgmeier, 1934), to provide insights into the chromosomal evolution in these genera
and to investigate the presence the GC-rich heterochromatin in these species. Gyphomyrmex transversus
(2n = 18, 10m + 2sm + 6a) and S. maravalhas (2n = 48, 28m + 20sm) showed karyotypes distinct from
other species from their genera. Mycetomoellerius relictus (2n = 20, 20m) presented the same karyotype
as the colonies previously studied. Notably, C. transversus presented the lowest chromosomal number for
the genus and a distinct karyotype from the other two previously observed for this species, showing the
existence of a possible species complex and the need for its taxonomic revision. Chromosomal banding
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dara revealed GC-rich hererochromatin in all three species, which increased the number of genera with
this characteristic, supporting the hypothesis of a common origin of GC-rich heterochromatin in Attina.
Although a single chromosomal pair carries IDNA genes in all studied species, the positions of these
rDNA clusters varied. The rDNA genes were located in the intrachromosomal region in C. transversus and
M. relictus, and in the terminal region of S. maravalbas. The combination of our molecular cytogenetic
data and observations from previous studies corroborates that a single rDNA site located in the intrachro-
mosomal region is a plesiomorphic condition in Actina. In addition, cytogenetic data obtained suggest
centric fission events in Sericomyrmex Mayr, 1865, and the occurrence of inversions as the origin of the
location of the ribosomal genes in M. refictus and S. maravalbas. This study provides new insights into the
chromosomal evolution of fungus-farming ants.

Keywords
Biodiversity, chromatin, chromosomal rearrangements, Formicidae, karyotype evolution, molecular
cytogenetics

Introduction

Fungus-farming ants, included in the subtribe Attina (sensu Ward et al. 2015), have
an obligatory symbiotic relationship with fungi (Weber 1966). In this symbiosis, these
ants cultivate the fungus for food and, in return, provide the fungus with nutrition,
propagate it to new locations, and protect it against parasitic microorganisms (Weber
1966; Little et al. 2005). In this agricultural system, these ants use different types
of substrates depending on the genus/species (reviewed by Mehdiabadi and Schultz
2010), and with this, they play important roles in natural ecosystems, such as dis-
persion and increasing the success of seed germination, soil structuring, and nutrient
cycling (Leal and Oliveira 1998; Fernandez-Bou et al. 2019).

Several molecular phylogenetic studies have been conducted in Attina to address
the relationships between genera and species (Schultz and Brady 2008; JeSovnik et al.
2017; Sosa-Calvo et al. 2017; Solomon et al. 2019). These phylogenies support the
monophyly of the group, with an origin of approximately 50-60 million years ago
(Schultz and Brady 2008; Nygaard et al. 2016; Sosa-Calvo et al. 2017). This group
includes approximately 280 described taxa distributed in 20 genera (Bolton 2021),
which are grouped into two monophyletic sister clades: Palecattina (Apterostigma
Mayr, 1865, Mycocepurus Forel, 1893, and Myrmicocrypta Smith, 1860) and Neoattina
(the remaining 17 genera) (Sosa-Calvo et al. 2018; Solomon et al. 2019; Ciristiano et
al. 2020).

Some Attina genera have been extensively revised (Sosa-Calvo et al. 2017, 2018;
Solomon et al. 2019; Cristiano et al. 2020), and in this scenario, cytogenetics is a tool
that can help in taxonomic issues, since chromosomal rearrangements can lead to re-
duced gene flow between populations and reproductive isolation, playing an important
role in speciation (Riesemberg 2001; reviewed by Faria and Navarro 2010). In addition
to evolutionary, phylogenetic, and chromosomal patterns in different groups, cytoge-
netic studies on ants, using classical and molecular techniques, are important for the
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understanding of taxonomically challenging species (Mariano et al. 2012; Santos et al.
2016; Aguiar et al. 2017; Micolino et al. 2019a; Teixeira et al. 2021).

Cytogenetic data are available for 56 taxa of fungus-farming ants with representa-
tives from 12 genera (reviewed by Mariano et al. 2019; Aguiar et al. 2020; Micolino
et al. 2020; Barros et al. 2021) and the chromosome number observed for the group
ranges from 2n = 8 in Mycocepurus goeldii (Forel, 1893) and Mycocepurus sp. to 2n =
64 in Mycetophylax lectus (Forel, 1911) (as Cyphomyrmex lectus) (reviewed by Mariano
et al. 2019). A notable cytogenetic characteristic in this ant group is that some Paleoat-
tina and Neoattina species have GC-rich heterochromatin in all chromosomes, with
nucleotide composition yet to be determined but may have an origin in the common
ancestor needing further investigation (Barros et al. 2018; reviewed by Mariano et al.
2019). Molecular cytogenetic studies using fluorescence in situ hybridization (FISH)
for mapping ribosomal genes have already been performed in 17 taxa, including six
genera showing a single chromosome pair carrying rDNA genes (reviewed in Teixeira
etal. 2021).

According to available cytogenetic data, different chromosomal rearrangements
have been proposed to explain karyotype evolution in some Attina genera. The occur-
rence of centric fissions, according to Minimum Interaction Theory (MIT) (Imai et al.
1994), was suggested to explain the remarkable karyotype variation in Mycetarotes Em-
ery, 1913 (2n = 14 o 54), Apterostigma (2n = 20 to 46), Cyphomyrmex Mayr, 1862 (2n
=20 to 42), and in leaf-cutting ants, in which Amoimyrmex striatus (Roger, 1863) and
Atta spp. present 2n = 22, and most Acromyrmex spp. show 2n = 38 (reviewed by Mari-
ano et al. 2019; Barros et al. 2021). However, chromosomal fusion has been suggested
as the origin of the derived karyotype from Acromyrmex ameliae De Souza et al. 2007
(2n = 36) (Barros et al. 2021). In Mycetophylax Emery, 1913, both chromosomal fu-
sions and fissions are important for the karyotypic evolution of species (Micolino et al.
2019a). In addition, other mechanisms that do not change the chromosome number
were proposed for some species as differential heterochromatin growth in Acromyrmex
spp- (Barros et al. 2016), duplications of euchromatic regions by unequal crossing-over
or non-homologous translocations in Mycetomoellerius urichii (Forel, 1893) (as Trachy-
myrmex fuscus Emery, 1934) (Barros et al. 2013a), paracentric inversion in Acromyrmex
echinatior (Forel, 1899) (Barros et al. 2016; Teixeira et al. 2021) and pericentric inver-
sion in Mycetomoellerius iberingi (Emery, 1888) (Micolino et al. 2020).

There are different possible mechanisms involved in the karyotype evolution of
Attina genera, highlighting the need to increase the number of studied species for
more robust inferences (Barros et al. 2013b, 2018). The remaining genera of fungus-
farming ants have litde or no cytogenetically studied species; therefore, the processes
that shaped their chromosomal evolution remain obscure. Therefore, using classical
and molecular cytogenetic techniques, we determined the karyotypes of three fungus-
farming ants — Gyphomyrmex transversus Emery, 1894, Mycetomoellerius relictus (Borg-
meier, 1934), and Sericomyrmex maravalhas Jesovnik et Schultz, 2017 — to investigate
the presence of GC-rich heterochromatin in these species and understand the patterns
of chromosomal evolution in their respective genera as well as in Attina in general.
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Material and methods

Colonies of C. mransversus, M. relictus, and S. maravalhas were collected in Vicosa, in
the Minas Gerais state, Brazil (-20.757041, -42.873516) (Table 1). Sampling per-
mission was given by the Instituto Chico Mendes de Conservagio da Biodiversidade
(ICMBio) (SISBIO accession number 32459). Adult vouchers were identified by Dr.
Jacques H. C. Delabie and deposited in the myrmecological collection of the Centro
de Pesquisas do Cacau at the Comissao Executiva do Plano da Lavoura Cacaueira
(CEPLACQC), in Bahia, Brazil.

Mitotic metaphases were obtained from cerebral ganglia of larvae after meconium
elimination accordingly to Imai et al. (1988). Chromosome number and morphology
of metaphases were analyzed using conventional 4% Giemsa staining. Chromosomes
were arranged in order of decreasing size, measured and classified according to the
methodology proposed by Levan et al. (1964) that is based on the ratio of the chromo-
some arm lengths (r = long arm/short arm). The chromosomes were classified as m =
metacentric (r = 1-1.7), sm = submetacentric (r = 1.7-3), st = subtelocentric (r = 3-7)
and a = acrocentric (r > 7). Chromosomes were organized using Adobe Photoshop CS6
and measured using Image Pro Plus.

The heterochromatin distribution pattern was observed by C-banding technique
according to Sumner (1972), with adaptations of Barros et al. (2013b). Metaphases
were stained with the fluorochromes chromomycin A, (CMA,) and 4’6-diamidino-
2-phenylindole (DAPI), to the detection of GC and AT-rich regions, respectively based
on the technique proposed by Schweizer (1980).

'The ribosomal 18S gene clusters were detected by FISH, following the protocol of
Pinkel et al. (1986) with the use of the 18S rDNA probes obtained via PCR amplifica-
tion. The genomic DNA from the ant Camponotus rufipes (Fabricius, 1775) was used
for amplification of 18S rDNA using the primers 18SF1 (5-GTC ATA GCT TTG
TCT CAA AGA-3’) and 185R1.1 (5-CGC AAATGA AACTTT TTT AAT CT-3")
(Pereira 2006). These primers amplify the initial portion of 18S rDNA (for details see
Menezes et al. 2021). Gene amplification followed Pereira (2006). 18S rDNA probes
were labeled by an indirect method using digoxigenin-11-dUTP (Roche Applied Sci-
ence, Mannheim, Germany), and the FISH signals were detected with ant-digoxi-
genin-rhodamine (Roche Applied Science), following the manufacturer's protocol.

Table I. Species of fungus-farming ants cytogenetically analyzed in the present study collected in Vigosa,
Minas Gerais, Brazil. Species, total number of colonies and individuals; diploid chromosome numbers;
diploid karyotype formulae, presence of GC-rich heterochromatin, and idiogram showing the location of
18S rDNA genes in the karyotype.

Species Col. / Ind. 2n Karyotype formulae GC-rich Het rDNA 18S location
Cyphomyrmex transversus 1/6 18 10m + 2sm + Ga Yes [
Mycetomoellerius relicius 217 20 20m Yes e

Sericomyrmex maravalbas 2/14 48 28m + 20sm Yes ]
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Chromosomes from ten metaphases of each taxon were measured in order to de-
termine the chromosomal morphology. For C-banding, fluorochrome staining, and
FISH techniques, at least 30 metaphases of each taxon were analyzed. The metaphases
were photographed using an epifluorescent microscope Olympus BX60 attached to
an image system QColor Olympus with the filters WB (450-480 nm), WU (330-
385 nm), and WG (510-550 nm) for the fluorochromes CMA,, DAPI, and rhoda-

mine, respectively.

Results

The chromosome numbers and karyotypic formulae observed in the three fungus-farm-
ing ant species were as follows: 2n = 18 (10m + 2sm + Ga) in C. transversus (Fig. la),
2n =20 (20m) and n = 10 (10m) in M. relictus (Fig. 1b, ¢), and 2n = 48 (28m + 20sm)
in S. maravalhas (Fig. 1d).

Heterochromatin was observed in the centromeric/pericentromeric regions of all
chromosomes besides short arms of acrocentric chromosomes in C. transversus (Fig. 2a).
Mycetomoellerius relictus presented heterochromatic bands in the centromeric regions
of all chromosomes (Fig. 2b). In S. maravalhas, heterochromatin was observed in the
centromeric and pericentromeric regions of metacentric chromosomes, and short arms
of the 7%, 10*, and 13* metacentric and all submetacentric pairs (Fig. 2c). Most of the
heterochromatic regions showed GC-rich patterns in all three species (Fig. 3).

'The three species showed a single pair of chromosomes bearing rDNA clusters. The
18S ribosomal gene clusters were mapped in the pericentromeric region of the short
arm of the 2*! metacentric pair in C. zransversus (Fig. 4a), in the interstitial region of
the long arm of the 5* metacentric pair in M. refictus (Fig. 4b, c), and in the terminal
region of the short arm of the 7" metacentric pair in S. maravalbas (Fig. 4d).

Discussion

The association of cytogenetic and molecular data provided insights into the karyotype
evolution of the three genera of fungus-farming ants in this study. In Sericomyrmex, the
molecular phylogeny proposed by JeSovnik et al. (2017) showed that S. maravalbas, a
new species recently described by Jesovnik and Schultz (2017), belongs to the scrobifer
clade, which is basal to the other existing clade, the amabilis. Jesovnik and Schulez
(2017) highlighted that the distribution data of S. maravalhas are clearly incomplete.
'This is the first report of this species in the Adantic rainforest since its known occur-
rence, to this date, was restricted to Cerrado habitats.

Sericomyrmex maravalhas (scrobifer clade) has a basal position to Sericomyrmex ama-
bilis Wheeler, 1925 (amabilis clade) (JeSovnik et al. 2017). The former species has 2n =
48, with more submetacentric chromosomes (this study), whereas the latter species has
2n = 50 with only metacentric chromosomes (Murakami et al. 1998). It is possible to
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Figure 2. Heterochromatic patterns after C-banding technique in the karyotypes of the studied fungus-
farming ants a Cyphomyrmex transversus (2n = 18) b Mycetomoellerius relictus (2n = 20), and € Sericomyr-
mex maravathas (2n = 48). Dark blocks indicate heterochromatin in the centromeric/pericentromeric

regions and short arms of the chromosomes. Scale bars: 5 pm.

suggest an increase in chromosome number from 2n = 48 to 2n = 50. Additionally, the
heterochromatic pattern on the short arms of the submetacentric/metacentric chromo-
somes of S. maravalhas is a strong indicator of centric fission events during the karyo-
type evolution in Sericomyrmex. The absence of subtelocentric/acrocentric chromo-
somes in the karyotype of S. maravalhas, which has also been observed in S. amabilis
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Figure 3. GC-rich chromatin patterns using Chromomycin A3 fluorochrome on metaphases of the stud-

ied fungus-farming ants a Cyphomyrmex transversus (2n = 18) b Mycetomoellerius relictus (n = 10), and
c Sericomyrmex maravathas (2n = 48). The GC-rich bands in the centromeric/pericentromeric regions and
short arms of the chromosomes are colocalized with heterochromatic blocks. Scale bars: 5 um.

and Sericomyrmex sp. (Murakami et al. 1998; Barros et al. 2013b), can be associated
with tandem growth of heterochromatin for telomeric stability after fission, which
should have changed the chromosome’s morphology from acrocentric to submeta-
centric/metacentric. These events of heterochromatin growth may have contributed
to differences in chromosomal morphology observed in §. maravalbas in relation to
Sericomyrmex sp. and S. amabilis. A similar mechanism has also been suggested to ex-
plain interspecific chromosomal variations in leaf-cutting ants Acromyrmex (Barros et
al. 2016) and trap-jaw ants Odontomachus (Aguiar et al. 2020).

