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RESUMO

Interacdes entre insetos e microrganismos sdo comuns na natureza. As formigas pertencentes a
tribo Attini interagem com uma complexa comunidade de microrganismos, alguns mediando a
nutricdo das formigas, outros causando infecgdes e outros protegendo as formigas de tais infecgoes.
Além do fungo basidiomiceto mutualistico obrigatério que medeia a nutricdo das formigas,
procariotos Diazotroficos das Ordens Enterobacteriales presentes no jardim de fungos e
Rhizobiales intestinais foram propostos por mediar a incorporagao de nitrogénio atmosférico em
proteinas de formigas. Entomoplasmatales também foram propostos para alimentar o metabolismo
energético das formigas com acetato. Assim, as cortadoras de folhas parecem depender de uma
comunidade microbiana para acessar os carbonos e o nitrogénio necessarios a produgdo de milhdes
de individuos encontrados em uma Unica col6nia. No presente trabalho, utilizamos técnicas
independentes de cultivo assim como isolamento em meios de cultura para analisar microrganismos
presentes nos abdomens de formigas do género Atta € Acromyrmex. Para abordagem independente
de cultivo analisamos a classificagdo taxondmica dos amplicons gerados pelo sequenciamento de
nova geracdo (NGS) das regides V3 e V4 do gene ribossomal 16S bacteriano, que revelaram a
diversidade na composi¢do das comunidades bacterianas. J4 em cultura encontramos trés novos
candidatos a parceiros, isolando frequentemente Rhizobiales, Burkholderiales e Pseudomonadales
fixadores de nitrogénio quase idénticos do abdomen de diferentes géneros e espécies de formigas
cortadeiras. Esses isolados continham o gene nif e apresentaram capacidade de crescer em meios
de cultivo a partir de nitrogénio molecular. Esses resultados apontam para multiplas estratégias de
nutricdo de formigas para acessar o nitrogénio atmosférico. Este estudo destaca a importancia das
comunidades bacterianas associadas a formigas e fornece bases para estudos futuros sobre

processos ecoldgicos que impulsionam o sucesso de formigas cultivadoras de fungos.

PALAVRAS-CHAVE Attini, Alphaproteobacteria, diversidade microbiana, Mollicutes, nifH, gene
16S rRNA.



ABSTRACT

Interactions between insects and microorganisms are common in nature. Ants belonging to Attini
tribe interact with a complex community of microorganisms, some mediating ants nutrition, others
causing infections and others protecting ants from such infections. In addition to mandatory
mutualistic basidiomycete fungus that mediates nutrition of ants, Diazotrophic prokaryotes from
Enterobacterial Orders present in fungal garden and intestinal Rhizobiales have been proposed to
mediate incorporation of atmospheric nitrogen into ant proteins. Entomoplasmatales have also been
proposed to feed ants energy metabolism with acetate. Thus, leaf cutters seem to depend on a
microbial community to access carbons and nitrogen needed to produce millions of individuals
found in single colony. In present work, we used independent cultivation techniques as well
isolation in culture media from of ants abdomen of Atfa and Acromyrmex genera. For culture-
independent approach, we analyzed taxonomic classification of amplicons generated by Next
Generation Sequencing (NGS) of V3 and V4 regions of bacterial 16S ribosomal gene, which
revealed the diversity in composition of bacterial communities. In culture, we found three new
candidates for partners, often isolating Rhizobiales, Burkholderiales or Pseudomonadales nitrogen
fixers almost identical to abdomen of leaf-cutting ants. These results point to multiple nutrition
strategies for ants with atmospheric nitrogen. This study highlights importance of bacterial
communities associated with ants and provides basis for future studies on ecological processes that

drive success of fungus-growing ants.

KEYWORDS Attini, Alphaproteobacteria, microbial diversity, Mollicutes, nifH, 16S rRNA gene.
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PARIE 7

1. INTRODUCAO

Formigas cortadeiras, ou seja, aquelas nos géneros Atta ou Acromyrmex sao
conhecidas como sauvas e quenquéns, respectivamente, e apresentam um notavel sucesso
ecologico, colonizando uma vasta area geografica no continente americano. Seu
comportamento especializado e organizagdo social as tornam modelos de estudo notaveis
(RABELING; BROWN; VERHAAGH, 2008). Por serem importantes herbivoros, podem ser
consideradas como pragas, podendo causar danos irreversiveis e até a morte para as plantas
(ZANETTI et al., 2014).

O sucesso ecologico dessas formigas depende da associagdo com microrganismos,
sendo que a associa¢ao primaria ocorre quando usam matéria vegetal para cultivar um fungo
basidiomiceto mutualistico conhecido como Leucoagaricus gongylophorus. O fungo cresce
sobre o material vegetal, produzindo hifas e gongilideos dentro dos ninhos em um sistema
semelhante a fermentagcdo, denominado “jardim de fungos”. Este fungo medeia parte da
nutricdo de formigas pela hidrdlise dos polissacarideos vegetais (QUINLAN; CHERRETT;
1979; SILVA et al., 2003; SOMERA et al., 2015).

Além do fungo mutualistico, bactérias diazotroficas (capazes de fixar nitrogénio
atmosférico) também podem contribuir para a dieta das formigas, potencialmente mediando
a assimilagdo do nitrogénio. E o caso de Enterobacteriales que vivem no jardim de fungos
(PINTO-TOMAS et al., 2009) e Rhizobiales que vivem no intestino de formigas
(SAPOUNTZIS et al., 2015; ZHUKOVA et al., 2017).

Finalmente, tanto Entomoplasmatales intracelulares quanto extracelulares que vivem
no intestino foram propostos suplementar a dieta das formigas com acetato, fornecendo
energia extra para a produ¢do em larga escala, de biomassa das formigas cortadeiras em
comparagdo com outras formigas attineas desprovidas deste simbionte (SAPOUNTZIS et al.,
2018).

Na presente investigacdo, analisamos por meio de técnicas de Nova Geragdo,
utilizando MiSeq Illumina para regido V3-V4 do gene 16S rRNA, bactérias associadas ao

abdomen de formigas cortadeiras e descobrimos que Rhizobiales sempre foram o grupo
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bacteriano dominante, o que ¢ compativel com uma fun¢do mutualistica obrigatoria.
Encontramos também Entomoplasmatales que, dependendo da espécie, podem dominar ou
estar ausentes em colonias gigantes de formigas saudaveis, assemelhando-se a uma
associacdo parasitaria ou comensal fortuita. Além disso, o género Rhodovulum
(Rhodobacterales) e o género Wolbachia (Rickettsiales) também foram frequentemente
encontrados em grandes quantidades relativas.

Também acompanhamos quatro colonias de formigas cortadeiras por 24 meses (Atta
laevigatta, Atta sexdens, Acromyrmex rugosus € Acromyrmex coronatus), isolando
periodicamente representantes bacterianos do seu abdomen, e frequentemente encontramos
diazotréficos quase idénticos nos géneros Ralstonia (Burkholderiales) e Methylobacterium
(Rhizobiales). Esses isolados provavelmente vivem fortemente aderidos ao corpo das
formigas e sdo novos candidatos a integracdo da comunidade mutualistica microbiana,

facilitando o acesso das formigas ao nitrogénio atmosférico e outras funcdes.

A presente Tese foi redigida detalhando os aspectos mencionados acima e, para tanto, foi

estruturada em trés partes:

= Parte 1. Parte introdutéria escrita em lingua portuguesa, composta por resumo,
palavras-chave, Introdugdo, Revisdo da literatura e Objetivos.

= Parte 2. Consiste em um artigo (submetido) oriundo da Tese, escrito em lingua
inglesa, intitulado: New diazotrophic bacteria possibly mediating leaf-cutter ant
nutrition on atmospheric nitrogen.

= Parte 3. Parte final escrita em lingua portuguesa contendo as conclusdes e anexos.
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2. REVISAO DE LITERATURA

2.1 Simbiose em insetos

A simbiose foi inicialmente definida por Anton de Bary e ¢ um termo usado para
descrever a ‘“convivéncia” a longo prazo entre espécies distintas (BARY, 1879).
Frequentemente, o parceiro menor ¢ chamado de simbionte, ja o parceiro maior ¢ chamado
de hospedeiro. O efeito do simbionte no hospedeiro ira definir o tipo de relagao simbidtica.
Trés formas de simbiose sdo reconhecidas: mutualismo (relagdo entre individuos de espécies
diferentes, em que ambos s3o beneficiados), comensalismo (associagdo entre individuos em
que um deles se aproveita dos restos alimentares do outro sem prejudica-lo) e parasitismo
(relagdo desarmoénica em que um deles € o parasita beneficiario vivendo dentro ou sobre o
corpo hospedeiro) (LOPES; ROSSO, 2010).

Microrganismos simbiontes de insetos podem incluir bactérias, fungos e outros
eucariontes unicelulares, podendo afetar seu hospedeiro de diferentes maneiras ao longo do
tempo ou em resposta ao ambiente, por exemplo, protegendo seus insetos hospedeiros contra
patdgenos, sintetizando toxinas ou modificando o sistema imunologico do inseto, além de
contribuir para a nutri¢do, especialmente fornecendo aminodcidos essenciais, vitaminas e, no
caso de parceiros fungicos, esteroides (NASIR; NODA, 2003; DOUGLAS, 2015;
SAPOUNTZIS et al., 2015; PALUDO et al., 2018; Figura 1).

Figura 1. Associagdo mutualistica entre microrganismos e insetos.

Y/l ) JI
N N7
Associagdes simbidticas com =N ) S \\\\\
beneficios nutricionais e defensivos / \\\’\“ \ \:‘)J \
’I{‘ W
Vo
MICRORGANISMOS FORMIGAS

Fonte (o autor)

2.2 As Formigas da Subtribo Attina
As formigas apresentam grande sucesso ecologico e possuem ampla distribuicdo

geografica (HOLLDOBLER; WILSON, 1990). Elas estdo distribuidas em 326 géneros, 16
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subfamilias e 13.094 espécies (BOLTON, 2015). Trazem como caracteristica o seu
comportamento especializado, organizacdo social e sucesso evolutivo que as levam a ser um
modelo de estudo em muitas areas (RABELING; BROWN; VERHAAGH, 2008). As
formigas da Subtribo Attini ocorrem em 18 géneros (Acromyrmex, Amoimyrmex
Apterostigma, Atta, Cyphomyrmex, Kalathomyrmex, Mpycetagroicus, Mycetarotes,
Mycetomoellerius,  Mycetophylax, = Mycetosoritis, ~ Mycocepurus, — Myrmicocrypta,
Paramycetophylax, Paratrachymyrmex, Pseudoatta, Sericomyrmex € Trachymyrmex) € mais
de 250 espécies validas (BOLTON, 2015; SOLOMON, et al., 2019; CRISTIANO et al.,
2020).

As colonias destas formigas sdo extremamente eficientes na prevencdo contra
infeccdes por patdgenos, devido a sua organizagdo social associada com o seu
comportamento higiénico. Suas glandulas mandibulares sdo capazes de secretar substancias
antifungicas e antibioticas (LIMA-MENDONCA et al., 2009), assim como sua cavidade
infrabucal ¢ capaz de filtrar e neutralizar particulas (DELLA ef al., 2014). Assim, ¢ um

desafio para os patdgenos colonizarem este ambiente.

2.3 As Formigas da Subtribo Attina e suas associa¢des mutualisticas

Viarios microrganismos ja sdo conhecidos por apresentarem relacdes com insetos,
podem estar presentes tanto interna quando externamente e manter ou nao relagdes
complexas com este hospedeiro (ALVES, 1998). Muitos insetos desenvolveram associagdes
simbidticas com fungos. Os cultivadores mais antigos sdo os besouros Platypodinae
ambrosia (SMITH et al., 2018). Mais tarde as formigas attineas e os cupins também
desenvolveram essa pratica, porém em larga escala (SCHULTZ; BRADY, 2008;
NYGAARD et al., 2016), embora seus jardins de fungos sejam estruturados de maneira
bastante diferenciada (MUELLER et al., 2005).

