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RESUMO 

 

Estudos evolutivos conferem uma gama de oportunidades para se testar hipóteses sobre 
relações taxonômicas, filogenéticas, comportamentais, biogeográficas, citogenéticas, 
entre outras. As formigas cultivadoras-de-fungo são um grupo natural fascinante devido 
ao fato de terem estabelecido uma relação simbiótica com fungos e, portanto, praticam a 
agricultura há muito mais tempo que os seres humanos. Na presente tese de doutorado, 
o objetivo foi obter maior compreensão sobre a história evolutiva de alguns grupos de 
formigas cultivadoras-de-fungo focando em análises citogenéticas e filogenéticas. No 
primeiro capítulo, discutiu-se a história evolutiva de cinco linhagens de Mycetophylax, 
todas endêmicas em dunas de areia. As descobertas suportam o papel fundamental das 
mudanças cromossômicas correlacionadas com o aumento do estresse ecológico durante 
as transições climáticas passadas na diversificação dessas linhagens, bem como a 
provável rota de colonização da costa atlântica brasileira. No segundo capítulo, 
examinou-se citogeneticamente populações de “Trachymyrmex holmgreni” (nome 
válido atual Mycetomoellerius holmgreni) com o intuito de procurar por variações 
cromossômicas intraespecíficas que poderiam suportar uma especiação incipiente. Além 
disso, discutiu-se a posição filogenética desta espécie e sua relação com espécies 
intimamente relacionadas. No terceiro capítulo, descreveu-se o cariótipo de 
Mycetomoellerius iheringi e, com a posse de valiosas informações disponíveis sobre 
características citogenéticas de espécies congêneres, sugeriram-se os possíveis modos 
de especiação cromossômica entre elas, tomados à luz de suas relações filogenéticas. No 
quarto capítulo, analisaram-se os cariótipos de populações de Acromyrmex striatus 
provenientes do Chaco argentino e de Acromyrmex silvestrii. Destacou-se o alto nível 
de conservação cariotípica e morfológica dessas linhagens e discutiram-se possíveis 
modos de especiação sem alterações cromossômicas identificáveis. No quinto capítulo, 
usou-se uma abordagem combinada de dados morfológicos e moleculares que estavam 
disponíveis na literatura para desvendar profundamente as relações evolutivas de 
“Trachymyrmex” latu sensu (atuais gêneros Mycetomoellerius, Paratrachymyrmex e 
Trachymyrmex stricto sensu) e as possíveis rotas biogeográficas adotadas por seus 
principais clados que poderiam explicar suas distribuições geográficas atuais.  
 

Palavras-chave: cromossomos, especiação, evolução, filogenia, formigas.  
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ABSTRACT 

 

Evolutionary studies provide a range of opportunities to test hypotheses about 
taxonomic, phylogenetic, behavioral, biogeographic, cytogenetic relationships. Fungus-
farming ants are a fascinating natural group, due to the fact that they have established a 
symbiotic relationship with fungi and, therefore, have been practicing agriculture for 
much longer than humans. In the present doctoral thesis, the objective was to get a 
better understanding of the evolutionary history of some groups of fungus-farming ants, 
focusing on cytogenetic and phylogenetic analyzes. In the first chapter, the evolutionary 
history of five lineages of Mycetophylax, all endemic in sand dunes, was discussed. The 
findings support the fundamental role of chromosomal changes correlated with the 
increase of ecological stress during past climatic transitions in the diversification of 
those lineages, as well the likely colonization route of the Brazilian Atlantic coast. In 
the second chapter, populations of “Trachymyrmex holmgreni” (current valid name 
Mycetomoellerius holmgreni) were cytogenetically examined in order to look for 
intraspecific chromosomal variations that could support incipient speciation. Moreover, 
the phylogenetic position of this species and its relationship with closely related species 
were discussed. In the third chapter, the Mycetomoellerius iheringi karyotype was 
described and, with valuable information available on cytogenetic features of similar 
species, the likely modes of chromosomal speciation among them were suggested, taken 
in light of their phylogenetic relationships. In the fourth chapter, the karyotypes of 
Acromyrmex striatus populations from the Argentine Chaco and Acromyrmex silvestrii 
were analyzed. The high level of karyotypic and morphological conservation of these 
lineages was highlighted and likely modes of speciation without identifiable 
chromosomal changes were discussed. In the fifth chapter, a combined approach of 
available morphological and molecular data was used to deeply unravel the evolutionary 
relationships of the former “Trachymyrmex” (current genera Mycetomoellerius, 
Paratrachymyrmex and Trachymyrmex stricto sensu) and the likely biogeographical 
routes traced by their major clades that could explain their current geographic 
distributions.  
 

Keywords: ants, chromosomes, evolution, phylogeny, speciation. 
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INTRODUÇÃO 

 

Considerações sobre o objeto de estudo 

A classe Insecta (Arthropoda: Hexapoda) é o grupo animal predominante nos 

ecossistemas terrestres. Estimativas sugerem que os insetos surgiram há cerca de 450 

milhões de anos atrás, praticamente no mesmo período de surgimento das plantas 

terrestres e sofreram diversas radiações adaptativas (Misof et al. 2014). Os insetos 

desempenham um papel ecológico extremamente relevante para os ambientes, atuando 

como responsáveis por grande parte da ciclagem de nutrientes e da polinização de 

plantas, além de serem fundamentais em diversas redes alimentares (Grimaldi & Engel 

2005). As formigas (Hymenoptera: Formicidae) são um dos grupos mais bem sucedidos 

de insetos. Estimativas propõem que as formigas surgiram há mais de 100 milhões de 

anos atrás e se diversificaram para mais de 16.000 espécies e subespécies descritas 

atualmente (revisado por Borowiec et al. 2019; Bolton, 2020). O grande sucesso 

ecológico das formigas tem sido atribuído à sua organização social – algumas colônias 

são descritas como um superorganismo, tamanha a complexidade cooperativa dos 

indivíduos que a compõem – e às complexas relações que estabelecem com o ambiente 

físico e nas relações biológicas com os demais organismos da comunidade (Hölldobler 

& Wilson 2008). Uma das associações biológicas mais fascinantes é a agricultura de 

fungos (fungicultura). As formigas cultivadoras-de-fungo (Myrmicinae: Attini) 

representam um exemplo clássico de mutualismo, estabelecido há cerca de 60 milhões 

de anos atrás na região Neotropical (Mueller et al. 2001; Branstetter et al. 2017). Essas 

espécies dependem obrigatoriamente do cultivo de jardins de fungos como alimento e, 

em troca, fornecem ao fungo proteção contra patógenos e competidores, além do 

substrato para seu alimento (Weber 1972). Atualmente, cerca de 260 espécies são 

reconhecidas, distribuídas em 19 gêneros (Bolton 2020), das quais ocorrem do sul dos 

Estados Unidos (latitude 40ºN) à Argentina (latitude 44ºS) (Weber 1972).  

 

Considerações filogenéticas 

A árvore da vida das formigas, bem como do clado das formigas cultivadoras-de-fungo 

está relativamente bem estabelecida (Brady et al. 2006; Moreau et al. 2006; Borowiec et 

al. 2019), esta última mostrando dois clados bem definidos denominados Paleoattini e 

Neoattini (Schultz & Brady 2008; Branstetter et al. 2017). Análises filogenéticas 
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baseadas em dados genômicos estão permitindo a reconstrução da história evolutiva das 

formigas de uma maneira mais robusta; no entanto, dados moleculares provenientes de 

fragmentos de genes nucleares e/ou mitocondriais resolvem bem árvores pouco 

compreendidas, como as parafiléticas ou polifiléticas (e.g., Solomon et al. 2019). A 

datação dos tempos de divergência entre linhagens, como as citadas acima, são 

estimadas conjuntamente com análises filogenéticas acopladas a dados de registro 

fóssil, assim, permitindo inferir a história evolutiva de um determinado táxon de um 

modo mais concreto. Os resultados são geralmente associados aos eventos climáticos e 

geológicos passados e relacionados aos processos de especiação (e.g., Moreau & Bell 

2013; Branstetter et al. 2017). Além disso, a incorporação da distribuição geográfica a 

priori das linhagens nas mesmas árvores filogenéticas pode gerar informações 

biogeográficas adicionais que permitem traçar a rota de dispersão e/ou colonização de 

um grupo (clado, gênero, populações, etc.) para um determinado local (e.g., Clouse et 

al. 2015; Economo et al. 2015).  

A combinação de técnicas genéticas/moleculares e morfológicas, por exemplo, 

possibilitou várias descobertas importantes dentro das formigas cultivadoras-de-fungo, 

como o entendimento da evolução da fungicultura em um contexto filogenético e a 

descrição de muitas novas espécies e gêneros. Por exemplo, o gênero Mycetosoritis foi 

reformulado, dando origem ao gênero Xerolitor – grupo irmão das Sericomyrmex –, 

além de outras espécies transferidas para o gênero Mycetophylax, que por sua vez 

abrange um clado com as espécies do antigo grupo Cyphomyrmex strigatus e hoje 

contém pelo menos 21 espécies (Sosa-Calvo et al. 2017, 2018). Os gêneros monotípicos 

Kalathomyrmex e Cyatta foram identificados morfologicamente e filogeneticamente 

como o grupo irmão de todas as Neoattini (Klingenberg & Brandão 2009; Sosa-Calvo et 

al. 2013). Outro caso semelhante foi encontrado no gênero Mycetagroicus, do qual mais 

tarde foi identificado como o grupo irmão das chamadas “higher-attine”, que incluem as 

bem conhecidas formigas cortadeiras (gêneros Atta e Acromyrmex), e caracterizam-se 

por terem seus cultivares de fungos poliploides e simbiontes obrigatórios (Brandão & 

Mayhé-Nunes 2001; Schultz & Brady 2008). Considerando o caráter parafilético do 

gênero Trachymyrmex, Solomon et al. (2019) usaram uma amostragem significativa de 

espécies e genes e reconheceram dois novos gêneros dentro deste grupo, 

Mycetomoellerius e Paratrachymyrmex, além de no mínimo 11 novas espécies. Ainda, 

Rabeling et al. (2011) relataram indiretamente cinco novas espécies de Mycocepurus – 

um dos três gêneros do clado das Paleoattini, enquanto Mehdiabadi et al. (2012) 
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sugeriram que todos os supostos casos de especiação no grupo Cyphomyrmex wheeleri 

poderiam estar correlacionados com uma mudança ancestral na associação de seus 

cultivares de fungos. Vale destacar que a maioria massiva desta nova biodiversidade 

descoberta pela ciência se encontra na América do Sul, predominantemente no Brasil, 

ressaltando inferências prévias de que metade da fauna mirmecológica global ainda 

precisa ser descoberta, necessariamente nos Trópicos (Lach et al. 2010). 

 

Considerações citogenéticas 

Outra característica biológica notável das formigas é sua impressionante variação 

citogenética, tanto no número quanto na estrutura de seus cromossomos (revisado por 

Lorite & Palomeque 2010). O menor número de cromossomos foi observado em 

Myrmecia croslandi, com n=1 e o maior número em Dinoponera lucida, com n=60 

(Crosland & Crozier 1986; Mariano et al. 2008). De fato, observações sobre essa alta 

diversidade cariotípica das formigas foram determinantes para a proposição da Teoria 

da Interação Mínima, que sugere que rearranjos cromossômicos, tais como as fissões 

Robertsonianas, são a principal força motriz da evolução cromossômica em longo prazo 

e são eficazes para minimizar os riscos genéticos devido a interação dos cromossomos 

no núcleo (Imai et al. 1988, 1994, 2001). Uma quantidade considerável de evidências 

indiretas levou à ideia clássica de que rearranjos cromossômicos podem desempenhar 

um papel na especiação (e.g., White 1978; King 1993; Rieseberg 2001; Ayala & 

Coluzzi 2005; Faria & Navarro 2010). Como o número de cromossomos tende a ser 

estável dentro de uma espécie, um potencial polimorfismo nessa característica (dado por 

fissões e fusões Robertsonianas ou poliploidia) em uma população ou linhagem se torna 

um passo importante para a delimitação intraespecífica (White 1978; Guerra 2008). 

