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RESUMO

As relacdes das formigas da tribo Attini com seu fungo mutualista e outros micro-
organismos sdo estudadas hd mais de 120 anos, porém o vinculo com fungos negros foi
recentemente descoberto e até o momento pouco explorado. O grande incentivo para a
pesquisa nessa area ocorreu em 2007 a partir da constatacdo que fungos negros relacionados
ao género Phialophora poderiam ser parte ativa da simbiose dessas formigas. Assim, este
trabalho teve como objetivo explorar a diversidade de fungos negros no integumento de
formigas cortadeiras de folhas (tribo Attini), fomentando a literatura com novas espécies
descritas, e melhor esclarecer sua relacdo ecoldgica com outros micro-organismos simbiontes.
De maneira geral, as principais conclusdes da tese sdo: i) a comunidade de fungos negros no
integumento de formigas cortadeiras de folhas é muito diversa. Os isolamentos realizados em
dois anos de coleta mostraram espécies desconhecidas e outras reportadas pela primeira vez
neste microambiente; ii) o0 método de pirosequenciamento revelou a presenca de diversos
fungos ndo cultivaveis e a predominancia marcante do género Cladosporium no integumento
de formigas cortadeiras de folhas aladas; iii) utilizando analises filogenéticas e morfolégicas,
seis especies de Xenopenidiella, uma espécie de Penidiellopsis € um género da familia
Teratosphaeriaceae associados as formigas sdo descritos; iv) actinobactérias, como
Amycolatopsis, Pseudonocardia e Streptomyces, encontradas no integumento de formigas
Attini possuem a habilidade de inibir o crescimento de uma ampla gama de fungos negros,
incluindo espécies do género Phialophora. Assim, o integumento das formigas cortadeiras de
folhas mostrou ser um substrato ainda pouco explorado que contém diversas espécies
desconhecidas que podem exercer algum papel importante na simbiose das formigas Attini. O
estudo de fungos negros relacionados as formigas ainda € inicial mas ja se mostra promissor
para a compreensao da complexidade microbiana deste ambiente.

Palavras-chave: fungos dematiaceos. fungos melanizados. pirosequenciamento.

Teratosphaeriaceae. antagonismo.



ABSTRACT

The relationship of Attini ants with their mutualistic fungi and other microorganisms
are studied for over 120 years, but the connection with black fungi was recently discovered
and so far poorly explored. Major incentive for research in this area took place in 2007 when
it was reported that black fungi related to the genus Phialophora could be an active part of the
ants symbiosis. Thus, this study aimed to explore the diversity of black fungi on the
integument of leaf-cutting ants (Attini tribe), improving the literature with new species, and to
clarify its ecological relationship with other attine symbiotic microorganisms. Overall, the
main conclusions of the thesis are: i) the community of black fungi in leaf-cutting ants’
integument is diverse. Isolations performed in two collection years revealed unknown species
and others first reported in this microenvironment; ii) the pyrosequencing method showed the
presence of several uncultured fungi and the remarkable prevalence of Cladosporium on the
integument of winged ants; iii) using phylogenetic and morphological analysis, six
Xenopenidiella species, one Penidiellopsis species and one genus in the Teratosphaeriaceae
family related to the ants are described; iv) actinomycetes, as Amycolatopsis, Pseudonocardia
and Streptomyces, associated with the integument of Attini ants are able to inhibit the growth
of a broad range of black fungi, including Phialophora species. Therefore, the integument of
leaf-cutting ants proved to be a poorly explored substrate containing several unknown species
that could play a significant role in the Attini ant symbiosis. The study of black fungi related
to ants is still initial but it is promising for understanding the complexity of this microbial
environment.

Key words: dematiaceous fungi. melanised fungi. pyrosequencing. Teratosphaeriaceae.

fungal antagonism.
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1 INTRODUCAO

O mutualismo de formigas da tribo Attini com seu fungo cultivado (Leucocoprineae e
Pterulaceae) é um exemplo de simbiose moldada em milhdes de anos de coevolugédo
(SCHULTZ; BRADY, 2008; MIKHEYEV et al., 2010). Durante a evolugéo, diversos outros
micro-organismos tornaram-se parte dessa simbiose de modo que estudos sobre o consorcio
microbiano estabelecido por esses insetos sdo fundamentais para a compreensao da dindmica
na colonia.

As formigas da tribo Attini cultivam fungos basidiomicetos (CHAPELA et al., 1994)
como fonte imprescindivel de nutrientes (WEBER, 1972; BASS; CHERRETT, 1995) num
arranjo caracteristico conhecido como “jardim de fungo”. Para o cultivo deste fungo
mutualista, as formigas dos géneros Acromyrmex e Atta utilizam material vegetal fresco
recém-cortado (MARICONI, 1970; WEBER, 1972), sendo, por isso, conhecidas como
formigas cortadeiras de folhas.

Enquanto as larvas alimentam-se de estruturas ricas em carboidratos (gongilideos)
produzidas pelo fungo mutualista (QUINLAN; CHERRETT, 1979), as operarias também
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obtém nutrientes da a¢do enzimatica do fungo sobre o substrato vegetal (SILVA et al., 2003),
da seiva das folhas durante o processo de corte (BASS; CHERRETT, 1995) e do liquido
proctodeal produzido pelas larvas (SCHNEIDER, 2003).

O fungo mutualista das formigas cortadeiras de folhas, Leucoagaricus
gongylophorus, € disperso através de transmissdo vertical (SCHULTZ; BRADY, 2008)
durante o periodo de reproducdo, chamado de véo nupcial ou revoada. Quando uma fémea
alada (icd) deixa o ninho para realizar o v6o nupcial ela carrega uma pequena porc¢do do fungo
em sua cavidade infrabucal, e, apds o acasalamento com os machos alados (bitus), as rainhas
retornam ao solo para estabelecerem novas colonias (AUTUORI, 1941; QUINLAN;
CHERRETT, 1979). Assim, a casta reprodutiva (i¢as e bitas) foi de particular interesse para
esta tese pois contribuem com a formacao da microbiota da nova coldnia.

Como as formigas Attini dependem diretamente do fungo mutualista, sua manutencao
e protecdo sdo de fundamental importancia. Assim, esses insetos utilizam diferentes
mecanismos para defender seus jardins de fungo de outros micro-organismos indesejaveis
(CURRIE; STUART, 2001; FERNANDEZ-MARIN et al., 2006; RODRIGUES et al., 2008).
Dentre os mecanismos defensivos empregados, actinobactérias do género Pseudonocardia,
encontradas no integumento de formigas Attini, produzem compostos antimicrobianos que
inibem o crescimento de fungos parasitas, como o género Escovopsis (POULSEN et al., 2010;
CAFARO et al., 2011). Porém estudos recentes tém demonstrado que outras actinobactérias,
como Amycolatopsis e Streptomyces, estdo presentes no integumento dessas formigas e
também produzem compostos antifungicos que auxiliam na protecdo das col6nias (HAEDER
etal., 2009; BARKE et al., 2010; MENDES et al., 2013; MEIRELLES et al., 2014).

Apesar dos esforgcos, os mais de 120 anos de pesquisas sobre a relacdo das formigas
Attini com o fungo mutualista, iniciadas com o trabalho de Mdller (1893), tém mostrado que
as formigas ndo conseguem eliminar micro-organismos contaminantes presentes nas col6nias
(PAGNOCCA et al., 2008; RODRIGUES et al., 2005, 2011; REIS et al., 2015).

Embora diversos trabalhos tenham sido publicados sobre fungos isolados do ambiente
das formigas cortadeiras de folhas, a aplicacdo de sequenciamento de nova geracdo (NGS)
para avaliar a diversidade fangica no integumento desses insetos ainda ndo foi explorada.
Assim, pela primeira vez, apresentamos no capitulo 2 o0s resultados de um
pirosequenciamento para avaliacdo da comunidade fungica presente no integumento de
formigas cortadeiras de folhas aladas (i¢ds e bitds) de ninhos de Atta capiguara e Atta
laevigata.
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Fungos negros das ordens Chaetothyriales e Capnodiales tém sido frequentemente
isolados do integumento de formigas cortadeiras de folhas, como mostrado na revisdo do
capitulo 1. A presenca desses fungos em associa¢do com as formigas tem sido considerada de
extrema relevancia, pois 0 nicho na natureza de muitos ainda € desconhecido e existem
diversos relatos de fungos negros ocasionando severas infec¢cbes em humanos (VICENTE et
al., 2008; SAUNTE et al., 2012).

Além disso, uma parte dos fungos negros isolados do integumento das formigas
cortadeiras de folhas constitui taxons desconhecidos e algumas novas espécies ja foram
descritas (ATTILI-ANGELIS et al., 2014; SAMERPITAK et al., 2014, 2015). Duarte et al.
(2014) isolaram deste microambiente vérias linhagens de fungos pertencentes a familia
Teratosphaeriaceae e que sdo melhor analisadas neste trabalho. Assim, seis espécies de
Xenopenidiella, uma espécie de Penidiellopsis e um género, Simplicidiella, sdo descritos no
capitulo 3, baseado em dados morfoldgicos e filogenéticos.

Por ser um tema pouco explorado, o papel dos fungos negros na simbiose das formigas
Attini ainda é desconhecido. Little e Currie (2007) isolaram massivamente colonias de
leveduras negras (filogeneticamente préximas a fungos do género Phialophora; Ascomycota)
do integumento de formigas Apterostigma (tribo Attini). Segundo esses autores, as leveduras
negras mantém uma associa¢do com as formigas ao longo do periodo evolutivo e, portanto,
sdo classificadas como simbiontes. Adicionalmente, Little e Currie (2008) propdem que a
levedura negra possui uma relacdo de antagonismo com Pseudonocardia, diretamente
competindo por nutrientes e suprimindo o crescimento dessas actinobactérias.