A maioria das espécies da tribo Attini cultiva fungos pertencentes aos géneros
Leucoagaricus e Leucocoprinus, da tribo Leucocoprineae, € um pequeno grupo cultiva
fungos pertencentes a Familia Pterulaceae (SCHULTZ; MEIER, 1995; SCHULTZ;
BRADY, 2008). As attineas utilizam os jardins de fungos como fonte de nutrientes e enzimas
(WEBER, 1972; DE SIQUEIRA et al., 1998; CURRIE, 2001; SILVA et al., 2003). Nestas

associagdes mutualisticas entre insetos e fungos, ocorrem adaptacdes que facilitam a
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perpetuacdo da associacdo e promovem relacdes de interdependéncia. Os insetos se
beneficiam pela aquisi¢do de alimento (micofagia, produtos da digestdo fingica dos
polissacarideos vegetais) e os fungos recebem um ambiente adequado para o seu
desenvolvimento e propagacao (MARTIN, 1992; SILVA et al., 2003; SCHULTZ; BRADY,
2008).

As attineas divergiram em duas principais linhagens, Paleoattini e Neoattini
(SCHULTZ; BRADY, 2008), de acordo com estudos baseados em sequéncias de genes
nucleares e mitocondriais, bem como na morfologia das larvas (SCHULTZ; MEIER, 1995).
Cinco sistemas de agricultura (ou fungicultura), de acordo com a afiliagdo filogenética dos
fungos mutualistas, estdo distribuidos entre as duas principais linhagens da tribo Attini
(Tabela 1), (Figura 2).

Tabela 1. Filogenia das formigas Attineas e os cinco tipos de agricultura.

Tabela 1 — Sistemas de agricultura (ou fungicultura), de acordo com a afiliagdo
filogenética dos fungos mutualistas (SCHULTZ; BRADY, 2008)

1| Agricultura Abrange a maior parte dos géneros de Attini. Cultivam diversas
basal espécies de basidiomicetos da tribo Leucocoprineae.

2| Agricultura Cultivo de fungos Pterulaceae por algumas espécies do grupo
de fungos Apterostigma pilosum, em um clado derivado dentro do género
corais Apterostigma.

3| Agricultura Cultivo de fungos da tribo Leucocoprineae por espécies do grupo
de leveduras  Cyphomyrmexrimosus, em um clado derivado dentro do género
Cyphomyrmex.

4| Agricultura Praticado por mais de 60 espécies de formigas ndo cortadeiras mais
derivada derivadas, as quais cultivam fungos pertencentes a tribo
Leucocoprineae.

5| Agricultura  Apresenta o cultivo de uma unica espécie fungica, Leucoagaricus

das gongylophorus, que ¢ incapaz de viver fora do mutualismo com as

cortadeiras  attineas. Esta agricultura ¢ praticada pelas formigas Atta e
Acromyrmex, conhecidas como cortadeiras.
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Figura 2. Os tipos de agricultura das Attineas

Atta

Agricultura

Acromyrmex das Cortadeiras

Grupo Trachymyrmex septentrionalis Agricultura
Trachymyrmex Derivada
Grupo Trachymyrmex/Sericomyrmex

— Grupo Cyphomyrmex rimosus Agtmum,: ¥

— Mycetagrpicus

Leucocoprineae

Grupo Cyphomyrmex weeleri

- Grupo Cyphomymex strigatus

kd{vcelosonjt{s clorindae :
h/cetosontfs hartmanni Agricultura basal
cetarotes

hf;cetoph ylaxemeryi
Mﬂ/rmicocrypfa

ycocepurus
— Grupo Apterostigma auriculatum

— Grupo Apterostigma pilosum

@
o
@
o
L
=
2
o

Os tipos de agricultura estdo separados por retdngulos coloridos e sdo definidos por grupos
filogeneticamente distintos dos cultivares de fungos associados as attineas. (A) Agricultura
das cortadeiras: jardim de fungo de Atta (WILD, 2001); (B) Agricultura derivada: jardim de
fungo de Trachymyrmex (WILD, 2001); (C) Agricultura tipo levedura: jardim de fungo de
Cyphomyrmex WILD, 2001); (D) Agricultura basal: jardins de fungo de Mycocepurus,
Mpycetarotese, Cyphomyrmex (WILD, 2001); (E) Agricultura fungos Pterulaceae: jardim de
fungo de Apterostigma (SCHULTZ; BRADY, 2008). Figura adaptada (MEHDIABADI;
SCHULTZ, 2010).

As Formigas attineas e suas associagdes mutualisticas também trazem beneficios
atuando nos ecossistemas primdrios e secundarios e servem como fonte de alimento para uma
grande diversidade de espécies animais. Podem ser descritas também como agentes de
aera¢do do solo, renovacgao e transformacao da biomassa vegetal, além de serem considerados
agentes de polinizagdo (RICO-GRAY, 1980; UKAN, 2011).

Além dos fungos mutualistas, bactérias podem se associar a superficie externa das

formigas, aderindo a sua cuticula, ou internamente, na hemolinfa, no intestino, dentro de
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células ou estruturas especializadas (FELDHAAR; GROSS, 2009; KIKUCHI, 2009). Dentre
os beneficios apresentados, o fator nutricional tem sido a principal funcdo atribuida a estas
bactérias simbiontes, pois elas sdo capazes de sintetizar aminodcidos essenciais ao
hospedeiro (LATORRE et al., 2005), fixar nitrogénio (ZIENTZ et al., 2005; SAPOUNTZIS
et al., 2015), biossintetizar cofatores e vitaminas (AKMAN et al., 2002) e produzir enzimas
que auxiliam na digestdo do alimento ingerido (DILLON; DILLON, 2004; JANSON et al.,
2008). Além do fator nutricional, estudos supdem a presenga de bactérias contidas em espécie
de formigas cortadeiras relacionando efeitos fisioldgicos e comportamentais, como por
exemplo producdo de pirazina associadas ao feromonio de trilha (SILVA-JUNIOR et al.,
2018), efeitos também identificado em Drosophila e sua capacidade de escolha de parceiros
e dinamica de acasalamento (RINGO er al., 2011; ARBUTHNOTT et al., 2016;
MORIMOTO et al., 2017).

Por serem consideradas pragas, devido ao fato de cortarem material vegetal fresco,
ocasionando danos muitas vezes irreversiveis para as plantas (DELLA et al., 2014;
ZANETTI et al., 2014), as formigas cortadeiras, ou seja, aquelas nos géneros Atta e
Acromyrmex, possuem importancia econdmica. A utilizagdo extensiva de folhas, caules e
flores frescas ¢ realizada para a manuten¢do de seus fungos mutualistas, considerados o
alimento de larvas ¢ rainhas (MARICONI, 1970; AMANTE, 1972). Além da fonte de
nutrientes para o fungo, microrganismos podem ser vetorizados para dentro do ninho das

formigas através do material coletado, podendo estabelecer diversas relagdes simbioticas.

2.4 Principais bactérias encontradas em formigas

Diversas bactérias ja foram relatadas associadas a formigas inteiras (CAFARO et al.,
2011, LIBERTI et al., 2015; RAMALHO et al., 2017; RONQUE et al., 2020) ou partes de
formigas, como hemolinfa (TUFTS; BEXTINE, 2009), torax e abdome (MEIRELLES,
2016), trato digestivo (BILLEN; BUSCHINGER, 2000; VAN BORM et al., 2002;
SAPOUNTZIS et al., 2015; RUSSELL; SANDERS; MOREAU, 2017; VIEIRA et al., 2017;
HU et al., 2018). Nos tecidos contidos no interior do abdome, a incidéncia bacteriana,
provavelmente ocorre por ser um local rico em nutrientes e possibilitar a colonizagdo por

diversos grupos de microrganismos (RAJAGOPAL, 2009). A diversidade bacteriana desse
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ambiente estd relacionada, entre outros fatores, com o pH, potencial redox, enzimas
digestivas presentes no intestino e o tipo de alimento ingerido (DILLON; DILLON, 2004).

Além das pesquisas descreverem microrganismos € associacdes a formigas cortadeiras,
seus jardins de fungos também tém sido associados a bactérias, como por exemplo,
Enterobacter, Pseudomonas, Klebsiella e Pantoea (PINTO-TOMAS et al., 2009; SUEN et
al.,2010; AYLWARD et al., 2012; AYLWARD et al., 2014), Mesoplasma, Pseudomonas e
Acinetobacter (MEIRELLES et al., 2016).

Estudos realizados em nosso laboratério (MARCHIORI, 2013) utilizaram técnicas de
amplificagdo por PCR, seguida da determina¢do de sequéncias do gene 16S rRNA e
identificaram algumas bactérias como Rhizobiales, Spiroplasma, Burkholderia, Acetobacter,
Wolbachia, colonizando o interior do intestino de Attini. Alguma j& haviam sido relatadas
associadas as formigas Attini (MUELLER et al., 2008; RUSSELL et al., 2009; ISHAK et
al., 2011a; SAPOUNTZIS et al., 2015),) ou ndo Attini (STOLL et al., 2007; FUNARO et
al.,2011; ISHAK et al., 2011b; ANDERSON et al., 2012; KAUTZ et al., 2013).

Viarios outros microrganismos estdo presentes em formigas. Liberti e colaboradores
(2015), encontraram quantidades significativas de Acinetobacter nos corpos das formigas nos
géneros Sericomyrmex, Trachymyrmex e Cyphomyrmex. Portanto Acinetobacter parece ser
um tipo bacteriano associada com muitos géneros de Attini. A Pseudonocardia ¢ uma
bactéria que ja foi encontrada em tegumentos de formigas Trachymyrmex e Acromyrmex
tanto em operarias quanto em rainhas (ANDERSEN et al., 2012; MEIRELLES et al., 2014;
HEINE et al., 2018) e algumas de suas espécies isoladas de formigas Attini podem ter
funcdes nos ninhos. CURRIE e colaboradores (1999) sugerem que elas estio relacionadas ao
estimulo do crescimento do fungo simbionte, entretanto a principal fun¢do seria a produgdo
de substancias com atividade antimicrobiana que inibem o crescimento do fungo parasita
Escovopsis spp., protegendo a colonia contra a agdo desse fungo.

Outra bactéria encontrada em estudos anteriores ¢ Spiroplasma. Bactérias deste tipo
ndo sdo incomuns em formigas, porém ndo se tem um amplo conhecimento de qual seria sua
fungdo. Alguns especulam sobre seu efeito patogénico (BOVE, 1997), outros especulam
sobre seus efeitos protetores contra organismos oportunistas (JAENIKE et al., 2010).
SAPOUNTZIS et al. (2015) documentaram dois principais tipos de Entomoplasmatales

como simbiontes intra e extracelulares em Acromyrmex, um deles intimamente relacionada
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a Mesoplasma, sugerindo que esta bactéria possa facilitar o processamento da quitina, um
componente presente na cuticula de insetos e que algumas estirpes possam ter efeitos
benéficos ou mesmo patogénicos, contribuindo para a mortalidade das colonias de formigas,
mas estas hipdteses precisam ser testadas.

Jé& foi descrito em alguns insetos sociais, como as formigas, abelhas, vespas e cupins,
que algumas bactérias podem ser herdadas por transmissdo materna (vertical) ou por
transmissdo horizontal, podendo contribuir no desenvolvimento desses insetos (FROST,
2010; KOCH; SCHMID-HEMPEL, 2011; GERARDO; PARKER, 2014; MUELLER;
SACHS 2015, RAMALHO et al., 2018).