Além disso, inversões cromossômicas foram identificadas para ter um papel central para 

a evolução de muitas espécies, mas muito mais dados e novos modelos são necessários 

para entender os mecanismos complexos envolvidos (Faria et al. 2019). Dessa forma, 

esforços para caracterizar cariótipos são extremamente importantes para estudos 

evolutivos, de modo que podem fornecer indicações sobre possíveis trajetórias cario-

evolutivas envolvendo rearranjos cromossômicos e seu papel na divergência de 

linhagens. 

As formigas cultivadoras-de-fungo também apresentam variação equivalente nos 

seus cariótipos. A espécie filogeneticamente basal Mycocepurus goeldii tem n=4, 

enquanto uma das formigas “higher-attine” Sericomyrmex amabilis tem n=25 (revisado 
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por Cardoso et al. 2018). Estudos anteriores identificaram variação cariotípica 

intraespecífica em populações de Mycetophylax morschi, das quais mostraram dois 

cariótipos distintos: n=13 e n=15 (Cardoso et al. 2014a). Este estudo também integrou 

dados citogenéticos à árvore filogenética de Mycetophylax buscando compreender 

parcialmente a evolução cromossômica do gênero, até então composto de três espécies 

endêmicas de dunas arenosas (ver Klingenberg & Brandão 2009 e Cardoso et al. 

2014b). Dessa forma, sugeriu-se que fusões cromossômicas desempenharam um papel 

igualmente importante para sua evolução deste pequeno grupo de formigas psamófilas 

(Cardoso et al. 2014a). Por outro lado, o número de cromossomos nas formigas 

cortadeiras parece ser bastante conservado, Atta com n=11 e Acromyrmex com n=19, 

exceto por Acromyrmex striatus, que tem n=11 e características morfológicas 

compartilhadas por ambos os gêneros (Cristiano et al. 2013). Estudos filogenéticos 

constataram que A. striatus é parafilético em relação às outras espécies de Acromyrmex, 

sendo então, o grupo irmão de todas as formigas cortadeiras remanescentes (Cristiano et 

al. 2013; Branstetter et al. 2017). O gênero Acromyrmex possui um elevado número de 

espécies cariotipadas em relação a outros gêneros de formigas cultivadoras-de-fungo 

(revisado por Cardoso et al. 2018), o que poderia proporcionar certa vantagem na 

análise de mudanças cromossômicas entre suas linhagens. Adicionalmente, a 

citogenética molecular envolve a combinação de biologia molecular com citogenética e 

pode resultar em achados mais específicos e atraentes, dado o problema a ser analisado. 

Uma de suas técnicas mais usadas é a hibridização in situ fluorescente (FISH), que 

permite o mapeamento físico de sequências específicas de DNA nos cromossomos 

usando dois elementos básicos: uma sonda de DNA e uma sequência alvo (Speicher & 

Carter 2005). A técnica de FISH pode fornecer caracteres úteis para diagnóstico de 

espécies morfologicamente indistinguíveis (i.e., espécies crípticas) e tornou-se uma 

ferramenta importante para descrever e delimitar novas espécies, especialmente insetos 

(e.g., Lukhtanov et al. 2015; Panzera et al. 2015).  
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OBJETIVOS E JUSTIFICATIVA 

 

O principal objetivo da presente tese de doutorado visou analisar as relações 

filogenéticas de populações e/ou espécies de formigas cultivadoras-de-fungo, das quais 

ainda não havia registros, e relacioná-las com dados citogenéticos a fim de revelar as 

trajetórias evolutivas até a divergência dessas linhagens. Os supostos polimorfismos 

encontrados a partir dessa abordagem integrativa levaram a descobertas que, juntas, 

podem ser uma fonte excelente de informações para estudos taxonômicos e evolutivos. 

O objeto de estudo provém de espécies de três gêneros de formigas cultivadoras-de-

fungo: Mycetophylax, Mycetomoellerius e Acromyrmex. Cada população e/ou linhagem 

estudada forneceu contribuições evolutivas significativas que foram discutidas 

primariamente à luz do papel das mudanças cromossômicas na especiação, bem como 

de suas relações filogenéticas.  
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CAPÍTULO 1: 

 

 

 

 

 

 

 

CHROMOSOMAL DYNAMICS IN SPACE AND TIME: EVOLUTIONARY 

HISTORY OF Mycetophylax ANTS ACROSS PAST CLIMATIC CHANGES IN 

THE BRAZILIAN ATLANTIC COAST 

 

Artigo publicado no periódico Scientific Reports 9: 18800 (2019). 
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Supplementary material 

(Available in: https://www.nature.com/articles/s41598-019-55135-5#Sec24) 

 

 

Table S1. Comparisons of likelihood values (LnL), dispersal (d) and extinction (e) 

rates, P-value compared to the models with and without event-founder dispersal (j), and 

the Akaike Information Criterion (AIC) scores from each of the analyses in 

“BioGeoBEARS”. 

 

Model LnL d e j AIC 

DEC –63.79 5 2.13 – 132.5 

DEC+j –59.23 5 3.8 0.077 126.5 

DIVALIKE –66.5 5 3.90E–07 – 137.9 

DIVALIKE+j –63.2 5 1.05 0.072 134.4 

BAYAREALIKE –64.33 4.51 5 – 133.6 

BAYAREALIKE+j –46.95 1.89 4.86 0.06 101.9 

 

 

 

Table S2. The estimated rate parameters for the chromosome evolution model that best 

fit the data – the linear gain, loss and duplication model. Loss refers to chromosomal 

fusions, gain refers to chromosomal fissions and duplication refers to complete 

duplication of the genome (polyploidy). The total of events inferred throughout the 

karyotype evolution along the phylogenetic tree. 

 

Rate parameters  Total events  

Loss Constant (δ) 11.58 

Linear (δ1) 1.88 

487.93 

Gain Constant (λ) 31.52 

Linear (λ1) –0.74  

276.06 

Duplication Constant (ρ) 1.12 

12.33 
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Table S3. List of primers used for amplification of the nuclear genes EF1α-F1, EF1α-

F2, Wg, LW Rh and Top1 in fungus-farming ants of the genus Mycetophylax. 

 

Gene region Primer Sequence 5′ to 3′  Source 

EF1a-F1 1424F GCGCCKGCGGCTCTCACCACCGAGG Brady et al.1 

1829R GGAAGGCCTCGACGCACATMGG Brady et al.1 

EF1a-F2 557F GAACGTGAACGTGGTATYACSAT Brady et al.1 

1118R TTACCTGAAGGGGAAGACGRAG Brady et al.1 

LW Rh LR143F GACAAAGTKCCACCRGARATGCT Ward & Downie2 

LR639ER YTTACCGRTTCCATCCRAACA Ward & Downie2 

Wg wg578F TGCACNGTGAARACYTGCTGGATGCG Ward & Downie2 

wg1032R ACYTCGCAGCACCARTGGAA Abouheif & Wray3 

Top1 TP1339F GARCAYAARGGACCKGTRTTYGCACC Ward & Sumnicht4 

TP2192R GARCARCARCCYACDGTRTCHGCYTG Ward & Sumnicht4 

 

 

 

Table S4. The 15 partitions and models identified by PartitionFinder 2 and used in the 

Bayesian analyses of the concatenated dataset. 

 

Partition Data blocks Best model 

p1 EF1aF1 pos1 TRN+I  

p2 EF1aF1 pos2, EF1aF2 pos2 F81+I 

p3 Wg pos3, EF1aF1 pos3 GTR+I+G 

p4 Wg pos1, Wg pos2 K80+I+G 

p5 Top1 pos2, LWRh pos1 HKY+I+G  

p6 LWRh pos2 GTR+I+G 

p7 LWRh pos3  K80+I+G 

p8 Top1 pos1, EF1aF2 pos1 GTR+I+G 

p9 Top1 pos3, EF1aF2 pos3 TRNEF+I+G 

 

 

 

 



37 
 

 

Table S5. List of a priori age distributions applied to 13 fossil calibration points for 

BEAST divergence dating analysis.  

 

Taxon (stem-group) 
Offset  

(in Ma) 
Location Source 

Myrmica spp.  42 Baltic and Saxonian ambers Radchenko et al.5 

Tetramorium spp.  42 Baltic and Saxonian ambers Dlussky & Rasnitsyn6 

Pristomyrmex spp.  42 Late Eocene amber Dlussky & Radchenko7 

Pogonomyrmex fossilis  34 Florissant Formation Carpenter8 

Pheidole spp.  34 Florissant Formation Carpenter8 

Cataulacus spp.  30 Sicilian amber Emery9 

Cephalotes atratus  15 Dominican amber  
De Andrade & Baroni 

Urbani10 

Crematogaster acuta  15 Dominican amber  Blaimer11 

Strumigenys ambatrix  15 Dominican amber  
Baroni Urbani & De 

Andrade11 

Apterostigma 

electropilosum  
15 Dominican amber  Schultz12 

Cyphomyrmex maya  15 Dominican amber  De Andrade13 

Cyphomyrmex taino  15 Dominican amber  De Andrade13 

Trachymyrmex primaevus  15 Dominican amber  Baroni Urbani14 
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Figure S1. FISH mapping of TTAGG(6) telomeric probe (in red) in DAPI-stained 

karyotypes from psammophilous Mycetophylax. a) M. morschi (2n = 26); b) M. morschi 

(2n = 28); c) M. morschi (2n = 30); d) M. conformis (2n = 30); and e) M. simplex (2n = 

36). Scale bar = 5 μm.  

 

 

 

 

 

 

 

 

 

 

Figure S2. Phylogeny of fungus-farming ants based on a Bayesian analysis of five 

nuclear protein-coding genes plus Mycetophylax lineages analyzed here, as follows: M. 

simplex (yellow); M. conformis (purple); “M. morschi” lineage A (red); “M. morschi” 

lineage B (green); and “M. morschi” lineage C (blue). Black dots on branches represent 

a Bayesian posterior probability of 100, while gray dots represent a Bayesian posterior 

probability of 95–99. Outgroups are represented by the dotted gray line.  



39 
 

 

 
 

 



40 
 

 

Figure S3. FBD-based phylogenetic tree showing divergence time estimates of the 

fungus-farming ants. The horizontal blue bars at the nodes represent the 95% highest 

posterior density (HPD) intervals of the estimated node ages. The scale axis bar 

represents million years ago (Ma).  
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Figure S4. Chromosome number evolution and inferred ancestral chromosome state in 

the fungus-farming ants from ChromEvol results based on maximum likelihood (ML). 

The numbers at the tips are the known haploid chromosome numbers of species, while 

“X” represents unknown numbers. The various colors on the branches of the tree 

represent the base haploid chromosome number for each node, given in the legend of 

the figure. 
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Table S1. Accession numbers by molecular marker of the specimens retrived from 

GenBank used for the phylogenetic inference. 