Porém, outros estudos tém revelado que a diversidade de fungos negros e
actinobactérias no integumento das formigas Attini € muito maior do que se pensava (SEN et
al., 2009; DUARTE et al., 2014) colocando em questionamento a classificagédo da levedura
negra Phialophora como simbionte. Assim, na tentativa de melhor elucidar esse complexo
microbiano, o capitulo 4 apresenta resultados de testes de antagonismo realizados entre uma
grande diversidade de fungos negros presentes no integumento de formigas cortadeiras de
folnas e diferentes espécies de actinobactérias simbiontes, incluindo Amycolatopsis,
Pseudonocardia e Streptomyces.

O foco dessa tese foi analisar a micobiota no integumento de formigas cortadeiras de
folhas, com destaque para os fungos negros, através de abordagens dependentes e
independente de cultivo. A descricdo de novas espécies de fungos negros presentes nas
formigas e a constatagdo de relagfes antagdnicas com outros micro-organismos simbiontes

fornece uma imagem mais completa da complexidade dessas interacdes ecoldgicas e contribui
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para o desenvolvimento de novas abordagens sobre a simbiose das formigas Attini com
fungos negros.
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2 CAPITULO 1

Oito anos de pesquisa em fungos negros no integumento de formigas

cortadeiras de folhas: novas descobertas e revisdo da literatura
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2.1 Motivacao

O inicio da taxonomia dos fungos foi marcado pela classificacdo das espécies baseada
em caracteristicas morfolégicas, como a coloragdo e dimensao de esporos (CROUS et al.,
2015). Assim, uma espécie com estagios morfoldgicos distintos foi separada em diferentes
nomes cientificos, como o caso de Eurotium (fase sexuada de Aspergillus).

Nos anos 90, o sequenciamento de DNA comecou a ser utilizado para resolver essas
questBes filogenéticas. A regido ITS (Internal Transcribed Spacer) do DNA ribossémico foi
proposta como um marcador universal para a identificacdo de fungos (SCHOCH et al., 2012),
porém para muitos grupos, como Alternaria (WOUDENBERG et al., 2014) e Bipolaris
(MANAMGODA et al., 2014), a filogenia de multiplos genes é necessaria para estabelecer o
limite das espécies.

Nesse contexto, as ferramentas moleculares tém sido amplamente utilizadas para
sinonimizar os nomes cientificos redundantes e consolidar a descricdo de novas espécies
(HIBBETT; TAYLOR, 2013). Além disso, a abordagem Consolidated Species Concept
(QUAEDVLIEG et al.,, 2014), que integra o sequenciamento multilocus, ecologia e
morfologia dos fungos, tem se mostrado mais eficaz.

Assim, a taxonomia estd em constante mudanca e as novas informaces ndo sdo
encotradas de forma concentrada. O trabalho mais atual com mudancas significativas de
nomenclatura é o de Rossman et al. (2015), que fornece recomendacfes para 0s nomes de
géneros pleomorficos da classe Dothideomycetes com o suporte da Comissdo Internacional
sobre a Taxonomia de Fungos (ICTF).

Neste capitulo as caracteristicas ecoldgicas e morfologicas dos principais taxons de
fungos negros encontrados no integumento de formigas cortadeiras de folhas sdo apresentadas
para reunir as informacgdes mais recentes desses fungos e suprimir a dificuldade de encontrar
referéncias bibliogréficas muito antigas com a descri¢do das espécies-tipo. Além disso, este
capitulo servira como base para futuros trabalhos sobre fungos negros no ambiente das

formigas.
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2.2 Introducao

O numero total de espécies fungicas existente ainda é desconhecido e ha divergéncias
sobre o numero de espécies estimadas, variando de 712 mil (SCHMIT; MUELLER, 2007) até
5.1 milhdes (O’BRIEN et al., 2005). Apesar dessa disparidade, sabe-se que apenas cerca de
100 mil espécies sdo reconhecidas (CROUS et al., 2015).

De acordo com Hawksworth (2012), as associacOes entre fungos e insetos s&o
negligenciadas nas estimativas de riqueza de espécies em escala global e representam uma
fonte ainda pouco explorada. Assim, torna-se evidente a importancia de estudos destinados ao
isolamento de fungos a partir do ambiente das formigas.

Nesse contexto, os ninhos de formigas Attini tém despertado o interesse de diversos
taxonomistas. Nos ultimos 16 anos, foram descritas cinco novas espécies de leveduras
(MIDDELHOVEN et al., 2003; CARREIRO et al., 2004; PAGNOCCA et al., 2010; MELO et
al.,, 2014; MASIULIONIS; PAGNOCCA, 2016) e 13 espécies de fungos filamentosos
provenientes desse ambiente (AUGUSTIN et al., 2013; ATTILI-ANGELIS et al., 2014;
SAMERPITAK et al., 2014, 2015; MASIULIONIS et al., 2015; MEIRELLES et al., 2015;
MONTOYA et al., 2016), incluindo novas espécies de fungos negros. A maior parte dessas
novas espécies foi obtida a partir de estudos realizados no Laboratério de Microbiologia do
Centro de Estudos de Insetos Sociais do Instituto de Biociéncias da UNESP, campus de Rio
Claro (SP).

A presenca de fungos negros no integumento de formigas Attini tem sido considerada
de extrema importancia, pois, além da possibilidade de desempenharem um papel na dindmica
da coldnia, esses fungos potencialmente patdgenos podem utilizar as formigas como veiculo
de dispersdo no ambiente.

Nesse capitulo sera abordada a diversidade de fungos negros no integumento de
formigas cortadeiras de folhas, compilando os dados existentes na literatura e acrescentando
novos relatos para melhor compreender as relacfes ecoldgicas estabelecidas por esses micro-

organismos no ambiente das formigas.
2.2.1 Formigas cortadeiras de folhas
As formigas da tribo Attini ocorrem exclusivamente nas Américas (MEHDIABADI;

SCHULTZ, 2009) e sdo conhecidas por cultivarem um fungo mutualista (CHAPELA et al.,
1994) que é utilizado pela coldnia como fonte de nutrientes (BASS; CHERRETT, 1995).
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Até 0 momento, 16 géneros de formigas atineas estdo descritos (BRANDAO et al.,
2011). Os géneros Atta e Acromyrmex cortam grandes quantidades de material vegetal que é
fornecido ao fungo mutualista (Leucoagaricus gongylophorus) como substrato, sendo, por
isso, popularmente conhecidas como formigas cortadeiras de folhas.

As formigas cortadeiras de folhas sdo de grande importancia econdmica visto que
causam prejuizos a agrossilvicultura e pastagens (DELLA LUCIA; SOUZA, 2011). Assim,
diversos estudos tem sido realizados visando o controle desse inseto-praga, como a busca por
substancias com propriedades inibitérias (BIGI et al., 2004; PAGNOCCA et al., 2006) e
agentes de controle bioldgico (ORTIZ; ORDUZ, 2001; FOLGARAIT et al., 2011).

Os fragmentos vegetais coletados pelas formigas cortadeiras de folhas sdo
transportados até o ninho e passam por uma apurada limpeza para a remogdo de esporos
fangicos e outros micro-organismos presentes (VAN BAEL et al., 2009; CURRIE; STUART,
2001). Além disso, as formigas utilizam outras estratégias para inibir contaminantes, como
secrecBes glandulares com propriedades antissépticas (FERNANDEZ-MARIN et al., 2006) e
associacfes benéficas com micro-organismos produtores de compostos antimicrobianos
(HAEDER et al., 2009; CAFARO et al., 2011).

Para garantir o sucesso de sua relacdo com o fungo mutualista, além do cuidado
interno com possiveis fontes de contaminacdo, as formigas cortadeiras de folhas promovem a
dispersdo do fungo mutualista durante a revoada. Quando uma fémea alada (i¢d) deixa o
ninho para realizar o véo nupcial ela carrega uma pequena porcao do fungo L. gongylophorus
(pellet) em sua cavidade infrabucal, e, apds o acasalamento com os machos alados (bitds), as
rainhas buscam no solo um local apropriado para o novo ninho, iniciando sua escavagdo. Uma
vez preparada a cAmara inicial, retiram a por¢do do fungo da cavidade infrabucal e dele
cuidam até que os primeiros individuos possam comegar a forragear (WEBER, 1972).

Embora as formigas cortadeiras de folhas utilizem estratégias mecanicas e quimicas
para eliminar e proteger o fungo mutualista de contaminantes, sabe-se que outros micro-
organismos estdo presentes nos jardins de fungos e no integumento desses insetos
(PAGNOCCA et al., 2011, 2012).

2.2.2 Relagdes com outros micro-organismos
Com o auxilio de metodos dependentes de cultivo, ja foram relatados mais de 180

taxons de fungos filamentosos isolados do ambiente das formigas cortadeiras de folhas
(MOLLER, 1893; GOETSCH; STOPPEL, 1940; KREISEL, 1972; MUCHOVE]J et al., 1991;
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DIEHL-FLEIG, 1993; LUCIANO et al., 1995; SEIFERT et al., 1995; FISCHER et al., 1996;
CURRIE et al.; 1999a; CURRIE, 2001; HUGHES et al., 2004, 2009; RODRIGUES et al.,
2005a, 2005h, 2008, 2010, 2011; PAGNOCCA et al., 2008; CARLOS et al., 2011; GUEDES
et al., 2012; RIBEIRO et al., 2012; ATTILI-ANGELIS et al., 2014; DUARTE et al., 2014;
REIS et al., 2015). Dentre estes, 0 género Escovopsis € relatado como simbionte das formigas,
porém, para todos 0s outros tdxons € preciso esclarecer se sdo apenas transitorios ou se
realizam atividades que podem estar realacionadas com as colonias de formigas.