Entre as variadas fun¢des que os microrganismos desempenham junto aos insetos,
observa-se a capacidade de alguns microrganismos de fixarem nitrogénio atmosférico.
Também conhecidas como diazotréficos eles fazem conversdo de nitrogénio atmosférico
(N2) em amoénia (NH3) (SAWADA et al., 2003; SAMADDAR et al., 2011; SABINO et al.,
2012). Isto pode ocorrer de duas maneiras distintas, na associacdo de bactérias com plantas
ou em bactérias de vida livre (DIALLO et al., 2004). Esta capacidade de fixacdo de
nitrogénio de um microrganismo estd ligada a presenca e atividade de um complexo
enzimatico conhecido como nitrogenase, que tem como principal fun¢do a combinagdo de
proteinas codificadoras pelos genes conhecidos como Nif' (RAIMOND et al., 2004;
PEREIRA et al., 2011).

A maioria dos organismos necessita de uma fonte de nitrogénio numa forma mais
reduzida do que aquele presente na atmosfera, para que este elemento possa ser assimilado.
Microrganismos nas Ordens Rhizobiales e Burkholderiales sdo bem estudados por terem
esta capacidade. Estes microrganismos poderiam entdo estar mediando a fixacdo de
nitrogénio para as formigas attineas, tal como ocorre com Rhizobiales intestinais de outros
grupos de formigas (VAN BORM et al., 2002; STOLL et al., 2007; RUSSELL et al., 2009;
ANDERSON et al., 2012; KAUTZ et al., 2013; SAPOUNTZIS et al., 2015). Do ponto de
vista agrondmico, ecologico e econdmico, a simbiose entre bactérias fixadoras de nitrogénio
e leguminosas ¢ muito importante por poder dispensar parcial ou totalmente a utilizagao de
fertilizantes nitrogenados sintéticos, contribuindo assim para a nutricao de plantas e aumento
do nitrogénio disponivel no solo (REIS et al., 2006), reduzindo o alto custo através de uma

agricultura sustentavel onde ocorre o aproveitamento eficiente do nitrogénio atmosférico
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(GRAHAM; VANCE, 2000). Assim, faz sentido pensar que a grande quantidade de biomassa
de insetos gerada pelas grandes populagdes de cortadeiras possa depender da fixacdo
bacteriana simbionte de nitrogénio molecular.

Certos membros de Burkholderiales poderiam, além de fixar nitrogénio, produzir
antibioticos contra fungos (SANTOS et al., 2004; ANDERSON et al., 2012). Em nossos
estudos esta bactéria foi encontrada na cuticula de 4. laevigata, tendo sido também
encontrada em formigas do género Tetraponera pertencente a familia Formicidae (VAN
BORM et al., 2002) e em intestino de percevejos Plinachtus (KIKUCHI; HOSOKAWA;
FUKATSU, 2011), o que sugere agdes mutualisticas com diferentes insetos.

Assim como a Rhizobiales espécies de Acetobacter podem ser fixadoras de nitrogénio,
porém elas também possuem provaveis envolvimentos com aspectos da biologia de insetos
como moscas, mosquitos, abelhas e cigarrinhas, atuando no seu metabolismo pelo
fornecimento de nutrientes, por oxidagdo de certos substratos. Podem atuar na defesa contra
microrganismos nocivos, devido a diminui¢do do pH do intestino destes insetos, ou ainda por
exclusdo competitiva. Estudos ainda revelam que podem interferir com a comunicagdo
célula-célula por meio da produgdo de compostos volateis e manutencdo de um consoércio
microbiano por fornecimento de metabdlitos a outros microrganismos benéficos ao inseto

(CROTTI et al., 2010).

2.5 Fixacao Biologica de Nitrogénio (FBN)

O nitrogénio ¢ um elemento essencial para a vida na Terra. Ele ¢ necessario, por
exemplo, para a sintese de acidos nucleicos, como componente das bases nitrogenadas e para
a sintese de proteinas, como componente de aminoacidos. Na atmosfera o elemento quimico
N esta presente abundantemente em sua forma mais estavel e esta estabilidade se da devido
a presenca de uma forte ligagao triplice, entre as duas moléculas de N. Porém, a maioria dos
organismos, animais e vegetais, ndo consegue incorporar essa forma de nitrogénio aos
esqueletos de carbono de suas moléculas. Para que esta incorporagdo acontega € necessario

que essa ligacdo triplice seja rompida e o nitrogénio seja transformado em ions amdnio

(NH.") (REITZER, 2003).

Para a obtengdo do NH4", existem diversas possibilidades, como a decomposigdo de
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residuos, através de descargas elétricas na atmosfera, e também oriundas de forma quimica,
ou seja, por fertilizantes quimicos. Contudo, uso de fertilizantes nitrogenados pode causar
problemas ambientais como acidificacdo do solo, eutrofizacdo de rios e emissdo de 6xidos
de nitrogénio na atmosfera, além dos aspectos economicos e da grande quantidade de energia
fossil utilizada para a produgdo destes fertilizantes (REJESUS; HORNBAKER, 1999;
DIXON; KAHN, 2004; GALLOWAY et al., 2008).

Outra fonte muito importante de aquisi¢do, esta relacionada a algumas espécies de

bactéria que sdo capazes de realizar a reagdo de redugdo do N, a NH4". Esse processo
bioldgico ¢ conhecido como Fixacdo Bioldgica de Nitrogénio (FBN) (FRANCHE et al.,
2009). A elevada diversidade genética das bactérias fixadoras de Nitrogénio garante a
ocorréncia da FBN em um determinado ecossistema, como também, nos mais diferentes tipos

de sistemas terrestres e adicionalmente no solo e nas plantas (FRANCHE et al., 2009).

Figura 3. Reacdo realizada pela enzima nitrogenase

Nitrogenase
N, + (8H") + (8¢) + 16 ATP » 2NH;3 + H, + 16ADP +P

A fixacdo bioldgica do nitrogénio ¢ catalisada pela enzima nitrogenase, que ¢ composta
de duas unidades: a dinitrogenase redutase (também chamada de Fe-proteina), contendo um
centro [4Fe-4S], e a dinitrogenase (ou MoFe-proteina), contendo um centro [8Fe-7S]
chamado de centro P ¢ um co-fator FeMo (LANCASTER et al., 2011; SPATZAL et al.,
2011) onde o cofator MoFe ¢ o sitio catalitico da enzima (DIXON; KAHN, 2004). Nesse
complexo enzimatico, essas unidades interagem cooperativamente durante o processo de
FBN onde ocorre a transferéncia dependente de ATP dos elétrons da Fe-proteina para a
MoFe-proteina (REES; HOWARD, 2000). A reagdo resultante possui elevada energia de
ativacado e ¢ inibida na presenca do oxigénio (CANFIELD, 2010) (Figura 3).
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Figura 4. Estrutura do complexo Nitrogenase.
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caracteristicas moléculas e a transferéncia de elétrons da Fe-proteina para a MoFe-proteina.
Fonte: Adaptado (SEEFELDT et al., 2013).

Neste processo os genes nif (do inglés nitrogen fixation) sdo responsaveis pela
codificacdo de subunidades da nitrogenase que sdo altamente conservadas e que sdo
encontradas nos microrganismos fixadores de nitrogénio (FALKOWSKI; FENCHEL;
DELONG, 2008). Em relacdo aos genes nif, os que sdo codificadores das proteinas do
complexo nitrogenase sdo os (nifD, nifH e nifK) (SARITA et al., 2008), onde Fe-proteina se
relaciona o gene nifH e para MoFe-proteina se relaciona o nifD e nifK (HOWARD; REES,
1996). Embora os genes nifHDK sejam bastante conservados, a capacidade de fixar
nitrogénio estd presente em organismos filogeneticamente muito distantes como

Proteobactérias, Cianobactérias e Arqueias (RAYMOND et al., 2004).

A filogenia obtida a partir dos genes nif mostrou ser parecida a obtida no gene 16S
rRNA e, devido a isso, passou a ser usada na caracterizagdo da diversidade de bactérias
diazotroficas (ZEHR et al., 2003). Assim, pode-se basear um estudo da comunidade

fixadoras de nitrogénio na deteccdo, quantificacdo e analise da diversidade de genes 16S
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(TAKETANI et al,. 2009; PEREIRA et al., 2011). No entanto, Burgmann e colaboradores

(2005) destacam o nifH como sendo um melhor indicador da atividade real da nitrogenase.

2.6 Analise de diversidade microbiana com técnicas dependentes ou independentes de
cultivo.

Os métodos para analisar a diversidade microbiana e a fungdo da comunidade podem
ser divididos em métodos independentes e métodos dependentes de cultivo (JUCK et al.,
2000), sendo que ambos devem incluir técnicas de caracterizacdo genética (VAN HAMME;
SINGH; WARD, 2003).

Os métodos dependentes de cultivo estdo baseados nas diferengas morfoldgicas,
metabolicas e fisiologicas dos microrganismos. Isto inclui o isolamento, cultivo e
identificacdo em meio de cultura, podendo incluir a avaliagdo de caracteristicas
macroscopicas (temperatura 6tima de crescimento, aero ou anaerobiose, morfologia das
coldnias) e microscopicas (tamanho, formato, mobilidade, presenga ou auséncia de flagelos,
padrdes de agregacao celular e coloragdo de Gram) a qual proporciona a anélise tintorial e
morfologia celular (HOLT, 1994).

Pelo fato dos microrganismos realizarem variadas atividades bioquimicas utilizando
nutrientes obtidos a partir do ambiente em que eles se encontram, técnicas chamadas de
provas bioquimicas constituem uma 6tima op¢ao na diferenciacdo de bactérias cultivaveis.
(BLAZEVIC; EDERER, 1975). As principais e mais utilizadas provas sdo as de utiliza¢ao
de fontes de carbono e de nitrogénio (NDOWORA ef al., 1996).

Para se avaliar comunidades microbianas tidas como ndo cultivaveis, uma alternativa
¢ o uso de técnicas moleculares, baseadas na extracdo direta do material genético das
amostras. Estas técnicas sdo capazes de permitir o acesso a comunidade bacteriana em seu
habitat natural, como a andlise do gene de 16S rRNA por exemplo (AMANN; LUDWIG;
SCHLEIFER, 1995). Os acidos ribonucl¢icos ribossomais (rRNA) sdo considerados os
biopolimeros mais adequados para estudos de diversidade microbiana. Seus genes sdo
universalmente distribuidos entre os diferentes grupos de seres vivos, sendo a molécula com
o maior grau de conservagao existente (REIS JUNIOR et al., 2002). A frequente utilizacao
destas sequéncias de rRNA se dd devido a disponibilidade de comparacdo de novas

sequéncias obtidas, com as mais variadas bases de dados de livre acesso, como Genbank
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(http://www.ncbi.nlm.nih.gov), RDP (Ribossomal Database Project)
(http://rdp.cme.msu.edu/html) e Greengenes (https://rnacentral.org/expert-
database/greengenes).

O interessante destas andlises moleculares ¢ a possibilidade de estudar comunidades
microbianas sem a necessidade do cultivo prévio, onde podem ocorrer interferéncias devido
a mudangas artificiais na estrutura e na atividade metabolica da comunidade bacteriana. Além
disso, métodos moleculares diretos preservam as caracteristicas metabolicas in situ e a
composi¢ao da comunidade microbiana (ALVAREZ, 2007). A analise molecular também
pode ser utilizada para substituir as provas bioquimicas, onde a extragdo de DNA ocorre a

partir de colonias puras previamente cultivadas (MENDES, 2009).