 

Species EF1aF1 EF1aF2 WG LW RH TOP1 

Acromyrmex ambiguus KC478127 KC478127 JX198231 JX198244 - 

Acromyrmex balzani EU204323 EU204565 EU204170 EU204490 KY828557 

Acromyrmex echinatior KC478113 KC478130 KC478095 KC478104 - 

Acromyrmex heyeri KC478114 KC478131 JX198235 JX198247 KY828555 

Acromyrmex landolti EU204454 EU204605 EU204211 EU204530 KY828558 

Acromyrmex lundi EU204422 EU204573 EU204178 EU204497 KY828553 

Acromyrmex octospinosus EU204389 EU204541 EU204145 EU204465 KY828554 

Acromyrmex striatus KC478119 KC478136 KC478096 KC478107 KY828501 

Acromyrmex versicolor EF013211 EF013373 EF013662 EF013534 KJ861521 

Atta bisphaerica KC478121 KC478138 KC478098 KC478102 - 

Atta cephalotes EU204441 EU204591 EU204197 EU204516 KY828559 

Atta colombica KC478122 KC478139 KC478099 KC478103 - 

Atta laevigata EU204405 EU204556 EU204161 EU204481 KY828561 

Atta mexicana EU204415 EU204566 EU204171 EU204491 KY828560 

Atta robusta KC478123 KC478140 JX198242 JX198254 - 

Atta sexdens piriventris KC478124 KC478141 KC478100 KC478105 - 

Atta sexdens rubropilosa KC478125 KC478142 KC478101 KC478106 - 

Atta texana EU204449 EU204600 EU204206 EU204525 KY828562 

Cyphomyrmex cornutus EU204456 EU204607 EU204213 EU204532 KY828533 

Cyphomyrmex costatus EU204412 EU204563 EU204168 EU204488 KY828535 

Cyphomyrmex minutus EU204433 EU204583 EU204189 EU204508 KY828537 

Cyphomyrmex muelleri EU204459 EU204610 EU204216 EU204535 KY828542 

Cyphomyrmex rimosus EU204299 EU204390 EU204146 EU204466 KY828540 

Mycetagroicus cerradensis - - - - KY828500 
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Mycetagroicus triangularis EU204612 EU204461 EU204218 EU204537 - 

Pseudoatta sp. EU204569 EU204418 EU204174 EU204493 KY828556 

Sericomyrmex cf. parvulus EU204300 EU204542 EU204147 EU204467 KY828531 

Sericomyrmex parvulus - - KC964656 KC964633 - 

Sericomyrmex sp1 KY828580 KY828486 KY828496 KY828590 KY828569 

Sericomyrmex sp2 KY828581 KY828487 KY828497 KY828591 KY828570 

Trachymyrmex arizonensis EU204388 EF013526 EF013783 EF013655 KJ861741 

Trachymyrmex bugnioni EU204303 EU204545 EU204150 EU204470 KY828550 

Trachymyrmex cf relictus EU204333 EU204575 EU204180 EU204499 - 

Trachymyrmex cornetzi EU204301 EU204543 EU204148 EU204468 KY828548 

Trachymyrmex diversus EU204302 EU204544 EU204149 EU204469 KY828549 

Trachymyrmex intermedius EU204336 - EU204183 EU204502 - 

Trachymyrmex irmgardae  EU204322 EU204564 EU204169 EU204489 KY828546 

Trachymyrmex jamaicenses - - DQ353036 DQ353224 -- 

Trachymyrmex opulentus EU204332 EU204574 EU204179 EU204498 KY828547 

Trachymyrmex papulatus       EU204429 EU204579 EU204185 EU204504 KY828545 

Trachymyrmex septentrionalis EU204337 EU204578 EU204184 EU204503 KY828551 

Trachymyrmex smithi          EU204613 EU204462 EU204219 EU204538 KY828552 

Trachymyrmex urichii         - - KC964657 KC964634 - 

Trachymyrmex zeteki          EU204339 EU204580 EU204186 EU204505 - 

Xerolitor explicatus MG642983 MG642984 MG642985 MG642986 MG642987 
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Figure S1. Population-based cytogenetic banding analysis of CAA(10) tandem repeats. 

Scale bar = 5 um.  
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Figure S2. Population-based cytogenetic banding analysis of GAG(10) tandem repeats. 

Scale bar = 5 um. 
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Figure S3. Population-based cytogenetic banding analysis of CGG(10) tandem repeats. 

Scale bar = 5 um.  
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KARYOTYPE AND PUTATIVE CHROMOSOMAL INVERSION SUGGESTED 

BY INTEGRATION OF CYTOGENETIC AND MOLECULAR DATA OF THE 

FUNGUS-FARMING ANT Mycetomoellerius iheringi EMERY, 1888 

 

Artigo publicado no periódico Comparative Cytogenetics 14: 197–210 (2020). 
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CYTOGENETIC INSIGHTS INTO THE HIGH KARYOTYPE 

CONSERVATION OF ARGENTINE LEAFCUTTER ANT LINEAGES 
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Abstract  

Leafcutter ants are considered the most important herbivores in terrestrial environments 

throughout the Neotropics. Acromyrmex striatus Roger, 1863 is estimated to be the 

sister clade of the remaining leafcutter ants, and part of this assumption is supported by 

morphological and cytogenetic characteristics shared with both Atta and Acromyrmex. 

Our objective here was to analyze cytogenetically Argentine populations of A. striatus, 

in addition to the description of the karyotype of its sister species, A. silvestrii, by 

means an integrative approach of classical and molecular cytogenetics. Our results show 

that the karyotypes of these two species are very similar, with identical number and 

structure (2n=22 and KF=20M+2SM), and location of repeated sequences on the 

chromossomes. We suggest that both species diverged relatively recently and are 

unmistakably sisters, due to the many shared characteristics, including the highly 

conserved karyotypes. Such karyotype conservation indicates that closely related ant 

species can also diverge without deep chromosomal changes during the process. 

Overall, our results provide valuable information about their possible kinship relations.  

 

Key words: Acromyrmex, Chaco, chromosomes, evolution, leafcutter ants.  

 

Introduction 

 

Leafcutter ants comprise species from genera Acromyrmex and Atta have an obligatory 

symbiosis with specific basidiomycete fungi that ants grow the fungus for food in 

elaborate gardens. Worker ants provide fresh plant material into the fungal gardens that 

produce specialized hyphal tips (gongylidia) as the primary food source for the entire 

colony (HÖLLDOBLER & WILSON 2011). Leafcutter ants evolved about 20 million 

years ago to become the dominant herbivores of terrestrial environments in the 

Neotropical region (BRANSTETTER & al. 2017), which has also led them to be of 

high economic importance due to considerable losses for a variety of crops 

(HÖLLDOBLER & WILSON 2011, ZANETTI & al. 2014).  

Despite the prominent karyotypic diversity within the Formicidae family, which 

ranges from 2n=2 to 2n=120 (reviewed in LORITE & PALOMEQUE 2010), each of 

the two genera of leafcutter ants has a mostly conserved chromosome number. 

Available cytogenetic data for Atta species display a regularity in both chromosome 

number and structure, all with 2n=22. On the other hand, Acromyrmex species display 
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predominantly 2n=38, but with very large variability in the structure of their 

chromosomes (reviewed in CARDOSO & al. 2018a). Interestingly, Acromyrmex 

striatus Roger, 1863 has the same karyotype number as the Atta species (2n=22) 

including most metacentric chromosomes, though differs in the GC-rich blocks pattern 

(CRISTIANO & al. 2013). This iconic species also shares morphological characters 

with both genera; three pairs of spines on promesonotum shared with Acromyrmex (only 

two pairs of spines in Atta), and smooth gastral tergum shared with Atta (whereas 

Acromyrmex has a tuberculate gaster) (MAYHÉ-NUNES 1991). Phylogenetic analyzes 

point out that A. striatus clade is the sister group of the remaining leafcutter ants 

(CRISTIANO & al. 2013, BRANSTETTER & al. 2017), well supported by karyotypic 

information setting the ancestral number of leafcutter ants as 2n=22 (PEREIRA & al. 

2018).  

Acromyrmex striatus is restricted to grassland habitats in subtropical and 

temperate zones southern South America, occurring on the southern Brazilian coast 

(known as Restinga ecosystem), on sandy soils across the Pampas and Chaco, and from 

the southernmost part of Paraguay to the temperate savannas of Low Monte in 

Argentina (KEMPF 1972; compiled in JANICKI & al. 2016). Recent paleodistribution 

analyzes have identified that the potential distribution of the species may have gone 

through oscillations arising from the last glacial periods, from which it would have 

expanded dramatically from the Pampas to the grasslands of Argentina (CRISTIANO & 

al. 2016). Thus, it is assumed that A. striatus populations from Chaco may be newer and 

slightly different from older Brazilian ecosystems.  

The genus Acromyrmex itself is quite diverse comprising 34 valid species plus 

29 subspecies (BOLTON 2020). This large number of subspecies is accentuated mainly 

due to the fact that it does not support the widely accepted biological meaning of 

“species” as well the failure of some molecular studies to identify traditional subspecies 

as phylogenetically distinct (MAYR 1982, PHILLIMORE & OWENS 2006). 

Acromyrmex striatus had a subspecies which was later raised to species, namely A. 

silvestrii Emery, 1905 which still includes a subspecies, A. silvestrii bruchi Forel, 1912 

(BOLTON 2020). These lineages are found exclusively in subtropical and temperate 

grasslands, mainly in the Chaco biome in Argentina, and are even live sympatrically 

with A. striatus (CUEZZO 1998, JANICKI & al. 2016). Therefore, karyotype 

description of any of these lineages would shed light on the evolution of the group and 

may give valuable indications of kinship.  
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Karyotype changes, including chromosome number and structure, are speculated 

to promote species diversification events through chromosomal rearrangements that 

may later result in barriers to gene flow (RIESEBERG 2001, FARIA & NAVARRO 

2010). In ants, such considerations can occur at various levels, including intraspecific 

dissimilarities involving the maintenance of different karyotypes in the same 

population, many of them between sister species or closely related species (e.g., IMAI 

& al. 1977, CROSLAND & al. 1988, HIRAI & al. 1996, CARDOSO & al. 2014, 

MICOLINO & al. 2019a). Populational intraspecific variation is increasingly being 

identified for a range of ants, associated with the identification of cryptic species by 

cytotaxonomy. For example, such findings were obtained by fluorescence in situ 

hybridization (FISH) based molecular cytogenetics using microsatellites and/or 

ribosomal DNA probes (MICOLINO & al. 2019a, 2019b), as well as standardized 

chromosome measurement analyzes (i.e., karyomorphometry) (CARDOSO & al. 

2018b). Such comparative analyzes looking for karyotype variations among 

geographically isolated populations could help to understand the evolution of the 

distribution of a particular organism or population. Natural species obviously do not 

respect the boundaries established by mankind, but due to traditionally dubious 

taxonomy and slightly contrasting nesting sites, it is worth cytogenetically examining A. 

striatus populations from the Argentine Chaco, seeking a minor distinction from their 

putative older Brazilian relatives.  

Here, we still consider that the specimens from Argentine belong to A. striatus 

taxa, but it is being revised by Cristiano & al. (manuscript in preparation). The aim of 

this study was to cytogenetically analyze A. striatus populations located in the Chaco 

biome in Argentina, as well to describe the hitherto unknown karyotype of A. silvestrii. 

To achieve this, we used a karyomorphometric approach and FISH chromosomal 

mapping with ribosomal, telomeric and microsatellite probes.  

 

Material and methods 

 

Colonies sampling 

The colonies of A. striatus populations were collected along the Argentine Chaco at the 

following sampling points within the Córdoba Province: Córdoba (coordinates), Ischilín 

(coordinates) and Punilla (coordinates). Colonies of A. silvestrii were collected around 

the Chamical city belonging to La Rioja Province, Argentina (coordinates). All sampled 
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colonies are under the domain of the Dry Chaco ecoregion, set in areas of Tropical and 

Subtropical Grasslands, Savannas and Shrublands, according to DINERSTEIN & al. 

(2017).  

 

Chromosome preparations 

Metaphase chromosomes were obtained using brain ganglia of pre-pupae larvae 

dissected in colchicine hypotonic solution (0.005%) according to IMAI & al. (1988), 

with modifications described by CARDOSO & al. (2012). Then the metaphases were 

conventionally stained with 4% Giemsa® solution diluted in Sørensen’s buffer (pH 6.8) 

to determine chromosome number and morphology. Karyotype structure was described 

by the chromosomal arm ratio proposed by LEVAN & al. (1964) and classified 

according to their centromeric position: metacentric (M), submetacentric (SM), 

subtelocentric (ST) and acrocentric (A). The ten best metaphases with chromosomal 

integrity and evident, non-overlapping centromeres were measured by the Image Pro 

Plus® software (Media Cybernetics, LP, USA). Chromosomes were evaluated 

according to the following characteristics: total length (TL), long arm length (L), short 

arm length (S), long arm to short arm ratio (r=L/S), and relative length of chromosomes 

(RL), according specified by CRISTIANO & al. (2017). Karyotypes were assembled by 

the Corel® PHOTO-PAINT software.  

 

Fluorescence in situ hybridization (FISH) 

FISH procedure for mapping repetitive DNA sequences through 18S rDNA, telomeric 

TTAGG(6) and microsatellite GA(15) probes was performed according to the partial 

description by KUBAT & al. (2008), with the appropriate modifications specified and 

detailed by MICOLINO & al. (2019b). The TTAGG(6) and GA(15) probes were a priori 

labeled with Cy3 at the 5' end during synthesis (Sigma, St. Louis, MO, USA), while the 

18S rDNA probe was obtained by PCR amplification (see MICOLINO & al. 2019b). 