Fungos filamentosos do género Escovopsis (Ascomycota: Hypocreales) séo parasitas
especializados dos jardins de fungo mutualista e, até entdo, ndo foram encontrados na
natureza ocupando outro nicho ecoldgico. Segundo Reynolds e Currie (2004), este parasita
secreta compostos que degradam a parede das hifas/micélio do fungo mutualista e absorve os
nutrientes liberados. A transmissdo do Escovopsis entre os ninhos ainda ndo é bem
compreendida, porém os resultados de Moreira et al. (2015) mostram que a transmissao ndo é
vertical como é o caso do fungo mutualista, isto é, Escovopsis ndo parece ser transmitido
através de fragmentos ou esporos levados pelas icds no momento da revoada.

Até 0 momento sete espécies de Escovopsis estdo descritas: E. weberi (MUCHOVEJ;
DELLA LUCIA, 1990), E. aspergilloides (SEIFERT et al., 1995), E. moelleri, E. microspora,
E. lentecrescens (AUGUSTIN et al., 2013), E. trichodermoides (MASIULIONIS et al., 2015)
e E. kreiselii (MEIRELLES et al., 2015). Augustin et al. (2013) também descreveram um
novo género relacionado a Escovopsis, encontrado dos jardins de fungos de Acromyrmex,
denominado Escovopsioides, e até 0 momento existe apenas uma espécie descrita neste
género, Escovopsioides nivea.

Para auxiliar na protecdo do fungo mutualista, as formigas desenvolveram uma relacéo
simbiotica com actinobactérias do género Pseudonocardia, que se desenvolvem no
integumento desses insetos (CURRIE et al., 1999). Essas actinobactérias sdo responsaveis
pela producdo de substancias antimicrobianas que inibem o crescimento do fungo parasita
Escovopsis (CAFARO et al., 2011).

Por outro lado, de maneira menos especifica, uma grande diversidade de fungos
filamentosos tem sido encontrada nos jardins de fungos, camaras de descarte e integumento
das formigas cortadeiras de folhas (RODRIGUES et al., 2005a, 2011; PAGNOCCA et al.,
2008). Alguns autores tém sugerido que a presenca desses fungos esta relacionada com o
material vegetal que entra nos ninhos e a propria micobiota do solo (RODRIGUES et al.,

2011). Porém, fungos negros, cuja ecologia € muito peculiar, sdo encontrados no integumento



CApPiTULO 1 — Oito anos de pesquisa em fungos negros no integumento de formigas cortadeiras de folhas 21

das formigas cortadeiras de folhas (DUARTE et al., 2014), trazendo gquestionamentos sobre

essa associacgao.

2.2.3 Presenca de fungos negros no ambiente das formigas

O primeiro relato de fungos negros associados com formigas Attini foi feito por Little
e Currie (2007), que encontraram leveduras negras no integumento de formigas Apterostigma.
Essas leveduras negras relacionadas ao género Phialophora foram isoladas em uma ampla
distribuicdo geogréfica, incluindo Panama, Peru e Equador. Além disso, Little e Currie (2007)
observaram que essas leveduras formam um grupo monofilético, indicando que a associacao
com as formigas Apterostigma tem se mantido ao longo do tempo evolutivo. Um ano mais
tarde, os mesmos autores (LITTLE; CURRIE, 2008) revelaram que a levedura negra compete
por nutrientes com a actinobactéria Pseudonocardia, interferindo em seu crescimento. 1sso
significa que, ao menos indiretamente, a levedura negra pode interferir com um dos
mecanismos de protecdo das formigas contra Escovopsis.

O Laboratério de Microbiologia do Centro de Estudos de Insetos Sociais (CEIS) ja
acumulou oito anos de estudos sobre a diversidade fangica no integumento de formigas
cortadeiras de folhas e importantes observacdes foram feitas, notadamente em relacdo aos
fungos negros encontrados neste microambiente. Assim, os trabalhos de Guedes et al. (2012)
e Duarte et al. (2014) mostraram que a diversidade de fungos negros presentes no
integumento das formigas cortadeiras de folhas € muito grande.

Alternaria, Cladophialophora, Cladosporium, Curvularia, Exophiala, Ochroconis e
Phialophora sdo alguns dos géneros de fungos negros encontrados até 0 momento no corpo
de formigas cortadeiras de folhas (GUEDES et al.,, 2012; DUARTE et al.,, 2014).
Recentemente, Attili- Angelis et al. (2014) e Samerpitak et al. (2014, 2015) descreveram
guatro novas espécies de fungos negros (Phialophora attae, P. capiguarae, Ochroconis
globalis e O. sexualis) isoladas de formigas cortadeiras de folhas.

Além da interacdo simbidtica constatada por Little e Currie (2008), a ecologia dos
fungos negros € outro fator de relevancia para melhor compreender sua relacdo com as
formigas Attini. Fungos negros sdo conhecidos como agentes de severas doengas humanas,
sistémicas ou subcutaneas (de HOOG et al., 2000; MORIO et al., 2012) cujo tratamento é
dificultado pela presenca da melanina na parede celular. Assim, grande parte dos estudos
realizados sobre este grupo de fungos visa esclarecer aspectos clinicos e terapéuticos de

doencas infecciosas.
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2.2.4 Caracteristicas dos fungos negros

Os fungos negros sdo assim denonimados devido a coloracgéo escura de suas colonias,
caracterizada pela sintese de melanina na parede celular (GESSLER et al., 2014). A
melanizacdo da parede celular depende diretamente das condicGes de cultivo empregadas e,
assim, pode variar de acordo com o meio de cultivo, temperatura e tempo de incubacao
utilizado.

A presenca de melanina nesse grupo de fungos € responsavel por sua resisténcia a
condicdes ambientais adversas (GESSLER et al., 2014) e, consequentemente, boa adaptacéo a
ambientes extremos (GOSTINCAR et al., 2011). Interessantemente, fungos negros podem ser
encontrados em salinas (GUNDE-CIMERMAN et al., 2000), carvio (HOLKER et al., 2004),
rochas na Antartica (SELBMANN et al., 2005) e ambientes domésticos (ZALAR et al.,
2011).

Além da coloracdo escura, 0s fungos negros também apresentam crescimento lento em
meios de cultura tradicionais, dificultando seu isolamento. Assim, métodos seletivos séo
utilizados para isolar esses fungos, como a flotacdo em dleo mineral (SATOW et al., 2008;
DUARTE et al., 2014).

Outra caracteristica marcante dos fungos negros é a preferéncia por ambientes ricos
em hidrocarbonetos (ZHAO et al., 2010), como tolueno (PRENAFETA-BOLDU et al., 2006),
residuos de petréleo (SATOW et al., 2008) e creosoto (SUDHADHAM et al., 2008;
SEYEDMOUSAVI et al., 2011; GUMRAL et al., 2014). Attili-Angelis e colaboradores
(2014) sugerem que a presenca de fungos negros no integumento das formigas cortadeiras de
folhas € favorecida por hidrocarbonetos cuticulares encontrados nesses insetos.

Estudos voltados a biodiversidade e ocorréncia natural de fungos negros no ambiente
tém recebido maior destaque nos ultimos anos. Assim, o objetivo deste capitulo foi explorar a
diversidade de fungos negros no integumento de formigas cortadeiras de folhas aladas (i¢és e
bitls) através de diferentes técnicas de isolamento para ampliar o conhecimento existente
sobre esses fungos. Os principais taxons ja encontrados em formigas também foram

detalhados quanto a ecologia e aspectos morfolégicos.
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2.3 Materiais e Métodos

2.3.1 Local e coleta das formigas

As coletas das formigas foram realizadas pelos pesquisadores Dr. Nilson S. Nagamoto
e Dr. Luiz Carlos Forti em dias de revoada, momentos antes do inicio do vdo nupcial, em
ninhos adultos de Atta capiguara e A. laevigata, localizados na Fazenda Santana, Botucatu,
SP, Brasil (localizagdo no GPS: 22°50.6”S; 48°26.1”W; elevagédo 798 m).

As coletas de 2012 e 2013 foram realizadas sob as autorizacdes de coleta numero
36333-1 e 36333-3, respectivamente, emitidas pelo Instituto Brasileiro do Meio Ambiente e

dos Recursos Naturais Renovaveis (IBAMA) em nome do Dr. Fernando Carlos Pagnocca.

2.3.2 Métodos de isolamento

Foram escolhidos para as coletas 0s ninhos que apresentaram maior atividade de icas e
bitGs iniciando o v6o nupcial. Os ninhos de Atta capiguara #2 e Atta laevigata, embora
tenham fornecido material em 2012, ndo produziram formas aladas em 2013 e atualmente
apresentam declinio e sinais de envelhecimento das col6nias (observacdo pessoal do Dr. N. S.
Nagamoto), sendo por isso substituidos pelos ninhos A. capiguara #3 e A. capiguara #5. Os
métodos de isolamento, descritos abaixo, diferiram entre as coletas e, juntamente com o

namero de formigas utilizadas em cada método, s&o apresentados nas Tabelas 1 e 2.

Flotacdo em 6leo mineral (DUARTE et al., 2014)

Inicialmente foram extraidos da cavidade infrabucal das icas os pellets do fungo
mutualista. Em seguida, tanto os corpos das formigas quanto os pellets foram mergulhados
separadamente em tubos com 25 mL e 1 mL de solugdo salina, respectivamente, contendo 200
U de penicilina; 200 pg/mL de cloranfenicol; 200 pg/mL de estreptomicina e 500 pg/mL de
cicloheximida (actidiona). Os tubos foram incubados a temperatura ambiente por 30 min.
Posteriormente, 5 mL de 6leo mineral esterilizado foram adicionados a essa solucéo, seguido
de uma agitacao vigorosa por 5 min e repouso de 20 min. Da interface solucéo-0leo, aliquotas
de 100 pL foram retiradas e semeadas em agar Mycosel (Difco™). As placas foram incubadas
a 25 °C até o aparecimento de colbnias fungicas. ApoOs a retirada das aliquotas, os tubos

contendo os corpos das formigas foram também incubados a 25 °C por um periodo de até 45
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dias e quando houve o aparecimento de micélio negro nas paredes dos tubos foi realizado o

isolamento utilizando agar Mycosel.