2.6.1 A dificuldade do cultivo in vitro.

Um dos problemas nos estudos ¢ a dificuldade do cultivo in vitro de algumas
bactérias. Elas sdo conhecidas como nao-cultivaveis ou bactérias ainda ndo cultivadas,
muitas vezes, por serem exigentes para isolamento in vitro e/ou dificeis de se identificar
fenotipicamente (COLWELL, 1993; VEJA-ORELLANA et al., 2017). Um exemplo disso
sdo Phytoplasmas (KIRKPATRICK; SMART, 1995) e Mycoplasma (MAGGI et al., 2013),
bactérias da classe Mollicutes que ndo se tem cultivo eficiente em laboratorio, assim como o
género Liberibacter da classe Rhizobiales (GILKES et al., 2019). Dessa forma, a aplicacao
de técnicas moleculares tem sido amplamente utilizada na andlise e diferenciagdo deste tipo

de bactérias.

2.7 Sequenciamento de DNA

Atualmente ¢ possivel, em relativamente pouco tempo, conhecer um genoma
suficientemente bem para delinear um esquema do funcionamento celular do organismo e
suas principais vias metabolicas (KOONIN; WOLF, 2008), auxiliando os estudos ecologicos
e evolutivos de sistemas complexos (KYRPIDES, 2009). O sequenciamento de DNA teve
inicio com a técnica de Sanger em 1977, que detecta bases individuais e a variagdo do DNA
no nivel de nucleotideo tinico (SANGER, 1977). Cerca de 25 anos depois, novas tecnologias
de sequenciadores automatizados, considerados high throughput sequencing

(sequenciamento em larga escala ou NGS), assim como o desenvolvimento de ferramentas
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de bioinformatica, tornaram o sequenciamento de genomas e metagenomas muito mais facil,
rapido e barato (XU, 2011). As tecnologias de NGS sdo capazes de sequenciar grandes
quantidades de DNA em um curto periodo de tempo. Uma das varias tecnologia utilizadas ¢é
a MiSeq da Illumina. As plataformas [llumina adotam o sequenciamento por sintese, ou seja,
utilizam DNA polimerase e nucleotideos marcados com diferentes fluordforos. Os
fragmentos de DNA ligados a adaptadores fixos sdo desnaturados em DNA fita simples,
inseridos e fixados a uma lamina de vidro onde ocorre o sequenciamento. Em seguida, ¢ feita
a amplificacdo dos fragmentos de DNA ligados através de uma estrutura em forma de “ponte”
para formar clusters que contém 28 fragmentos de DNA clonados. Os nucleotideos com
corantes fluorescentes diferentes sdo incorporados e o sinal gerado ¢ captado e interpretado

pelo sequenciador (LIU et al., 2012).

2.7.1 Gene 16S rRNA

O sistema de identificagdo por PCR e sequenciamento com primers especificos
permite a avaliacdo rapida de diferentes microrganismos ao mesmo tempo e grande parte das
vezes fornece sua confirmagao definitiva (YANG et al., 2001). O marcador molecular 16S
rRNA ¢ conhecido como “Universal”, pois estd presente em todas as células procaridticas e
tem regides de sequéncia conservadas e varidveis, possui aproximadamente 1500 pb, ou seja,
¢ grande o suficiente para fins de estudos taxondmicos (PATEL, 2001). Seu maior atrativo é
fornecer identificacdo com alta especificidade para género e espécie em isolados bacterianos
que ndo se enquadram em nenhum perfil bioquimico conhecido (DRANCOURT et al., 2000).
As dificuldades encontradas na obtenc¢ao de uma identificacdo, incluem o reconhecimento de
novos taxons, poucas sequéncias depositadas em bancos de dados e espécies que
compartilham sequéncias semelhantes e/ou idénticas (WOO et al., 2003; MIGNARD;
FLANDRUOIS, 2006). Para amplificacdo do gene 16S utiliza-se diversos iniciadores, como
por exemplo os 27F e 1492R (LANE, 1991), utilizado neste trabalho.

Os Primers universais sao frequentemente escolhidos como complementares as
regides conservadas, mas além destas regides o gene 16S rRNA contém regides
hipervaridveis que podem fornecer assinaturas especificas da espécie, Uteis para a
identificacdo do microrganismo (PEREIRA et al., 2010). Claesson e colaboradores, (2010)

apos estudos com primers das regides V1 a V9, levando em consideragdo maior precisao e a



30

eficiéncias de classificacdo, observaram que as regides V3 e V4 mostraram maior preferéncia
de amplificagdo em comparacdo a outras regides. Sendo assim, com base em varios estudos,
as regides hipervariadas mais utilizadas para identificagdo taxondmica sdo as regides, V3,

V4 e V6 (ZHANG et al., 2018), (Figura 4 e 5).

Figura 5. Gene 16S rRNA com base na sequéncia de E.coli (BROSIUS et al., 1981).

Gene 16S rRNA

27F 1492R

4
0 '1?0 2(|)0 30|0 4(|)0 5(?0 60|0 7(|)0 8(?0 90|0 10(10 11(10 120? 13(?0 14(|)0 150? bp

A%
Regido alvo W
RegiGes conservada Regides variaveis

As flechas apontam as regides variaveis (roxo) entre os géneros ou espécies bacterianas e as
regides conservadas (verde) no dominio bactéria. A chave representa a regido V3-V4
hipervariavel utilizada na classificacdo taxonomica (NGS). As setas horizontais indicam o
local de anelamento dos primers 27F e 1492R utilizados para sequenciamento Sanger.

Figura 6. Diagrama de Venn relacionando a diferenciacdo taxondmica baseada nas regides
V3, V4 e V6 baseados nos filos detectados nas sequéncias disponiveis em bancos de dados.

V3

Fonte Adaptada (ZHANG et al., 2018; LI; YUE, 2016).
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Sendo assim, a andlise fisioldgia bacteriana e molecular sdo opg¢des valiosas capazes
de produzir grandes quantidades de dados em detalhes, com fluxos de trabalho de laboratério

relativamente simples e rapidos.

3. OBJETIVOS
Geral:

Caracterizar as comunidades bacterianas associadas a formigas Attini Atta laevigata,
Atta sexdens, Acromyrmex rugosus e Acromyrmex coronatus utilizando tanto métodos

dependentes como métodos independentes de cultivo.

Especificos:

1. Aprimoramento de protocolos para isolamento e cultivo em meios de cultura
especificos das possiveis bactérias diazotroficas encontradas no abdomen das
formigas.

2. Caracterizagdo gendmica e fisioldgica dos isolados quanto a fixagdo de nitrogénio.

3. Andlise da comunidade bacteriana presente no abddomen destas espécies de
formigas utilizando a técnica independente de cultivo NGS — Illumina MiSeq,
assim como a identificacdo de bactérias compartilhadas entre diferentes espécies

de formigas cortadeiras.
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ABSTRACT

In leaf-cutting ant pests, an obligate mutualistic basidiomycete mediates the ants’ nutrition
with carbons from vegetal matter using a fermenter-like system inside the nest, called a
“fungus garden.” Diazotrophs such as Enterobacteriales in the fungus garden and intestinal

Rhizobiales were proposed to mediate the incorporation of atmospheric nitrogen into ant
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proteins; Entomoplasmatales were proposed to power the fungus metabolism. Leafcutters
likely rely on a microbial community to access the carbon and nitrogen necessary for the
production of the millions of individuals found in a single giant colony. In the present
investigation, we found that mutualism between the leafcutter and Rhizobiales occurs in a
wide geographic range and mainly between three closely related species within the
Rhizobiales genera Liberibacter, Bartonella, and Terasakiella. However, the association
between the ant and the Entomoplasmatales genus Mesoplasma is likely parasitic or
commensal, since giant leafcutter colonies may be either massively invaded by or completely
devoid of these bacteria, suggesting that these endosymbionts are not essential for high yields
of ant biomass. We also found three new candidate mutualists, frequently isolated from the
ant abdomen, including nearly identical diazotrophs of the genera Methylobacterium
(Rhizobiales) and Raltonia (Burkholderiales) and non-diazotrophs of the genus
Acinetobacter. These results point to multiple non-competitive and complementary strategies

for atmospheric nitrogen nutrition within the leafcutter system.

KEYWORDS Attini, Alphaproteobacteria, microbial diversity, Mollicutes, nifH, 16S rRNA

gene.



34

1 INTRODUCTION

Leafcutter ants, that is, those in the Atta and Acromyrmex genera, present a
distinguished ecological success colonizing a vast geographic area in the American Continent
(Holldobler & Wilson, 1990). These characteristics, as well as their specialized behavior,
social organization, and pest status, have made them excellent study models (Rabeling et al.,
2008).

The ecological success of leafcutter ants relies on their associations with
microorganisms, the primary association being with a basidiomycete fungus cultured on leaf
matter in a fermenter-like system inside the nests, called a “fungus garden,” which mediates
assimilation of carbons from vegetal polysaccharides in ants (Quinlan & Cherrett, 1979; Silva
et al., 2003; Somera et al., 2015).

In addition to the mutualistic fungus, diazotrophic bacteria may also contribute to the
ant diet, potentially mediating the assimilation of atmospheric nitrogen; examples are
Enterobacteriales living in the fungus garden (Pinto-Tomas et al., 2009) and Rhizobiales
inhabiting the ants’ intestines (Sapountzis et al., 2015; Zhukova et al., 2017).

Finally, both intracellular and extracellular Entomoplasmatales living in the guts have
been proposed to supplement the ant diet with acetate, providing extra energetic input for the
larger-scale ant biomass produced by leafcutters, as compared with other attine ants devoid
of this symbiont (Sapountzis et al., 2018).

In the present investigation, we analyzed the bacteria associated with the abdomen of
leaf-cutting ants and found that Rhizobiales were the dominant group, with a consistent
obligate mutualistic function; however, Entomoplasmatales may also either dominate or be

absent from the giant and healthy ant colonies, resembling a fortuitous parasitic or
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commensal association. In addition, the Rhodobacterales genus Rhodovulum and the
Rickettsiales genus Wolbachia were often found in relatively large numbers.

We followed four leafcutter ant colonies for 24 months, periodically isolating
bacterial representatives from the ant abdomen, and found nearly identical diazotrophs of the
Ralstonia and Methylobacterium genera or the non-diazotroph of Acinetobacter genus. These
isolates likely tightly adhere to the ant’s body and are new candidates integrating the
microbial mutualistic community, facilitating ant access to atmospheric nitrogen and other

functions.

2 MATERIAL AND METHODS

2.1. Collection and identification of ants We sampled soldiers from five ant colonies in the
counties of Rio Claro and Itirapina in southeastern Brazil: 10 to 12 mm long Atta laevigata
individuals from either (1) Rio Claro (22°23'42" S, 47°32'33" W) or (2) Itirapina (22°14'41"
S, 47°50'38" W), (3) 8 to 11 mm Atta sexdens individuals from Rio Claro (22°23'43" S,
47°32'32" W), (4) 6 to 8 mm Acromyrmex rugosus from Rio Claro (22°23'44" S, 47°32'47"
W), and (5) 6 to 8 mm Acromyrmex coronatus from Rio Claro (22°23'42" S, 47°32'44" W).
Samples were generally collected at the entrance of the nest; Acromyrmex coronatus samples
were collected on the trail due to the difficulty of accessing the arboreal nest. The species
were identified by morphological and molecular analysis, first with differentiation keys
(Borgmeier, 1959; Gongalves, 1961) and then using barcode sequencing of mitochondrial
genes COI and COII (Hebert et al., 2003). To extract DNA, we followed a protocol described
by Sambrook et al. (1989), and to amplify DNA we followed the conditions described by
Martins et al. (2007). Amplicon concentration was measured using a NanoDrop 2000

spectrophotometer (Thermo Scientific, Waltham, MA, USA) and purified using exonuclease
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I and alkaline phosphatase enzymes (Thermo Fisher Scientific, USA). Sequencing was
performed by applying the same forward or reverse primers (Martins et al., 2007) used for
amplification and using the BigDye™ terminator sequencing kit version 3.1 (Applied
Biosystems™, CA, USA) on a Sanger Sequencing 3500 Series Genetic Analyzer (Applied
Biosystems®, CA, USA). The generated sequences were edited with the BIOEDIT 7.0.5
program (Hall, 1999), followed by BLASTn analysis (v.2.6.0+) (Altschul et al., 1990) using

the GenBank NR database as a reference.