The summarized process involved several washes with saline solutions, followed by 

denaturation with formamide and dehydration by ethanol until hybridization to the 

probe in question. After overnight maintenance, the chromosome slides were again 

washed and dehydrated to remove excess probe, and then the final assembly process in 

DAPI Antifading solution (DAPI Fluoroshield, Sigma-Aldrich). The final step consisted 

of analyzing the chromosome slides under an Olympus BX53 epifluorescence 

microscope using the WU (330–385 nm) and WG (510–550 nm) filters for DAPI and 
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rhodamine, respectively. Chromosome images were obtained using a MX10 digital 

camera attached to the microscope and using CellSens software. Subsequently, the 

metaphase photos were edited by Adobe Photoshop CC® software.  

 

Results 

 

All A. striatus populations displayed metaphases with diploid chromosome number of 

2n=22, consisting of ten metacentric chromosomes pairs and one submetacentric pair; 

their karyotype formula was 2K=20M+2SM and fundamental number of NF=44 (Figure 

1). Likewise, the A. silvestrii karyotype displays exactly the same characteristics as A. 

striatus (Figure 1d). The karyomorphometric data of A. striatus chromosomes were 

presented in this work, as follows: the total chromosome length for population “A” 

ranged from 3.88±0.48 μm to 2.33±0.33 μm, while the total length of all chromosomes 

was 59.35 μm; population “B” presented total chromosome length ranging from 

3.99±0.58 μm to 2.38±0.35 μm and total length of all chromosomes of 60.35 μm; and in 

population “C”, the total length of chromosomes ranged from 4.05±0.63 μm to 

2.34±0.42 μm, while the total length of all chromosomes was 59.35 μm (Table 1). In the 

species A. silvestrii, chromosome measurement ranged from 3.98±0.52 μm to 2.61±0.29 

μm with total length of all chromosomes of 60.29 μm (Table 1).  

FISH chromosomal mapping performed for the three Argentine populations of 

A. striatus and the A. silvestrii species displayed no significant difference in either 

number or brightness of the of 18S and TTAGG probes. The probe for the 18S rDNA 

cluster was labeled on only one chromosomal pair in all samples, which was located in 

the interstitial region of the long arms of the second pair of metacentric chromosomes 

(Figure 2a). The TTAGG(6) telomeric repeat distribution pattern was restricted to the 

ends in both arms on all chromosomes pairs. Also, no signal for interstitial telomeric 

sites (ITS) was observed (Figure 2b). The GA(15) microsatellite probe provided a rich 

band pattern in the subtelomeric regions of some specific chromosomes, extending 

more interstitially across both chromosomal arms, with some signals remarkably 

stronger than the others. Weaker markings can be observed on the smaller 

chromosomes, suggesting shortage of this repeat in these ones. In general, the GA(15) 

probe produced a scattered distribution along the chromosomes. This pattern was 

recurrent for all samples analyzed (Figure 2c).  
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Discussion 

 

Our comparative cytogenetics showed that the diploid number of chromosomes in 

representatives of the three A. striatus populations as well as in the species A. silvestrii 

was invariably 2n=22. The karyomorphometric analysis revealed that the karyotype in 

all samples consists of ten metacentric pairs and one submetacentric pair. We describe 

for the first time the karyotype of A. silvestrii, a prospective sister lineage belonging to 

what we call here “Striatus group”. Ongoing phylogenetic analyzes support this degree 

of closeness (CRISTIANO & al. in preparation). We also demonstrate that A. striatus 

and A. silvestrii are closely related from their well-conserved karyotypes, of which 

showed no differences in our cytogenetic surveys. We therefore suggest that both 

species have diverged relatively recently, due to many shared and conserved 

characteristics, including their karyotypes.  

The results of karyotype length in A. striatus corroborate the previous findings 

of PEREIRA & al. (2018) and differ a little from those of CRISTIANO & al. (2013), 

which ranged from 5.78±0.15 μm to 1.77±0.05 μm and a total length of 78.67 μm. A 

possible explanation for this incongruence is that the karyomorphometry protocol in our 

group has undergone successive improvements and standardizations, making it 

increasingly close to the appropriate one and further corroborates genome size 

estimation by flow cytometry (see CARDOSO & al. 2018b). The karyotype of A. 

silvestrii showed a pronounced structural and numerical similarity with A. striatus, 

including in the length of the chromosomes. Population-based chromosomal studies 

may reveal often unreached intraspecific diversity either by morphological (i.e., cryptic 

species) or molecular (i.e., weak phylogenetic signal) methods (e.g., TALAVERA & al. 

2013, LUKHTANOV & SHAPOVAL, 2017). For instance, a karyomorphometric 

analysis on Mycetomoellerius holmgreni fungus-farming ant populations revealed 

significant differences in karyotype and centromere length, suggesting that this ant 

species might be undergoing centromere drive (CARDOSO & al. 2018b). In fungi, 

chromosome length polymorphism (CLP) has been identified for a range of strains and 

it has also been shown that variable tandem repeats, such as rDNA genes, could be a 

source of CLPs (ZOLAN 1995). Such repetitive sequences are considered to be 

involved in translocation events through ectopic recombination, which could result in 

mutated chromosomes that benefit the organism, ultimately leading to speciation 

(BUSH & al. 1977). In addition, subtelomeric sequences are generally composed of a 
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mosaic of repeat units, so that recombination among subtelomeric repeats can lead to 

chromosomal extremity variability and result in CLPs (CORCORAN & al. 1988, 

ZOLAN 1995). Another CLP-related condition would be that a cross between any 

lineages with different length chromosomes could generate offspring with new 

chromosome sizes, provided that the new karyotypes were composed of viable gene 

combinations (ZOLAN & al. 1994). Given the possibilities, we include molecular 

cytogenetic analyzes corresponding to the ribosomal and telomeric sequences to attempt 

to correlate with the assumptions raised above.  

Our results on the physical mapping of the 18S rDNA cluster and TTAGG 

telomeric motif were consistent with the previously described data for A. striatus in the 

Brazilian ecosystems of Restinga and Pampas (TEIXEIRA & al. 2017, PEREIRA & al. 

2018). An interesting cytogenetic feature of A. striatus is the location of the 18S rDNA 

cluster, identified in the interstitial region of a pair of metacentric chromosomes, similar 

to those found for Atta species (TEIXEIRA & al. 2017). Likewise, the location of the 

18S rDNA cluster in A. silvestrii was indistinguishable from A. striatus. The rDNA is 

one of the most conservative fractions of the eukaryotic genome and ribosomal RNA 

genes have changed minimally throughout evolutionary history (RASKINA & al. 

2008). While there is this conservatism, rDNA is a strong source of genome instability, 

which their dynamics is an indicator of significant intra-genomic processes (RASKINA 

& al. 2004). It is therefore somewhat apparent that A. striatus would have the ancestral 

karyotype structure of the leafcutter ants’ clade, in terms of the number and the location 

of the 18S rDNA on the chromosomes. Clearly this assumption has greater support from 

molecular data (e.g., CRISTIANO & al. 2013, PEREIRA & al. 2018), although it is 

noteworthy that an integrative approach (cytogenetic and molecular data) involving 

extensive sampling would remarkably support such a point.  

The TTAGG telomeric repeat is considered to be the ancestral motif of insects 

(FRYDRYCHOVÁ & al. 2004). In general, the order Hymenoptera has the TTAGG 

repeat retained in its representatives, although it has been suggested that it was 

putatively lost in the ancestor of Apocrita with at least two subsequent independent 

recovers (MENEZES & al. 2017, GOKHMAN & KUZNETSOVA 2018). One of them 

has occurred in Formicidae and has been increasingly identified in ant telomeres (e.g., 

LORITE & al. 2002, PEREIRA & al. 2018, MICOLINO & al. 2019a, 2019b). One of 

the applications of telomeric probes has been in the recognition of fusion 

rearrangements, which can also identify population polymorphisms (RUIZ-HERRERA 
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& al. 2008). Preliminary analyzes with the TTAGG(6) probe in A. striatus found no 

interstitial telomeric signals, denoting that 2n=22 is the most likely ancestral karyotype 

of the leafcutter ants and is a plesiomorphic feature shared between A. striatus and Atta 

species (PEREIRA & al. 2018). We observed markings for the TTAGG motif 

exclusively at the ends of chromosomes in all samples of the “Striatus group” analyzed 

here, suggesting their putative conservation within these ant lineages.  

FISH mapping results regarding the microsatellite GA(15) suggest that there is no 

distinguishable variation among samples, despite subtly stronger markings on some 

chromosome pairs. Such accumulation of these repeated sequences was observed in the 

subtelomeric region in both chromosomal arms. In fact, microsatellites repeats can be 

arranged in well-defined clusters on chromosomes. For example, 15 species of stingless 

bees of the genus Melipona displayed GA(15) repeats in predominantly telomeric blocks 

(TRAVENZOLI & al. 2019). Intraspecific cytogenetic polymorphisms have recently 

been found in the ant Mycetomoellerius holmgreni, showing distinct well-defined 

blocks of the microsatellite GA(15) in populations situated to the north and south of their 

occurrence area, denoting a potential geographic and/or reproductive isolation between 

them (MICOLINO & al. 2019b). Also, birds generally have preferential accumulation 

of microsatellite repeats restricted to the centromeric and telomeric regions. In 

particular, woodpeckers showed different distribution patterns of microsatellite 

sequences on the Z sex chromosome, including the dinucleotide GA(15) (DE OLIVEIRA 

& al. 2017). On the other hand, there are many findings showing such entirely scattered 

repeats in both heterochromatic and euchromatic regions on chromosomes (e.g., 

CIOFFI & al. 2011, CUNHA & al. 2015, PALACIOS-GIMENEZ & al. 2015). In sum, 

all these findings suggest the particularly dynamic nature of microsatellite sequences 

making them good cytogenetic markers mainly when they occur non-dispersively across 

chromosomes.  

As each organism presents its own karyotype, the chromosome number and 

structure are interesting for taxonomic studies, so that closely related species tend to 

have karyotypes more similar than phylogenetically distant ones (SUMNER 2003). This 

was seen in A. silvestrii, whose karyotype number and structure is identical to that of A. 

striatus. Besides, such species resemble each other strongly morphologically, making it 

difficult to identify and differentiate between them. The very similar karyotypes of the 

two species confer an additional characteristic, in which closely related ant species can 

diverge without deep chromosomal changes during the process. As no structural 
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changes at the chromosomal level were identified, we suggest that perhaps changes 

related to genome function or regulation are more linked to divergence, but this would 

be considered for further research.  

The recognized chromosomal properties of the “Striatus group” resemble 

karyotypic data in Trachymyrmex sensu stricto (all karyotyped species have 2n=20), 

mainly by the predominance of metacentric chromosomes and the absence of 

acrocentric ones (reviewed in CARDOSO & al. 2018a). Considering the phylogenetic 

position of these two clades, we can suggest a likely evolutionary trajectory focusing on 

chromosome changes. The karyotype differentiation of the “Striatus group” towards 

Trachymyrmex species is found by the difference of one extra chromosomal pair and the 

presence of a pair of submetacentric chromosomes. In this sense, there could have been 

a chromosomal fission in the ancestral karyotype followed by a pericentric inversion, 

changing the karyotype to its current state of 2n=22 comprising ten pairs of metacentric 

chromosomes and one submetacentric pair. A similar scenario about the role of 

chromosomal inversions in the lineages diversification process was also assumed for 

closely related species of the genus Mycetomoellerius (MICOLINO & al. in revision). 

Overall, we provide new karyotype data on A. striatus populations and on the species A. 

silvestrii – the two species known to belong to the “Striatus group”. Such data may be 

useful in any future comparative cytogenetic analyzes. Our results also provide insights 

into their possible phylogenetic relationships hitherto unavailable.  
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Table 1: Karyomorphometric analyzes of the chromosomes from three different populations of 

A. striatus (Pop. A – Córdoba, Pop. B – Ischilín and Pop. C – Punilla); and the A. silvestrii 

species. Chromosomes total length (TL) and karyotype length (KL) for each sample studied 

here.  