Imersdo em meio MYP

Os individuos alados foram mergulhados individualmente em tubos esterilizados
contendo 5 mL de meio MYP (extrato de malte 0.7 %, extrato de levedura 0.05 %, soytone
0.25 %, cloranfenicol 150 pg.mL™?, pH 4.0; SAMPAIO et al., 2001). Os tubos foram
incubados a 25 °C e a cada dois dias foram feitas verificagdes quanto a turvacdo do meio e

crescimento dos fungos.

Caminhada em meio PDA (Difco™)

Os individuos alados foram colocados para caminhar por duas horas em placas de
Petri contendo o meio Potato Dextrose Agar (PDA) (Difco™) adicionado de cloranfenicol
(150 ug.mL™). Apés esse periodo, as formigas foram retiradas e as placas incubadas a 20 °C.
Verificaces a cada dois dias, até um periodo de sete dias, foram realizadas. Nessa

metodologia foram selecionadas para a etapa de purificacdo apenas linhagens leveduriformes.

Cultivo em meio agar Mycosel (Difco™)

Os corpos das formigas foram sonicados em agua destilada por 15 min. Devido a
diferenca de tamanho, foi utilizado 1 mL de agua destilada para bitus e 4 mL para i¢ads. Uma
aliquota de 150 uL da suspenséo celular foi plaqueada em meio agar Mycosel (Difco™). As
placas foram incubadas a 25 °C por trés semanas, até o aparecimento de colbnias fungicas

negras.

Enriguecimento com glicose 50 % (THANH et al., 2013)

Primeiramente foi realizada uma etapa de enriquecimento na qual os corpos das
formigas foram transferidos para tubos contendo 10 mL de meio de enriquecimento (50 %
glicose e 0.5 % extrato de levedura) e incubados a 28 °C por dez dias. Para o isolamento, 0s
tubos foram agitados ¢ 150 puL do meio de cultura liquido foram espalhados em placas
contendo malte-glicose agar (1 % malte, 1 % glicose, 2 % agar e cloranfenicol 150 pg.mL™) e
incubadas a 28 °C por dez dias.
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Cultivo sem nitrogénio (THANH, 2006)

Os corpos das formigas foram sonicados em agua destilada por 15 min. Devido a
diferenca de tamanho, foi utilizado 1 mL de &gua destilada para bitds e 4 mL para icas. Uma
aliquota de 150 pL da suspensdo celular foi plaqueada em meio de cultura sem nitrogénio (I'™:
20 g glicose, 20 g agar, 0.85 g KH,PO,, 0.15 g K,HPO,, 0.5 g MgS0O,.7H,0, 0.1 g NaCl, 0.1
g CaCl,.6H,0, 0.5 mg H3BO3, 0.04 mg CuSQ,4.H,0, 0.1 mg KI, 0.2 mg FeCl3.6H,0, 0.4 mg
MnSQ,4.H,0, 0.2 mg Na;Mo00,4.2H,0, 0.4 mg ZnSO,.7H,0) descrito por Thanh (2006). As
placas foram incubadas a 25 °C por trés semanas.

2.3.3 Preservacao dos fungos isolados

Todos os fungos isolados estdo mantidos na colecdo de culturas da Central de
Recursos Microbianos (CRM - UNESP, Rio Claro) em ultrafreezer (-80 °C), mediante técnica
de criopreservacao (HOFFMANN, 1989).

2.3.4 Extracao de DNA dos fungos

Para a identificacdo dos fungos isolados, técnicas moleculares foram empregadas. Para
a extracdo de DNA, a metodologia descrita por Sampaio et al. (2001) foi utilizada como
referéncia e modificada. Os fungos foram primeiramente cultivados em placas com 0 meio
MA (4gar malte 2 %) por 7 a 14 dias a 25 °C. Cerca de 1 cm® do micélio foi transferido para
microtubos contendo 500 pL de tampdo de lise (50 mmol Tris 1*; 250 mmol de NaCl I'*; 50
mmol EDTA I'%; 0.3 %, w/v, SDS; pH 8) e o equivalente a 100 pL de micro-esferas de vidro
(Sigma G9268) esterilizadas. Os microtubos foram agitados por 4 min seguindo-se incubacao
por 1 hora a 65 °C (duas repeti¢bes). Apos, os microtubos foram centrifugados por 15 min a
13 000 rpm e a fase aquosa contendo o DNA em suspensdo foi transferida para novos

microtubos. O DNA bruto foi armazenado a -20 °C e diluido 1:100 no momento de uso.
2.3.5 Amplificacéo (PCR)

A metodologia descrita foi modificada de Gerrits van den Ende e de Hoog (1999).
Para cada amostra de DNA foi preparada uma solugao contendo: 2.5 uL de tampéo de PCR,
8.3 uL de agua ultra pura esterilizada, 2 pL de cada primer (10 pmol), 4 uL ANTP (1 mM) e
0.2 uL Taq polimerase (1 U/uL). Dessa solugdo, 20 uL foram distribuidos em cada microtubo
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e, em seguida, 5 uL de amostra de DNA bruto (diluido 1:100) foram adicionados. Para fungos
filamentosos a regido Internal Transcribed Spacer (ITS) foi amplificada com os primers ITS1
e ITS4 (WHITE et al., 1990). Para isolados leveduriformes a regido D1/D2 LSU foi
amplificada com os primers NL1 e NL4 (KURTZMAN; ROBNETT, 1998). As condiges de
amplificacdo seguiram os protocolos de Duarte et al. (2014) para fungos filamentosos e
PAGNOCCA et al. (2008) para leveduras. Os produtos amplificados foram entdo purificados
com o kit NucleoSpin Gel and PCR Clean-up (Macherey-Nagel).

2.3.6 Sequenciamento

Para cada amostra foi preparado um mix contendo: 0.3 uL de Big Dye, 2 uL de Save
Money, 0.32 uL de cada conjunto de primer utilizado na amplificagdo na concentracdo de 10
pmol e 5.06 uL de agua ultra pura esterilizada. Desse mix, 9 uL foram distribuidos em
microtubos e, em seguida, 2 uL. do DNA amplificado e quantificado (10 — 20 ng) foram
adicionados. A reacdo de sequenciamento foi realizada em termociclador com os seguintes
passos: 95 °C por 1 min, 30 ciclos de 95 °C por 15 s e 50 °C por 45 s, e extensdo final de 60
°C por 4 min. As sequéncias forward e reverse foram geradas no sequenciador ABI 3130
Genetic Analyser (Life Technologies). As sequéncias geradas foram editadas e alinhadas no
programa BioEdit v7.1.3 (HALL, 1999) para a geracdo de contigs (alinhamento das
sequéncias foward e reverse). Os dados obtidos foram comparados com a base de dados do
National Center for Biotechnology Information (NCBI) - GenBank.

2.3.7 Analises morfoldgicas do inventario de fungos negros

Os meios MA, PDA, CMA (corn meal agar, Himedia®), OA (oatmeal agar,
Himedia®) e YMA (yeast malt agar; 0.3 % extrato de malte, 0.3 % extrato de levedura, 0.5 %
peptona, 1 % D-glicose e 2 % agar) foram utilizados para os estudos morfolégicos e, ap6s
inoculados, foram incubados a 25 °C por 7 a 21 dias. As observagdes microscopicas foram
realizadas a partir da técnica de microcultivo (CROUS et al., 2009b) com o meio CMA e
incubacdo a 25 °C por 7 a 21 dias. As laminas foram produzidas com agua destilada e as
micrografias obtidas a partir de microscopio com contraste de fase (DM 750, Leica; software
Leica Application Suite v. 3.5.0, Leica). Todas as linhagens analisadas encontram-se
depositadas na CRM - UNESP, Rio Claro.
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2.4 Resultados e Discussao

No total, 173 linhagens de fungos negros foram isoladas, sendo 79 obtidas em 2012
(Tabela 1) e 94 em 2013 (Tabela 2). As técnicas de isolamento que possibilitaram a obtencéo
do maior nimero de fungos negros foram a flotacdo em 6leo mineral (n=58, coleta de 2012) e
o cultivo em meio sem nitrogénio (n=33, coleta de 2013). Coincidentemente, a partir desses
dois métodos também foi obtida a maior diversidade de fungos negros (n=21 taxons para
ambos). Como os fungos negros sdo oligotréficos (SATOW et al., 2008), a baixa
concentracdo de nutrientes e a auséncia de nitrogénio no meio de cultivo utilizado devem ter
inibido os fungos néo oligotréficos, e consequentemente, os fungos negros foram favorecidos.

Com relacdo as fontes de origem, o maior numero de fungos negros foi obtido a partir
de bitas dos ninhos #2 (n=33) e #5 (n=32) de Atta capiguara. Os estudos da biodiversidade
fangica em bitus sdo escassos e, apesar de ser uma casta efémera, pode haver transferéncia de
micro-organismos deles para as i¢as durante o acasalamento. Arcuri e colaboradores (2014)
isolaram 25 espécies de leveduras do integumento de bitds de Atta sexdens rubropilosa,
incluindo o fungo melanizado Aureobasidium pullulans.