2.2 Sanitization of ant samples Ants were sequentially washed once with 5 mL 70%
ethanol, once with 5 mL of 2% sodium hypochlorite, and six times with 8 mL of ultrapure
water. Based on their sizes, ants were immersed individually (4#ta) or in pairs (Acromyrmex)
in each tube and then manually homogenized for 10 s. The purpose of washing the ants was

to remove microorganisms weakly adhered to their cuticles.

2.3. DNA extraction, 16S library preparation, read preprocessing, and diversity
analyses Eight libraries were prepared, two for each of the Rio Claro colonies, either before
or after sanitizing the ant samples, except from Itirapina colony. The ant abdomen
(approximately 20 mg, wet weight) was removed, macerated, and subjected to DNA
extraction with the (Norgen Biotek Corp Kit® 2016, ON, Canada) according to the
manufacturer’s instructions. The extracted DNA was sent to Macrogen Inc. (South Korea),
where amplicon libraries of the V3-V4 region of the 16S ribosomal RNA gene were prepared,
and sequenced on the MiSeq Illumina platform (paired-end 2x 300 bp). We then submitted

the generated data to quality control in the FastQC program version 0.11.5 (Babraham
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Bioinformatics; www.bioinformatics.babraham.ac.uk/projects/fastqc/), trimmed out low
quality raw reads (Phred Q score <20) using SeqyClean (Zhbannikov et al., 2017), and carried
out taxonomic identification with the OmicsBox platform (BioBam Bioinformatics S.L.,
Valencia, Spain) using the taxonomic sequence classification system Kraken (Wood &
Salzberg, 2014), which compared our sequences to a curated database (Kraken database
(2019 _06)). Rarefaction curves were generated in the OmicsBox platform and represented as
the number of expected bacterial genera (Y-axis) per number of reads (X-axis). Principal
coordinate analysis (PCoA) was implemented using OmicsBox with the Bray-Curtis
distances to compare bacterial community composition in different libraries. Bacterial alpha-

diversity indices were estimated for each sample on the same platform.

2.4 Dominant bacterial genera shared within ant species Venn diagrams were generated
with Bioinformatics & Evolutionary Genomics tools
(http://bioinformatics.psb.ugent.be/webtools/venn/), to identify bacterial genes that were
shared between ant colony samples. Shared genera with higher amounts of 16S sequences

were identified as dominant.

2.5 Bacterial isolation In total, 23 isolation experiments were performed on the five studied
ant colonies from October 2017 to September 2019. At#ta soldiers are larger than their
Acromyrmex counterparts; therefore, less Atta were collected (10) compared with
Acromyrmex (15) from each sampling. Each soldier was washed, the abdomen was separated
and macerated, and portions of the macerate were streaked on solid culture media surfaces.
Washing removed many of the fast-growing yeasts, making bacterial isolation more efficient.

For the isolation of Rhizobiales, the culture medium used was YMA (yeast extract mannitol
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agar, pH 7.0) from Sigma-Aldrich (cod. 101417911) and 0.25% congo red (Sigma-Aldrich;
cod. 6767). The media surfaces were incubated for approximately 3 to 4 days at 30 °C (Fred
& Waksman, 1928). DIGS medium was used for the isolation of other diazotrophic bacterial

species, with incubation at 30 °C for 3 to 4 days (Ddbereiner et al., 1999; Sabino et al., 2012).

2.6 Molecular identification of bacterial isolates DNA extraction was performed as
described by Sampaio et al. (2001) with some modifications. Two loopfuls of each isolate
were suspended in 500 pL of lysis solution (Tris 50 mmol/L, NaCl 250 mmol/L, EDTA 50
mmol/L, and SDS 0.3 % at pH 8.0), glass beads were added, the suspension was vortexed for
4 min and incubated in a dry bath at 65 °C for 1 h, and centrifuged at 13,000 rpm for 15 min.
The aqueous phase was transferred to a 1.5 ml microtube and stored at -20 °C. Amplification
was performed using 10 pM of 16S universal primers (Lane, 1991). PCR conditions included
an initial 95 °C incubation for 3 min followed by 30 cycles of: 95 °C for 30s, 55 °C for 30s,
and 72 °C for 90s, followed by a final extension of 72 °C for 5 min. Amplicon purification
and sequencing followed the procedures described in Section 2.1. The generated sequences
were preprocessed with the BIOEDIT 7.0.5 program (Hall, 1999) and the taxonomic
assignments of each sequence were performed using the Ribosomal Database Project
classifier (Cole et al., 2009). Sequences were also compared with each other using multiple

alignments in the MAFFT program (Katoh et al., 2002).

2.7 PCR amplification of the nifH gene The nifH gene was amplified using the conditions
described by Ueda et al. (1995), only changing the annealing temperature to 47 °C. We used
the nitrogen fixative Klebsiella pneumonia (Roberts et al., 1978) as the positive control.

Amplicon purification and sequencing were performed following the procedures described
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in section 2.1. The generated sequences were edited using the BIOEDIT 7.0.5 program (Hall,
1999) and identified using the BLASTn v.2.6.0 program (Altschul et al., 1990) against the

NR database.

2.8 Analysis of nitrogen fixation Isolates were subjected to physiological analysis for
nitrogen fixation using Klebsiella pneumoniae as the positive control. The test was performed
in tubes containing 5 mL of semi-solid, nitrogen-free NFb culture medium for approximately
72 h at 28 °C. This assay was performed in duplicate. The formation of a growth film in the
culture medium indicated the capacity to fix nitrogen (Dobereiner et al., 1995). After film

formation, isolates were streaked in Petri dishes containing YMA and molecularly identified.

2.9 Comparison between isolated colonies and 16S rRNA libraries We created a
formatted local database BLAST for each 16S library and used the OmicsBox platform to
run a BLASTn search (E-value cutoff 1e-03) against Sanger sequences obtained from every
isolate. When no hit was found, the isolate was considered absent from the 16S library. If
hits were found, identities were calculated for the first 500 best hits. We also mapped reads
from each of the 168 libraries to the Sanger 16S sequences, using the Bowtie2 (Langmead &

Salzberg, 2012) tool to verify the number of reads corresponding to each of the isolates.

2.10 Comparison of 16S rRNA libraries with 16S sequences from leafcutter symbionts
For each predominant genus we selected a representative sequence of their respective ant
species, assembled using CAP3 (Huang & Madan, 1999). BLASTn (minimum E-value le-
03) in the OmicsBox platform was used to compare each representative sequence against

GenBank sequences for Rhizobiales (RhiAcrol, GenBank accession # KR336619),
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Mesoplasma (EntAcrol - GenBank accession # KR336618), and Entomoplasma (EntAcro2,
GenBank accession # KR336617) obtained from Acromyrmex and generated by Sapountzis
et al. (2015). Representative sequences were also assigned to a bacterial genus using the

Kraken OmicsBox tool.

3 RESULTS

3.1 Species identification Ant species were identified using taxonomic keys and were
confirmed by comparing the COI and COII gene sequences (Martins et al., 2007) with
sequences contained in the GenBank. This comparison resulted in the closest matches with
the following identities and E-values: Atta laevigata from lItirapina: 92.95% / 8e-82; Atta
laevigata from Rio Claro: 98.17 / 0.0; Atta sexdens: 99.8 / 0.0; Acromyrmex rugosus: 79.55

/ 1e-28; and Acromyrmex coronatus 88.16 / 7e-20.

3.2 Sequencing of 16S libraries The 16S rRNA libraries contained 1,735,340 reads with

300bp; after filtering there remained 1,691,678 reads with 20 Phred value >20.

3.3 Rarefaction and PCoA analyses The gradual flattening of the rarefaction curves (Figure
1) indicates that the variety of each sample is close to saturation (Wood & Salzberg, 2014),
and therefore, the bacterial community can be confidently characterized. PCoA analysis
(Figure 2) showed that the bacterial communities are similar in both the Acromyrmex species.
These communities are distinct from the bacterial communities associated with Atfa species.

However, the bacterial community associated with Atta sexdens is distinct from that
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associated with Atta laevigata. The predominant bacterial communities are similar in

sanitized and unsanitized samples of the same ant species.

Genus Rarefaction Curve

225

200

0o

175
150

125 ’ 7

Distinct Genus

100

75
1 A. sexdens {8 A. coronatus sanitized
50 B A. laevigata 6 A. sexdens sanitized
8 A. rugosus () A. rugosus sanitized

4. A. coronatus (8 A. laevigata sanitized

25

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 90,000 100,000 110,000
Reads

FIGURE 1. Rarefaction curve.

0.50
0.45 ‘ O A. sexdens
0.40 A A. laevigata

0.35 O A. rugosus
0.30
0.25 O A. coronatus

0.20 Sanitized
0.15 Non-sanitized
0.10
0.05 .

0.00 ‘ ‘
-0.05

-0.10
-0.15
-0.20
-0.25
-0.30
-0.35
-0.40
-0.45

-0.50 ‘

-0.55

Coordinate 2 (41 %)

-0.6 -0.5 -0.4 0.3 0.2 0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Coordinate 1 (54 %)

FIGURE 2. Principal coordinate analysis (PCoA) based on bacterial genus associated with
ant species.
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3.4 Bacterial diversity Shannon and Simpson indices (Table 1) showed that species of Atta
had greater diversity than Acromyrmex species, and that sanitizing samples resulted in