 

Chromosome 
Pop. A 

TL(μM) 

Pop. B 

TL(μM) 

Pop. C  

TL(μM) 

A. silvestrii 

TL(μM) 
Classification 

1 3.88±0.48 3.99±0.58 4.05±0.63 3.98±0.52 Metacentric 

2 3.76±0.51 3.9±0.59 3.85±0.61 3.89±0.51 Metacentric 

3 3.43±0.47 3.57±0.44 3.44±0.51 3.56±0.47 Metacentric 

4 3.3±0.43 3.43±0.38 3.31±0.5 3.37±0.51 Metacentric 

5 3.12±0.39 3.17±0.44 3.12±0.42 2.96±0.42 Metacentric 

6 3.02±0.36 3.04±0.41 3.01±0.42 2.86±0.44 Metacentric 

7 2.97±0.38 2.94±0.38 2.97±0.4 2.77±0.39 Metacentric 

8 2.9±0.4 2.9±0.38 2.89±0.41 2.7±0.37 Metacentric 

9 2.86±0.4 2.87±0.36 2.81±0.41 2.66±0.37 Metacentric 

10 2.79±0.4 2.82±0.35 2.76±0.36 2.61±0.38 Metacentric 

11 2.74±0.38 2.76±0.33 2.7±0.34 2.58±0.37 Metacentric 

12 2.72±0.38 2.72±0.35 2.65±0.35 2.53±0.35 Metacentric 

13 2.67±0.39 2.65±0.36 2.59±0.35 2.49±0.34 Metacentric 

14 2.61±0.38 2.6±0.38 2.55±0.36 2.44±0.34 Metacentric 

15 2.48±0.33 2.47±0.29 2.46±0.34 2.4±0.32 Metacentric 

16 2.37±0.26 2.32±0.26 2.31±0.37 2.36±0.31 Metacentric 

17 1.94±0.24 2.01±0.32 2.01±0.25 2.31±0.33 Metacentric 

18 1.82±0.19 1.83±0.34 1.86±0.26 2.27±0.33 Metacentric 

19 1.63±0.22 1.64±0.24 1.69±0.26 2.2±0.33 Metacentric 

20 1.57±0.21 1.54±0.25 1.52±0.2 1.96±0.34 Metacentric 

21 2.44±0.33 2.53±0.38 2.46±0.37 2.78±0.3 Submetacentric 

22 2.33±0.33 2.38±0.35 2.34±0.42 2.61±0.29 Submetacentric 

∑(KL) 59.35 60.08 59.35 60.29 
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Figure 1: Conventional staining of mitotic metaphases and their respective karyotypes 

assembled by morphological similarity of three populations of A. striatus from the 

Argentine Chaco (a – Córdoba, b – Ischilín and c – Punilla); and A. silvestrii species. M: 

metacentric chromosomes. SM: submetacentric chromosomes. Scale bar: 5 μm.  
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Figure 2: DAPI-stained chromosomal metaphases from three populations of A. striatus 

and species A. silvestrii. Left column: FISH mapping of the rDNA 18S cluster (in red). 

Center column: FISH mapping of the TTAGG(6) telomeric motif (in red). Right 

column: FISH mapping of microsatellite GA(15) (in red). Scale bar: 5 μm. 
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Abstract  

 

Recent multiloci phylogenetic analyses have resolved the formerly paraphyletic 

status of Trachymyrmex s.l., indicating two new genera: Mycetomoellerius and 

Paratrachymyrmex. However, many of their lineages and evolutionary history are 

unknown. Here, we used available morphological and molecular data to uncover their 

evolutionary relationships and possible biogeographical routes that reflect current 

geographic distributions. We estimated that Mycetomoellerius appeared in the Middle 

Miocene and that the Northern Grasslands (mostly the Cerrado biome) were its ancestral 

range. We then traced how these lineages reached their current geographical 

distributions, including those in the southern temperate grasslands and the Caribbean 

islands. We also speculate that a large transition range between the Cerrado and 

Amazon biomes could have been a center of diversification especially for the 

Mycetomoellerius lineages. Paratrachymyrmex would have appeared in the Amazonian 

Rainforest in the Early Miocene and its dispersion to Middle America could be linked to 

intercontinental land connections. Trachymyrmex s.s. would have arisen more recently 

in the Late Miocene as a result of an earlier dispersion to Middle America and spread 

through the southernmost Neartic region. We emphasized the resolution by using 

combined morphological and molecular data in phylogenetic analyses and using 

published data to connect their evolutionary relationships with the natural history of 

fungus-farming ants.  

 

 

Introduction 

 

Fungus-farming ants (Myrmicinae: Attini) established a symbiotic relationship 

with the Basiodiomycete fungi about 60 million years ago (Myr) (Schultz and Brady, 

2008; Branstetter et al., 2017). Currently, about 260 extant species of fungus-farming 

ants are recognized across 19 genera (Bolton, 2020). They play a fundamental role in 

their respective environments, in addition to their unique role in fungiculture (Mueller et 

al., 2001). Fungus-farming ants are responsible for much of the nutrient cycling, as 

many species use the decomposing material to serve as food for the symbiotic fungi 

(Hölldobler and Wilson, 1990). The “higher” fungus-farming ants grow their fungus 

with the type of substrate (including plant debris, parts of flowers, seeds, and arthropod 
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feces) that is specialized for free-living leucocoprineous fungi. In contrast, leafcutter 

ants (genera Atta and Acromyrmex) culture their gardens with freshly cut leaf material 

(Hölldobler and Wilson, 1990).  

The former genus Trachymyrmex s.l. was one of the most diverse groups within 

the fungus-farming ants and comprised species with a variety of unique morphological 

variations. The taxonomy of this group is challenging, although some researchers have 

performed a series of taxonomic reviews (Mayhé-Nunes and Brandão, 2002; 2005; 

2007). To elucidate their phylogenetic relationships, Brandão and Mayhé-Nunes (2007) 

reconstructed a phylogeny using maximum-parsimony analyses with 50 characters from 

external worker morphology and 32 taxa. They suggested that Trachymyrmex s.l. was a 

monophyletic group, including species that shared unique microtuberculate mesosomal 

projections. However, several phylogenies based on molecular data including genomic 

scale have reconstructed Trachymyrmex s.l. as a paraphyletic grade, which gives rise to 

the ancestor of the sister genera Xerolitor and Sericomyrmex, as well as the ancestor of 

the leafcutter ants (e.g., Schultz and Brady, 2008; Branstetter et al., 2017; Sosa-Calvo et 

al., 2018).  

To solve the taxonomic issue in Trachymyrmex s.l., multiloci phylogenetic 

analyses were recently performed with an extensive number of species and  a new 

systematic arrangement, embracing two new genera: Mycetomoellerius and 

Paratrachymyrmex, was proposed (Solomon et al., 2019). Trachymyrmex s.s. was 

restricted to the sister clade of leafcutter ants and largely comprised of North American 

species (Solomon et al., 2019). The genus Mycetomoellerius is highly diverse, currently 

comprising 29 valid species, besides almost eight new species that have been suggested 

(Solomon et al., 2019). Mycetomoellerius can be divided into three major clades, which 

can be placed into the previously reported groups, namely the “Iheringi group” (six 

valid species), the “Jamaicensis group” (three valid species), and the “Opulentus group” 

(five valid species) (Solomon et al., 2019; see also Brandão and Mayhé-Nunes, 2007). 

The sampling of Mycetomoellerius in previous phylogenetic analyses was low, so the 

relationship with other species of the genus remains to be resolved.  

The contribution of phylogenetic analyses using molecular and morphological 

data has been demonstrated in a range of species (see Wortley and Scotland, 2006). 

Such analyses have also supported the studies on exclusive morphological 

synapomorphies (e.g., Bertolani et al., 2014; Rocha et al., 2019).  This integrative 

approach is useful in divergence dating, which uses morphological data to infer the 
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placement of fossils alongside the extant taxa in a “total-evidence” analysis (Ronquist et 

al., 2012a). Also, the existing biogeographic information can provide indications to 

possible adaptive characteristics that appeared in certain lineages over time (e.g., Clouse 

et al., 2015; Economo et al., 2015).  

In this study, we inferred the phylogenetic and evolutionary relationships of 

three major clades of fungus-farming ants, namely Mycetomoellerius, 

Paratrachymyrmex, and Trachymyrmex s.s. For this, we took advantage of the 

previously published data based on both DNA sequences and morphological characters 

for a range of these species. We also reconstructed the divergence times for the major 

clades identified here and estimated the ancestral range of their lineages.  

 

Materials and methods 

 

Data acquisition  

 

We downloaded the DNA sequences commonly used for ants (Schultz and 

Brady, 2008; Solomon et al., 2019; Micolino et al., 2020) from the GenBank: (i) four 

nuclear genes, elongation factor 1-alpha-F1 (EF1α-F1), elongation factor 1-alpha-F2 

(EF1α-F2), wingless (Wg) and long-wavelength rhodopsin (LWRh); (ii) one 

mitochondrial gene, cytochrome c oxidase I (COI), and (iii) introns of EF1α-F1, Wg, 

and LWRh from 38 species of “higher” fungus-farming ants, including the genera 

Mycetagroicus (as outgroup), Xerolitor, Sericomyrmex, Mycetomoellerius, 

Paratrachymyrmex, and Trachymyrmex s.s. (Table S1). For morphological data, we 

imported the character matrix, from Brandão and Mayhé-Nunes (2007) for 50 external 

morphological worker characters compiled from 32 ant species belonging to the genera 

Mycetomoellerius, Paratrachymyrmex, and Trachymyrmex s.s. (Tables S2 and S3).  

 

Phylogenetic signal test 

 

To test the phylogenetic signal of the morphological data and thus be able to use 

them alongside with the molecular data in an integrative phylogenetic framework, we 

carry out two independent approaches commonly used in evolutionary ecology studies. 

For this, we generated a preliminary phylogenetic tree based only on morphological 

data using Bayesian inference by using the MrBayes 3.2.5 (Ronquist et al., 2012b). All 
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subsequent calculations were performed with R 3.6.3 (R Development Core Team, 

2020). First, we estimated Abouheif’s Cmean with the function abouheif.moran and the 

method oriAbouheif for the proximity matrix (package adephylo) according to 

Münkemüller et al. (2012). Abouheif’s Cmean test (Abouheif, 1999) is an autocorrelation 

index and uses Moran’s I statistic with a new matrix of phylogenetic proximities, which 

does not relate to branch length but focuses on topology and has a non-zero diagonal 

(Pavoine et al., 2008; Münkemüller et al., 2012). Second, we estimated Pagel’s λ using 

the ‘fitDiscrete’ function (Yang, 2006) in the package geiger according to Münkemüller 

et al. (2012). Pagel’s λ test (Pagel, 1999) assumes a Brownian motion model of trait 

evolution, which is based on likelihood optimization and is the transformation of the 

phylogeny that ensures the best fit of trait data to a Brownian motion model 

(Münkemüller et al., 2012). Based on these results we coupled morphological and 

molecular data matrixes to estimate our phylogenetic hypotheses.  

 

Phylogenetic analyses  

 

The downloaded DNA sequences were aligned and concatenated manually by 

using the MEGA7 (Kumar et al., 2016). Data were partitioned and modeled using the 

PartitionFinder 2.1.1 (Lanfear et al., 2016) under the Bayesian Information Criterion 

(BIC) with 18 input data blocks consisting of the first, second, and third codon positions 

of the coding regions of each of the five gene fragments plus the introns from EF1α-F1, 

LWRh, and WG, and with a user tree resulting from an unpartitioned maximum 

likelihood best-tree analysis conducted in RAxML 8.0.14 (Stamatakis, 2014). The data 

were partitioned into eight parts, as shown in Table 1. A partition was added to the gene 

matrix for morphological data. Before the analysis, we applied a topology constraint by 

which each species containing the morphological data was restricted to the clades of 

their respective genera. Nine partitions, each with its evolutionary model, were used in 

the Bayesian analysis by using the MrBayes 3.2.5 (Ronquist et al., 2012b). Two 

simultaneous independent Monte Carlo Markov chain (MCMC) runs were performed 

with nchains = 8, temp = 0.05 and at least 20 million generations were performed, with 

sampling every 1000 generations. We set a critical value for the topological 

convergence diagnostic (stopval = 0.005) in order to streamline the analysis. We also set 

a fraction of 20% of the initial samples to be discarded when the convergence 
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diagnostics reached the determined value (relburnin = yes, burninfrac = 0.20). The tree-

generated and posterior probabilities were visualized in FigTree 1.4.3 (Rambaut, 2009).  