The molecular phylogeny of Mycetomoellerius, proposed by Solomon et al. (2019),
showed two main clades. One clade includes M. urichii with 2n = 18 chromosomes
(Barros et al. 2013a), Mycetomoellerius holmgreni (Wheeler, 1925), and M. iheringi,
both of which have 2n = 20 chromosomes (Barros et al. 2018; Cardoso et al. 2018;
Micolino et al. 2020; Table 2). Mycetomoellerius relictus belongs to the other clade and
has 2n = 20 chromosomes (present study; Barros et al. 2013b). Mycetomoellerius sp.
(as Trachymyrmex sp.) from the Adantic rainforest has 2n = 22 (Barros et al. 2013b).
Therefore, an ancestor of Mycetomoellerius with the chromosome number between 2n
= 18-22 and with a predominance of metacentric chromosomes seems likely.

The cytogenetic data obtained in this study for C. transversus (2n = 18) showed
the lowest chromosome number for this genus. This karyotype is different from the
other two previously studied karyotypes in French Guiana (2n = 24) and Brazil (2n
= 42) (Mariano et al. 2019; Aguiar et al. 2020; Table 2). The chromosomal morphol-
ogy also differs among the three karyotypes of C. transversus, with a notable increase
in the number of acrocentric pairs in the karyotype from Sao Paulo-Brazil, which has
a higher chromosome number. These data suggest that C. rransversus may be a species
complex and, therefore, cytogenetic data highlight the need for taxonomic revision
of this species. Based on cytogenetic studies available for Cyphomyrmex, Mariano et
al. (2019) suggested that centric fissions play a major role in the karyotype evolution
within this genus due to an increase in acrocentric chromosome pairs in species with
high chromosome numbers. Further molecular phylogenetic studies associated with
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Figure 4. 18S rDNA clusters (red blocks) location on the karyotypes of the studied fungus-farming ants
a Qyphomyrmex: transversus (2n = 18) b, € Mycetomoellerius relictus (2n = 20, n = 10), and d Sericomyrmex
maravalhas (2n = 48). Scale bars: 5 um.
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Table 2. Summary of available cytogenetic data in the literature and this study for the genera of fungus-
farming ants Cyphomyrmex, Sericomyrmex, and Mycetomoellerius. Species, localities, chromosome num-

bers: diploid (2n)/haploid (n), diploid karyotype formulae, and references. The terminology used for

karyotype formulae is in accordance to the published data.

Species Localities 2n/(n) Karyotype formulae References
Cyphomyrmex
C. costatiis Panama 20 20M Murakami eral. (1998)
C. cornutus French Guiana 22 10M + 12SM Mariano et al. (2011)
C. rimosus Panama 32 28M + 4A Murakami eral. (1998)
C. transversius French Guiana 24/(12) 14m + 6sm + 4a Aguiar et al. (2020)
C. transversus SP - Brazil 42 424 Mariano et al. (2019)
C. transversus MG - Brazil 18 10m + 2sm + 6a Present study
Cyphomyrmex sp. § MG - Brazil 32 14M + 18A Mariano ct al. (2019)
Sericomyrmex
S. amabilis Panama 50 50M Murakami eral. (1998)
S. maravalhas MG - Brazil 48 28m + 20sm Present study
Sericomyrmex sp. MG - Brazil 50/(25) 44m + 6sm Barros er al. (2013b)
Mycetomoellerius
M. urichii* MG - Brazil 18 16m + 2sm Barros et al. (2013a)
M. holmgreni MG - Brazil 20 20m Barros et al. (2018) / Cardoso et al. (2018)
M. iheringi SC - Brazil 20 18M + 2SM Micolino er al. (2020)
M. relictus MG - Brazil 20/(10) 20m Barros et al. (2013b) / Present study
Mycetomoellerius sp.t MG - Brazil 22 18m + 4sm Barros et al. (2013h)

* As Trachymyrmex fuscus in Barros ct al. (2013a); } According to new revision by Solomon ct al. (2019); § Cyphomyrmex sp. group
rimosus. MG: Minas Gerais State; SP: Sao Paulo State; SC: Santa Catarina State.

cytogenetic data will help in the discussion of the karyotype evolution of this genus
and the taxonomy of C. transversus.

Regarding heterochromatin constitution, the three species of the present study
showed GC-rich heterochromatin, as evidenced by the colocalization of the hetero-
chromatic and CMA * bands. These data were first reported in Sericomyrmex and Cy-
phomyrmex. Other fungus-farming ants showed the same heterochromatic composi-
tion such as M. goeldii (Palecattina) (Barros et al. 2010), M. urichii (Barros et al.
2013a), and M. holmgreni (Barros et. al. 2018), included in Neoattina. This pattern
is not common in ants, with few examples in the Dolichoderus genus, which belongs
to another subfamily (Santos et al. 2016). Barros et al. (2018) suggested that GC-rich
heterochromatin observed in different species of Attina, with representatives in Paleo-
attina and Neoattina, may have a common origin within the subtribe. The heterochro-
matic pattern rich in GC observed in this study supports this hypothesis, increasing
the number of genera with this characteristic. Further investigation of the chromatin
composition of these species should corroborate this hypothesis.

The physical mapping of rDNA genes showed a single chromosome pair bearing
these genes for the three species in this study. This pattern is similar to that observed
for other fungus-farming ants, which is suggested to be a plesiomorphic characteristic
in Formicidae (reviewed by Teixeira et al. 2021), and aculeate Hymenoptera as well
(Menezes et al. 2021). Regarding the location of these rDNA genes on the chromo-
somes in Attina, most species presented these genes in the intrachromosomal region
(pericentromeric or interstitial). This characteristic is observed in ancient species such
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Fis = & Inv

Figure 5. Diagram of origin of terminal rDNA clusters in metacentric chromosome from Sericomyrmex
maravalhas, considering its ancestor with intrachromosomal rDNA clusters. Black bars: chromosomal
breaks; Fis: centric fission; Inv: pericentric inversion; Green blocks: GC-rich regions; Red blocks: 185
ribosomal clusters.

as M. goeldii, Myrmicocrypta sp., Mycetophylax spp., and C. tranversus, in the transi-
tion species M. holmgreni and M. relictus, and leaf-cutting ants, most derived from the
group, Am. striatus and Atta spp. (reviewed by Teixeira et al. 2021; this study). These
data suggest that the intrachromosomal position of tDNA genes seems to be a plesio-
morphic character in fungus-farming ants.

However, in S. maravalhas, the IDNA clusters were mapped in the terminal region
of the heterochromatic short arm of the 7" metacentric pair (see Figs 2¢, 4c). Consid-
ering an ancestor with a low chromosome number and intrachromosomal rDNA clus-
ters, after centric fission events, the occurrence of pericentric inversion would change
the pericentromeric tDNA genes to the terminal positions, as observed in S. maraval-
has (Fig. 5). In some other fungus-farming ants, IDNA genes are also located in the
terminal region, such as Acromyrmex spp. (Barros et al. 2016; Teixeira et al. 2017),
Mycetophylax conformis (Mayr, 1884), and M. morschi (Emery, 1888) (2n = 30) (Mi-
colino et al. 2019a), which are species with derived karyotypes within their respective
phylogenetic branches. In the case of M. conformis, the terminal rDNA cluster located
on the metacentric chromosome (Micolino et al. 2019a) seems to represent a derived
pattern, explained by a single paracentric inversion, considering its ancestor with in-
trachromosomal rDNA clusters. The rDNA terminal location in Acromyrmex seems to
be a derived condition among leaf-cutting ants (Barros et al. 2021).

In addition, a difference in the location of tDNA clusters was observed between
M. relictus in this study and M. holmgreni (Barros et al. 2018; Micolino et al. 2019b).
The former showed 18S rDNA clusters located in the interstitial region of the 5® meta-
centric pair while the latter presented these genes in the pericentromeric region of the
4™ metacentric pair (Barros et al. 2018; Micolino et al. 2019b). This difference may re-
flect the phylogenetic position of these species, as they are included in distinct branches
of Mycetomoellerius, in which M. holmgreni has a basal position to M. relictus (Solomon
et al. 2019). However, the size variation between the 4" and 5™ metacentric pairs was
very subde in M. relictus (see Fig. 4b, c). This suggests homeology of the chromosome
pair carrying rDNA clusters between M. relictus and M. holmgreni. Therefore, the dif-
ference in the location of ribosomal genes between M. relictus and M. homlgreni may be
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the result of paracentric inversion. In addition, the occurrence of a paracentric inver-
sion involving rDNA genes has already been observed in leaf-cutting ant A. echinatior
(Teixeira et al. 2021). Thus, inversions seem to be important rearrangements that gen-
erate changes in the position of rDNA genes in the karyotype of fungus-farming ants.

Conclusions

In this study, the distribution of 18S ribosomal genes and GC-rich heterochromatin
in Sericomyrmex and Cyphomyrmex, which were reported for the first time, suggest
the origin of this heterochromatin in the common ancestor of Attina. The karyotype
observed in C. tranversus shows the lowest chromosomal number for the genus, and
chromosomal variability among populations of the species highlights the need for tax-
onomic revision of this species using an integrative approach. Although Sericomyrmex
spp. are morphologically complex (Jesovnik and Schultz 2017), karyotype differences
were observed in this study, highlighting cytogenetics as an important tool for integra-
tive taxonomy. Cytogenetic data obtained for S. maravalhas suggested centric fission
events during chromosomal evolution in Sericomyrmex. Inversions seem to be involved
in the origin of location of 18S ribosomal genes in M. refictus and S. maravalhas. There-
fore, this study provides new insights into chromosomal evolution in Sericomyrmex,
Cyphomyrmex, and Mycetomoellerius. Our data suggest that chromosomal rearrange-
ments have contributed to the species diversification in Attina. We also believe that
the increase in the number of species studied using classical and molecular cytogenetic
techniques will continue to contribute to discussions about the evolution of fungus-
farming ants.
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Abstract

A substantial portion of the eukaryotic genome includes repetitive DNA, which is important for its stability, regulation, and
architecture. Fungus-farming ant genomes show remarkable structural rearrangement rates thal were necessary for the estab-
lishment of their agriculture-based lifestyle, highlighting the relevance of this peculiar group in understanding the repetitive
portion of ant genome. Chromosomal banding studies are in accordance with genomic data because they show that repetitive
heternchromatic sequences of basal and derivative Attina species are GC-rich, an uncommon trait in Formicidae. To under-
stand the evolutionary dynamics of heterochromatin in Attina, we compared GC-rich heterochromatin patterns between the
Paleoattina and Neoattina clades of this subtribe. To this end, we hybridized the Mrel-Ciy probe (highly and moderately repeti-
tive DNA) obtained from Myeetomeelleriis relicius, Neoaltina with GC-rich heterochromatin, in karyotypes of Paleoattina
and Neoattina species. Additionally, we mapped the repetitive sequences (GA),; and (TTAGG), in species of the two clades
Lo investigate their organization and evolulionary patterns in the genome of Attina. The Mrel-Cyt probe marked the hetero-
chromatin in M. relictus, in other Mycetomoelle rius spp.. and in species of Mycetarotes, Cyphomyrmex, and Sericomyrmex
{MNeoattina). In Myeetomoellerfus urichii, only pericentromeric heterochromatin was marked with Mrel-Cyt. No marking was
observed in Palecattina species or in Atta and Acromyrenex (Neoattina). These resulls indicated thal different evolutionary
events led to helerochromatin differentiation in Attina. The most likely hypothesis is thal GC-rich heterochromalin arose
in the common ancestor of the two clades and accumulated various changes throughout evolution. The sequences (GA) 5
and (TTAGG), located in euchromatin and telomeres, respeclively. showed more homogeneous resulls among the species.

Keywords Attina - Cy-DNA - Microsatellites - Chromosome evolution - Telomeres - Biodiversity

Introduction

A substantial portion of the eukaryotic genome includes
moderately and highly repetilive sequences, such as micro-
satellites. minisatellites, satellite DNA, some multigene
families, and transposable elements {Charlesworth et al.
1994 Martins et al. 201 | ; Lopez-Flores and Garrido-Ramos
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2012). Comparative molecular cylogenetic studies using in
situ hybridization are extremely important for understanding
the composition, origin, (unclion, organization. and evolu-
tionary patterns of repetitive DNA in the eukaryotic genome
(Martins et al. 201 I; Biscotti et al. 2015). Studies in several
ant groups involving satellite DNA (e.g., Lorite et al. 2002,
2004, 2017} and transposable elements {(e.g., Krieger and
Ross 2003; Palomeque et al. 2006; Lorite et al. 2012; Sanl-
lorente et al. 2020), via comparative evolutionary molecutar
analysis, hive remarkably contributed to the understanding

) springer
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of the repetitive portion of the Formicidae genome. How-
ever, studies using molecular cytogenetic approaches are
sCarce in ants.