Foram realizadas 37 tentativas de isolamento a partir de pellets, utilizando a técnica de
flotacdo em 6leo mineral, e apenas quatro isolados foram obtidos. Pagnocca et al. (2008)
fizeram 144 tentativas de isolamento a partir de pellets extraidos de icas antes do inicio do
vOo nupcial e também obtiveram quatro linhagens de fungos filamentosos. Esses resultados
sugerem que os pellets flngicos contendo o fungo mutualista sdo cuidadosamente preparados
pelas i¢as visando diminuir o nimero de fungos contaminantes.

A identificagcéo dos isolados provenientes dos pellets revelou que dois pertencem ao
género Cladosporium, um pertence a familia Teratosphaeriaceae (98 % de similaridade com a
espécie nova Xenopenidiella nigrescens) e outro isolado foi identificado como Pyriculariopsis
parasitica. Pagnocca et al. (2008) e Duarte et al. (2014) também relataram a presencga de
Cladosporium nos pellets, sugerindo que esses fungos possam ser transmitidos verticalmente
para o jardim da nova col6nia. De fato, varios autores tém demonstrado que espécies de
Cladosporium estdo frequentemente presentes nos jardins de fungo mutualista em formigas
Attini (RODRIGUES et al., 2011; REIS et al., 2015). Além disso, o capitulo 2 desta tese
mostra a presenca marcante de Cladosporium no integumento de formigas cortadeiras de
folhas aladas através de método independente de cultivo.

De maneira geral, 27 taxons de fungos negros foram identificados (Tabela 3). O

género Cladosporium foi o mais prevalente em todas as amostras (n=103), perfazendo 60.2 %



CApPiTULO 1 — Oito anos de pesquisa em fungos negros no integumento de formigas cortadeiras de folhas 28

dos fungos isolados. As sequencias ITS obtidas para esses isolados sdo insuficientes para
delimitar as espécies de Cladosporium e por isso os isolados foram agrupados. Bensch et al.
(2012) recomenda uma abordagem polifésica, abrangendo analises morfoldgicas e uma gama
de marcadores filogenéticos, para identificar as espécies pertencentes a este género.

Alguns taxons apresentaram seletividade com relacdo ao método de isolamento
empregado. Por exemplo, Aureobasidium e Exophiala foram isolados apenas na caminhada
em meio PDA e flotagdo em 6leo mineral, respectivamente.

A anélise comparativa das sequéncias ITS obtidas com os dados do GenBank revelou
que diversos fungos apresentaram baixa similaridade com espécies conhecidas, como
Catenulostroma sp. (93 %), Cladophialophora sp. (92 %), Dactylaria sp. (95 %), Strelitziana
sp. (92 %), Toxicocladosporium sp. (93 %) e Trichomerium sp. (92 %). Em estudos futuros
esses dados devem ser melhor analisados para determinar a possivel existéncia de novas

espécies.



Tabela 1 — Numero de formigas e isolados fungicos obtidos na coleta de 2012.

Meétodos de isolamento

Flotacdo em 6leo mineral (corpos)
Flotacdo em 6leo mineral (pellets)
Imersdo em meio MYP
Caminhada em meio PDA

Total de fungos negros isolados

Ninhos amostrados

icas de A. capiguara #2

bitls de A. capiguara #2

bitus de A. laevigata

n° fungos negros  n° fungos negros n° fungos negros
30 20 30 25 21 13
37 4
nr nr 33 3 23 3
30 3 30 5 21 3
27 33 19

nr: ndo realizado

Tabela 2 — Numero de formigas e isolados fungicos obtidos na coleta de 2013.

Ninhos amostrados

icds de A. capiguara #3 bitus de A. capiguara #3 icas de A.capiguara #5 bitus de A.capiguara #5

n°®  fungos negros n° fungos negros n°  fungos negros n° fungos negros
Métodos de isolamento
Flotacdo em dleo mineral corpos 19 9 20 3 10 6 20 3
Cultivo em meio &gar Mycosel 10 0 21 0 10 0 20 8
Enriguecimento com glicose 50 % 9 7 27 15 6 7 4 3
Cultivo sem nitrogénio 10 4 21 8 10 3 20 18
Total de fungos negros isolados 20 26 16 32
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Tabela 3 — Identificacdo e abundancia de fungos negros isolados de formigas cortadeiras de folhas aladas em 2012 e 2013.

(continua)
Numero de isolados
2012 2013
A. capiguara #2 A.laevigata A, capiguara#3 A. capiguara #5
Taxon bitis  icas  pellet bitls bitls icas bitls  icas GenBank*
Ascomycota sp. 28 HQ607825, 97 %
Aureobasidium spp. 5¢ 3¢ 3¢ 19 KC160578, 100 %
Catenulostroma hermanusense 1° 1° JF499833, 93 %
Cercospora beticola 1° KF251146, 100 %
Cladophialophora sp. 3? 42 2° 2° 18 EU137293, 92 %
Cladosporium-complex 20¢¢  15° 2° 112° 162" 13f9  13af0 13af0 -
Cochliobolus sativus 18 AB774148, 100 %
Coniothyrium sp. 1° DQ092505, 99 %
Dactylaria sp. 12 1° AY265338, 95 %
Dothideomycetes sp. 1° JQ905751, 97 %
Exophiala spinifera 2° 1 5% AY156975, 100 %
Microsphaeropsis arundinis 18 EU664487, 99 %
Paraphaeosphaeria sp. 1° KC871040, 98 %
Penidiellopsis radicularis 29 KT833148, 100 %
Pyriculariopsis parasitica 1° 1° 1° AY265340, 97 %
Ramichloridium brasilianum 3¢ 3° EU041797, 97 %
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Tabela 3 — Identificacdo e abundancia de fungos negros isolados de formigas cortadeiras de folhas aladas em 2012 e 2013.
(concluséo)

NUmero de isolados

2012 2013
A. capiguara #2 A. laevigata  A. capiguara #3 A. capiguara #5

Taxon bitls icas pellet bitds bitls icas bitls icas GenBank’
Sporothrix schenkii 1° AB363791, 98 %
Strelitziana eucalypti 18 HQ599596, 92%
Teratosphaeriaceae sp. 1° KT833169, 98 %
Tetraploa sasicola 1° KT270279, 99 %
Toxicocladosporium banksiae 19 HQ599598, 97 %
Toxicocladosporium strelitziae 19 NR111765, 93 %
Trichomerium foliicola 1 JX313653, 92%
Xenopenidiella clavata 19 KT833168, 100 %
Xenopenidiella formica 1° 29 KT833165, 100 %
Xenopenidiella nigrescens 19 KT833169, 100 %
Xenopenidiella tarda 2" 1¢ KT833160, 100 %

“Numero de acesso da sequencia homéloga no GenBank e similaridade (%).
- Devido a pouca diferenciacdo da regido ITS, os isolados de Cladosporium foram agrupados no mesmo taxon.

Metodologias de isolamento: @flotacdo em 6leo mineral (corpos); ®flotacdo em 6leo mineral (pellets); ©imersdo em meio MYP;
@caminhada em meio PDA; ©cultivo em meio agar Mycosel; Penriquecimento com glicose 50 %; @cultivo sem nitrogénio.
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2.5 Inventario de fungos negros presentes no integumento de formigas cortadeiras de

folhas

Nossos dados e os existentes na literatura indicam um total de 74 taxons de fungos
negros ascomicetos encontrados no integumento de formigas cortadeiras de folhas, 0s quais
estdo apresentados na Tabela 4. Embora ndo mencionado na tabela, as espécies
Aureobasidium pullulans e Kabatiella microsticta foram observadas em bitus de Atta sexdens
rubropilosa (ARCURI et al., 2014; Ana Paula M. Duarte, dados n&o publicados).

O trabalho de Mantovani (2013) analisou a diversidade de fungos em corpos de
operarias de Atta laevigata, porém na metodologia utilizada as formigas foram esmagadas e,
portanto, € incerto se os fungos encontrados estdo aderidos ao integumento ou internos aos
corpos. Apesar disso, os resultados desse estudo foram incluidos na revisao.

Alguns fungos, como Cladosporium, mostraram uma distribuicdo frequente no
integumento das formigas cortadeiras de folhas, enquanto outros, como Toxicocladosporium e
Trichomerium, foram encontrados poucas vezes ou apenas uma vez. Adicionalmente, 28
tdxons (marcados na tabela 4 pelos numeros 2 e 6) foram observados por métodos
independentes de cultivo.

As ordens com 0s maiores numeros de taxons de fungos negros encontrados foram
Capnodiales (n=25) e Pleosporales (n=25). Capnodiales inclui em sua maioria fungos epifitas
(FRANK et al., 2010), saprobios e fitopatdgenos (APTROOT, 2006; CROUS, 2009c).
Igualmente, fungos da ordem Pleosporales podem ser saprobios, epifitas, endofiticos e
parasitas de plantas, fungos e insetos (KRUYS et al., 2006; TAO et al., 2008; ZHANG et al.,
2012). A ecologia e caracteristicas morfologicas dos principais taxons de fungos negros

isolados do integumento de formigas cortadeiras de folhas sdo apresentadas apos a Tabela 4.



Tabela 4 — Fungos negros presentes no integumento de formigas cortadeiras de folhas (+: presenca).

(continua)
Formigas-cortadeiras
Fungos negros Atta capiguara Atta laevigata
Bitu Ica Bitu Ica Operaria Soldado
Ordem Capnodiales
Catenulostroma hermanusense* + +
Catenulostroma protearum? +
Cercospora beticola i
Cercospora sp.° +
Cldosporium -complex!?4>¢7 + + + 5 5 o
Devriesia sp.° +
Mycosphaerella aurantia® +
Mycosphaerella heimii? + +
Mycosphaerella konae® +
Penidiellopsis radicularis® + +
Penidiellopsis ramosus® +
Pseudocercospora norchiensis? + +
Pseudocercospora fuligena® +
Ramichloridium brasilianum®? + +
Simplicidiella nigra’ +
Toxicocladosporium banksiae* i
Toxicocladosporium strelitziae® +
Toxicocladosporium sp.° +
Trichomerium foliicola® +
Xenopenidiella clavata®? +
Xenopenidiella formica® + + +
Xenopenidiella inflata® +
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Tabela 4 — Fungos negros presentes no integumento de formigas cortadeiras de folhas (+: presenca).