  

Divergence dating 

 

To estimate the divergence time of the major clades of Trachymyrmex s.l., we 

used only our molecular data matrix, which was incorporated into the matrix from 

Micolino et al. (2019). We used BEAST 2.5.2 (Bouckaert et al., 2018) under the 

Fossilized Birth-Death (FBD) process (Heath et al., 2014) using an uncorrelated, log 

normal relaxed clock model (Drummond et al., 2006). Fossil calibration and root age in 

the tree prior were set as specified by Micolino et al. (2019). We set the nucleotide 

substitution model as GTR + I + G for all genes. The MCMC chains were run in two 

independent analyses for 100 million generations each, with sampling every 1000 

generations. Convergence, mixing and effective sample sizes (ESS > 200) were checked 

using the Tracer 1.7.1 (Rambaut et al., 2018). Sampled trees in each run were combined 

into a single file using LogCombiner 2.5.2, removing the first 10% of the trees in each 

run as burn-in. A maximum clade credibility tree was generated in the TreeAnnotator 

2.5.2. Next, all fossils were removed from the tree using the FullToExtantTreeConverter 

tool (implemented in BEAUti 2.5.2). The generated tree and credible intervals were 

visualized in FigTree 1.4.3 (Rambaut, 2009).  

 

Historical biogeography 

 

We reconstructed ancestral geographic ranges using a Bayesian method with 

BBM (Bayesian Binary MCMC) analyses implemented in RASP 4.1 (Yu et al., 2015). 

These methods accommodate phylogenetic uncertainty by averaging the ancestral 

reconstructions over a sample of user-supplied trees (Ronquist and Huelsenbeck, 2003; 

Yu et al., 2015). We coded each of the fungus-farming ant species in the dataset as 

occurring in: the Amazon Rainforest (A); Middle America (B); Northern America, 

including mainly the southern USA (C); the Brazilian Atlantic Forest (D); Northern 

Grasslands, including the Caatinga and the Cerrado biomes (E); and Southern 

Grasslands, including the Chaco and the Pampas biomes (F). The species distributions 

were taken from www.antmaps.org (Janicki et al., 2016). We used the BBM approach 

because it allows the estimation of only one ancestral range for the nodes. We therefore 
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constrained the maximum number of estimated areas in the ancestral ranges to one. 

BBM analysis was performed using an estimated model, F81 + G, with a null root 

distribution, and the MCMC were performed for 10 million generations, with sampling 

every 1000 generations.  

 

Results 

 

Phylogenetic analyses 

 

We found statistically significant levels of phylogenetic signal (p < 0.05) in 40 

characters according to Abouheif’s Cmean and 41 characters according to Pagel’s λ 

(Table S2). Five characters did not exhibit a significant amount of phylogenetic signal 

as measured by both Abouheif’s Cmean and Pagel’s λ. Thus, these five characters were 

removed from subsequent analyses.  

Our Bayesian analysis of the combined morphological and molecular data 

showed varying statistical support for the nodes along the branches of the tree. The 

generated phylogenetic tree did not entirely represent the three major clades previously 

estimated for Mycetomoellerius (i.e., “Iheringi”, “Jamaicensis”, and “Opulentus” 

groups), but M. ruthae shown as the most basal lineage of the last two was statistically 

well-supported (posterior probability, pp = 1.0) (Fig. 1). We identified M. pruinosus and 

M. tucumanus as part of the “Iheringi group” and the “Urichii group” as their sister 

group, which comprises M. agudensis and M. isthmicus. Mycetomoellerius oetkeri was 

included in the “Jamaicensis group”, while M. compactus and M. farinosus were 

estimated to be in the “Opulentus group”. Within the genus Paratrachymyrmex, P. 

intermedius and P. mandibularis were estimated to be sister lineages, while P. levis was 

estimated to be more closely related to P. cf carib and P. cf irmgardae lineages (Fig. 1). 

All genera represented in our dataset were recovered as monophyletic.  

 

Divergence dating  

 

The FBD-based divergence dating analysis recovered the origin of “higher” 

fungus-farming ants as 27.7 Myr (95% highest posterior density interval, HPD = 36.9–

21.4 Myr) (Table 2; Fig. S1). The genus Mycetomoellerius was estimated to have 

emerged about 20.6 Myr (HPD = 27.1–15.8 Myr), giving rise to two major clades. The 
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major clade I, comprised two minor clades defined here as “Iheringi group” and 

“Urichii group” that would have split around 19 Myr (HPD = 25.2–14.4 Myr), while 

their likely origins were estimated as 15.6 Myr (HPD = 21.2–11.8 Myr ) and 10.3 Myr 

(HPD = 15.8–5.3 Myr), respectively. The major clade II would have emerged as 19.6 

Myr (HPD = 25.6–15 Myr). The genus Paratrachymyrmex was reconstructed as 20.5 

Myr (HPD = 27.6–15.2 Myr), while the genus Trachymyrmex s.s. as 11.4 Myr (HPD = 

15.8–8 Myr). The divergence event between these two clades was recovered as 22.5 

Myr (HPD = 30.2–17.1 Myr) (Table 2; Fig. S1).  

 

Historical biogeography 

 

In our Bayesian biogeographic reconstruction, we considered ten major clades 

and treated them as the probability of the ancestral range per node. BBM analyses 

estimated that the ancestral range of the most recent common ancestor of “higher” 

fungus-farming ants would have originated in an area including the Northern Grasslands 

and the Amazon Rainforest (pp = 0.49 and pp = 0.34, respectively) (Fig. 1). The 

ancestor of Mycetomoellerius would have appeared in the Northern Grasslands (pp = 

0.78) and required two dispersion and one vicariance events to support the current 

geographic distributions. The major clade I as well as both “Urichii group” and 

“Iheringi group” would have had the Northern Grasslands as ancestral range (pp = 0.78, 

pp = 0.42, and pp = 0.87, respectively) (Fig. 1). Five dispersion and two vicariance 

events were estimated during the diversification of clade I, but the first divergence event 

would not have involved dispersion, indicating diversification within the area or 

sympatric range inheritance. The ancestral range of the major clade II of 

Mycetomoellerius was estimated to be ambiguous (Amazon Rainforest: pp = 0.55; 

Northern Grasslands: pp = 0.42) (Fig. 1) and would have involved dispersion events in 

all lineages. Our biogeographic reconstruction inferred that the ancestor of 

Paratrachymyrmex had its origin in the Amazon Rainforest (pp = 0.99), without 

associated dispersion events. The ancestor of Trachymyrmex s.s. was estimated to be 

from Northern America with intermediate support (pp = 0.56) (Fig. 1), again with no 

dispersion events at least in the early diversification.  

Furthermore, “speciation within area” was estimated to have occurred more 

often in the Amazon Rainforest and in the Northern Grasslands, with 13 and 11 events, 

respectively. The largest dispersion events between areas were estimated to have 
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occurred from: the Amazon Rainforest to Middle America (7 times), the Amazon 

Rainforest to Northern Grasslands (7 times), Northern Grasslands to the Amazon 

Rainforest (7 times), and Northern Grasslands to the Brazilian Atlantic Forest (8 times). 

In contrast, the areas that received the most migrants were the Brazilian Atlantic Forest 

(14 times), Middle America (13 times), Northern Grasslands (11 times) and the Amazon 

Rainforest (8 times) (Fig 2).  

 

Discussion  

 

Phylogeny from combined morphological and molecular data 

 

Our Bayesian analysis from combined morphological and molecular data yielded 

phylogenetic estimates consistent with previous multiloci reconstructions (see Solomon 

et al., 2019). Parsimony analysis using exclusively morphological data (Brandão and 

Mayhé-Nunes, 2007) was slightly inconsistent with the findings of this study. For 

example, some synapomorphies, such as the presence of a large welt on each side of 

lateral posterior region of the first gastric tergite in M. ruthae and M. farinosus have not 

been recovered. In fact, the phylogenetic position of M. ruthae is difficult to trace, as 

Solomon et al. (2019) estimated it to be part of a clade having M. jamaicensis, but with 

a very weak phylogenetic signal. However, we have reconstructed a more basal position 

with high support in the “M. ruthae clade”, indicating a greater confidence. Noteworthy, 

M. ruthae has an exclusive Escovopsis species, one of the potentially devastating fungal 

parasites for fungus-farming ants (Seifert et al., 1995). We therefore recommend that M. 

ruthae deserves extra attention as a likely key species within this major 

Mycetomoellerius clade.  

The combination of morphological and molecular data matrices bears the 

complication that the latter may override the phylogenetic signal of morphology 

because DNA sequences usually have more informative sites (Wortley and Scotland, 

2006). This contradicts the previous phylogenies obtained from morphological and 

molecular data separately (Brandão and Mayhé-Nunes, 2007; Solomon et al., 2019). 

However, comparisons of empirical phylogenetic studies suggest that combined 

morphological and molecular sequence datasets increase the resolution levels of the tree 

structure (i.e., phylogenies with and without polytomies) when compared to the 

analyses of the molecular data alone (Wortley and Scotland, 2006). For instance, well-
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supported genetic clusters with shared morphological characteristics revealed reticulated 

evolution in the plant genus Ranunculus that could be identified only with the 

combination of morphological and molecular data (Hörandl and Emadzade, 2012). Our 

results contradict the previous findings on the “M. ruthae clade” (Solomon et al., 2019), 

but offer support in most nodes. In this case, there are enough indications to suggest that 

such a combined analysis may increase the resolution and the support of the branches in 

the tree, when most lineages have both morphological and molecular data available. 

This assumption has been verified in resolving the phylogeny of butterflies and skippers 

(Wahlberg et al., 2005).  

Mycetomoellerius clade II (see Fig. 1) seemed to be more obscure, as we have 

highlighted with the example of M. ruthae, but the phylogenetic relationships of the 

other lineages were quite congruent with Solomon et al. (2019). We managed to recover 

the sister lineages M. iheringi and M. tucumanus with strong support in the “Iheringi 

group”, with M. pruinosus showing a closer relation with this clade than with M. 

holmgreni, as previously suggested (Brandão and Mayhé-Nunes, 2007). In the “Urichii 

group”, an unusual finding refers to the close relationship between M. agudensis and M. 

isthmicus, since these species that are hardly found have very contrasting geographic 

distributions. The Paratrachymyrmex clade showed a relatively weak phylogenetic 

signal for all nodes. This was probably due to the placement of P. phaleratus within this 

genus, which was previously estimated (based on morphological characters) to belong 

to the genus Mycetomoellerius within the “Urichii group” (see Brandão and Mayhé-

Nunes, 2007). We found that P. cornetzi and P. bugnioni were the underlying lineages, 

unlike the estimates by Solomon et al. (2019) that reconstructed them as sister lineages; 

although the basal split that gave rise to this sister group was strongly supported, the 

posterior probabilities (Bayesian analysis) and the bootstrap values (maximum 

likelihood) that uncovered this sister group were weak or null, respectively. The 

Trachymyrmex s.s. clade seemed to be well-defined, since the recently described T. 

pakawa species was identified as a sister lineage of T. smithi (Sánchez-Peña et al., 

2017).  

 

Evolutionary implications for “higher” fungus-farming ants 

 

The evolutionary history of ants has been unfolded for a variety of species and 

genera, and has proved to be great prominence, frequently showing remarkable results. 
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For instance, dating analyses of the “higher” fungus-farming ants of the Sericomyrmex 

genus indicated that their lineages radiated rapidly in several morphologically 

distinguishable species that were widely distributed with only a small degree of 

associated genetic divergence (Ješovnik et al., 2016; 2017). Increased sampling of taxa 

improves the topology inferences and the accuracy of branch length estimates as well as 

using values inferred from the full dataset refines mean age estimates and decreases 

their variance (Soares and Schrago, 2012; Bromham et al., 2018). Therefore, we took 

advantage of the published data for many species of the former Trachymyrmex s.l. to 

trace the evolutionary trajectories of its major clades across the New World with fairly 

reliable expected accuracy.  