Fungus-farming ants {subtribe Attina) are a mono-
phyletic group with origin at approximately 50-60 mil-
lion years ago, and they cultivale a symbiolic fungus
for nourishment (Schultz and Brady 2008; Nygaard
et al. 2016). These ants have remarkable ecological
imporiance because they help in seed dispersion and
improve the success rale of seed germination, soil
structuring. and nutrient cycling (Leal and Oliveira
1998; Leal el al. 2014). In addition, some species are
economically important because they are pests in agri-
cultural areas and cultivated pastures (Della Lucia and
Souza 201 1). The subtribe includes approximately 250
described species and 20 genera (Bolton 2021), which
are divided into two monophyletic sister clades: Paleo-
attina (Aprerostigma Mayr, 1865, Mycocepurus Forel.
1893 and Myrmicocrypta Smith, 1860) and Neoattina
(the remaining 17 genera) (Sosa-Calvo et al. 201 8; Sol-
omon et al. 2019; Cristiano et al. 2020). Furthermore,
these ants can be grouped according to agricultural sys-
tems in which leaf-cutter ants have the most derived
form of agriculture within Attina using only fresh veg-
etation for symbiotic fungus cultivation (reviewed by
Mehdiabadi and Schuoltz 2010). Fungus-farming ants
(except leal-cutter anls) are inconspicuous ants with
small size: move slowly, with dark color and dull; and
enter into thanatosis when disturbed; besides their nests
are deep, being a big challenge the collection of the
colonies which demands great field efforts for many
species (Sosa-Calvo et al. 2015).

Most available molecular cytogenetic data on
fungus-farming ants are focused on ribosomal genes
(reviewed by Teixeira et al. 202 1a, b). Recently, other
repetitive sequences of the genome have been mapped
in a few species, for example. telomeric DNA in Myce-
tophylax spp. (Micolino et al. 2019a), Mycetomoelle-
rius spp. (Micolino et al. 2019b; 2020), Amoimyrmex
siriatus (Roger, 1863) (Pereira et al. 2008), Acromyr-
mex spp.. Atta sexdens (Linnaeus, 1758) (Castro et al.
2020}, and Acromyrmex ameliae De Souza et al. (2007)
(Barros et al. 202 1) and microsatellites in Myceromeos-
Herius holmgreni (Wheeler, 1925) (Barros et al. 201 8;
Micolino et al. 2019b}. Microsatellites have a highly
variable distribution and can be located in the euchro-
matin or heterochromatin of autosomal or sex chromo-
somes, micro-chromosomes, or B chromosomes, clos-
tered in specific regions or scattered throughout the
entire chromosome length. This indicates that microsat-
ellites can accumulate differently and follow divergent

£) springer

evolutionary paths, which is useful for understanding
genome evolution (Milani and Cabral-de-Mello 2014;
Augstenova el al. 201 8; Travenzoli el al. 2019; Gunski
et al. 2019; Marchioro et al. 2020).

Repetitive sequences, such as satellite DNA or
maobile elements, usually compose the constitutive
helerochromatin in eukaryotes (Martins et al. 2011;
reviewed by Lopez-Flores and Garrido-Ramos 2012).
Chromosomal banding data indicate that the sequences
that constitute the heterochromatin of some species
of lungus-farming ants are rich in GC-base pairs
{Table 1), which is an uncommon feature in ant species
studied so far (reviewed by Teixeira et al. 2021a, b). In
Attina, GC-rich heterochromatin in all chromosomes
was observed in Mycocepurus goeldil (Forel, 1893)
and Apterestigma auricalatum Wheeler, 1925, belong-
ing to Paleoattina. and in species of Myvcetarotes,
Cyphomyrmex, Sericomyrmex. and Mycetomoellerius,
belonging to Neoattina (Barros el al. 2010, 201 3a,
2018; Barros 2014; Teixeira et al. 2021a, b). Barros
et al. (2018} suggested that this GC-rich heterochro-
matin may have originated in the common ancestor of
the subtribe and, thus, may be an informative trait for
the construction of a phylogenetic hypothesis. How-
ever, some species. such as Myrmicocrypta sp.. Atta
Spp.. and Acromyrmex spp. (reviewed by Teixeira et al.
2021a, b), have only GC-rich ribosomal gene regions,
while other species such as Am. striatus, Acromyrmex
niger (Smith. 1858). and Acremyrmex rugosus (Smith,
1858) (Cristiano el al. 2013; Barros et al. 2016) have
GC-rich heterochromatin in & few chromosomal pairs.
These data show a process of differentiation in the
composition of heterochromatin in these species. Thus.
it would be important to carry out further cylogenetic
studies in fungus-farming anls to gain a comprehen-
sive understanding of heterochromalin composition
among Atlina species (Barros et al. 2018: reviewed by
Mariano et al. 2019).

Several studies have used the Cyr-1 DNA frac-
tion {moderately and highly repetitive sequences
of the genome) as heterochromatic region marker
in different organisms, such as beetles. bees.
spittlebugs, fishes, and lizards (Cabral-de-Mello
et -al. 2001; Terencio et al. 2015; Anjos et al.
2016; Carvalho et al. 20016; Cunha et al. 2020).
These studies showed that the Cgr-1 DNA frac-
tion is a useful tool for understanding the events
of heterochromatin differentiation and the organ-
ization patterns of repetitive sequences in the
genomes of related species (Carvalho et al. 2016:
Cunha et al. 2020).
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Table1 Summury of cytogenctic datn on patierns. of heterochromatin and correspondence of heternchromatin (HCWGC-rich region distribution
patterns in karyotypes of lungus-farming anl specics available in the licrture

Species Heterochromatin patiern HCAHD co- References
localized

Palenattina clade
Aprernstipm madidienze Webes, 1938 M", SM™, 5T, A= - Barras (2014)
Aplerastigmu auericulstom Wheeler, 1925 M SMERE Yes Barros (2014)
Mycovepurus goeldii (Forel, 15893) M= Yes Barros et al. {2010}
Myrmicocrypia sp. - Mo* Teizeira ef al. (202 1a)

Meoalting clade
Acromyrmex amelige De Souza et al. 2007 ME, 5T, A™ Ho* Barros et al. (2021)
Acromyrmex aspersus {Smith, 1858) ME. SM®™. ST=, A® No* Barros (2014}
Acromyrmex balzani (Emery, 1H90) MF, SM™, 5T=, A= Mo* Barros ot al. (2006)
Acromyrmex echinatior (Forel, 1599 ME, SM™, 5T7, A= HNo* Barros ct al. (2016)
Acromyrmex niger (Smith, 1858) M, SM®P T2 A% Ho! Barros et al: {2006)
Acropyrmex rugosis (Smith, [558) M, SM™, 5T, A™ No' Barmos et al. (2016)
Acromyrmex subterranens brunnews (Forcl, 1912) MF, 5T, A= No* Barros et al. (2021)
Acromyrmex subterranens molestary Santschi, 1925 MF, SM=, 5T9, A= No* Teixcira ct al. (201 7)
Acromyrmex subterraneus subterraneus (Forel, 1893) ME, 5T, A= No* Biarros ef al. (2021)
Amoimyrmex strizrus (Roper, 1863) M= Mt Not Cristiano et al. (2003)
Atta bisphaerica Forel, 1908 M", SM°, 5T Mo* Barros et al. (2014)
Atta laevigata (Smith, 1558) M-, SME, 5T° No* Barros ct al. {2014)
Atta robusta Borgmeier, 1939 M-, SME, 5T° No* Barros et al. {2005)
At sexedens rubropilosa Forel, 1908 ME, SMF, 5T° No* Barros et al (2014)

Meoatting clade
Cyphomyrmes transversies Emery, 1394 M", SM°, A= Yes Teixeira et al. (202 1h)
Mycetarotes carinatus Mayhé-Nunes, 19935 M= SpFE Yes Barros (2014)
Mycetomoelleriug wrichii (Forel, 1893)8 M=, WS Yes Barros et al. (2013a)
Mycetomeoellerus holmgreni (Wheeler, 1925) M Yes Barros et al. (20014)
Mycetomoelleriuy refictus {Borgmeier, 1934) M Yes Barrog of al. (2013a),

Teixeira of al. (2021b)

Mycetomoellerius sp. ME, SME - Barros (2014}
Fericomyrmex margvalhas Jefovnik and Schultz, 2017 M=F_ = s Yes Teineira et al. {HZ1 b)
Sericomyrmex sp., M= M=, SM™ Yes Barros (20014}

Chromosomal types: M-metacentric, SM-submetacentric, ST-subtelocentric, A-acrocentric;
Chromosomal regions: e-centromeric, pe-pericentromeric, ss-shor anm, -erminal

*: GC-rich helwrochromatin restricied 1o ribosomal genes location
F: GC-rich heterochromatin located in few chromosome pairs

-2 data not available.

§: is the current synonym of Trackhymyrmex fiuscus

The genome of fungus-farming ants show notable
structural rearrangement rates compared to those of
other ants and insects already studied, with gene con-
tractions and expansions indicating that substantial
new genetic material became available and was nec-
essary for the establishment of this lilestyle based
on agricultural societies (Nygaard et al. 2016). The
processes Lthat fed Lo genetic differentiation may also

have affected repetitive sequences, showing the rel-
evance of this peculiar group in understanding the
repetitive portion of the ant genome. Thus, we pro-
duced a Cgr-DNA probe from the genome of Myce-
temoellerius relictus (Borgmeier, 1934), belonging
to Meoattina, which has the GC-rich heterochroma-
tin on all its chromosomes. We hybridized this probe
in the genome seguences of species of three genera
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Table2 Fungus-farming ant taxs from different localions. with ils diploid! (haploid) chromosome numbers, used in this stedy for physical map-
ping of microsatellite (GA))s, ielomeric motil (TTAGG);, or Mrel-Cor probe (moderately and highly repefitive sequences from Mycetomoellerins
relictis DMNA)

(Borgmeicr, 1934)

Specics Laocality Coordinaies 2nfin) Physical mapping
(GAys (TTAGG), Mrel-Cy
Paleoatting clade
Apterostigma madidiense Vigoss, MG, Brazil —20.75T(M41, —42.873516 (23) P—DE P—T P—MNM
‘Weber. 1938
Aplerostigma steigeri Vigoza, MG, Brazil — 2075704, — 42873516 22 NP NP P—MNM
Samischi, 1911
Mycocepuris goeldii Vigoss, MG, Brazil — 20757041, — 42873516 B P-DE° P—T P—MNM
(Forel, 18393)
Myrmicocrypid sp. Sinnamary. French Guiana 5. 28482 — 5291403 30 NP NP P—MNM
MNeoatttina clade
Acrontyrmex amelise Parzopeha. MG, Braxil — 1 THITIE, — H 415797 36 P—DE MNP NP
e Souza ef al. 2007
AcCromyrmex aspersus Vigosa, MG, Brazil — 2075704, —42.E73516 38 P—DE NP NP
(Smith, 1858)
Acromyrmex balzani Vigosn, MG, Brazil — 2075704, — 42873516 38 P—DE P—T MNP
(Emcry, 1890)
Acromyrmex echinatior Barro Colorado Island, 01562356, — TORBO2 166 38 P—DE P—T P—MNM
(Forel, 189499 Panama
Acronyrmex miger Vicoss, MG, Brazil — 20757041, — 42873516 38 P—DE P—T P—MNM
(Smith, 1858)
AcromTyFmeET Fig oSy Parzopcha, MG, Brazil — 1. TRITIE, —44 4157097 38 P—DE NP P—MNM
(Smith, 1858)
Avronnyrmes sublermates brugneus Parzopeha, MGG, Braril — FLTOITIE, — 44 4157997 38 P—DE P—T NP
(Forel, 1912)
Acromyrmex subterranens molestany Yigosn, MG, Brazil — 2075704, —42 873516 38 P—DE P—T MNP
Santschi, 1925
Acromyrmex subferrancus subterraneuy  Parsopeba, MG, Brazil — PR TGITIE, — 44 4157097 38 P—DE NP NP
(Forel, 1393)
Atta hisphae rica Lavras, MG, Brazil —21.27134, — 451467128 122 P—DE NP P—MNM
Forel. 1908
Atta robusta Aracruz, ES, Brazil — I 1ER083, — 402735622 22 P—DE P—T P—MNM
Borgmeicr, 1939
Atta sexdens rubropilosd Ponie Mova, MG, Braril — 204206913, —43.052746 22 P—DE P—T NP
Forel. 1908
Meoastiting
Cyphicmyrimes [MAsversis Vigosa, MG, Bruxil —MT5T041, —42 873516 I8 —DE P—T P—CH™
Emery, 1894
Mycetarotes caritatus Vigosa, MG, Brazil — 2075741, — 42873516 14 P—DE NP P—CH"
Mayhé-NMuncs, 1995
Mycetomoellerius arichii Paraopcha, MG, Braril —20.T570M1, —42.873516 I8 P—DE NP P—CHFSF
(Forel, 1893)'
Mycetomoellerius holmgreni liutinga, MG, Brayil —21.283333, 4650000 20 NP+ NP P—CHE
(Wheeler, 1925)
Mycetomoelleriug relictus Vigosa, MG, Bruzil —2OLT5TIMI, — 42873516 20 P—DE P—T P—CH*
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Table2 (continwed)

Specics Laocality Coordinates Indin) Physical mapping

(GAYs (TTAGG), Mrel-Cy
Mycetomeaellerius sp. Vigosa, MG, Brazil — 20757041, - 42873516 22 P—DE NP P—CH"
Sericomyrmex maravalfos Vicoza, MG, Brazil —20LT5TIME, — 428735016 44 P—DE MNP P—CH™
Jefownik and Scholtz, 2017

Sericomyrmex sp. Vigose. MG, Brazil — 207574, — 42873516 50 P-DE P—T P—CH™

*previoosly published data

T i=s the current synonym of Trackymyrmer fuscus
Bragilian states: MG — Minas Gerais: HS — Espirito Santo:
P: physical mapping performed in this study

NP physical mapping nol performed in this stedy

Chromosomal Iocalization: DE. dispersed in cuchromatin: DES, dispersed in enchromatin with additional clestering in some regions: T. telom-
cres; MM, no marking; CH®, co-localized with GC-rich heterochromating CH ™, co-localized with pericentromeric GC-rich heterochromatin

of Paleocaltina and different Neoattina genera, basal
and derivatives, to test whether GC-rich sequences
are shared between Lhe two clades and understand
the evolutionary dynamics of helerochromatin in the
genome of fungus-farming ants. Furthermore, we
physically mapped the microsatellite (GA),; and the
insect canonical telomeric sequence (TTAGG), in dif-
ferent species of Paleoattina and Neoattina to inves-
ligate their distribution patterns in Lthe karyotypes of
these ants. Our data provide the [irst insights into the
organization. diversity, and evolutionary patlerns of
the repetitive portion of the Attina genome from a
broad perspective.