decreased diversity.
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Next Generation Sequencing Isolation
16S Library 16S Library Growth Found in the 16S
Sample Read Shannon Simpson Order / Genus (% Reads) Order / Genus nifH  on N.free Library
(Colony number) Pairs/Classified (H”) (C) medium [Identity (read %)] #
Atta laevigata 108,938 /99.87% 2.724 0.8502 Rhizobiales / Liberibacter (88.58) Rhizobiales / Methylobacterium -1+ 86.7-94.2(7.2)
Sanitized Rhizobiales / Terasakiella (1.3) Burkholderiales / Ralstonia + No
o Rhodobacteriales / Rhodovulum (0.5) Actinomycetales / Brachybacterium - 83.8-93.6 (0.006)
Pseudomonadales / Acinetobacter - 94.7-98.6 (0.017)
Atta laevigata 126,678 /99.77% 3.688 0.9406 Rhizobiales / Liberibacter (89.45)
) Rhodobacteriales / Rhodovulum (0.78)
Atta sexdens 82,680/ 99.9% 3.016 0.8298 Rhizobiales / Bartonella (92.98) Burkholderiales / Ralstonia + 91.5-93.9 (0.008)
Sanitized Rhodobacteriales / Rhodovulum (1.48) Rhizobiales / Methylobacterium + 94.7 - 99.1 (0.59)
3) Rhizobiales / Liberibacter (1.17) Pseudomonadales / Acinetobacter - No
Atta sexdens 24,222 /99.73% 3.263 0.8532 Rhizobiales / Bartonella (30.3)
3) Rhodobacteriales / Rhodovulum (1.56)
Rhizobiales / Liberibacter (1.1)
106,078 / 99.97% 0.84 0.4828 Entomoplasmatales / Mesoplasma (56.42) Pseudomonadales / Acinetobacter - No
Acromyrmex Rhizobiales / Terasakiella (27.56) Pseudomonadales / Pseudomonas -1+ No
rugosus Entomoplasmatales / Entomoplasma (5.84)
Sanitized Rhizobiales / Liberibacter (3.2)
Rhodobacteriales / Rhodovulum (2.27)
“) Entomoplasmatales / Spiroplasma (1.15)
Acromyrmex 119,161/99.98% 1.249 0.5944 Entomoplasmatales / Mesoplasma (33.73)
rugosus Rhizobiales / Terasakiella (32.57)
) Rhizobiales / Bartonella (9.66)
Rhizobiales / Liberibacter (8.76)
Entomoplasmatales / Entomoplasma (3.34)
Rhodobacteriales / Rhodovulum (2.33)
Entomoplasmatales / Spiroplasma (1.11)
Acromyrmex 100,217 /99.97% 0.916 0.4868 Rhizobiales / Terasakiella (56.21) Pseudomonadales / Acinetobacter - 92.9-93.3(0.11)
coronatus Entomoplasmatales / Mesoplasma (25.72) Burkholderiales / Ralstonia + No
Sanitized Rhizobiales / Liberibacter (5.69)
(5) Entomoplasmatales / Entomoplasma (3.02)
Rhodobacteriales / Rhodovulum (2.4)
Entomoplasmatales / Spiroplasma (0.96)
Acromyrmex 98,703 /99.96% 0.948 0.5223 Entomoplasmatales / Mesoplasma (50.93)
coronatus Rhizobiales / Terasakiella (31.81)
) Entomoplasmatales / Entomoplasma (5.35)
Rhizobiales / Liberibacter (3.49)
Rhodobacteriales / Rhodovulum (2.36)
Entomoplasmatales / Spiroplasma (1.41)
Atta laevigata Rhizobiales / Methylobacterium -1+
Sanitized Burkholderiales / Ralstonia +
2) Pseudomonadales / Acinetobacter -
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TABLE 1. Bacteria identified in the leafcutter abdomen by 16S sequencing or isolation
methods. # Read %: percentage of library reads mapped on a given 16S Sanger read as
obtained by BOWTIE2.

3.5 Taxonomic classification based on 16S rRNA libraries Microbial communities of each
ant sample predominantly contained bacteria of a few specific genera: Liberibacter genus in

Atta laevigata, Bartonella genus in Atta sexdens, and Terasakiella and Mesoplasma genera

in both Acromyrmex rugosus and Acromyrmex coronatus (Table 1 and Figure 3).

4. laevigata sanitized |
g
A. sexdens sanitized - ||
A, sexdens
4. rugosus sanitized [ T |
A rgoss . | L
A, coronats sanitzed | L
4. coronans | |

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

u Liberibacter W Terasakiella ® Rhodovulum H Bartonella
Mesoplasma m Wolbachia u Spiroplasma others

FIGURE 3. Taxonomic classification based on bacterial genus associated with the ants.

3.6 Shared bacterial taxonomic genera We found 54 shared genera in sanitized samples
and 69 shared genera in non-sanitized samples (Figure 4). Liberibacter, Bartonella,
Terasakiella, Rhodovulum, and Wolbachia were represented by at least 1,000 sequences
each. The sum of sequences within these five genera corresponded to at least 98% of those

found in sanitized and non-sanitized groups (Supporting information, Tables S1 and S2).
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Atta Acromyrmex

Atta Acromyrmex
sexdens rugosus

sexdens rugosus

Atta Acromyrmex Atta

laevigata coronatus  laevigata Acromyrmex

coronatus

46 32

iI2 9

SANITIZED NON- SANITIZED

FIGURE 4. Venn diagrams showing shared or exclusive bacterial genera found in ant
samples. Liberibacter, Terasakiella, Bartonella and Rhodovulum predominated within the 54
genera shared by sanitized samples (A); Liberibacter, Bartonella, Terasakiella, Rodovulum,
and Wolbachia predominated within the 69 shared genera in non-sanitized samples (B).

3.7 Comparing 16S rRNA libraries with 16S sequences from leafcutter symbionts We
found that the representative sequences for each predominant Rhizobiales genus:
Liberibacter, Bartonella, and Terasakiella, were 99.55%, 99.09%, and 98.86% identical to
that of the RhiAcrol symbiont (GenBank accession # KR336619), respectively. This
symbiont was originally found in the guts of Acromyrmex ants from Gamboa, Panama
(Sapountzis et al., 2015). In addition, the Mesoplasma representative sequences from
Acromyrmex coronatus and Acromyrmex rugosus showed 99.57% and 99.78% identity,
respectively, with EntAcrol (GenBank accession # KR336618). The Entomoplasma
representative sequence had 91.42% (Acromyrmex coronatus) and 91.85% (Acromyrmex

rugosus) identity with EntAcro2 (GenBank accession # KR336617), which was also

described by Sapountzis et al. (2015).
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These results indicate that leafcutters from Central or South America present nearly
identical Rhizobiales and that Acromyrmex from both geographic sites present nearly

identical Entomoplasmatales strains.

3.8 Molecular and physiological analysis of bacterial isolates Diazotrophic bacteria have
been reported to live in association with the ant abdomen (van Borm et al., 2002; Sapountzis
et al., 2015), therefore, we used appropriate culture media to isolate bacterial diazotrophs
from the leafcutter’s abdomen. During the two-year period, we visited the five nests studied
in the current report, collected ant samples, performed 23 isolation experiments, and obtained
42 bacterial isolates (Supporting information — Table S3).

Twenty-one representative isolates were sequenced and classified in five different
bacterial genera within Rhizobiales, Burkholderiales, Pseudomonadales, and
Actinomycetales. Of these 21 isolates, 12 were found to fix nitrogen as they had the nifH
gene and grew on N-free media (Table 1): four nearly identical (97.4% to 100% 16S)
Methylobacterium (Order Rhizobiales) isolates from Atta laevigata and Atta sexdens, six
nearly identical (85.8% to 99.7%) Ralstonia isolates (order Burkholderiales) from Atta
laevigata, Atta sexdens, and Acromyrmex coronatus, and two nearly identical Pseudomonas
(Order Pseudomonadales) isolates (99.3%) from Acromyrmex rugosus.

Notably, eight non-nitrogen-fixing Acinetobacter (Pseudomonadales) isolates (97%
to 99%) were found in every analyzed ant species and, in addition, one Brachybacterium
(Order Actinomycetales) was found in Atta laevigata.

However, the five identified bacterial genera encompassing isolates
(Methylobacterium, Brachybacterium, Acinetobacter, Ralstonia, and Pseudomonas) were

represented in minor amounts (0.0006-7.2%) in the 16S libraries with maximal identity



47

variation from 93% to 99.1% (Table 1). Therefore, although culturable bacteria have often
been recovered from ant samples, they have been under-represented in the 16S libraries,

which were dominated by sequences from unculturable bacterial strains.

4 DISCUSSION:

Several bacteria have been reported to be associated with whole ants (Cafaro et al.,
2011; Liberti et al., 2015; Ramalho et al., 2017) or ant parts, such as the hemolymph (Tufts
& Bextine, 2009) or digestive tract (Billen & Buschinger, 2000; van Borm et al., 2002;
Russell et al., 2017; Vieira et al., 2017; Hu et al., 2018).

In the present study, we found a greater diversity in the bacterial communities
associated with Atta species than those associated with Acromyrmex species (Table 1). As
expected, after sanitizing the ants, the bacterial diversity decreased. However, it decreased
only slightly, which suggests that immersion of soldiers in 70% ethanol followed by 2%
sodium hypochlorite was not sufficient to remove the microbes that are more tightly adhered
to the ant cuticle.

Alphaproteobacteria represent a large part of the sequences described in our 16S
libraries, corroborating previous studies for several species of leafcutter ants in different tract
digestive tissues (Sapountzis et al., 2015; Vieira et al., 2017; Teseo et al., 2019). Among
these Alphaproteobacteria, the most abundant genera found in our analysis were of the order
Rhizobiales: Liberibacter in Atta laevigata, Bartonella in Atta sexdens, and Terasakiella in
Acromyrmex coronatus. In Acromyrmex rugosus, the predominant genus was Mesoplasma,
belonging to the class Mollicutes (Table 1). It is interesting to note that Mesoplasma was also
found to be abundant in Acromyrmex coronatus, but not in Atta laevigata or Atta sexdens

individuals. In addition, appreciable amounts of Terasakiella and Liberibacter were found in



48

Acromyrmex rugosus and Acromyrmex coronatus. Therefore, closely related Rhizobiales
having a consistent obligate mutualistic function, were found in every ant species we
analyzed, and Enfomoplasmatales with an occasional parasitic or commensal association
were found to a lesser degree.

Nitrogen occurs as N, or dinitrogen, in high concentrations in the atmosphere, but
most organisms cannot use it as a source of nutrients (Postgate, 1978). The ability to fix
nitrogen is restricted to some bacteria called diazotrophs that express the enzyme nitrogenase,
capable of reducing atmospheric dinitrogen to ammonia, which can then be assimilated by
many organisms (Kneip et al.,, 2007). These microorganisms in insects have also been
suggested to fix atmospheric nitrogen, enabling insects to subsist on low-nitrogen diets
(Nardi et al., 2002).

The genus Liberibacter has already been associated as an endosymbiont in the
Psyllidae Diaphorina citri, which causes plant diseases (Wang et al., 2017; Naranjo et al.,
2019), but to the best of our knowledge, no study has described the association between
Liberibacter and Attini ants. Bartonella found in Atta sexdens has been described in
Harpegnathos saltator ants (Neuvonen et al., 2016). Bacteria belonging to the Bartonellaceae
family are known to establish chronic infections in mammals; they have already been
sequenced from the intestines of the Dolichoderus ant and have been proposed to be
associated with nitrogen recycling (Bisch et al., 2018). Studies carried out by Sapountzis et
al. (2015) found that three Acromyrmex species from Gamboa, Panama, harbor extracellular
bacteria of the Rhizobiales order, which were identified under the operational taxonomic unit
RhiAcrol, that formed an intestinal biofilm confined to the ant lumen, and showed potential
to fix N2. RhiAcrol was also found in Trachymyrmex cortezi, Cyphomyrmex rimosus, and

Atta cephalotes (Sapountzis et al., 2018), all of which were from Gamboa, Panama. We
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retrieved the RhiAcrol 16S sequence from GenBank and classified it as belonging to the
genus Bartonella using the Kraken tool. In addition, the RhiAcrol 16S sequence showed
99.09% BLAST similarity with Bartonella sequences predominantly found in the Atta
sexdens library. These results indicate that association with intestinal Bartonella in the
RhiAcrol group occurs within a wide geographical range.

The Terasakiella genus (order Rhizobiales) was initially proposed by Satomi et al.
(2002), and the type species Terasakiella pusilla was isolated from a putrid infusion of a
marine shellfish (Terasaki, 1973). To our knowledge, prior to our study, representatives of
the genus Terasakiella have not been associated with insect symbiosis. However, our
Terasakiella representative sequence in Acromyrmex coronatus presented high identity with
Bartonella (98.64%) and Liberibacter (98.86%), and therefore, the Rhizobiales sequences
we found represent closely related bacterial species that have already been proposed
(Sapountzis et al., 2018) to mediate the nutrition of leafcutters and other attines using
atmospheric nitrogen. Our finding that South American leafcutters have nearly the same
bacterial mutualists as Central American leafcutters indicates that the proposed strategy for
nitrogen supplementation is a general and widespread one for these ants.