The most recent common ancestor of all the “higher” fungus-farming ants was 

discovered to have originated about 27.7 Myr in the Oligocene in a region including the 

Northern Grasslands and the Amazon Rainforest (likely an ecological transition range 

between the Cerrado and the eastern Amazon; see discussion below). Importantly, the 

Oligocene is often considered to be a pivotal ecological transition period, and major 

changes during this time included a global expansion of grasslands, and a regression of 

tropical moist broadleaf forests (Graham, 2011). The genus Mycetomoellerius would 

have originated about 20.6 Myr in the Early Miocene, giving rise to two major clades 

and from there to all diversifications. The ancestral range was estimated to be the 

Northern Grasslands, most likely in the Cerrado biome due to an extensive sampling of 

species in this area (Vasconcelos et al., 2008), and would have involved both dispersion 

and vicariance events (Fig. 2). The ecological niche of the species of Mycetomoellerius 

ranges from the temperate grasslands of southern South America to the Caribbean 

islands (compiled in Janicki et al., 2016). It will be possible to accurately estimate the 

supposed routes taken by their lineages only when the sampling is close to the total 

number of species. Therefore, we focused on tracing the paths of specific clades.  

In Mycetomoellerius clade I, the basal split between “Urichii group” and 

“Iheringi group” occurred in the Early Miocene (ca. 19 Myr) and much of the lineage 

diversification took place in the Middle Miocene, a turbulent period characterized by a 

long-term cooling of the global climate, punctuated by an extreme climatic optima (also 

known as the Mid–Miocene Climatic Optimum) (Frigola et al., 2018). We estimate that 

the Mycetomoellerius clade II also originated during the Early Miocene (ca. 19.6 Myr) 

as well as most of the diversification of their lineages would have arisen during the 

Middle Miocene. The ancestral ranges of these two major clades were estimated as the 
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Northern Grasslands (clade I) and the Amazon Rainforest (clade II) and may be 

associated with several successive Atlantic marine transgressions that were recorded in 

South America during the Middle Miocene (Hernández et al., 2005). Accordingly, 

during this time an open seaway separated terrestrial environments of southern South 

America from those farther north, spreading all over eastern Argentina, western 

Uruguay, southern Paraguay, and south-eastern Bolivia (Pascual et al., 1996; Ortiz-

Jaureguizar and Cladera, 2006). Owing to this incident, the only emerged lands were 

those with high altitude, such as the mountains and plateaus in central, eastern, and 

southeastern Brazil, covering much of the Cerrado, the Atlantic Forest and the eastern 

Amazon Rainforest. We suggest that the Mycetomoellerius lineages would have 

expanded earlier and/or by areas still lifted towards north and south of their ancestral 

range. Thus, the ancestor of the “Iheringi group” would have colonized the Southern 

Grasslands likely coming from the area raised in southeastern South America during the 

Middle Miocene marine transgressions. In contrast, some lineages of clade II would 

have dispersed into the Amazon Rainforest till it reached both Middle America 

(“Opulentus group”) and the Caribbean islands (“Jamaicensis group”) (Fig. 2). During 

the Late Miocene–Early Pliocene (ca. 11–5 Myr), the widespread surface flooded by the 

sea was emerged succeeded by plains (Hoorn et al., 2010), which were so conspicuous 

that this period came to be known as “the Age of the Southern Plains” (see Ortiz-

Jaureguizar and Cladera, 2006). The gradual clearance of the sea could have facilitated 

the lineages diversification, since such marine incursions are seen as major sources of 

vicariance processes in South America (de Queiroz, 2005). We conclusively 

demonstrate that both dispersion and vicariance events would be intrinsically involved 

in the diversification processes in this group of ants. 

The basal split of the Paratrachymyrmex and Trachymyrmex s.s. (plus leafcutter 

ants) would have occurred at the Oligocene–Miocene boundary around 22.5 Myr 

somewhere in the Amazon Rainforest. This was a period of relative quiescence, 

apparently uneventful, but important because if the trend in extinctions and 

redistributions had continued unabated, we would have been living under a very 

different set of global ecosystems (Graham, 2011). Paratrachymyrmex was estimated to 

have arisen in the Early Miocene (ca. 20.5 Myr) without associated dispersion and 

vicariance events. Indeed, most of their lineages occur predominantly in the Amazon 

Rainforest; however, we can consider any kind of sympatric speciation due to the highly 

dynamic habitats found there. Trachymyrmex s.s. would have originated at the 
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beginning of the Late Miocene (ca. 11.4 Myr) in dry habitats of the Nearctic, either 

somewhere in the southern USA or in the northernmost region of Middle America, as 

suggested previously by Branstetter et al. (2017). Our results further indicate that some 

fungus-farming ants, such as Mycetomoellerius and Paratrachymyrmex, expanded their 

range into Middle America and consequently to the Nearctic multiple times (see also 

Branstetter et al., 2017) (Fig. 2). We estimate here that there could have been at least 

seven major dispersion events of some lineages to Middle America. Dispersion events 

from these lineages could be linked to geological evidence of an initial collision of the 

Panama Block and South America in the Early Miocene, resulting in extensive 

terrestrial landscapes, although not necessarily fully connected (Bacon et al., 2015). 

Indeed, one of the possibilities for the spreading of some lineages from South America 

to Middle America refers to early intermittent land bridges facilitating colonization and 

constituting a potential mechanism for speciation and colonization before the full 

closure of the Isthmus of Panama. Such connections played an important role in the 

dispersion of many taxa, including ants (Winston et al., 2016). However, it is worth to 

mention that the closure of the Isthmus of Panama is still a hotly debated issue (e.g., 

Jaramillo et al., 2017). Furthermore, our FBD-dating estimates, including leafcutter 

ants, are largely congruent with the robust phylogenomic study by Branstetter et al. 

(2017).  

Our biogeographic findings regarding the likely dispersion and vicariance events 

of the lineages reflected some insights about diversification of these ants. The species 

dispersion events between areas were notable between the Amazon Rainforest and in 

the Northern Grasslands, particularly in Mycetomoellerius and Paratrachymyrmex. 

These biomes share borders in large areas of ecological transition, moving from an open 

dry habitat to a more humid forest and vice versa (Marimon et al., 2006). Such a 

transition range could have been crucial in the dispersion and colonization events, and 

may also promote the speciation processes. This leads to another interesting issue 

concerning to the estimated “speciation within area” events. Speciation within area is 

almost always inferred when adjacent species in a clade co-occur in at least one area, 

but are not restricted to sympatric speciation (Brooks, 2005). Since most of the sister 

species partially overlaps each other’s range, it is more parsimonious to assume that 

speciation within area would have occurred in a shared areas, followed by post-

speciation dispersion (Halas et al., 2005). This “shared area” might well have been the 

Amazon/Cerrado transition range (Fig. 2). In fact, the Amazon Rainforest and the 
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Northern Grasslands have recovered major speciation within area events. The dynamics 

of these environments (e.g., landscape formation and volcanism) integrated with past 

climatic changes (e.g., temperature oscillations and sea level fluctuations), could have 

played a key role during the diversification of the Mycetomoellerius and 

Paratrachymyrmex lineages. In addition, it would also have striking influence on the 

dispersion routes to both north and south areas from their ancestral range. Under taxon 

pulse and taxon cycle models, species and their adaptations arise in “centers of 

diversification” and that distributional ranges of taxa periodically fluctuate around a 

more stable, continuously occupied center (Wilson, 1961; Erwin, 1981). Based in our 

findings, we hypothesize that this Amazon/Cerrado transition range could have been a 

center of diversification for these ant lineages. We also estimated that the areas that 

received the most migrants were the Atlantic Forest and Middle America, coming 

mostly from the Northern Grasslands and the Amazon Rainforest, respectively, which 

further supports our hypotheses raised above.  

 

Conclusion 

 

Overall, we identified additional phylogenetic relationships for the former 

Trachymyrmex s.l. (current genera Mycetomoellerius, Pararachymyrmex and 

Trachymyrmex s.s.) using previously available morphological and molecular data, 

thereby emphasizing the importance of advantaging existing data to uncover unknown 

facts. With the use of dating and biogeography methods to the tree of fungus-farming 

ants, we suggested likely routes traced by the major clades since their estimated origin 

in South America for dispersion to both ends of their geographic distributions into 

temperate regions of Southern Grasslands in Uruguay and Argentina to Middle 

America, including the Caribbean islands, and the Neartic region of Northern America. 

We further suggest that the ecotone between the dry Cerrado and the humid Amazon 

could have been a center of diversification for “higher” fungus-farming ants, mainly for 

the Mycetomoellerius lineages.  
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List of tables: 

 

 

Table 1. The 18 input data blocks, eight partitions and the respective models identified 

by PartitionFinder 2 and used in the Bayesian analyzes of the concatenated dataset.  

 

Partition Data blocks Best model 

p1 Wg pos2, EF1αF1, EF1αF2 pos1 TRN+I 

p2 EF1αF1 pos2, EF1αF2 pos2 F81+I 

p3 LwRh pos3, Wg pos3, EF1αF1 pos3, EF1αF2 pos3 TRNEF+G 

p4 LwRh pos1, LwRh pos2, Wg pos1 K80+I 

p5 COI pos3 HKY+I+G 

p6 COI pos1 GTR+G 

p7 COI pos3 GTR+I+G 

p8 WG intron, LwRh intron, EF1αF1 intron TVMEF 
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Table 2. Estimates of the divergence time of the most recent common ancestor of the 

major “higher” fungus-farming ants’ clades. Crown group means the latest possible 

origin. HPD: highest posterior density interval. Divergence times in millions of years 

ago.  

 

Major clades Crown group HPD Geological epoch 

“Higher” fungus-farming ants 27.75 36.9–21.4 Late Oligocene 

Mycetomoellerius + 

(Sericomyrmex + Xerolitor) 
22.93 30.4–17.6 Early Miocene 

Sericomyrmex + Xerolitor 19.04 26.4–12.3 Early Miocene 

Mycetomoellerius 20.66 27.1–15.8 Early Miocene 

Clade I 19.00 25.2–14.4 Early Miocene 

“Iheringi group” 15.66 21.2–11.8 Middle Miocene 

“Urichii group” 10.34 15.8–5.3 Late Miocene 

Clade II 19.64 25.6–15.1 Early Miocene 

Paratrachymyrmex + 

(Trachymyrmex + leafcutter 

ants) 

22.55 30.2–17.1 Early Miocene 

Paratrachymyrmex 20.53 27.6–15.2 Early Miocene 

Trachymyrmex 11.39 15.8–8.0 Late Miocene 

Trachymyrmex + leafcutter ants 18.50 25.3–13.9 Early Miocene 

Leafcutter ants (Acromyrmex 

striatus group) 
17.93 - Early Miocene 

Leafcutter ants (Atta + 

Acromyrmex) 

15.26 21.3–10.9 Middle Miocene 

 

 

 

 

 

 

 

 



117 
 

 

List of figures:  

 

Figure 1. Phylogeny reconstructed from Bayesian analyzes of combined morphological 

and molecular data with cladogram depicted on the left and phylogram depicted on the 

right, and ancestral range estimation based on the Bayesian Binary MCMC method. The 

squares at the nodes indicate the estimated ancestral range as shown on the map of the 

American continent (on the left). The colors on the branches of the tree and in the 

species names highlight the major clades identified here. The numbers below the nodes 

indicate the posterior probabilities; values < 0.5 are not shown.  
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Figure 2. Historical biogeography and dispersion routes of major clades and lineages of 

Mycetomoellerius, Paratrachymyrmex and Trachymyrmex s.s. The map shows marine 

transgressions that crossed South America during the Middle Miocene. 

Mycetomoellerius would have dispersed further north into the Amazon Rainforest till it 

reached Middle America (most of clade II), and towards the south to the Southern 

Grasslands (“Iheringi group”). Paratrachymyrmex would have expanded its range into 

Middle America and Nearctic multiple times and Trachymyrmex would have originated 

in a Neartic region and diversified around.  
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Supplementary material  

 

 

Table S1. Gene sequences of fungus-farming ants analyzed for this study and the 

respective GenBank accession numbers. 