Materlals and methods
Ant species sampling and chromosomal preparation

Colonies of 24 taxa of fungus-farming ants, with rep-
resentatives of Paleoattina and Neopattina, were col-
lected in different localities in Brazil, French Guiana,
and Panama (Table 2). Species sampling authorizations
were given by ICMBio/SISBIO in Brazil (accession
number: 31861, 32,459, and 62.598) and by ABSCH-
CNA-FR-240495-2 in French Guiana (accession num-
ber: TREL1820249A/61). Ant vouchers (workers) were
deposited in the reference collection at the Laboratério
de Mirmecologia, Centro de Pesquisas do Cacaun (CPDCS
Brazil), in Bahia, Brazil.

The mitotic metaphases from the fungus-farming ant spe-
cies were obtained from cerebral ganglia of the larvae afier
meconium elimination. according Lo the protocol described
by Imai et al. (1988).

Chromosomal mapping through fluorescence in
situ hybridization {(FISH) of different repetitive
sequences

Cyt-DNA samples enriched with moderately and
highly repetitive sequences of M. reffcrus (Neoattina)
were obtained using the renaturation kinetics tech-
nigue (Zwick et al. 1997). Mycetomoellerias relic-
tus wis chosen for two important reasons: (1) it has
a GC-rich helerochromatin on all its chromosomes
{Barros et al. 2013b; Teixeira el al. 2021b), and (2)
it is & species with available chromosomal banding
data that is phylogenetically closer to the leaf-cutling
ant species, 2 more derivative group from the Neoat-
tina clade (Solomon et al. 2019), which shows GC-
rich heterochromatin restricted to the ribosomal gene
region or in a few chromosomal pairs (reviewed by
Teixeira etal. 2021a).

The Cy-DNA probe from M. relictus, herein called
Mrel-Cyr. was obtained according to the protocol
described by Zwick et al. (1997}, with modifications in
the DNA precipitation step by Cunha et al. (2020). The
reannealing time used was 8 min. Total DNA from M.
refictus was extracted with a Qiagen DNeasy Blood and
Tissue {cod. 69,506 extraction kit, according Lo the man-
ufacturer's manual. The Mrel-Cyt probe was labeled by
an indirect method with digoxigenin- | I-dUTP uvsing the
kit DIG-Nick Translation Mix (Roche Applied Science,
Mannheim, Germany ), and the FISH signals were detected
with anti-digoxigenin-rhodamine (Roche Applied Sci-
encel, following the manufacturer’s protocol.

In addition. other repelitive sequences were mapped
lo the karvotypes of fungus-farming ants. Microsatel-
lite (GA),; and telomeric motif (TTAGG), were used as
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p6larnus redcius

Mycetomoe Mycelomoedenys unchy

Cyphomyrmex transy

Fig.1 Fluorescence in situ hybridization (FISH) using the C-DNA
probe from Mycetomoellerius relictus (red regions) and counter-
stained with DAPI (blue regions) in different species of fungus-farm-
ing ants included in the Neoattina clade: (a) and (b) female and male
of M. relictus (2n=20, n=10), respectively. (¢) Mycetomoellerius

probes directly labeled with Cyanine-3 (Cy3) at the 5' ter-
minus (Sigma, St. Louis, MO, USA).

The mapping of the repetitive sequences was per-
formed by Fluorescence in situ Hybridization (FISH)
following the protocol of Pinkel et al. (1986) with mod-
ifications: metaphasic chromosomes were denatured in
70% formamide/2X SSC at 75 °C for 5 min; the probes
were hybridized with chromosomes in 20 pL of hybrid-
ization mix (200 ng of labeled probe. 2 x SSC. 50% for-
mamide, and 10% dextrane sulfate); the hybridization
mix was heated for 10 min at 85°C: and the slides were
kept in a moist chamber at 37°C overnight. After, the
slides with Mrel-Cyr probe were incubated in a detec-
tion solution containing anti-digoxygenin-rhodamine

‘52 Springer

TYTNEX maravelas

Mycslaroles carnalus

holmgreni (2n=20), (d) Mycetomoellerius sp. (2n=22), (e) Myceto
moellerius urichii (2n=18), ([) Sericomyrmex maravalhas (2n=48),
(g) Sericomyrmex sp. (2n=50), (h) Cyphomyrmex transversus
(2n=18), and (1) Mycetarotes carinatus (2n = 14). Dimension lincs in
(e) indicate centromeric and pericentromeric regions. Bar: 5 um

for Ih in a humid chamber at 37°C. In the case of the
probes (GA),s and (TTAGG),. this incubation step with
the antibody on the second day was omitted. Then, the
slides were washed in 4 x SSC/Tween and dehydrated
in an alcohol series 50%, 70%, and 100%. Lastly, the
chromosomes were counterstained with DAPI (DAPI
Fluoroshield, Sigma Aldrich).

Chromosomal analysis
At least 30 metaphases per species were analyzed

to determine the karyotypic patterns obtained with
the different repetitive probes. The metaphases were
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Mycocepurus goeldii

Cyphomyrmex transversus Sericomyrmex maravathas

Mycetormoelienus relictus Mycetomoelerius urichil
Fig.2 Fluorescence in situ hybridization (FISH) using the (GA),,
microsatellite probe (red regions) and counterstained with DAPI (blue
regions) in different specics of fungus-farming ants included in Paleo-
attina (a) Mycocepurus goeldii (2n=8) and (b) Apterostigma madi
diense (n=23). and in Neoattina (¢) Mycetarotes carinatus (2n=14),
(d) Cyphomyrmex transversus (2n=18), (e) Sericomyrmex mara

photographed using an epifluorescence microscope
Olympus BX53F attached to an Olympus MX10 cam-
era, and CellSens image capture software. The filters
WU (330-385 nm) and WG (510-550 nm) were used
to analyze the fluorochromes DAPI and rhodamine
and Cy3. respectively. Images were analyzed and pro-
cessed using Adobe Photoshop® CS6 software.

Sericomyrmex sp

() Sericomyrmex sp. (2n=>50), (g) Mycetomoelle
rius relictus (2n=20), (h) Mycetomoellerius urichii (2n=18) and (i)
Mycetomoellerius sp. (2n=22). Arrowhcads in (a) and (f) indicate
additional clustering to the scattered distribution of microsatellite
(GA),,- Dimension lincs in (h) indicate centromeric and pericentro-
meric regions. Bar: 5 pm

Phylogenetic relationships

The phylogenetic relationship among fungus-farming
ants was plotted in a ligure constructed in accordance
with molecular phylogenetic hypotheses, which are
exclusive to specific groups within Attina, from previ-
ously published studies. The phylogenetic topology at

2 Springer
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Acromymex ameliae

Acromyrmex sublerraneus brunneus Acromyrmex subtemraneus molestans Acromyrmex subtemraneus subtemraneus

Fig.3 Ruorcscence in situ hybridization (FISH) using the (GA),, micros-
atellite probe (red regions) and countenstained with DAPI (bluc regions)
in diffcrent specics of fungus-farming ants included in Necattina: (a) Ana
(2n=22), (c) Atta sexdens rubropi

9

losa (2n=22), (d) Acromyrmex ameliae (2n=36) () Acromyrmex asper-

@ Springer

sus (2n=38). () Acromyrmex baizani (2n=38), (g) Acromyrmex echina
tior (2n=38), (h) Acromyrmex niger (2n=3%), (i) Acromyrmex rugosus
(2n=38), \'j) Acromyrmex subterraneus brunneus (2n=38), (k) Ac ronyr
mex subterraneus molestans (2n=38) and (1) Acromyrmex subterraneus
subterranews (2n=38). Bar: 5 pm

69



(Chromosoma

the genus level and among Mycetomoellerius species
was determined according to Solomon et al. (2019),
while the relationships within Ate and Aeromyrmex
followed Bacci et al. (2009) and Cristiano et al. (2020},
respectively. Since there are no conflicting topologies
among these phylogenetic hypotheses, a broad picture
was constructed to help understand karyotype evolution
among Allina species.

Results

The Mrel-Cyt probe marked the heterochromaltic
regions of all the chromosomes of M. relicius,
M. holmgreni, Mycetomoellerius sp., and of the
other Neoattina species Sericomyrmex maraval-
has Jefovnik and Schultz, 2017, Serfcemyrmex sp..
Cyphomyrmex transversus Emery. 1894 and Mye-
efarotes carinatus Mayhé-Nunes, 1995 (Fig. 1). In
Myecetomaelleriug arichii (Forel, 1893) {current syn-
onym of Trachymyrmex fuscus), only the pericentro-
meric heterochromatin of both chromosomal arms
showed markings with the Mrel-Cyt probe (Fig. le).
These results were compared with the C-banding
data of these species obtained in previous stud-
ies (Table 1. Fig. 51), and il was confirmed that
the Mrel-Cyt probe hybridized the heterochromatic
regions. Markings wilh the Mrel-Cyt probe were nei-
ther observed in any species of Paleoallina, namely
Mycc. goeldii, Apterostigma steigeri Santschi, 1911,
Apterostigma madidiense Weber, 1938, and Myr-
micocrypta sp. (Fig. 832) nor in the Neoattina species
Arta bisphaerica Forel, 1908, Acromyrmex balzani
(Emery. 1890}, Acromyrmex echinatior (Forel,
1899), Ac. niger, and Ac. rugosus (Fig: 83).

Two distribution patterns of the microsatel-
lite (GA),s were observed in the studied ants: (1)
most species showed dispersed markings only in the
euchromatic regions of the chromosomes (Figs. 2
and 3). and (2) additional clustering to the dispersed
distribution was observed in Myce. goeldii. in pair
4 and in one of the homologous of pairs | and 3
(Figs. 2 and S4a), and in Sericomyrmex sp.. in nine
metacentric chromosome pairs (Figs. 2f and 54h).
These results were compared with the C-banding
data of these species obtained in previous studies
(Table 1) confirming that this microsatellite was not
present in heterochromatic regions.

The (TTAGG), probe marked the telomeres of both
chromosomal arms of all species studied, and no intersti-
lial markings were observed (Fig. 4).

Discussion

Heterochromatin evolutionary dynamics
in the genome of fungus-farming ants

The results of this study, obtained with the Mrel-Cy
probe associaled with previously published chromo-
somal banding data (Table 1), revealed different evo-
lutionary events that led to heterochromatin diversifi-
cation among and within the clades of fungus-farming
ants. [t was possible to recognize at least five events of
heterochromatin differentiation: (1) between the clades
Paleoattina and Neoaltlina, (2) in the Paleoalttina genus
Myrmicocrypta, (3) in the Neoattina species Mycelo-
moeltlerius urichii, (4) in Atta and Acromyrmex genera
derived from MNeocattina. and (3) within Acromyrmex
(Fig: 5).

Chromosomal banding data show that different spe-
cies of the Paleoattina and Necattina clades have GC-
rich heterochromatin in all chromosomes (Table 1], a
characteristic uncommon in ants (reviewed by Teix-
eira et-al. 2021a}. Markings with the Mrel-Cf probe
were ohserved in Neoattina species that had GC-rich
heterochromatin, including Mycetomoellerius, Seri-
comyrmex, and in lwo other basal genera Cyphomyr-
mex and Mycetarotes, indicating that GC-rich repeti-
tive sequences are shared among Neoattina genera.
Interestingly, none of the Paleoattina analyzed spe-
cies showed markings with the Mrel-Cyt probe. These
dala indicate differentiation of the GC-rich hetero-
chromatin between Paleoallina and Neocallina. and
therefore, this region consisis of differenl repetitive
sequences in these two clades (event 1, Fig. 51. The
most likely hypothesis for the GC-rich heterechroma-
Lim origin is that it originated in the common ancestor
of Attina and accumulated various changes over time,
leading to its diversification into the two clades. This
hypothesis is supported by the fact that the genera
Myrmicocrypia (Paleoattina), Afta, and Acromyrmex
{Neoattina) do not have GC-rich heterochromatin, are
derived within their clades. and do not share exclu-
sive common ancestry (Fig. 5). Alternatively, the dif-
ference in the constitution of the repetitive sequences
could be explained by the independent arising of this
GC-rich heterochromatin in the two Attina clades,
which would be a less likely hypothesis because this
type of heterochromatin is rare in ants (reviewed by
Teixeira et al. 2021a).

Furthermore, within Paleoattina, available chromo-
somal banding data suggest a differentiation in hetero-
chromatin composition among genera (event 2, Fig. 3),

&) Springer
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Mycocepurus goeldii

Sericomyrmex sp

Alta sexdens rubropliosa

Acromyrmex niger

‘.‘2 Springer

Apterostigma madidiense

Mycetomoellernius relictus

Acromyrmex balzani

Acromyrmex subterraneus brunneus

Afta robusta

Acromyrmex subtemaneus molestans
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«Fig. 4 Fluorcscence in situ hybridization (FISH) wsing (TTAGG),
telomeric probe (red regions) and counterstained with DAPL (bloe
regions} in different species of fungus-farming ants included in
Palcoattina {a) Mycocepunis goeldii (Zn==8) and (b) Apterostigma
madidience | n=23), and in Neoattina () Cyplomyrmer framsver-
sux {In=18} (d) Sericomyrmex sp. (In=>30), (¢} Mycetomoellerius
relictux (In=20}, ([) Afta robuasta (2n=22), {g) Atta sexdens rubm-
pitosa {2n=223, th) Acromyrmex balzani {(2n=28), (1) Acromyrmex
echimatior (In=238}. () Acromyrmex niger (2n=738), (k) Acromyrmez
sufterraneus brunneus (2n=38) and (1) Acromyrmer subterrones
modestans (2n=38). Bar: 5 pm

because Myce. goeldii and Ap. auwriculatum showed GC-
rich heterochromatin in all chromosomes (Barros el al.
2010; Barros 2014), whereas Myrmicocrypla sp. showed
GC-rich ribosomal gene sites restricted only to a sin-
gle chromosome pair (Teixeira el al. 202 1a). Our data
strengthen the importance of heterochromatin compre-
hension for the evolution of Attina, and further cytoge-
netic studies on Palecatlina species could provide more
information on the evolutionary patterns of heterochro-
matin in this clade.