(continuacao)

Fungos negros

Ordem Capnodiales
Xenopenidiella laevigata®®
Xenopenidiella nigrescens®*
Xenopenidiella tarda®®

Ordem Chaetothyriales
Cladophialophora chaetospira’
Cladophialophora mycetomatis’
Cladophialophora spp.**®
Exophiala bergeri’

Exophiala dermatitidis®
Exophiala spinifera™* %2
Exophiala sp.®

Phialophora attae®
Phialophora capiguarae’
Strelitziana africana’
Strelitziana eucalyptit

Ordem Dothideales
Aureobasidium spp. >2*

Atta capiguara

Formigas-cortadeiras

Atta laevigata

Bitd Ica Bitu Ica Operéria Soldado
+
+
+
+
+
+ + + +
+
+ +
+ +
+
+ + +
+
+ +
+
+ + + +
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Tabela 4 — Fungos negros presentes no integumento de formigas cortadeiras de folhas (+: presenca).
(continuacao)

Formigas-cortadeiras

Fungos negros Atta capiguara Atta laevigata
Bitd Ica Bitd Ica Operéria Soldado
Ordem Helotiales
Cadophora malorum? +
Dactylaria sp. +
Trimmatostroma sp.° + + +

Ordem Magnaporthales
Pyriculariopsis parasitica™? + i
Pyricularia sp.® +

Ordem Ophiostomatales
Sporothrix schenckii® +

Ordem Pleosporales

Alternaria alternata®® + +

Alternaria arborescens® +
Bipolaris sorokiniana®
Bipolaris eleusines® +
Bipolaris cynodontis? +

Bipolaris zeae® +
Cochliobolus cynodontis? +

Cochliobolus lunatus*? -

Cochliobolus geniculatus’ + +

Cochliobolus sativus™® + +

+
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Tabela 4 — Fungos negros presentes no integumento de formigas cortadeiras de folhas (+: presenca).

(continuagao)

Fungos negros

Ordem Pleosporales
Cochliobolus sp.?
Coniothyrium sp.!
Curvularia trifolii®®
Epicoccum spp.>®
Leptosphaeria sp.?
Microsphaeropsis arundinis*
Paraconiothyrium sp.°
Paraphaeosphaeria michotii®
Paraphaeosphaeria sp.**°
Periconia spp.2®
Phaeosphaeria sp.*®
Phaeosphaeriopsis sp.2
Teratosphaeria considenianae
Tetraploa sasicola®

Torula herbarum?

2

Ordem Sordariales
Chaetomium funicola®
Chaetomium sp.?

Ordem Trichosphaeriales
Nigrospora sp.°

Atta capiguara

Formigas-cortadeiras

Atta laevigata

Bitd Ica Bitu Ica Operéria Soldado
+
+
+ +
+ + +
+
+
+
+
+ + +
+ +
+
+ +
+
+
+
+
+
+

Sey|oJ ap sedlapeliod sefiwlo) ap ojuswinbaiul ou sodbau sobuny we esinbsad ap soue 0110 — T OINLIAVD

9€



Tabela 4 — Fungos negros presentes no integumento de formigas cortadeiras de folhas (+: presenca).
(conclusao)

Formigas-cortadeiras

Fungos negros Atta capiguara Atta laevigata
Bitd Ica Bitd Ica Operéria Soldado
Ordem Venturiales
Ochroconis sexualis® +
Ochroconis globalis™ +
Verruconis verruculosa’ i

Wcapitulo 1 da tese; @Capitulo 2 da tese; PCapitulo 3 da tese; “Pagnocca et al. (2008); ©Guedes et al. (2012); ©Mantovani (2013);
(Baron (2014); ®Duarte et al. (2014); @Attili-Angelis et al. (2014); “9Samerpitak et al. (2014); “YSamerpitak et al. (2015); “®Duarte (2013).

Téaxons de fungos negros detalhados quanto a ecologia e morfologia.
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Caracteristicas ecologicas e morfologicas dos taxons isolados de

formigas cortadeiras de folhas

ORDEM CAPNODIALES

Catenulostroma
Familia Teratosphaeriaceae

Habitats e distribuicdo: Recentemente descrito (CROUS et al., 2007a), esse género apresenta
espécies que foram separadas do género Trimmatostroma. Até o momento compreende nove
espécies (CROUS et al., 2007a; ABBAS et al., 2013) encontradas em materiais vegetais
(CROUS et al., 2007a), ambientes domésticos (NONNENMANN et al., 2012), topo de altas
montanhas (SELBMANN et al., 2014) e infec¢des cutaneas (CAMPOLINA et al., 2009). A
espécie C. hermanusense, exceto pelo relato em formigas cortadeiras de folhas, foi encontrada
até 0 momento apenas em associa¢dao com plantas (CROUS; GROENEWALD, 2011).

Patogenicidade: O género Catenulostroma compreende espécies potencialmente fitopatdgenas
(CROUS et al, 2013) e oportunistas em humanos, como um dos agentes da
cromoblastomicose C. chromoblastomycosum (CAMPOLINA et al., 2009).

Morfologia (Figura 2): Fungos anamorfos. A linhagem DOC 337, isolada do integumento de
icd de Atta capiguara e pertencente ao género Catenulostroma, foi analisada. Caracteristicas
das coldnias apds dez dias a 25 °C: Crescimento lento em todos os meios. Colonia em CMA
com 10 mm diam, lisa e plana com coloracédo verde oliva escuro. Colénia em MA com 14 mm
diam, lisa, superficie levemente pregueada, margem crenada e coloracdo verde oliva. Colénia
em PDA com 12 mm diam, superficie pregueada com porcdo central elevada, margem
irregular e coloragéo verde oliva escuro. Microcultivo em meio CMA apos dez dias a 25 °C:
Conidioforos reduzidos a células conidiogénicas intercalares ou integradas ao final da hifa.
Conidios em cadeias ramificadas ou simples, elipsoides, 0-1 septos, 6-10 x 3-4 pm.

Teleomorfo desconhecido.

Nota: A baixa similaridade da sequéncia ITS com o GenBank (93 %, n° de acesso JF499833)

sugere que as linhagens isoladas das formigas (n=2) representem uma nova espécie.
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Figura 1. Catenulostroma sp. Col6nias com dez dias de crescimento a 25 °C nos meios: CMA
(a,d), MA (b,e) e PDA (c,f). g-I. conidioforos e conidios. Barra de escala = 10 pum.

Fonte: Elaborado pela autora.
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Cercospora
Familia Mycosphaerellaceae

Habitats e distribuicdo: Fungos do género Cercospora estdo entre os mais prevalentes e
destrutivos fitopatogenos (GOODWIN et al., 2001), ocorrendo em uma grande variedade de

hospedeiros como cereais, plantas ornamentais, arvores e gramineas (BAKHSHI et al., 2015).

Patogenicidade: Exemplos de fungos fitopatdgenos do género Cercospora sao C. beticola em
beterraba (WEILAND; KOCH, 2004), C. zonata em feijao-fava (KIMBER; PAULL, 2011),
C. zeae-maydis e C. zeina em milho (CROUS et al., 2006).

Morfologia (Figura 3): Fungos anamorfos. A linhagem DOC 342, isolada do integumento de
bitd de Atta capiguara e identificada como C. beticola, foi analisada. Caracteristicas das
colbnias apds 14 dias a 25 °C: Colonia em CMA com 54 mm diam, plana, cotonosa, verde
oliva com micélio aéreo e margem hialina. A melanizacdo € mais evidente no meio CMA.
Colénia em MA com 42 mm diam, plana, cotonosa, micélio branco para cinza claro e
producdo de pigmento avermelhado no meio de cultivo. Colénia em PDA com 51 mm diam,
plana, lisa para velutinosa, branca com grande producdo de exudatos translicidos. Micélio

estéril no meio CMA apds 14 dias a 25 °C. Teleomorfo desconhecido.
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Figura 2. Cercospora beticola. Colonias com 14 dias de crescimento a 25 °C nos meios:
CMA (a), MA (b) e PDA (c). g—i. hifa vegetativa com enrolamento. Barra de escala = 10 um.

Fonte: Elaborado pela autora.
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Cladosporium-complex
Familia Cladosporiaceae

Habitats e distribuicdo: Cladosporium é um dos maiores e mais heterogéneos género de
hifomicetos, compreendendo mais de 772 nomes (DUGAN et al., 2004; BENSCH et al.,
2015). Espécies de Cladosporium sdo cosmopolitas, bem distribuidas e incluem fungos
endofiticos, fungicolas, saprobios, patdgenos de plantas e humanos (CROUS et al., 2009b).
Além disso, fungos desse género sao frequentemente isolados em ambientes domeésticos como
banheiros (LIAN; de HOOG, 2010), escova dental, esponja de banho e borracha de geladeira
(MELATI, 2015).

Patogenicidade: Dentre as especies fitopatogenas, C. herbarum e C. cladosporioides sao
frequentemente encontrados em associacdo com cereais e frutas (CROUS et al., 2009b).
Raramente sdo encontrados como oportunistas em humanos (de HOOG et al., 2001) e
ocasionam principalmente doencas respiratérias (YAZICIOGLU et al. 2004).