We also found high proportions of bacterial representatives in the genus Mesoplasma
(order Entomoplasmatales) associated only with Acromyrmex species. The number of 16S
sequences within Mesoplasma represented 30% to 65% of that found in the libraries, rivaling
the 30% to 60% sequences represented by Terasakiella. Bacteria in the Mesoplasma genus
may protect Ponerinae ants from infection by other prokaryotes (de Oliveira et al., 2016) and
have been previously proposed to be parasites, opportunists, or permanent mutualists of Atta
texana (Meirelles et al., 2016). Our representative Mesoplasma sequences obtained from

Acromyrmex coronatus and Acromyrmex rugosus libraries were compared with the
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Mesoplasma sequence (GenBank accession # KT248001) extracted from Atta texana by
Meirelles et al. (2016). We observed 98.47% and 98.98% BLASTn identities, respectively.

The Mesoplasma sequence EntAcrol associated with Acromyrmex ants from
Gamboa, Panama (Sapountzis et al., 2015) showed 99.57% and 99.78% BLASTn identities
with the Mesoplasma representative sequences in Acromyrmex coronatus and Acromyrmex
rugosus libraries, respectively, showing that symbiosis with Entomoplasmatales is
geographically widespread. However, not one Mesoplasma sequence was detected in the four
Atta libraries encompassing 865,516 16S reads, indicating that these two A#fa colonies were
not associated with Mesoplasma. Both Atta laevigata and Atta sexdens colonies were healthy
and very active, and they were apparently, able to produce ant biomass without association
with Entomoplasmatales. This finding challenges the hypothesis that additional energy
generated from such associations are necessary for leafcutters to reach large-scale insect
biomass production.

Two bacterial genera, Rhodovulum and Wolbachia, were found in all libraries and
were represented by a relatively small number of sequences. The genus Rhodovulum was
previously found in seawater samples from the east coast of India (Visakhapatnam) (Kumar
et al., 2008) and in mud collected from a mangrove forest located in Khola, India (Srinivas
et al., 2006). After obtaining the draft genome sequence of Rhodovulum sp., Khatri et al.
(2012) found 24 genes related to nitrogen metabolism, which corroborated the findings of
previous studies where endophytic diazotrophic bacteria were associated with corn plants
(GenBank accession # AB079628) (Roesch et al., 2007). However, until the present study,
there were no previous associations of this bacterium with insects found.

Several reports associate microbes within the Wolbachia genus with ants. Kautz et al.

(2013) analyzed 95 ant species and found that Wolbachia appeared to infect related hosts
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from the same geographic region and that the bacteria can be transmitted to offspring
(Ramalho et al., 2018). Recent studies with pharaoh ants have shown that colonies infected
by Wolbachia can undergo an acceleration in the life cycle, causing rapid expansion of
colonies and increased spread of Wolbachia populations (Singh & Linksvayer, 2020).

Is it likely that different strains of Wolbachia infect Atta and Acromyrmex (van Borm
et al., 2001). This microbe may be present in the intestinal lumen and fecal droplets of ants,
suggesting that Wolbachia may have a mutualistic nutritional role in the ant-fungus
symbiosis of Acromyrmex octospinosus (Andersen et al., 2012).

Physiological analysis is important to demonstrate various bacterial functions, such
as the ability to fix nitrogen. However, some bacteria cannot be grown using standard culture
media because they require special conditions that are not provided in vitro, or because they
are difficult to identify phenotypically (Colwell, 1993; Vega-Orellana et al., 2017).
Therefore, in an attempt to highlight some aspects of microbial physiology, our study isolated
bacterial colonies of the abdomen after sanitization of ants and compared them with the NGS
16S libraries (Table 1), to verify differences between cultivable and non-cultivable
microbiota and associate them with possible functions.

We isolated bacteria from the genus Ralstonia (Order Burkholderiales) and found that
its 16S sequence was nearly identical to those detected in Atta sexdens libraries. Bacteria in
the Ralstonia genus have already been observed in fungal gardens of Atta species (Suen et
al., 2010), and associated with the refuse dumps of Atta cephalotes ants (Ortiz-Reyes et al.,
2016) and the larval intestines of Atta cephalotes (Zhukova et al., 2017). The presence of the
nifH gene and the growth positivity in N-free culture medium demonstrate the ability of our
Ralstonia isolates obtained from Atta sexdens, Atta laevigata, and Acromyrmex coronatus to

fix No.
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In Atta laevigata, we detected Methylobacterium (Order Rhizobiales) in the 16S
library and our isolates belonging to this genus were found able to fix N». Bacteria in the
same genus have already been found to be associated with the cuticle of Acromyrmex
coronatus (Martinez et al., 2019), pupae of Atta cephalotes (Zhukova et al., 2017), and the
intestines of Tetraponera. This suggests that these bacteria have been domesticated by the
ants as endosymbionts that recycle N> (van Borm et al., 2002).

We also found Pseudomonas isolates in Acromyrmex rugosus, and bacteria in this
genus have been previously isolated from the cuticle of Acromyrmex coronatus (Martinez et
al., 2019) and molecularly described in both Acromyrmex echinatior and Atta cephalotes
larvae (Zhukova et al., 2017).

Acinetobacter isolates were found in the four analyzed ant species and detected in the
16S library of Atta laevigata and Acromyrmex coronatus. Isolates of this genus have already
been reported in the cuticle of Acromyrmex coronatus (Martinez et al., 2019), and intestines
of Atta cephalotes larvae (Zhukova et al., 2017), and they are associated with ants of the
genera Polyrhachis (Ramalho et al., 2017) and Pheidole (Martins & Moreau, 2020). They
are also found in thorax, abdomen, and head of Atta texana queens (Meirelles et al., 2016).
This bacterial genus is thought to be a symbiont associated with the digestive tract of
parasitoid wasp Nasonia, although, the exact mechanisms are not yet clear (Brucker &
Bordenstein, 2012).

In summary, diazotrophic isolates in the genera Ralstonia or Methylobacterium were
consistently isolated from the leafcutter colonies sampled over 24 months. These bacteria are
commonly associated with ants, and it is conceivable that they may mediate leafcutter
nutrition for atmospheric nitrogen. Ralstonia and Methylobacterium corresponded to 10 out

of the 12 nitrogen-fixing isolates, both in A#ta and Acromyrmex ants; this high frequency
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suggests that these isolates are often associated with leaf-cutting ants, possibly in a nutritional
role.

Sequences from five of the 21 isolates (Table 1) had no hits within the NGS 16S
libraries, possibly because sequencing V3 and V4 regions of the 16S gene were not sufficient
for complete taxonomic identification (Zhang & You, 2018), but the majority of the isolates
could be identified by NGS. However, genera corresponding to predominant sequences in
NGS libraries (Liberibacter, Terasakiella, Bartonella, Rhodovulum, and Wolbachia) could
not be isolated, since they corresponded to microbes that were not cultivable.

Based on our results as compared with previously reported ones, nutrition from
atmospheric nitrogen is a key factor for large-scale leafcutter biomass production, and it is
based on three complementary strategies involving mediation by bacterial mutualists: (I)
unculturable bacteria (Rhizobiales order) located in ants (Sapountzis et al., 2015) and spread
over a wide geographic region; (II) culturable Kl/ebsiella genus living in the fungus garden
(Pinto-Tomas et al., 2009); and (III) culturable bacteria in the genera Ralstonia and
Methylobacterium associated with leafcutter abdomens, as described in the present
investigation. Multiple strategies to feed on atmospheric nitrogen may represent an advantage
to ant nutrition because they are based on non-competitive colonization of distinct

environments within the leafcutter system by diazotrophs.
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Bacterial Genus Atta Atta Acromyrmex  Acromyrmex Total %
laevigata  sexdens rugosus coronatus
Liberibacter 96,628 1,229 3,396 5,708 106,961 37.80
Terasakiella 563 29 29,254 56,345 86,182 30.45
Bartonella 151 76,955 44 151 77,301 27.32
Rhodovulum 1,419 968 2,411 2,408 7,206 2.55
Rhodomicrobium 364 59 85 180 688 0.24
Filomicrobium 280 99 73 147 599 0.21
Sphingopyxis 169 129 86 101 485 0.17
Rhizobium 169 55 42 105 371 0.13
Blastochloris 112 41 54 101 308 0.11
Candidatus Phycorickettsia 103 91 41 66 301 0.11
Wolbachia 15 16 2 263 296 0.10
Hyphomicrobium 110 53 28 72 263 0.09
Orientia 69 95 39 52 255 0.09
Pseudomonas 5 191 9 16 221 0.08
Zymomonas 39 68 25 37 169 0.06
Sinorhizobium 82 14 14 53 163 0.06
Acinetobacter 27 38 9 35 109 0.04
Nitratireductor 90 12 1 1 104 0.04
Agrobacterium 40 43 8 12 103 0.04
Devosia 13 27 2 53 95 0.03
Sphingomonas 7 54 3 19 83 0.03
Klebsiella 57 6 2 16 81 0.03
Methylobacterium 13 18 5 26 62 0.02
Octadecabacter 11 21 6 20 58 0.02
Massilia 1 15 1 35 52 0.02
Tistrella 21 11 5 2 39 0.01
Hirschia 11 9 3 10 33 0.01
Thalassospira 10 6 5 10 31 0.01
Chelativorans 1 1 1 24 27 0.01
Bacillus <firmicutes> 7 4 8 6 25 0.01
Mpycobacterium 9 3 2 10 24 0.01
Halocynthiibacter 8 11 2 3 24 0.01
Gemmobacter 6 8 3 6 23 0.01
Ehrlichia 10 7 4 1 22 0.01
Maricaulis 6 5 3 7 21 0.01
Brevundimonas 6 11 1 3 21 0.01
Clostridium 1 2 8 5 16 0.01
Neorhizobium 7 5 1 3 16 0.01
Rhodopseudomonas 2 10 2 2 16 0.01
Methylocella 5 2 4 4 15 0.01
Sphingobium 2 6 2 3 13 0.005
Phenylobacterium 6 4 1 2 13 0.005
Rickettsia 2 3 1 6 12 0.004
Asticcacaulis 4 5 1 2 12 0.004
Desulfurella 2 1 1 6 10 0.004
Staphylococcus 2 3 3 2 10 0.004
Lactobacillus 1 3 2 3 9 0.003
Haemophilus 1 4 2 1 8 0.003
Candidatus Nucleicultrix 1 1 1 4 7 0.002
Candidatus Fokinia 1 4 1 1 7 0.002
Aeromonas 2 1 1 2 6 0.002
Parasaccharibacter 1 1 1 2 5 0.002
Desulfobacca 2 1 1 1 5 0.002
Rhodobacter 1 1 2 1 5 0.002
Total 100,675 80,459 36,703 66,154 282,991 100%

TABLE S1. Number and percentage of sequences in bacterial genera found in all sanitized
ant samples. Liberibacter, Terasakiella, Bartonella and Rhodovulum accounted for 98.11%

of the sequences.