The third heterochromatin diversification event can
be observed in the Neoaltina species M. wrichii. which
showed a different pattern from the Mrel-Cyr probe,
marking only the pericentromeric heterochromatin of
the chromosomes. This indicates that this pericentro-
meric heterochromatin shares sequences with the repeti-
tive DMA pool from M. relictus, whereas the eentro-
meric heterochromatin has a distinet composition {event
3, Fig. 5). Previously, Barros et al. (2013a) highlighted
this divergent pattern in M. wrichii and showed that GC-
rich helerochromatin is located in the centromeric and
pericentromeric regions of the chromosomes, whereas
in the other Mycetomoellerius spp., the heterochroma-
tin is restricted Lo the centromeric region (Table [). A
possible hypothesis to explain the distinct composition
of heterochromatin observed in M. wrichii would be
a change inside of the centromeric repetitive array of
this species and its subsequent amplification by DNA
polymerase slip, rolling circle replication with re-inser-
tion of sequence or unequal crossing-over, resulling in
centromeric array expansion. This would increase the
extent of heterochromatin on chromosomes and shift
the repelitive sequences shared with repetitive pools
from M. reficius to the pericentromeric region (Fig. 6).

Evidences for centromere expansion has been suggested
in some ants (Huang et al. 2016; Cardoso et al. 2018),
although experiments with specific markings for centro-
meric proleins have not yet been performed in these studies.
For example, centromere expansion has been observed in
some Selenopsis fire ant species, with a significant increase
in the copy number of CenSol, the most commaon satellite
of the genome that constitules the centromeric DNA in

these species (Huang et al. 2016). Centromere expansion
has also been suggested in Neoaltina ant M. holmgreni due
o variations in the length of DAPI-negative centromeric
regions among different populations (Cardoso et al. 2018).

Centromeric expansion has been explained in ants by
the centromere drive (Huang el al. 2016: Cardoso et al.
2011 8). This model, which is based on the asymmetry of
female meiosis, predicts that longer centromeres would
have a selective advantage in their transmission to the
egg by providing a greater chromosomal extension for
the binding of spindle proteins. This advantage would
have negative effects on male meiosis because the four
meiotic products become gametes, which may increase
the chances of non-disjunction of chromosomes, lead-
ing to the production of unbalanced pametes. Mitiga-
tion of deleterious effects and restoration of meiotic
balance can occur by positive seleclion of mutations
in centromerie proteins that lead to more extensive
binding in smaller centromeres allowing fixation of
centromere expansion, or in heterochromatin-binding
proteins that associate with expanded repetitive DNA
in longer centromeres SUppressing cenlromere expan-
sion (Henikofl et al. 2001: Malik 2009). However,
because ant males are haploid. this advantage of a
longer centromere would not be a problem and would
be a potentially common process in these insects and
other hymenopterans (Huang et al. 2016; Cardoso et al.
2018). Thus, the rapid evolution of centromeric DNA,
both in sequence and size; is a prediction of the cen-
tromere drive model (Henikoff et al. 20011 ; Malik 2009)
and has been observed in different organisms, includ-
ing ants (Melters et al. 2013; Zhang et al. 2014; Huang
el al. 2016; Cardoso el al. 201 8).

The data obtained in this study with the Mrel-Cyr
probe in M. urichii, besides the length of DAPL-negative
centromeric/pericentromeric regions observed in this
species was greater than that in the other three Myce-
temaoellerius spp. (Fig. 55}, suggest the hypothesis of
occurrence of variations in Lthe centromere sequence with
its subseguenl expansion in M. wrichii, represenling a
possible case of long centromeres in ants. Allernatively,
the suppression of long centromeres could have occurred
in M. wrichii through the binding of non-centromeric pro-
leins in its pericentromeric heterochromatin. which has a
nucleotide composition shared with the centromeric het-
erochromatin of other Myceromollerius species. Future
studies involving the characterization of sequences that
constitute the centromeric/pericentromeric heterochro-
matin in this species, as well as experiments with mark-
ings for centromeric proteins. will be needed to clarify
these hypotheses.

Some other heterochromatin diversification events
were also observed within the Neoattina clade. The
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«Hg.5 Phylogenctic relationships of fongus-farming anl  specics
showing different evolotionary evenis that led o heterochromatin
diversification among the Atlina clades since iis appearance in the
common ancestor of the sublribe (vertical green bar). The evenls of
heterochromatin differentiation, indicated by gray stars, occurs in: (1)
between clades Palcoatting and Neoatting, {2) in Paleoattina gems
Myrmicocrypda, (3) in Meoattina species Mycetomoellerius wrichif,
{4} in Amg and Acromyrmex, genera more derived from Neoatting,
andd (5) within Acromyrmex (Ac. rugosus and Ac. niger). Phylogenetic
relativnships based on Solomon et al. (2009}, Bacci ot al. (20049) and
Cristiano et al. (2020}, Thicker and thinner lines represent phyloge-
netic relationships among genera and species, respectively. Symbols
represent: * GC-rich heterochromating, § GOC-rich regions restricied
to ribosomal genes, 3 GC-rich heterochromatin in few chromosome
pairs. and +no available banding data

absence of markings with the Mrel-Cyt probe in the gen-
era most derived from Neoattina Arta, and Acromyrmex
confirms the differentiation of heterochromatin compo-
sition in comparison Lo that in the other basal Neoattina
genera (evenl 4, Fig. 5). These results were expected
because in these genera, only the ribosomal gene region
is rich in GC. which is restricied to a chromosome pair
(Barros et al. 2014, 2015, 2016; Teixeira et al. 2017).
However, in some Acromyrmex 5pp., Ac. rugoswes, and
Ae. niger, a few GC-rich helerochromatic regions other
than ribosomal genes were observed (Barros et al. 2016),
which were not tagged with a Mrel-Cyt probe. These
results indicate that the GC-rich heterochromatin from
Ac. miger and Ac. rugosus has an origin independent of
the heterochromatin observed in the other Neoattina spe-
cies, representing a derived condition {event 5, Fig. 3).
Additionally, these data evidence the lineage structura-
tion in Acromyrmex and future molecular cytogenetic
studies associated with a broad molecular phylogeny
would be useful to investigale the origin of this GC-rich
heterochromatin within Acremyrmex.

Atta and Acromyrmex present the most derived form
of agriculture within Altina osing only fresh vegetation
for symbiotic fungus cullivation. in addition to other
derivative characleristics such as polymorphic worker
castes with complex division of labor, multipie-insemi-
nated founding queens, and large colonies (reviewed by
Mehdiabadi and Schultz 2010). The notabie distinction
in heterochromatin composition observed in Atta and
Acromyrmex compared to the other Neoaltina genera
is in accordance with the natural-history data. How-
ever, little evidence of substantial genic or transcrip-
tomic changes was observed in the ancestral lineages
of leaf-cultling ants compared Lo olher Neoaltina spe-
cies (Nygaard et al. 2016). Considering that repetitive
sequences may have important roles in the genome,
including those in its architectonic organizalion, gene
regulation, replication. DNA repair, chromosomal rear-
rangements, and chromosome segregation {Shapiro and

Sternberg 2005; Martins et al. 201 |; Koo et al. 2016;
Allshire and Madhani 2018). further studies involving
repelitive DNA in fungus-farming ant species may shed
some light on processes that led to the establishment of
this derivative agriculture form in Attina.

Chromesomal mapping of microsatellite (GA),;
and canonical telomeric insect sequence (TTAGG),
in karyotypes of fungus-farming ants

The other repetitive sequence probes used in this study
showed more homogeneous results in the chromosomes
of fungus-farming ants. The microsatellite (GA), s map-
ping. associated with the C-banding data available to
date (Table 1), revealed that this sequence is located in
the enchromatic regions of 21 analyzed taxa, which is
common in other insects (Milani and Cabral-de-Mello
2014; Ruiz-Ruano et al. 2015; Palacios-Gimenez and
Cabral-de-Mello 201 5; Travenzoli et al. 2019). Although
the (GA),; was present only in euchromatin, two dis-
tinct distribution patterns of this microsatellite were
observed. The dispersed patlern was the most frequent
among the species of different genera of Paleoattina and
Meoattina. However. additional clustering of the seat-
tered pattern was observed in Myce. goelldi, Sericomyr-
mex sp. (present study), and in some populations of M.
hedmgreni (Micolino et al. 2019b). The combination of
these cytogenetic data with the molecular phylogenies of
Aitina genera (JeSovnik et al. 2017; Solomon et al. 2019)
suggests that (GA), s clustering in specific chromosomal
regions seems to be a derived character.

Microsatellites show rapid evolution, mainly in terms
of variability in the length of the repetitive sequences,
which are important genetic markers (Li et al. 2002;
Ellegren 2004). Different mechanisms, such as slip-
page of DNA polymerase during DNA replication or
repair and uneqgual crossing-over, may be involved in
the expansion or elimination of microsatellites in Lhe
genome (Li et al. 2002; Ellegren 2004). Furthermore,
associations between microsatellites and transposable
elements in different organisms have been observed,
which indicates that mobile elements may also be
involved in the genesis and genomic propagation of
microsatellites (Ellegren 2004; Zhang 2004; Ruiz-
Ruano et al. 2015). Thus, mechanisms such as DNA
polymerase slip, DNA recombination, or transposition
may be involved in (GA),; clustering in some regions
ol the karyotype of these fungus-farming ant species.

Some studies have suggested a possible role of micro-
satellites in the regulation of gene activily, particularly
when located in promoter or intronic regions. These
sequences can affect transcription, translation, and
gene expression levels (reviewed by Li et al. 2002). In
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Fig.6 Musiration of centromene
expansion hypothesis in Myce-
tomoeferiug wrichii. The ampli-
fication of the new centromeric
sequences | Yellow ) pushes the
ancestral cenlmmeric equences
{Red) o pericentromeric
regions. Telomeric sequences
{TTAGG),, are shown in green

addition, microsatellites co-localized with gene regions,
such as 58 and histones, for exampie, have been observed
in molecular cytogenelic studies (Ruiz-Ruoano et af.
2015, Piscor and Parise-Maltempi 2016). This shows
Lhat the clustering of microsatellites in specific chromo-
somal regions may suggest some functional role of these
sequences in the Attina genome. Cytogenelic mapping
ol other repetitive sequences, such as transposable ele-
ments and multigene families (histones and 53 rDNA),
in fungus-farming ants may elucidate this hypothesis.
Regarding the telomeric composilion of the chromo-
somes of fungus-farming ants, the telomeric repetitive
motif (TTAGG), was detected in all telomeres of the
species in this study. The telomeric sequence (TTAGG),
is considered to be the ancestral motif of insect telom-
eres with a possible origin from the sequence (TTA
GGG),. the veriebrate canonical telomeric repeat {Fry-
drychovi et al. 2004; Vitkovi et al. 2005; reviewed
by Kuznetsova et al. 2019). However, the (TTAGG)
sequence was lost independently in different groups
of insects and reappeared in others (review in Kuznet-
sova et al. 2019). In ants, the (TTAGG), sequence has
been conserved, with available data focusing mainly
on Old World species (reviewed by Kuznetsova el al.
2019). Recent studies have been performed on fungus-
farming anl species, including Neoattina, Mycerophy-
lax spp. (Micolino et al. 2019a), Mycetomoellerius spp.
(Micolino et al. 20196, 20200, Am. striatus (Pereira et al.
2018), Acromyrmex spp., A. sexdens (Castro et al. 20200,
and Ac. amelice (Barros et al. 2021). Our data extend the
(TTAGG) repetitive motil sampling in the telomeres of
fungus-farming ants, as well as to the New World region,
adding genera of Paleoattina (Mycocepurus and Apter-
ostigma) and other genera of Neoattina (Sericomyrmex

ﬂ Springer

)
)

and Cyphomyrmex). showing that this canonical telom-
eric insect sequence is conserved in Attina.

No interstitial marking (TTAGG), was observed in the
species in Lthis study or in previously available data for
the subtribe (Pereira et al. 2018; Micolino et al. 2019a,
b, 2020; Castro et al. 2020; Barros et al. 2021). Telo-
meric sequences located interstitially on chromosomes
may be indicative of chromosomal (usion in an ances-
tral karyotype (Lin and Yan 2008; Olsson et al. 2018).
According to the available cytogenetic data, chromo-
somal [issions seem to play a more important role in the
karyotype evolution of most Attina genera (reviewed by
Mariano et al. 2019). However, some reports suggest
chromosomal fusion to explain chromosomal evolution,
as in the derived karyotype of Ac. amelice (Barros et al.
2021} and some phylogenetic branches in Mycefophy-
fax (Micolino et al. 201 9a). Such fusions (Robertsonian
translocations) involve loss of genetic material, includ-
ing telomeres, which would explain the absence of inter-
stitial telomeric markings in these species (Micolino
el al. 2019a; Barros et al. 2021).