Morfologia (Figura 4): Fungos anamorfos. A linhagem DOC 401, isolada do integumento de
bitl de Atta capiguara e pertencente ao género Cladosporium, foi analisada. Caracteristicas
das colbnias ap6s dez dias a 25 °C: Colénia em CMA com 45 mm diam, plana e velutinosa
com coloragdo verde oliva. Colonia em MA com 44 mm diam, plana e velutinosa com
coloracdo verde acinzentada. Colénia em PDA com 32 mm diam, plana, velutinosa, verde
acinzentada com margem mais escura. Microcultivo em meio CMA apés dez dias a 25 °C:
Conidioforos micronematosos, eretos ou pouco flexuosos, ramificados, 60.5-68 x 1.5-2.5
pum. As cicatrizes apos a liberacdo dos conidios sdo proeminentes e escuras. Ramoconidios
asseptados, 11-32 x 3-4.5 um. Conidios limoniformes para globosos, asseptados, 3.5-5 x

2.5-4 um. Teleomorfos pertencem ao género Davidiella (BRAUN et al., 2003).

Nota: A baixa resolucdo de arvores filogenéticas baseadas apenas em sequéncias ITS é
insuficiente para delimitar as diferentes espécies do género Cladosporium (BENSCH et al.,
2012, 2015) . Assim, todos os registros foram agrupados como Cladosporium-complex. De
acordo com Bensch et al. (2015), o gene actina é o mais adequado para a resolucdo das

espécies de Cladosporium.
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Figura 3. Cladosporium-complex. Col6nias com dez dias de crescimento a 25 °C nos meios:
CMA (a,d), MA (b,e) e PDA (c,f). g-i. conidios e conidi6foros. Barra de escala = 10 um.

=1 e |

Fonte: Elaborado pela autora.
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Penidiellopsis
Familia Teratosphaeriaceae

Habitats e distribuicdo: O género foi descrito recentemente (SANDOVAL-DENIS et al.,
2016) a partir de uma infeccdo em unha. Possui apenas duas espécies conhecidas,
Penidiellopsis radiculares e P. ramosus, ambas encontradas também no integumento de

formigas cortadeiras de folhas (vide Capitulo 3).

Morfologia (Figura 1): Fungos anamorfos. Mais detalhes sdo apresentados no capitulo 3.

Penidiellopsis radicularis (linhagem AP 386, isolada do integumento de icad de Atta
capiguara por Duarte et al. 2014) — Caracteristicas das coldnias ap0s 21 dias a 25 °C: Col6nia
em CMA com 10 mm diam, plana com porcdo central velutinosa e coloracdo verde oliva
escuro. Colénia em MA com 11.5 mm diam, verde acinzentada com micélio mais escuro no
centro e margem, e superficie crenada. Coldnia em PDA com 11 mm diam, pregueada com a
porcdo central elevada e velutinosa, verde oliva escuro. Microcultivo em meio CMA ap0s 21
dias a 25 °C: Conidioforos eretos, ramificados ou ndo, 25-53 x 3.5-4 um. Conidios catenados
em cadeias ramificadas, 0-1 septos, limoniformes, 4.5-6.5 x 3-4 um. Clamiddsporos

terminais e intercalares. Teleomorfo desconhecido.

Penidiellopsis ramosus (linhagem AP 391, isolada do integumento de ica de Atta capiguara
por Duarte et al. 2014) — Caracteristicas das colénias apds 21 dias a 25 °C: Colénia em CMA
com 13 mm diam, plana com porgdo central velutinosa e coloracdo verde oliva escuro.
Col6nia em MA com 14 mm diam, verde acinzentada com micélio mais escuro no centro e
margem, e superficie crenada. Colonia em PDA com 12 mm diam, pregueada com a por¢ao
central elevada e velutinosa, verde oliva escuro. Microcultivo em meio CMA apdés 21 dias a
25 °C: Conidioforos ascendentes para eretos, ramificados no apice, 27-63.5 x 3-4 pm.
Conidios catenados em cadeias ramificadas, asseptados, limoniformes para fusiformes, 4-7.5

x 3—4 um. Clamiddsporos ndo observados. Teleomorfo desconhecido.
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Figura 4. Variac6es morfologicas em Penidiellopsis. Col6nias com 21 dias de crescimento a
25 °C nos meios: CMA (a), MA (b) e PDA (c). d. conidioforos, conidios e clamidosporo.
Barra de escala = 10 pm.

a

P. radicularis

P. ramosus

Fonte: Elaborado pela autora.
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Ramichloridium
Familia Mycosphaerellaceae

Habitats e distribuicdo: Espéecies do género Ramichloridium formam um grupo anamérfico
bastante heterogéneo cujos representantes podem ser saprobios e patdgenos de plantas e
humanos (ARZANLOU et al., 2007). A espécie R. brasilianum foi recentemente descrita por
Arzanlou et al. (2007) e até o momento foi encontrada apenas no solo da Reserva Ecoldgica
de Juréia (SP) e no integumento de bitls e i¢as de A. capiguara. A patogenicidade dessa

espécie ainda é desconhecida.

Morfologia (Figura 5): Fungos anamorfos. As linhagens DOC 287 e DOC 293, isoladas do
integumento de bitd de Atta capiguara e pertencentes ao género Ramichloridium, foram
analisadas. Caracteristicas das coldnias apds 14 dias a 25 °C: Col6nia em CMA com 12 mm
diam, plana, velutinosa, coloracdo marrom claro com margem mais escura e levemente
sinuada. Col6nia em MA com 10 mm diam, plana, velutinosa, coloragdo cinza e margem
levemente sinuada. Colénia em PDA com pouco crescimento, 7 mm diam, elevada e verde
acinzentada. Microcultivo em meio CMA ap6s 14 dias a 25 °C: Conidiéforos nédo
ramificados, eretos, crescimento simpodial, 21-54 x 1.5-2.5 um. Conidios ampuliformes para

fusiformes, 0-2 septos, 5-11 x 2—3 pum. Teleomorfo desconhecido.

Nota: A baixa similaridade da sequéncia ITS com o GenBank (97 %, n° de acesso
EU041797), somado as diferencas morfolégicas com R. brasilianum, descrita por Arzanlou et
al. (2007), sugere que as linhagens isoladas das formigas (n=6) representem uma nova

espécie.
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Figura 5. Ramichloridium sp. Colénias com 14 dias de crescimento a 25 °C nos meios: CMA
(a,d), MA (b,e) e PDA (c,f). g—m. conidios e conidioforos. Barra de escala = 10 pm.

Fonte: Elaborado pela autora.
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Simplicidiella
Familia Teratosphaeriaceae

Habitats e distribuicdo: O género foi descrito recentemente (vide capitulo 3) e até 0 momento
foi encontrado apenas no integumento de formigas cortadeiras de folhas, acomodando a

espécie S. nigra.

Morfologia (Figura 6): Fungos anamorfos. A linhagem AP 416, isolada do integumento de ica
de Atta capiguara por Duarte et al. (2014) e identificada como S. nigra, foi analisada.
Caracteristicas das coldnias ap6s 21 dias a 25 °C: Col6nias em CMA com 14 mm diam, plana
com porcao central velutinosa, verde oliva escuro. Colénia em MA com 11 mm diam, plana
com porcao central velutinosa elevada, micélio verde oliva e margem escura. Col6nia em
PDA com 11 mm diam, por¢do central elevada com producdo de exudato e margem escura.
Microcultivo em meio CMA ap6s 21 dias a 25 °C: Conidioforos eretos, solitarios, pouco
ramificados ou ndo ramificados, 27-47 x 3-3.5 um. Conidios catenulados, 0-1 septos, lisos,
elipsoides com hilo proeminente. Teleomorfo desconhecido. Mais detalhes sdo apresentados
no capitulo 3.

Figura 6. Simplicidiella nigra. Colonias com 21 dias de crescimento a 25 °C nos meios: CMA
(@), MA (b) e PDA (c). d—g. conididforos e conidios. Barra de escala = 10 um.

Fonte: Elaborado pela autora.
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Toxicocladosporium
Familia Cladosporiaceae

Habitats e distribuicdo: Fungos do género Toxicocladosporium ocorrem em diferentes
habitats, como plantas (CROUS et al., 2009a), rochas vulcanicas (CONNELL; STAUDIGEL,
2013) e paginas de documentos historicos (MESQUITA et al., 2009).

Patogenicidade: Espécies como T. banksiae e T. strelitziae sdo fitopatdgenos (CROUS et al.,
2010, 2012). Toxicocladosporium irritans possui relatos de infec¢cbes em humanos (ZHANG
etal., 2011; SANDOVAL-DENIS et al., 2015).

Morfologia (Figura 7): Fungos anamorfos. A linhagem DOC 344, isolada do integumento de
biti de Atta capiguara e pertencente ao género Toxicocladosporium, foi analisada.
Caracteristicas das col6nias apds 14 dias a 25 °C: Colénia em CMA com 14 mm diam, plana
e lisa com coloragdo marrom escuro e producdo de exudato transltcido. Colénia em MA com
16 mm diam, sulcada, pregueada na porcdo central e levemente elevada com coloragdo verde
oliva. Col6nia em PDA com 12 mm diam, porcdo central elevada e pregueada com coloragédo
verde oliva. Microcultivo em meio CMA ap6s 14 dias a 25 °C: Conidioforos reduzidos a
células conidiogénicas. As cicatrizes apds a liberacdo dos conidios sdo proeminentes,
protuberantes e escuras. Conidios fusiformes, 0-1 septos, lisos, 7.5-20 x 2.5-4.5 pm.

Teleomorfo desconhecido.

Nota: A baixa similaridade da sequéncia ITS com o GenBank (97 %, n° de acesso
HQ599598), somado as diferencas morfologicas com T. banksiae, descrita por Crous et al.