  

Taxon EF1αF1 EF1αF2 LwRh Wg COI 

Mycetagroicus cerradensis MK600309 MK599983 MK600124 MK600215 – 

Mycetagroicus inflatus MK600310 MK599984 MK600125 MK600216 MK600058 

Mycetagroicus triangularis EU204371 EU204612 EU204537 MK600217 – 

Mycetomoellerius atlanticus MK600312 MK599986 MK600127 MK600220 MK600060 

Mycetomoellerius cirratus MK600313 MK599987 MK600128 MK600221 MK600061 

Mycetomoellerius dichrous MK600314 MK599988 MK600129 MK600222 MK600062 

Mycetomoellerius fuscus MK600318 MK599992 MK600133 MK600226 MK600066 

Mycetomoellerius holmgreni MK600321 MK599995 MK600136 MK600229 MK600069 

Mycetomoellerius iheringi to submit to submit to submit to submit to submit 

Mycetomoellerius jamaicensis MK600369 MK600044 MK600182 MK600291 MK600112 

Mycetomoellerius kempfi MK600327 MK600001 MK600142 MK600235 MK600074 

Mycetomoellerius nsp nr cirratus MK600336 MK600010 MK600151 MK600246 – 

Mycetomoellerius nsp nr haytianus MK600338 MK600012 MK600153 MK600248 MK600084 

Mycetomoellerius opulentus MK600339 MK600013 MK600154 MK600250 MK600085 

Mycetomoellerius papulatus EU204338 EU204579 EU204504 MK600251 MK600086 

Mycetomoellerius relictus MK600340 MK600014 MK600155 MK600252 MK600087 

Mycetomoellerius turrifex MK600379 MK600054 MK600192 MK600304 MK600120 

Mycetomoellerius urichii MK600381 MK600056 MK600194 MK600306 MK600121 

Mycetomoellerius zeteki MK600343 MK600017 MK600158 MK600254 – 

Paratrachymyrmex bugnioni EU204322 EU204564 EU204489 MK600258 – 

Paratrachymyrmex cf carib MK600345 MK600019 MK600160 MK600261 MK600091 

Paratrachymyrmex cf irmgardae MK600346 MK600020 MK600161 MK600262 MK600092 

Paratrachymyrmex cornetzi MK600350 MK600024 MK600165 MK600267 MK600096 

Paratrachymyrmex diversus MK600352 MK600026 MK600167 MK600270 MK600098 

Paratrachymyrmex intermedius EU204336 MK600027 EU204502 MK600271 – 

Sericomyrmex bondari MK600359 MK600034 MK600173 MK600279 – 

Sericomyrmex parvulus MK600360 MK600035 MK600174 MK600281 – 

Sericomyrmex saussurei MK600361 MK600036 – MK600282 – 
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Trachymyrmex arizonensis EU204388 EF013526 EF013655 MK600286 – 

Trachymyrmex carinatus MK600365 MK600040 MK600178 MK600287 MK600108 

Trachymyrmex desertorum MK600368 MK600043 MK600181 MK600290 MK600111 

Trachymyrmex nogalensis MK600371 MK600046 MK600184 MK600293 – 

Trachymyrmex pomonae MK600373 MK600048 MK600186 MK600295 MK600113 

Trachymyrmex ruthae MK600374 MK600049 MK600187 MK600296 MK600114 

Trachymyrmex saussurei MK600341 MK600015 MK600156 MK600297 MK600088 

Trachymyrmex septentrionalis MK600376 MK600051 MK600189 MK600300 MK600117 

Trachymyrmex smithi MK600378 MK600053 MK600191 MK600303 MK600119 

Xerolitor explicator MG642983 MG642984 MG642986 MG642985 – 
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Table S2. Worker morphological characters, character coding and the results of the 

phylogenetic signal analyses, including p-value, according to Abouheif’s Cmean and 

Pagel’s λ inferences for the genera Mycetomoellerius, Paratrachymyrmex and 

Trachymyrmex s.s.  

 

Character  Abouheif Cmean p-value Pagel’s λ p-value 

1. Pilosity of the gaster and femora: 

(0) only hairs, without fine 

pubescence; (1) dense, long dark 

hairs mixed with an extremely low, 

fine and abundant light pubescence. 

0.715401786 0.001 0.999934 <0.001 

2. Discal area of mandibles: (0) 

smooth; (1) finely striated; (2) 

coarsely striated. 

0.445962702 0.001 0.999934 <0.001 

3. Lateral borders of frontal lobes: 

(0) semicircular; (1) sub-triangular; 

(2) triangular. 

0.320185467 0.007 0.94284 <0.001 

4. Accessory lobes or teeth at the 

base of frontal lobes: (0) absent; (1) 

present. 

0.249363426 0.020 0.351961 0.0675377 

5. Anterior border of frontal lobes: 

(0) straight; (1) convex; (2) concave. 
0.154386104 0.082 0.802617 0.0819158 

6. Posterior border of frontal lobes: 

(0) straight; (1) convex; (2) concave. 
0.095346188 0.193 0.430271 0.0342405 

7. Lateral borders of frontal lobes: 

(0) smooth; (1) crenulated. 
0.758033907 0.001 0.999934 <0.001 

8. Frontal carina: (0) not reaching the 

preoccipital (posterior) margin of 

head; (1) reaching the preoccipital 

margin. 

0.485961914 0.002 0.999934 <0.001 

9. Frontal and preocular carina: (0) 

ending separated; (1) ending 

together. 

0.303000710 0.012 0.459936 0.00511784 

10. Preocular carina: (0) strongly 

curved; (1) vertical. 
0.714843750 0.001 0.999934 <0.001 

11. Preocular carina: (0) unique; (1) -0.032132056 0.932 <0.001 1 
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double.  

12. Scrobe: (0) absent; (1) present. 0.591122159 0.001 0.999934 <0.001 

13. Scrobe: (0) opened; (1) closed. 0.589612269 0.001 N/A N/A 

14. Apical tubercle of the antennal 

scrobes: (0) absent; (1) present. 
0.588727679 0.001 0.999934 <0.001 

15. Basal lobes of the antennal 

scapes: (0) absent; (1) present. 
0.716517857 0.001 0.999934 <0.001 

16. Basal lobes of antennal scapes: 

(0) not transversely broadened; (1) 

transversely broadened pointing 

mesad (2) transversely broadened 

pointing to both sides. 

0.607782543 0.001 N/A N/A 

17. Anterior surface of antennal 

scapes: (0) smooth; (1) weakly 

microtuberculate; (2) notably 

microtuberculate. 

0.607606422 0.001 0.924202 <0.001 

18. Length of antennal scapes: (0) 

surpassing weakly the posterolateral 

corners of head; (1) surpassing 

notably the posterolateral corners; 

(2) not surpassing the posterolateral 

corners. 

0.559389772 0.001 0.958559 <0.001 

19. Preoccipital (posterior) margin of 

head: (0) distinctly notched; (1) 

almost straight. 

0.246837798 0.022 0.805578 0.0475252 

20. Preoccipital spines: (0) larger 

than the tubercles of the preoccipital 

lobes; (1) nearly the length of the 

tubercles of the preoccipital lobes; 

(2) absent or vestigial. 

0.598065997 0.001 0.999934 <0.001 

21. Supraocular projections: (0) 

absent or vestigial; (1) present. 
0.669082126 0.001 0.999934 <0.001 

22. Supraocular projections: (0) 

tooth or spine-like; (1) 

microtuberculate swelling. 

0.516511563 0.002 N/A N/A 

23. Dorsal projections of mesosoma: 0.483870968 0.023 0.999934 <0.001 
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(0) smooth spine- or tooth-like; (1) 

microscopically multituberculate 

swelling, tooth- or spine-like. 

24. Median pronotal projections: (0) 

present; (1) absent or vestigial. 
0.299479167 0.016 0.837623 0.027969 

25. Number of median pronotal 

projections: (0) two; (1) one. 
0.223453581 0.035 N/A N/A 

26. Lateral pronotal projections: (0) 

spine-like; (1) tooth-like; (2) 

microscopically multituberculate or 

multidentate swelling. 

0.289428711 0.017 0.999934 <0.001 

27. Lateral pronotal projections in 

frontal view: (0) directed upwards 

and outwards; (1) laterally directed. 

0.377278646 0.003 0.935246 0.00208112 

28. Inferior pronotal corner: (0) 

unarmed, obtusely angulate or 

rounded; (1) armed with a tooth or 

spine. 

0.267645474 0.038 0.393652 0.381033 

29. Size of projection on the inferior 

pronotal corner: (0) weakly 

projected; (1) notably projected. 

0.107113487 0.161 N/A N/A 

30. Shape of projection on the 

inferior pronotal corner: (0) 

triangular; (1) spine-like; (2) 

rounded. 

0.210769080 0.051 N/A N/A 

31. Anterior mesonotal projections: 

(0) nearly of the length of the 

pronotal lateral ones; (1) notably 

shorter than pronotal lateral ones; (2) 

notably longer than pronotal lateral 

ones. 

0.252705011 0.028 0.999782 0.00357068 

32. Apex of projection on the 

inferior pronotal corner: (0) blunt; 

(1) acute. 

0.140976563 0.116 N/A N/A 

33. Anterior mesonotal projections: 

(0) spine-like; (1) microscopically 
0.243017578 0.025 0.674592 0.0119226 
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multituberculate or multidentate 

swelling; (2) semicircular 

multidentate ridge from above. 

34. Shape of median pronotal 

projections: (0) spine-like; (1) ridge 

or multituberculate swelling. 

0.007638889 0.380 <0.001 1 

35. Posterior mesonotal projections: 

(0) present; (1) absent or vestigial. 
0.253684843 0.021 0.656265 0.00758526 

36. Shape of posterior mesonotal 

projections: (0) spine-like; (1) ridge 

or multituberculate tumulus. 

0.217059796 0.035 N/A N/A 

37. Pilosity of mesopleura: (0) 

vestigial or absent; (1) present. 
0.243915264 0.037 0.462962 0.151252 

38. Projection on the inferior margin 

of mesopleura: (0) absent; (1) 

present. 

-0.039870690 0.496 <0.001 1 

39. Projection on the superior margin 

of mesopleura: (0) absent; (1) 

present. 

0.365946691 0.004 0.999934 0.0008716 

40. Shape of projection on the 

superior margin of mesopleura: (0) 

small tooth or triangular spine; (1) 

large lobe. 

0.151806641 0.094 N/A N/A 

41. Projections at the meeting of 

basal and declivous faces of 

propodeum: (0) as long as the larger 

projections of promesonotum; (1) 

shorter than promesonotal 

projections; (2) longer than 

promesonotal projections. 

0.166491890 0.064 <0.001 1 

42. Projections at the meeting of 

basal and declivous faces of 

propodeum: (0) as long as the 

projections of basal face; (1) longer 

than the projections of basal face; (2) 

tooth-like, nearly of the length of 

0.233559138 0.030 0.999934 0.00196617 
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pronotal lateral ones. 

43. Petiolar node: (0) unarmed; (1) 

with a pair of teeth; (2) with two 

pairs of teeth. 

0.273643494 0.018 0.999934 0.00419879 

44. Petiolar node from above: (0) 

longer than broad; (1) as long as 

broad. 

0.300667318 0.008 0.675639 0.00394377 

45. Postpetiole from above: (0) 

distinctly transverse; (1) as long as 

broad. 

0.274528720 0.015 0.900605 0.00637438 

46. Posterior border of postpetiole: 

(0) straight; (1) superficially excised; 

(2) notably excised. 

0.301842731 0.013 0.999934 0.00335332 

47. Hairs of the first gastric tergite: 

(0) strongly curved, hook-like; (1) in 

two shapes: straight or weakly 

curved medially and hook-like; (2) 

straight. 

0.443897519 0.003 0.999934 <0.001 

48. Tubercles on the basal third of 

the first gastric tergite: (0) clearly in 

four longitudinal rows; (1) more or 

less in four longitudinal rows; (2) 

randomly distributed; (3) 

inconspicuous, but with notable 

ridge on each side. 

0.356867386 0.005 0.999925 0.00135226 

49. Large welt on each side of lateral 

posterior region of the first gastric 

tergite: (0) absent; (1) present. 

0.200390625 0.099 <0.001 1 

50. First gastric sternite: (0) without 

hook-like hairs; (1) with hook-like 

hairs; (2) in two shapes: straight or 

weakly curved medially and hook-

like. 

0.290149007 0.011 0.999934 <0.001 
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