Final remarks

This is the first large-scale study lo analyze repelilive
sequences in the karyotypes of different ant species with
chromosomal markers for euchromatin and heterochro-
matin. Specifically, our study provides, with the unprec-
edented ase of Cyi-DNA technigue in ants, insights into
the heterochromatin evoeluotion in fungus-farming ants.
indicating the occurrence of distincl differentiation events
in ils composilion among Attina species. The presence
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of distinct palterns of (GA),; distribution among the
studied species sugpests that this microsatellile may be
a promising chromosomal marker. Finally, our data show
that the insect canonical telomeric sequence (T TAGG), is
conserved in this sublribe. Foture studies focusing on the
characterization of the repetitive sequences that constitute
the heterochromatin in Palecattina and Neoalting species
will be important to investigate other possible diversifica-
tion events and to extend the mapping of other microsatel-
lites, enabling us to verify whether they follow a general
trend of dispersed distribution, similar to (GA),s. or other
evolutionary patterns, and thus, continuing to contribute
to the knowledge of the Attina penome.
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Supplementary information - Multiple heterochromatin diversification events in the genome
of fungus-farming ants: insights from repetitive sequences
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Fig. S1 Female metaphases submitted to C-banding technique showing heterochromatin
location (dark regions) in different species of fungus-farming ants included in the Neoattina
clade: (a) centromeric regions of Mycetomoellerius relictus (2n=20), and (b) centromeric and

pericentromeric regions of Mycetomoellerius urichii (2n=18). Bars: 5 pm.
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C,t-1 DNA DAPI merged

(a)

Fig. S2 Fluorescence in situ hybridization (FISH) using Co-DNA probe from Mycetomoellerius
relictus and counterstained with DAPI (blue regions) in different species of fungus-farming
ants included in the Paleoattina clade: (a), (b), (¢) Mycocepurus goeldii (2n=238), (d), (e), (f)
Apterostigma madidiense (n=23), (g), (h), (1) Apterostigma steigeri (2n=22) and (j), (k), (1)
Myrmicocrypta sp. (2n=30). Bar: 5 pm
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Fig. S3 Fluorescence in situ hybridization (FISH) using the Cot-DNA probe from
Mycetomoellerius relictus and counterstained with DAPI (blue regions) in different species of
fungus-farming ants included in the Neoattina clade: (a), (b), (c) Atta bisphaerica (2n=22),
(d), (e), (f) Acromyrmex balzani (2n=138), (g), (h), (1) Acromyrmex echinatior (2n=138), (j),
(k), (1) Acromyrmex niger (2n=38) and (m), (n), (0) Acromyrmex rugosus (2n=38). Bar: 5 um
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Fig. S4 Female karyotypes of (a) Mycocepurus goeldii 2n=28) and (b) Sericomyrmex sp.
(2n = 50) submitted to fluorescence in situ hybridization (FISH) with the (GA)15 microsatellite

probe (red regions) and counterstained with DAPI (blue regions). Bars: 5 um
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Fig. S5 Metaphases of Mycetomoellerius spp. submitted to DAPI fluorochrome:
(a) Mycetomoellerius urichii (2n=18), (b) Mycetomoellerius sp. (2n=22),
(¢c) Mycetomoellerius  holmgreni 2n=20), and (d) Mycetomoellerius relictus (2n=20).

Dimension lines in (a) indicate centromeric and pericentromeric regions. Bar: 5 um
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Capitulo IV

Karyotype conservation and genomic organization of repetitive sequences in the leaf-

cutting ant Atta cephalotes (Linnaeus, 1758) (Formicidae: Myrmicinae)
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Highlights

Atta cephalotes showed a conserved chromosome number of 2n=22, like other Atta species.

Heterochromatic GC-rich regions and 18S rDNA sites appeared to be conserved in different
Atta species.

Five microsatellites showed scattered but nonrandom distribution exclusively among
euchromatic regions.

Our data corroborate karyotype conservation in Atta using classical and molecular
cytogenetics.

Heterochromatin location may play an important role in karyotype conservation in Atta
species.
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Abstract

Leaf-cutting ants are among the New World’s most conspicuous and studied ant species due
to their notable ecological and economic role. Cytogenetic studies carried out in Atta,
including species of three of the four phylogenetic groups, show remarkable karyotype
conservation among the species. Molecular cytogenetic studies have enabled the
understanding of the diversity, origin, organization, and evolutionary patterns of repetitive
DNA in the eukaryotic genome. We performed classical cytogenetics and physical mapping
of different repetitive sequences (18S rDNA, telomeric motifs, and microsatellites) in the leaf-
cutting ant Atta cephalotes (Linnaeus, 1758), the type species of the genus, which belongs to
the Atta sensu stricto group. Our goal was to test the karyotype conservation in Afta and to
start to understand the genomic organization and diversity regarding repetitive sequences of
leaf-cutting ant karyotypes. Atta cephalotes showed 2n=22 chromosomes with the karyotypic
formula 18m+2sm+2st. The heterochromatin followed a centromeric pattern, and the GC-rich
regions and 18S rDNA clusters were co-located interstitially in the 4™ metacentric pair. All
these cytogenetic characteristics were observed in other Afta species that had previously been
studied. Physical mapping with repetitive probes allows for a better understanding of the
chromatin composition of the chromosomes. We demonstrated that (TTAGG), is the
telomeric motif in A. cephalotes as observed in other ants, while the (TTAGGG), and
(TCAGG), telomeric motifs are not present in their chromosomes, for which mapping was
performed for the first time in the subtribe Attina. The Azo), (GA)1s5, (CA)1s, (GAG)10, and
(CAA)i0 microsatellites showed a scattered distribution exclusively on euchromatic areas of
the chromosomes, covering nearly the entirety of the chromosome lengths except for the
heterochromatic centromeric regions. In the present study, we determined the karyotype of the
leaf-cutting ant A. cephalotes, confirming the karyotype conservation in Atta using classical
and molecular cytogenetic techniques. Evolutionary implications regarding the conservation
of the chromosome number in leaf-cutting ants are also discussed. Additionally, several
microsatellites and different telomeric sequences were mapped on the chromosomes of A.
cephalotes, thus contributing to the first insights into genomic organization and diversity of

repetitive sequences in leaf-cutting ants, which may be useful in further comparative studies.

Keywords: Attina, cytogenetic markers, fluorochromes, euchromatin, chromosomal

evolution, FISH
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Introduction

Leaf-cutting ants are considered major herbivores in the Neotropics (Holldobler and
Wilson, 1990). They exert a substantial influence on ecosystem processes (Swanson et al.,
2019) and are among the most conspicuous and studied ant species in the New World
(Brandao et al., 2011). These ants are regarded as pests in landscapes deeply impacted by
urbanization or extensive agriculture. However, in natural environments, they contribute with
several environmental benefits by modifying soil properties, contributing to seed germination
and seed dispersal; accordingly, they are regarded as ecosystem’s engineers (reviewed by
Della Lucia et al., 2014; Swanson et al., 2019).

Currently, leaf-cutting ants include 53 valid species distributed in three genera: Atta
Fabricius, 1804; Acromyrmex Mayr, 1865; and Amoimyrmex Cristiano et al. 2020 (reviewed
by Bolton, 2021). Due to their notable characteristics mentioned above, these ants have been
the focus of several research lines, including cytogenetics (Table 1; reviewed by Barros et al.,
2021; Micolino et al., 2022). Particularly for Atta, cytogenetic data are available for five
species (two subspecies) (Table 1), with representatives in three of the four monophyletic
groups defined by molecular phylogenies previously proposed (Bacci et al., 2009; Barrera et
al., 2021). Atta sexdens (Linnaeus, 1758) and Atta robusta Borgmeier, 1939 are included in
the Neoatta group, Atta bisphaerica Forel, 1908 in the Epiatta group, and Atta colombica
Guérin-Méneville, 1844 in the Atta sensu stricto group. No cytogenetic data is available for
the ancestral Archeatta group, which is restricted to the Caribbean and North/Central America
(Barrera et al., 2021).

Thus far, all of the Afta species submitted to chromosomal measurements have a
diploid chromosome number of 2n=22 and the karyotype formula 18m+2sm+2st (Table 1);
therefore, they are considered as having a conserved karyotype (Barros et al., 2014, 2015;
Aguiar et al., 2020). In addition, distinctive GC-rich chromatin was detected in the 4th
metacentric chromosome pair, which co-localized in the secondary constriction of A.
bisphaerica, A. laevigata, A. sexdens rubropilosa, and A. robusta (Barros et al., 2014, 2015).
This distinct GC-rich chromatin corresponds to the 18S ribosomal sites (Barros et al., 2015;
Teixeira et al., 2017). Atta cephalotes also belongs to the Atta sensu stricto group (Bacci et
al., 2009; Barrera et al., 2021) and is the type species of the genus; it is widely distributed in
the Neotropical region (Janicki et al., 2016) and has high environmental importance since it is

a deep forest species and, therefore, not a major agricultural pest (Jaffe and Vilela, 1989;
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Urbas et al., 2007; Forti et al., 2020). Despite having its genomic data available at
DDBJ/EMBL/GenBank (Suen et al., 2011), no information regarding the karyotype
configuration of A. cephalotes has been published thus far. Within the Atta sensu stricto
group, A. colombica is the only species that has been karyotyped (Murakami et al., 1998);
however, information concerning the physical mapping of its chromosomes is lacking.
Despite the importance of A. colombica karyological data, it is challenging to compare the
karyotype to that of other Atfa species since it was published over 20 years ago and image
quality is highly limited.

Molecular cytogenetic studies in ants have been focused predominantly on rDNA
clusters (reviewed by Teixeira et al., 2021). In addition to ribosomal DNA, other repetitive
sequences, such as microsatellites, make up the genome of eukaryotes; they comprise short
repeats of 1-6bp, also denominated simple sequence repeats (SSRs), which are common and
widely distributed in the genomes of organisms (reviewed by Martins et al., 2011; Lépez-
Flores and Garrido-Ramos, 2012). SSRs have been widely used as landmarks in different
organisms, including insects, appearing as a nonrandom distribution on the chromosomes
(Cuadrado et al., 2008; Ruiz-Ruano et al., 2015; Travenzoli et al., 2019; Marchioro et al.,
2020). In some grasshoppers’ karyotypes, microsatellites have shown scattered or clustered
distribution only in euchromatin (Ruiz-Ruano et al., 2015). Among Hymenoptera, in bees of
the genera Melipona Illiger, 1806 and Partamona Schwarz (1939), microsatellites including
di- and tri-nucleotides are observed in euchromatic regions (Piccoli et al., 2018; Travenzoli et
al., 2019a, b; Lopes et al., 2020). An exception is (CA)15, which shows a scattered distribution
only in the heterochromatin of Melipona seminigra merrilae Cockerell, 1919 (Barbosa et al.,
2021). Besides, Friesella Moure, 1946 species bees have a predominantly euchromatic (GA)1s
pattern with some marks in heterochromatin (Elizeu et al., 2021). Contrastingly,
Frieseomelitta Ihering, 1912 species stingless bees show a prevalence of marks coincident
with heterochromatic regions, in addition to euchromatic regions in some species (Santos et
al., 2018). In the wasp Polybia fastidiosuscula Saussure, 1854, most SSRs are located
predominantly in heterochromatic regions, and only (GA)15 was observed in euchromatin
(Marchioro et al., 2020).

In ants, reports of SSRs are scarce and, so far, are only available for the fungus-
farming ants Mycetomoellerius holmgreni (Wheeler, 1925) (Barros et al., 2018; Micolino et
al., 2019), Amoimyrmex bruchi (Forel, 1912), and Amoimyrmex silvestrii (Emery, 1905)
(Micolino et al., 2022). Scattered distribution of the (GA)5 microsatellite was observed

exclusively in the euchromatin of the chromosomes (Barros et al., 2018), although specific
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blocks with differences among some populations were also reported for these species
(Micolino et al., 2019, 2022). In contrast, the (GAG)10, (CAA)10, and (CGG)1o microsatellites
did not show specific bands in M. holmgreni (Micolino et al., 2019). Additionally, other
repetitive sequences, such as telomeric sequences, have been mapped on ant chromosomes,
including leaf-cutting ants; they show that the TTAGG motif constitutes their telomeres
(Meyne et al., 1995; Lorite et al., 2002; Pereira et al., 2018; Castro et al., 2020; Teixeira et al.,
in prep.).

In the present study, we performed classical cytogenetics and physical mapping of
repetitive sequences (18S rDNA, telomeric motifs, and microsatellites mono-, di-, and tri-
nucleotides) on the chromosomes of the leaf-cutting A. cephalotes. Our goal was to test the
karyotype conservation of this species compared to other Atta species and start to understand

the genomic organization and diversity of repetitive sequences in leaf-cutting ants.



Table 1. Summary of cytogenetic data available, including this study, for leaf-cutting ants of the genus Atfa, organized in monophyletic groups
according to Bacci et al. (2009) and Barrera et al. (2021). Diploid chromosome number (2n), diploid karyotypic formula, heterochromatin
distribution, 18S rDNA chromosome location and references

Heterochromatic 18S rDNA

Group Atta species 2n  Karyotypic formula pattern location Reference
Atta s. str. A. colombica 22 18M + 4A Centromeric - Murakami et al. (1998)
A. cephalotes 22 18m + 2sm + 2st & Centromeric 4th m Present study
Epiatta A. bisphaerica 22 18M + 4A - - Fadini and Pompolo (1996)
22 18m + 2sm + 2st ¢ Centromeric 4th m Barros et al. (2014)
A. laevigata 22 18M + 4A - - Fadini and Pompolo (1996)
22 18m + 2sm + 2st & Centromeric 4th m Barros et al. (2014)
Neoatta A. robusta 22 18m + 2sm + 2st & Centromeric 4th m Barros et al. (2015)
A. sexdens rubropilosa 22 18M + 4A - - Fadini and Pompolo (1996)
22 18m + 2sm + 2st & Centromeric - Barros et al. (2014)
22 18m + 2sm + 2st & - 4th m Teixeira et al. (2017)
A. sexdens piriventris 22 - - - Santos-Colares et al. (1997)
A. sexdens 22 18m + 2sm + 2st & - - Aguiar et al. (2020)

&karyotypic formula using chromosome measurements according to the classification provided by Levan et al (1964).