Bacterial Genus Atta Atta Acromyrmex Acromyrmex Total %
laevigata sexdens rugosus coronatus

Liberibacter 113,583 1,371 10,438 3,444 128,836 39.26
Bartonella 155 100,022 11,516 34 111,727 34.05
Terasakiella 490 67 38,815 31,416 70,788 21.57
Rhodovulum 996 1,943 2,782 2,328 8,049 2.45
Wolbachia 4 101 944 12 1,061 0.32
Nocardioides 38 46 862 44 990 0.30
Rhodomicrobium 367 67 140 119 693 0.21
Filomicrobium 272 114 114 70 600 0.18
Bacillus <Firmicutes> 466 43 4 5 518 0.16
Sphingopyxis 115 136 81 87 419 0.13
Rhizobium 238 42 95 33 408 0.12
Corynebacterium 253 7 42 4 306 0.09
Hyphomicrobium 122 69 58 42 291 0.09
Blastochloris 129 33 68 59 289 0.09
Orientia 61 126 63 36 286 0.09
Candidatus Phycorickettsia 88 87 45 40 260 0.08
Sphingomonas 42 87 12 26 167 0.05
Zimomonas 36 64 34 21 155 0.05
Sinorhizobium 73 17 28 20 138 0.04
Pseudomonas 42 10 5 81 138 0.04
Agromyces 1 3 110 17 131 0.04
Mpycobacterium 12 82 14 3 111 0.03
Agrobacterium 13 68 17 13 111 0.03
Acinetobacter 36 46 9 7 98 0.03
Christensenella 3 77 5 13 98 0.03
Streptococcus 4 76 8 3 91 0.03
Microlunatus 1 2 34 54 91 0.03
Tessaracoccus 31 1 51 3 86 0.03
Methylobacterium 9 52 11 13 85 0.03
Niastella 4 11 68 2 85 0.03
Negativicoccus 2 20 8 43 73 0.02
Pseudonocardia 11 33 22 5 71 0.02
Bruvella 37 3 15 16 71 0.02
Devosia 16 25 7 9 57 0.02
Cutibacterium 13 30 3 3 49 0.01
Ornithinimicrobium 20 19 7 2 48 0.01
Octadecabacter 17 14 7 4 42 0.01
Streptomyces 2 9 30 1 42 0.01
Flavisolibacter 23 10 6 2 41 0.01
Rickettsia 1 33 1 5 40 0.01
Massilia 30 2 3 1 36 0.01
Moraxella 24 1 3 6 34 0.01
Staphylococcus 3 19 8 4 34 0.01
Microbacterium 1 5 16 8 30 0.01
Klebsiella 2 19 7 2 30 0.01
Hirschia 9 7 10 3 29 0.01
Ketogulonicigenium 2 15 5 3 25 0.01
Lactobacillus 6 3 6 9 24 0.01
Thalassospira 14 5 2 1 22 0.01
Synechococcus 1 10 1 8 20 0.01
Clostridium 5 5 4 4 18 0.01
Flavonifiractor 5 2 4 7 18 0.01
Halocynthiibacter 6 5 4 2 17 0.01
Candidatus puniceispirillum 3 1 6 6 16 0.005
Bosea <alphaproteobacteria> 2 3 10 1 16 0.005
Candidatus nucleicultrix 6 4 1 4 15 0.005
Ehrlicha 7 3 2 2 14 0.004
Gemmobacter 3 6 2 2 13 0.004
Pseudolabrys 7 2 2 1 12 0.004
Asticcacaulis 4 5 1 2 12 0.004
Methilocella 4 4 1 2 11 0.003
Roseitalea 2 1 1 6 10 0.003
Erythrobacter 3 2 3 1 9 0.003
Rhodopseudomonas 2 3 2 1 8 0.002
Brevibacillus 1 3 1 3 8 0.002
Desulfurella 5 1 1 1 8 0.002
Pararthodospirillum 1 1 2 3 7 0.002
Alteromonas 1 1 2 1 5 0.002
Methyloceanibacter 1 1 1 1 4 0.001
Total 107,966 105,235 66,690 38,234 328,145 100%
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TABLE S2. Number and percentage of sequences in bacterial genera found in all unsanitized
ant species. Liberibacter, Bartonella, Terasakiella, Rhodovulum and Wolbachia accounted

for 97.65% of the sequences.

Microorganism Amount of isolates Ant species
Methylobacterium 4 Atta laevigata (RC)
Atta Laevigata (IT)
Atta sexdens
Ralstonia 6 Atta laevigata (RC)
Atta Laevigata (IT)
Atta sexdens
Acromyrmex coronatus
Burkholderiales 6 Atta laevigata (RC)
Atta Laevigata (IT)
Actinomycetales 2 Atta laevigata (RC)
Brachybacterium 1 Atta laevigata (RC)
Acinetobacter 8 Atta laevigata (RC)
Atta Laevigata (IT)
Atta sexdens
Acromyrmex coronatus
Acromyrmex rugosus
Gamaproteobacteria 3 Atta sexdens
Acromyrmex rugosus
Pseudomonas 2 Acromyrmex rugosus
Proteobacteria 10 Atta laevigata (RC)
Atta Laevigata (IT)
Atta sexdens
Total 42

TABLE S3. Frequency of bacterial genera isolated from ant species. (RC) = Rio Claro and

(IT) = Itirapina.



PARTE 3

CONCLUSAO

Os métodos aplicados no presente estudo permitiram o conhecimento da diversidade

das comunidades bacterianas presentes no abdomen das formigas cortadeiras analisadas.

Utilizando técnicas moleculares foi possivel observar grupos de bactérias que sdo
compartilhadas entre os quatro géneros de formigas, sendo o grupo bacteriano predominante
formado por Rhizobiales, provavelmente mutualistas diazotroficas.  Porém,
Entomoplasmatales pode eventualmente predominar em um género de Acromyrmex, agindo
com parasita em infec¢cdes ocasionais. Baseado na comparagdo e similaridade de nossas
bibliotecas com sequéncias depositadas em bancos de dados de bactérias intestinais presentes
em cortadeiras sul-americanas, podemos supor que a associa¢do das cortadeiras com
bactérias em ambos os grupos ¢ geograficamente difundida assim como a estratégia proposta

para a suplementagdo de nitrogénio.

Isolamos e cultivamos dois representantes nos géneros bacterianos
Methylobacterium, a partir de formigas no género Atta, e Ralstonia, a partir de cortadeiras
nos géneros Atta e Acromyrmex. Estas bactérias sdo comprovadamente fixadoras de
nitrogénio, pois apresentam genes nifH e crescimento a partir de nitrogénio atmosférico.
Sendo assim, as formigas cortadeiras analisadas parecem depender de comunidades
bacterianas para a producdo de sua biomassa e nos parece que podem utilizar multiplas
estratégias, onde bactérias diazotrdficas (cultivaveis e ndo cultivaveis) presentes no abdomen

e no jardim de fungos podem fixar nitrogénio mediando a nutricdo destas formigas.
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ANEXOS

Figura 1. Espécies de formigas Atta e Acromyrmex utilizadas para estudos de associagdes
bacterianas.

Atta laevigata Atta sexdens Acromyrmex coronatus Acromyrmex rugosus

Fonte: o autor.

Figura 2. Localizagdes de coleta para Atta e Acromyrmex na cidade de Rio Claro
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Figura 3. Localizagdo de coleta para Atta laevigata na cidade de Itirapina

Atta laevigata (ltirapina)
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Fonte Adaptada de Google Earth.

Tabela 1. Meios de cultura utilizados para crescimento de microrganismos (DIGS) e meio
teste para fixa¢ao de nitrogénio (NFb).

Tabela 1. Meios de cultura utilizados
DIGS
REAGENTE QUANTIDADES
Glicose 20g
Acido Malico 20g
Peptona Bacteriologica 15¢g
Extrato de Levedura 20¢g
Fosfato de Potassio Dibasico 0,5¢g
MgS0O4 .7H20 05¢g
Acido Glutamico 15¢g
Agar I5¢g
Agua destilada g.s.p 1000 mL
Ajustar pH para 6,0 com KOH ou H>SO4




NFb

REAGENTE QUANTIDADES
Acido malico S5¢g

KoHPO4 0,5¢g

MgS0O4 .7H20 02¢g

NaCl 0,1 g

CaCl2 . 2H20 0,02 g

KOH 45¢

Solugdo de azul de bromotimol (0,5% em 0,2 KOH) | 2 mL

Solucdo de FEEDTA (solugdo 1,64%) 4 mL

Solugdo vitaminas 1 mL

solu¢dao de micronutrientes 2 mL

Agua destilada g.s.p 1000 mL
Ajustar pH para 6,8 com NaOH

Solugdo de Micronutrientes

REAGENTE QUANTIDADES
CuS0O4 . 5H20 0,04 g/L
ZnS04 . 7TH20 1,2 g/LL
H3BO3 1,4 g/L
Na2MoO4 . 2H20 1,0 g/LL
MnSO4 . H20 1,175 g/L
Solugdo de Vitamina

Biotina 10 mg
Piridoxol HC1 20 mg

Agua destilada q.s.p 100 mL

Fonte: (Dobereiner; Baldani; Baldani, 1995; Ddbereiner, Andrade; Baldani, 1999)

Figura 4. Microrganismos cultivados em placa de Petri nos meios YMA e DIGS

Methylobacterium

A
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Ralstonia
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Microrganismos cultivados em placa de Petri nos meios YMA e DIGS e seus respectivos
esfregacos corados pela técnica de Gram. A imagem das ladminas coradas foi capturada em
microscopia com aumento de 1000x. Em (A) encontra-se Methylobacterium em cada um dos
meios de cultura e a direita a coloragcdo de Gram. Em (B), Ralstonia em cultivo em cada um
dos meios e, a direita, a coloragdo de Gram. Em (C), a placa dividida ao meio, onde a
esquerda encontra-se Acinetobacter em cultura e teste de Gram e, a direita Pseudomonas. Ja
em (D) observa-se, a esquerda, Brachybacterium em cultura e lamina corada em Gram e, na

direita, a bactéria Klebsiella pneumoniae, utilizada como controle nos testes moleculares e
fisiolégicos.
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Figura 5. Fixacdo de nitrogénio observada pela formagao da pelicula em NFb.

Fixacdo de nitrogénio observada pela formac¢do da pelicula em NFb. (CN) Meio de cultura
sem indculo, (CP) Controle positivo Klepsiella Pneumoniae, (1) Methylobacterium, (2)
Ralstonia, (3) Pseudomonas, (4) Brachybaterium e (5) Acinetobacter.

As setas em (1, 2 e 3) demostram a pelicula indicando positividade para a fixagdo de
nitrogénio e (4 e 5) isolados negativos para fixacao de nitrogénio.

Tabela 2. Condic¢des para PCR e Sequenciamento

Par de primer 5°- 3’ / condicoes para PCR Gene Referéncia

ANT-F (ATTCATTCTTATCTTGAAATATTATTTC) COI/COIl' MARTINS Jr et
ANT-R (TTCATAAGTTCAGTATCATTGGTG) al., 2007
Desnaturagao inicial a 94 °C por 5 min, seguida de 30

ciclos (94 °C por 1 min, 47 °C por 1 min, 68 °C por 2

min) e extensdo final por 15 min a 68 °C

27F (AGAGTTTGATCCTGGCTCAG) LANE, 1991
1492R (GGTTACCTTGTTACGACTT) 16S

Desnaturagao inicial 95 °C por 3 min, seguida de 30

ciclos de (95 °C por 30s, 55 °C por 30s, 72 °C por 90s) e

extensao final por 5 min a 72 °C

19F (GCIWTYTAYGGIAARGGIGG) UEDA et al.,
407R (AAI CCRCCRCAIACIACRTC) nifH 1995
Desnaturagdo inicial a 94 °C por 3 min, seguida de 40
ciclos (94 °C por 30s, 46 °C por 1 min, 72 °C por 1 min)
e extensao final por 3 min a 72 °C
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Reacdo de sequenciamento

Desnaturagao inicial a 95 °C por 1 min, seguida de 28 Idem PRISM, 1998
ciclos (95 °C por 20s, 50 °C por 40s, 60 °C por 4 min) PCR Adaptado

Tabela 2. Condigdes para PCR e Sequenciamento demostrando os primers utilizados em
cada reagdo, assim como as tempo / temperaturas na PCR.
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