Chromosome types: M/m - metacentric, sm - submetacentric, st - subtelocentric, A — acrocentric

91
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Materials and Methods

Three colonies of A. cephalotes were collected in the Amazonian Guiana Shield, two
in Kourou, French Guiana (5.17312, -52.65480; 5.102658; -52.705830) and one in Oiapoque,
state of Amapa, Brazil (3.84151, -51.84112). Sampling authorizations were given by
ICMBio/SISBIO in Brazil (accession number: 62598) and by ABSCH-CNA-FR-240495-2 in
French Guiana (accession number: TREL1820249A/61). Ant vouchers (workers) were
deposited in the reference collection at the Laboratério de Mirmecologia, Centro de Pesquisas
do Cacau (CPDC/Brazil).

The metaphases were obtained from cerebral ganglia of the larvae after meconium
elimination, according to Imai et al. (1988). To determine the morphology of the
chromosomes, a total of 10 metaphases with evident centromeres were analyzed. The
measurements were obtained in micromeres for short arm lengths (p), long arm lengths (q),
total lengths (TL = p+q), and relative lengths (RL = TL*100/XTL) in percentage.
Chromosomes were arranged in order of decreasing size and based on the ratio of the
chromosomes arm lengths (r = long arm/short arm), according to the classification proposed
by Levan et al. (1964). The chromosomes were classified as m = metacentric (r = 1-1.7), sm
= submetacentric (r = 1.7-3), st = subtelocentric (r = 3—7) and a = acrocentric (r > 7). Adobe
Photoshop 2021 and Image Pro Plus® were used for mounting the chromosomal karyotype
and measurements, respectively. A total of 49 individuals from three colonies were analyzed.

The heterochromatin distribution pattern was obtained using the C-banding technique
according to Sumner (1972), with time adaptations (Barros et al., 2013). Specific GC- and
AT-rich regions were detected using sequential staining with the fluorochrome Chromomycin
A3z (CMA3) and 4’6-diamidino-2-phenylindole (DAPI) following Schweizer (1980).

Different repetitive sequences were physically mapped on the chromosomes of A.
cephalotes. Ribosomal 18S probe was obtained by amplification via PCR (polymerase chain
reaction) employing the primers rtDNA 18SF1 (5’-GTC ATA GCT TTG TCT CAA AGA-3’)
and 18SR1.1 (5’-CGC AAA TGA AAC TTT TTT AAT CT-3") designed for the bee
Melipona quinquefasciata Lepeletier, 1836 (Pereira, 2006) and isolated from total DNA of the
ant Camponotus rufipes (Fabricius, 1775). 18S rDNA probes were labeled maintaining the
conditions for PCR amplification (Pereira, 2006) by the indirect method using digoxigenin-
11-dUTP (Roche, Mannheim, Germany), and the FISH signals were indirectly detected with
anti-digoxigenin-rhodamine (Roche Applied Science), following the manufacturer’s protocol.

Also, different microsatellites and telomeric sequences were used as probe for physical
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mapping (Table 2) directly labeled with Cyanine-3 (Cy3) in the 5’ terminal during synthesis
by Sigma (St. Louis, MO, USA).

Table 2. Summary of the chromosomal hybridization signals of microsatellites and telomeric
sequences detected in chromosomes of Atta cephalotes using FISH technique. SP: scattered

pattern of the FISH signal; T: telomeric region; — no hybridization signal

Motif length class | Repetitive motif Hyl;jgliz:ion
Microsatellites

Mononucleotides (A)zo SP - euchromatin
(C)3o -

Dinucleotides (TA)15 -
(GA)15 SP - euchromatin
(CA)ss5 SP- euchromatin

Trinucleotides (GAG)10 SP- euchromatin
(CAA) 10 SP- euchromatin
(CAT)o —
(CGG)1o -
(CAG)10 -
(TAT)10 —

Telomeric sequences

Pentanucleotides (TTAGG)s T
(TCAGG)s -

Hexanucleotides (TTAGGG), -
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The mapping of the repetitive sequences was performed by Fluorescence in situ
Hybridization (FISH) following the protocol of Pinkel et al. (1986) with modifications:
metaphase chromosomes were denatured in 70% formamide/2X SSC at 75°C for 3 min; the
probes were hybridized with chromosomes in 20 pL of hybridization mix (200 ng of labeled
probe, 2x SSC, 50% formamide, and 10% dextrane sulfate); The hybridization mix was
heated for 10 min at 85° C, and the slides were kept in a moist chamber at 37°C overnight.
After, the slides with rDNA 18S probe were incubated in a detection solution containing anti-
digoxygenin-rhodamine for 1 hour in a humid chamber at 37°C. In the case of microsatellite
and telomeric probes, this incubation step with the antibody on the second day was omitted.
Then, the slides were washed in 4xSSC/Tween and dehydrated in an alcohol series 50%,
70%, 100%. Lastly, the chromosomes were counterstained with DAPI (DAPI Fluorshield,
Sigma Aldrich).

The metaphases were observed and documented using a fluorescence microscope
Olympus BX 53F coupled with an Olympus MX10 camera and the image software CellSens®
with the filter WG (510-550 nm) for the probe rich in Cy3, and rhodamine, WB (450-480 nm)
for the CMA3 and WU (330-385 nm) for the DAPI. At least 30 metaphases were analyzed for
fluorochrome staining and FISH technique with different probes. Due to the abundance of
metaphysic material and good quality slides it was not necessary to use the same slide to
different probing procedures avoiding unwanted markings and background.

The phylogenetic relationship among Atta spp. was determined according to

previously published molecular phylogeny from Bacci et al. (2009) and Barrera et al. (2021).

Results

Atta cephalotes showed 2n=22 chromosomes and the karyotype formula of
18m+2sm+2st based on the karyomorphometric analyses performed (Fig. 1, Table 3). This is
the first cytogenetic report concerning this species. Small and subtle heterochromatic blocks
on centromeric regions were detected in the chromosomes (Fig. 2a). The 18S rDNA genes
and GC-rich regions (CMA3*") were co-located interstitially in the long arm of the 4
metacentric pair, in the secondary constriction region (Figs. 2b, 3a) and negative-DAPI
regions (Fig. 2¢). The telomeric motif (TTAGG)s was present on the telomeres of all the
chromosomes (Fig. 3b). Five out of the 11 microsatellite motifs analyzed resulted in signals
on A. cephalotes chromosomes following the FISH technique, including (A)3o, (GA)1s,
(CA)15, (GAG)10, and (CAA)10 (Table 2). They all showed a scattered distribution exclusively
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on euchromatic areas of the chromosomes, covering almost the entire chromosome lengths
except for the small heterochromatic centromeric regions (Fig. 3c-g). No signals were
observed in the chromosomes of A. cephalotes with the other telomeric motifs (TCAGG)s and
(TTAGGG), or the microsatellites (C)3o, (TA)15, (TAT)10, (CAT)10, (CGG)10, and (CAG)10
(Table 2). Fig. 4 shows the ideogram of the A. cephalotes haploid complement with all the

chromosomal markers that were analyzed in the present study.
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Figure 1. Diploid karyotype and metaphase of Atta cephalotes female (2n=22;

2n=18m+2sm+2st). Arrowhead indicates the presence of a secondary constriction in the

fourth metacentric pair. Bars=5pum.
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Table 3. Karymorphometrical analyses of Atta cephalotes female. The values (um) represent an average obtained from 10 metaphases. p: short
arm length; q: long arm length; TL: total length (p + q); RL: relative length (RL = TL*100/XTL); r: arm ratio (q / p). Chromosomal classification

according to Levan et al. (1964)

Chromosomes p q TL RL r Classification
1 2.21+0.29 3.19+0.44 5.39+0.70 6,73% 1.45+0.11 Metacentric
1 2.17+£0.24 3.22+£0.42 5.40 £0.65 6,75% 1.48 £0.09 Metacentric
2 2.08 £0.36 247 +0.33 4.55 +0.66 5,68% 1.20£0.13 Metacentric
2 2.06 £0.29 243 +£0.32 4.49 £0.59 5,61% 1.19 £ 0.08 Metacentric
3 1.86 +£0.23 2.40+0.27 4.26 +0.49 5,32% 1.30 £ 0.10 Metacentric
3 1.90 £ 0.27 2.38 £0.25 4.27+£0.49 5,33% 1.27 £0.13 Metacentric
4 1.76 £ 0.26 2.32+0.29 4.08 +0.54 5,10% 1.32 £ 0.06 Metacentric
4 1.68 £0.21 2.35+£0.31 4.04 £0.49 5,05% 1.40£0.14 Metacentric
5 1.57+£0.13 2.30+£0.35 3.87£0.45 4,83% 1.47 £0.16 Metacentric
5 1.53£0.16 229+£0.33 3.82 £0.47 4,77% 1.50£0.13 Metacentric
6 1.65+0.19 2.21 £0.31 3.85+0.48 4,85% 1.32 +0.10 Metacentric
6 1.59 £0.18 2.09 £0.25 3.75£041 4,68% 1.26 £0.10 Metacentric
7 1.55+0.19 1.91 £0.27 346 +£0.43 4,32% 1.23+0.12 Metacentric
7 1.66 £0.19 1.85+£0.28 341+£0.44 4,26% 1.19£0.11 Metacentric
8 1.55+£0.15 1.73 £0.18 2.95+0.31 3,68% 1.43+0.13 Metacentric
8 1.56 £0.14 1.75 £0.17 2.89 £0.28 3,61% 1.50£0.13 Metacentric
9 1.22+0.13 1.63 +£0.19 2.72 £0.32 3,40% 1.22 +0.06 Metacentric
9 1.16 £0.14 1.49 £0.23 2.66 £0.36 3,32% 1.28 £0.08 Metacentric
10 0.58 £0.08 1.18 £0.14 1.75+£0.20 2,19% 2.07+£0.29 Submetacentric
10 0.57 £0.10 1.19+£0.14 1.76 £ 0.20 2,20% 2.13£0.39 Submetacentric
11 0.64 £0.11 2.72+0.33 3.36 £ 0.40 4,20% 4.30 £0.63 Subtelocentric
11 0.70 £0.16 2.64 £0.30 3.34£0.44 4,17% 3.87£0.52 Subtelocentric

XTL = 80,01

96
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(a) »

Figure 2. Diploid metaphases of Atta cephalotes female (2n=22) submitted to: (a) C-banding
showing small centromeric heterochromatic blocks (dark regions), (b) and (c) staining with
fluorochromes Chromomycin A3 (CMA3) and 4’6- diamidino-2-phenylindole (DAPI),

respectively. Arrowheads in (b) indicate GC-rich regions. Bars=5um.
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Figure 3. Diploid karyotypes of Atta cephalotes female (2n=22) submitted to Fluorescence in
situ hybridization (FISH) with different repetitive probes (red regions): (a) 18S rDNA genes,
(b) (TTAGG)gs, (¢) (A)so, (d) (GA)1s, (€) (CA)1s, () (GAG)10, (2) (CAA)10. Bars=Sum.
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Figure 4. Ideogram showing the Atta cephalotes haploid complement with all the

chromosomal markers analyzed in the present study.

Discussion

The leaf-cutting ant A. cephalotes showed the same chromosome number (2n=22) and
karyotypic formula as the other Afta species that had been studied previously using
measurements in the Brazilian savannah, Atlantic, and Amazon rainforests (Table 1). Such
karyomorphometric analyses enable more reliable comparisons among closely related species
(Gokhman, 2009; Barros et al., 2016; Aguiar et al., 2020). Our data enhanced the cytogenetic
knowledge surrounding the Arta genus as well as the Atta sensu stricto phylogenetic group.

In addition, A. cephalotes showed other karyotype characteristics that were similar to
the previously studied Afta species, such as heterochromatin distribution restricted to the
centromeric region (Table 1). In general, Atta species do not have large heterochromatic
clusters and serve as a good example of the challenge involved in detecting heterochromatic
patterns through the basic C-banding technique on leaf-cutting ants (Barros et al., 2014,
2015). The heterochromatin distribution observed in the karyotypes of A#ta species may be
related to their functions in the chromosomal structure. Centromeric heterochromatin is part
of the centromere structure; it plays a crucial role in the structure’s functionality since it helps
in the assembly of kinetochores and in the recruitment of large amounts of cohesins, which
are proteins that maintain cohesion between sister chromatids in the centromeric regions

(Pidoux and Allshire, 2005; reviewed by Allshire and Madhani, 2018). Consequently, such
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heterochromatin has a great level of influence over the correct segregation of chromosomes
during cell division (Allshire and Madhani, 2018).

Also, secondary constrictions co-localized in GC-rich regions and 18S rDNA clusters
were observed interstitially in the 4™ metacentric pair of A. cephalotes, like other Atta species
(Barros et al., 2014, 2015; Teixeira et al., 2017). The intrachromosomal location of GC-rich
18S rDNA sites is the most common pattern in ants and influences the restriction of rDNA
genes to a single chromosome pair, as observed in Atfa species (Teixeira et al., 2021).
Regions with differential staining with DAPI were not detected, as usually observed in
different ant groups (Barros et al., 2014; Velasco et al., 2014; Correia et al., 2016; Teixeira et
al., 2021).

Considering that insects are highly diverse with regard to their telomere structures
(Kuznetsova et al., 2019), the presence of such different repetitive sequences associated or not
with the telomeres should be investigated in fungus-farming ant species. Traces of the
(TTAGGG)n motif, the canonical telomeric sequence in vertebrates, have been previously
observed in some chromosomes of bulldog ants through FISH (Meyne et al., 1995) and even
in the fire ant Solenopsis invicta Buren, 1972 (Myrmicinae) through sequencing analysis
(Wurm et al., 2011). The (TCAGG)n motif has been detected in telomeres of some clades of
the order Coleoptera (reviewed by Kuznetsova et al., 2019) and has recently been
characterized as a microsatellite located in the centromeric heterochromatin of the social wasp
P. fastidiosuscula (Marchioro et al., 2021). Our physical mapping data showed that such
telomeric sequence variations are absent in any portion of the A. cephalotes chromosomes.
However, we cannot discard the possibility that these motifs may be present at low levels that
might be detectable only through genome sequencing analyses. The presence of different
mechanisms of telomeric maintenance may also lead to variations in the ancestral (TTAGG)
motif along with insect evolution (Kuznetsova et al., 2019).

By contrast, the telomeric canonic motif TTAGG(n) of insects showed strong signals
at the end of all the chromosomes of A. cephalotes, as in other ant species (Meyne et al.,
1995; Lorite et al., 2002), including leaf-cutting ants (Pereira et al., 2018; Castro et al., 2020,
Barros et al. 2021, Micolino et al. 2022). Interstitial telomeric sequences can be considered
relicts of the fusions of ancestral chromosomes (Lin and Yan, 2008; Olsson et al., 2018).
However, no interstitial telomere signal was detected on the chromosomes of A. cephalotes as
expected since it has the same chromosome number proposed for the ancestor of leaf-cutting

ants (2n = 22) (Pereira et al., 2018).
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The genomic organization of all microsatellites showed scattered but nonrandom
distribution, exclusively on the euchromatic regions of A. cephalotes, which correspond to
most chromosome lengths with the exception of the centromeric heterochromatin region. This
pattern was also observed in other Atta species (Teixeira et al., in prep.). The euchromatic
location of microsatellites is common in insects (Palacios-Gimenez and Cabral-de-Mello,
2015; Ruiz-Ruano et al., 2015; Travenzoli et al., 2019a, b; Lopes et al., 2020). Associations
between microsatellites and transposable elements have been previously observed in different
organisms, indicating that mobile elements may also be involved in both the origin and the
genomic propagation of microsatellites (Ellegren, 2004; Zhang, 2004; Ruiz-Ruano et al.,
2015). The repetitive portion of the A. cephalotes genome includes many transposable
elements (Suen et al., 2011), which may be responsible for this intense spread of
microsatellites in the euchromatin of this particular species. Future studies involving the
mapping of this species’ transposable elements will aid in investigating this hypothesis.

In the present study, the heterochromatin of A. cephalotes had no trace of several
microsatellites, such as (GA)i1s, (CA)is, (TAT)10, (CGG)10, (GAG)10, (CAA)10, and
(TCAGG)s. However, these microsatellites are present in the heterochromatic regions of other
Hymenoptera species, like the bees Frieseomelitta species and M. seminigra merrilae, and the
wasp P. fastidiosuscula (Santos et al., 2018; Barbosa et al., 2021; Marchioro et al., 2020).
Either these microsatellites were located in euchromatin, or there were no signals produced on
the A. cephalotes chromosomes. These results suggest that the heterochromatin in A.
cephalotes comprises other types of repetitive sequences, such as satellite DNA, or that it has
low levels or other microsatellites undetectable by FISH and therefore warrant further
investigations.

The microsatellites do not cluster in any specific region of the A. cephalotes
chromosomes, similar to the pattern observed for a population of M. holmgreni (Barros et al.,
2018) and bees (Piccoli et al., 2018; Travenzoli et al., 2019a, b; Lopes et al., 2020; Barbosa et
al., 2021), mainly the Melipona species of group I (with a low proportion of heterochromatin
restricted to pericentromeric regions). It contrasts to some populations of M. holmgreni, in
which the (GA)is microsatellite is clustered in one or two chromosomal pairs (Micolino et al.,
2019). Other insects like the grasshoppers Abracris flavolineata (De Geer, 1773) (Milani and
Cabral-de-Mello, 2014), Locusta migratoria (Linnaeus, 1758), and Eyprepocnemis plorans
(Charpentier, 1825) (Ruiz-Ruano et al., 2015), and the cricket Eneoptera surinamensis (De
Geer, 1773) (Palacios-Gimenez et al., 2015) showed clustered microsatellite patterns, in

addition to scattered distribution. These studies show a diversity of distribution patterns of
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microsatellites on chromosomes of different organisms, highlighting the importance of these
sequences’ chromosome mapping to understand their organization and evolutionary patterns
in the eukaryotic genome.

Conserved chromosome numbers have been observed in two other genera of leaf-
cutting ants. Acromyrmex species show predominantly 2n=38 chromosomes (reviewed by
Barros et al., 2021), with the single exception of Acromyrmex ameliae De Souza et al. 2007.
This social parasite displays 2n=36 chromosomes, probably due to the Robertsonian
chromosome translocation, representing a derivation from the genus. Chromosomal data on
Amoimyrmex showed that Am. bruchi, Am. silvestrii, and Amoimyrmex striatus (Roger, 1863)
have the same chromosome number, 2n=22 (Cristiano et al. 2013, Micolino et al. 2022).
Distinct ant groups like Odontomachus (haematodus group), with 2n=44, and Camponotus
(Myrmothrix) (reviewed by Mariano et al., 2019), with 2n=40, also show a conserved
chromosome number. However, in all these genera, other cytogenetic characteristics vary
between species. For example, variations in chromosome morphology were observed between
Acromyrmex species (reviewed Barros et al., 2021) and Odontomachus species (Aguiar et al.,
2020). Camponotus species (Myrmothrix) have different 18S rDNA site numbers (Aguiar et
al., 2017), and Amoimyrmex species show distinct microsatellite (GA)i5 patterns (Micolino et
al., 2022). Furthermore, according to our perceptions based on both the karyotype figure and
the chromosome measurements of Am. bruchi and Am. silvestrii, as presented in Micolino et
al. (2022), other differences also seem to exist. The total chromosome sizes of the 9" and 10
metacentric pairs seem to be smaller than the 8" chromosome pair in Am. silvestrii. However,
the 8", 9 and 10™ metacentric pairs seem to have the same size in Am. bruchi. Measurement
data provided by Micolino et al. (2022) confirm these differences. Our observations highlight
additional karyotype variations between these Amoimyrmex species.

Our results corroborate the karyotype conservation in three of the four Atta groups,
including chromosome number and morphology, heterochromatin pattern, location of GC-rich
region, 18S rDNA clusters, and the GA(i5) microsatellite, contributing with data on another
Atta phylogenetic group (Atta sensu stricto) (Fig. 5). Karyotype conservation as observed in
Atta, which includes different chromosome information and distinct species and groups (Fig.

5), have not yet been described in other genera.
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Figure 5. Summary of available cytogenetic data (this study and literature) from Atfa species
included in three of the four monophyletic groups, namely Neoattina, Epiatta and Atta sensu
stricto, defined in the molecular phylogeny proposed by Bacci et al. (2009) and Barrera et al.
(2021). Ideograms show chromosome morphology, heterochromatin (gray), and 18S rDNA
clusters (green), telomeres (red) and microsatellites (A)zo, (GA)1s, (CA)1s, (GAG)10 e (CAA)10
(blue dotted line) in the haploid complement. Phylogenetic relationships among the species

are based on Bacci et al. (2009) and Barrera et al. (2021).

It has been suggested that heterochromatin plays an essential role in ant karyotype
evolution by dispersing in the karyotype and increasing the blocks in the chromosomes (Imai,
1991). According to the recent model proposed by Hirai (2020), the physical associations of
distal heterochromatic blocks in the meiotic prophase favor its dispersion in karyotype.
However, intrachromosomal heterochromatic blocks do not form associations. Acromyrmex
species show a higher heterochromatin distribution by the C-banding technique that is located
in some intrachromosomal regions but predominantly in small, short chromosome arms
(Barros et al., 2016), denominated by Imai (1991) as pseudo-acrocentric. The location of these

heterochromatic blocks in Acromyrmex seems to follow Hirai’s model, leading to
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heterochromatin dispersion and variations in the chromosome morphology among the species.
Heterochromatin variations display an important role in karyotype evolution in Acromyrmex
(Barros et al., 2016). In contrast, Atta species show smaller heterochromatin blocks restricted
to intrachromosomal regions (Barros et al., 2014, 2015), which may influence the karyotype
conservation among species.

Cytogenetic data indicate a wide increase and diversification in the chromosome
number and morphology in ant genera of the ancient subfamilies, such as Ponerinae and the
Australian Myrmeciinae. In contrast, smaller variations are observed within genera of the
derived subfamilies Dolichoderinae, Formicinae, and Myrmicinae (Mariano et al., 2019).
According to these authors, geographic barriers or recent diversification time did not
drastically influence the karyotypes, especially with regard to the chromosome number found
in these ants. Thus, another explanation for the conserved chromosome number would be the
recent radiation and restricted geographic distribution of the leaf-cutting ants (Barrera et al.,
2021).

In the present study, we confirmed the karyotype conservation in Atta using classical
and molecular cytogenetics techniques. Other types of markers may bring new information
regarding karyotype stability, such as transposable elements and satellite DNA; the latter,
when located in centromeric regions, has high variation rates. In addition, we brought the use
of several microsatellites, including mono-, di-, and tri-nucleotides and different telomeric
sequences in ant chromosomes that can be useful in further comparative studies. We
contributed to the beginning of the karyotypic organization, understanding, and repetitive

sequence diversity of leaf-cutting ants and Formicidae in general.
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6 - CONCLUSOES GERAIS

Os diferentes capitulos nos permitiram concluir que:

Os dados de mapeamento fisico de genes rDNA de 63 espécies de formigas, incluindo
as cultivadoras de fungos, distribuidas em 19 géneros e 6 subfamilias associados com
as informacdes sobre suas relagdes filogenéticas apoiam a hipdtese de um dnico sitio de

genes rDNA por cari6tipo haploide ser a caracteristica plesiomorfica em Formicidae.

Muiltiplos sitios de rDNA foram observados em linhagens de formigas nao relacionadas
que nao compartilham um ancestral comum exclusivo, o que sugere amplificacdes

independentes de rDNA nesses grupos;

Os dados de mapeamento fisico de genes TDNA 18S em formigas revelou uma relagcdo
entre localizacdo cromossdmica e a dispersao desses genes no caridtipo. A presencga de
um unico par de cromossomos contendo os genes rDNA € o cardter mais comum em
formigas devido a localizacdo intracromossdmica desses genes nos Cromossomos, pois
sd0 locais menos propensos a rearranjos, como recombinagao ectdpica ou translocagdes
ndo-reciprocas, que poderiam promover a dispersdao de genes rDNA no genoma. No
entanto, associacOes entre regides terminais de cromossomos ndo homologos poderia
favorecer a ocorréncia de tais rearranjos levando a dispersdao de genes rDNA pelos
cromossomos, como observado nas espécies de formigas com rDNA terminais em

VAarios cromossomos;

Inversdes parecem ser rearranjos importantes que geram mudancas na posi¢ao dos genes
de rDNA no cariétipo de formigas cultivadoras de fungos como observado neste estudo

para Acromyrmex echinatior, Mycetomoellerius relictus e Sericomyrmex maravalhas;

Sericomyrmex maravalhas mostrou um cariotipo inédito em relacdo as outras espécies
do género estudadas e a associa¢do dos dados citogenéticos com a filogenia molecular
sugerem um aumento do ndmero cromossdmico de 2n=48 para 2n=>50 através de fissao

cromossomica. Os dados de bandamentos cromossdmicos obtidos para a espécie que
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mostram heterocromatina nos bracos curtos dos cromossomos também sugerem a

ocorréncia de fissdes ao longo da evolugdo do género.

O caridtipo obtido para Cyphomyrmex transversus mostra O menor nimero
cromossdmico para o género e difere dos observados para a mesma espécie em duas
localidades diferentes, o que sugere que C. transversus seja um complexo de espécies e

destaca a necessidade de sua revisao taxonomica;

Nossos dados mostraram a presenca de heterocromatina rica em GC em espécies de
Neoattina que ainda ndo tinham sido analisadas pertencentes a gé€neros diferentes
(Sericomyrmex, Cyphomyrmex e Mycetomoellerius), reforcando a hipétese de origem

comum dessa heterocromatina com composicdo peculiar em Attina.

O uso da técnica de Cor-DNA em formigas associado a dados prévios de bandamentos
cromossOmicos para a subtribo forneceu insights sobre a evolu¢do da heterocromatina
em formigas cultivadoras de fungos, indicando a ocorréncia de pelo menos cinco
eventos distintos de diferenciacdo da composi¢do da heterocromatina em Attina: (1)
entre os clados Paleoattina e Neoattina, (2) no género Paleoattina Myrmicocrypta, (3)
na espécie Neoattina Mycetomoellerius urichii, que pode ser um possivel caso de drive
centromérico, (4) nos géneros derivados de Neoattina Atta e Acromyrmex e (5) dentro

de Acromyrmex (A. rugosus e A. niger);

A sequéncia telomérica canodnica de insetos (TTAGG)s foi observada nos telomeros de
diferentes espécies de Paleoattina e Neoattina indicando que esse motif é conservado

em Attina;

O microssatélite (GA)is foi localizado exclusivamente na eucromatina de todas as
espécies de diferentes géneros de Paleoattina e Neoattina, sendo o padrao de distribui¢do
disperso o mais frequente enquanto as bandas adicionais observadas em algumas
espécies parecem ser uma condicdo derivada. Mecanismos como crossing-over
desigual, deslizamento da DNA polimerase durante a replicacido ou reparo do DNA ou

transposi¢do podem estar envolvidos na origem dessas bandas adicionais de (GA)1s;
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Diferentes microssatélites mono, di e tri-nucleotidicos apresentaram distribuicao
dispersa exclusivamente em toda a eucromatina dos cromossomos de Atta cephalotes.
Nenhuma marcacao foi obtida para as regides heterocromdticas com os microssatélites
testados, o que sugere que a heterocromatina dessa espécie pode ser constituida de

outros tipos de sequéncias repetitivas como DNA satélite ou elementos transponiveis.

Atta cephalotes mostrou um cariétipo conservado em relacgao as demais espécies de Atta
j4 estudadas considerando todos os caracteres citogenéticos analisados. Essa
conservagdo cariotipica pode estar relacionada com a localizacdo centromérica da
heterocromatina observada nas espécies de Affa, que ndo favorece associagdes fisicas
entre as sequéncias repetitivas heterocrométicas de cromossomos nao homologos
durante a meiose, e assim impede a dispersdo de tais sequéncias e variacdes
cromossOmicas entre as espécies. Outros fatores que podem estar relacionados com a
conservagdo cariotipica entre as espécies de Atfta seriam a radiacdo recente e a

distribuicao geografica restrita.
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