(2010), sugere que a linhagem isolada das formigas represente uma nova especie.
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Figura 7. Toxicocladosporium sp. Col6nias com 14 dias de crescimento a 25 °C nos meios:
CMA (a,d), MA (b,e) e PDA (c,f). g—i. células conidiogénicas e conidios. Barra de escala =
10 pm.

Fonte: Elaborado pela autora.
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Xenopenidiella
Familia Teratosphaeriaceae

Habitats e distribuicdo: Género recentemente descrito (QUAEDVLIEG et al., 2014) e muito
pouco estudado. A descricdo do género foi realizada com apenas um isolado saprébio em
serrapilheira e a espécie X. rigidophora foi proposta. O capitulo 3 dessa tese descreve outras
seis espécies desse género, todas obtidas a partir do integumento de formigas cortadeiras de

folhas.

Morfologia (Figura 8): Fungos anamorfos. Mais detalhes sdo apresentados no capitulo 3.

Xenopenidiella clavata (linhagem DOC 354, isolada do integumento de bitd de Atta
capiguara) — Caracteristicas das col6nias apds 21 dias a 25 °C: Colénia em CMA com 10 mm
diam, plana com regido central velutinosa e coloracdo verde oliva escuro. Col6nia em MA
com 11 mm diam, regido central velutinosa levemente elevada com micélio verde e margem
escura. Colénia em PDA com 10 mm diam, plana e velutinosa com coloracdo verde oliva
escuro para marrom. Microcultivo em meio CMA apds 21 dias a 25 °C: Conidioforos
reduzidos a células conidiogénicas provenientes diretamente da hifa. Conidios 1-2 septados,

clavados com apice obtuso e base truncada, 8-15.5 x 3—4 um. Teleomorfo desconhecido.

Xenopenidiella formica (linhagem AP 380, isolada do integumento de ica de Atta capiguara
por Duarte et al. 2014) — Caracteristicas das colénias apos 21 dias a 25 °C: Coloénia em CMA
com 12 mm diam, plana e velutinosa com coloracdo verde oliva escuro. Coldnia em MA com
12.5 mm diam, plana, regido central velutinosa com micélio verde e margem escura. Colonia
em PDA com 11 mm diam, regido central velutinosa e elevada com coloragéo verde oliva.
Microcultivo em meio CMA ap6s 21 dias a 25 °C: Conidiéforos eretos, solitarios, pouco
ramificados, 28.5-75 x 2-3.5 um. Conidios com um septo, clavados com apice obtuso e base

truncada, 7-12 x 2.5-4 um. Teleomorfo desconhecido.

Xenopenidiella inflata (linhagem 87N; isolada do integumento de bitd de Atta laevigata por
Baron, 2014) — Caracteristicas das col6nias apés 21 dias a 25 °C: Colonia em CMA com 12.5
mm diam, micélio velutinoso escuro e porc¢do central elevada. Colénia em MA com 12 mm
diam, velutinosa e sulcada com micélio verde acinzentado e margem escura. Colénia em PDA

com 12,5 mm diam, regido central elevada e esverdeada com margem escura e sulcada.
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Microcultivo em meio CMA apds 21 dias a 25 °C: Conidioforos reduzidos a células
conidiogénicas. Conidios com um septo, clavados, constritos no septo, 7.5-10 x 34 um.

Teleomorfo desconhecido.

Xenopenidiella laevigata (linhagem 89N; isolada do integumento de icé de Atta laevigata por
Baron, 2014) — Caracteristicas das coldnias ap6s 21 dias a 25 °C: Colénia em CMA com 18
mm diam, micélio escuro velutinoso e porcdo central aérea. Col6nia em MA com 19 mm
diam, velutinosa e sulcada com micélio verde acinzentado e margem escura. Coloénia em PDA
com 18 mm diam, regido central elevada e velutinosa. Microcultivo em meio CMA apos 21
dias a 25 °C: Conidio6foros lisos para finamente verrucosos, eretos com paredes espessas, 10—
64 x 2-4.5 um. Conidios com um septo, clavados, constritos no septo, 9.5-17.5 x 3-5 um.

Teleomorfo desconhecido.

Xenopenidiella nigrescens (linhagem DOC 356, isolada do integumento de bitu de Atta
capiguara) — Caracteristicas das col6nias ap6s 21 dias a 25 °C: Colénia em CMA com 14 mm
diam, plana, velutinosa, por¢édo central elevada e coloracdo verde oliva escuro. Coldnia em
MA com 13 mm diam, velutinosa e levemente pregueada com porcdo central elevada e
micélio verde oliva. Colénia em PDA com 13 mm diam, altamente pregueada, com por¢édo
central elevada e coloracéo verde oliva escuro. Microcultivo em meio CMA ap6s 21 dias a 25
°C: Conididforos lisos para finamente verrucosos, eretos com paredes espessas, 7—79 x 3.5—
4.5 um. Conidios com um septo, clavados, constritos no septo, 9-13 x 3.5-4 um. Teleomorfo

desconhecido.

Xenopenidiella tarda (linhagem DOC 343, isolada do integumento de bit( de Atta capiguara)
— Caracteristicas das coldnias ap0s 21 dias a 25 °C: Colénia em CMA com 9 mm diam, plana
e velutinosa com coloragdo verde oliva escuro. Colonia em MA com 9 mm diam, plana,
porc¢éo central velutinosa e aérea, micélio verde oliva e margem escura. Colonia em PDA com
9 mm diam, porcao central elevada verde acinzentada com margem escura. Microcultivo em
meio CMA apés 21 dias a 25 °C: Conidiéforos ascendentes para eretos, solitarios, pouco
ramificados, 5.5-51 x 3—4 um. Conidios com um septo, clavados, constritos no septo, 8-11.5

x 3-5 um. Teleomorfo desconhecido.
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Figura 8. VVariagdes morfoldgicas de seis espécies de Xenopenidiella. Colonias com 21 dias de
crescimento a 25 °C nos meios: CMA (a), MA (b) e PDA (c). d. conidioforos e conidios.
Barra de escala = 10 pm.

X. nigrescens X. laevigata X. inflata X. formica X. clavata

X. tarda

Fonte: Elaborado pela autora.
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ORDEM CHAETOTHYRIALES

Cladophialophora

Familia Herpotrichiellaceae

Habitats e distribuicdo: No ambiente, algumas espécies de Cladophialophora podem ser
encontradas em associacdo com plantas (CROUS et al.,, 2007b), como C. chaetospira
(BADALI et al., 2008), e tuneis de diversas espécies de formigas (VOGLMAYR et al., 2011).
Porém, sdo detectados com maior freqliéncia em casos clinicos de infec¢oes (BADALI et al.,
2008). Além disso, esses fungos estdo presentes em ambientes contaminados com substancias
toxicas; C. psammophila pode ser isolada de solos poluidos com benzeno, tolueno,
etilbenzeno e xileno (BTEX) (BADALI et al., 2011).

Patogenicidade: C.hostae e C. proteae sdo exemplos de fitopatdgenos encontrados nesse
género (CROUS et al., 2007b). Além disso, sdo frequentes em doencas humanas, desde
infeccOes cutaneas até cerebrais (LI; de HOOG, 2009; de HOOG et al., 2007; BADALI et al.,
2008). Dentre as espécies mais virulentas estdo C. bantiana e C. modesta (HORRE; de
HOOG, 1999; KANTARCIOGLU; de HOOG, 2004). A espécie C. mycetomatis, também
encontrada no integumento de bitl de A. laevigata por Baron (2014), foi isolada e descrita a
partir de um micetoma humano (BADALI et al., 2008). Todos isolados de Cladophialophora
encontrados por Duarte et al. (2014) no integumento de formigas cortadeiras de folhas (n=12)

representam novas espécies, cujo potencial patogénico ainda é desconhecido.

Morfologia (Figura 9): Fungos anamorfos. A linhagem AP 320, isolada do integumento de ica
de Atta laevigata e identificada por Duarte et al. (2014) como Cladophialophora sp., foi
analisada. Caracteristicas das col6nias apds 14 dias a 25 °C: Col6nia em CMA com 25 mm
diam, plana, velutinosa, verde acinzentada com margem escura bem definida. Colonia em MA
com 20 mm diam, plana e velutinosa com coloracdo acinzentada. Colénia em OA com 28 mm
diam, plana, velutinosa, regido central verde oliva e margem escura. Coldnia em PDA com 27
mm diam, plana e velutinosa com coloragéo verde acinzentada. Microcultivo em meio CMA
apos 14 dias a 25 °C: Conidioforos semi-macronematosos, septados, ascendentes para eretos,
20-28 x 1.5-2 um e terminais com ramoconidios 0-1 septados, 3.5-5.5 x 1.5-2 um. Conidios
asseptados, catenulados, limoniformes ou fusiformes, 3-5 x 2-3 upm. Teleomorfo

desconhecido.
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Figura 9. Cladophialophora sp. Coldnias com 14 dias de crescimento a 25 °C nos meios:
CMA (a,e), MA (b,f), AO (c,g) e PDA (d,h). i-l. conidioforo e conidios. Barra de escala = 10
pm.

Fonte: Elaborado pela autora.



CaApriTULO 1 - Oito anos de pesquisa em fungos negros no integumento de formigas cortadeiras de folhas 56

Exophiala
Familia Herpotrichiellaceae

Habitats e distribuicdo: Exophiala é um dos principais géneros de leveduras negras e é
conhecido principalmente por seu carater patogénico. No ambiente, esses fungos podem
ocorrer em agua (tanto de torneira quanto de garrafa), solos, plantas e madeira em
decomposicdo (SAMSON et al., 2010). Além disso, sdo frequentemente isolados em
ambientes domésticos como banheiros (SUDHADHAM et al., 2008) e lava-loucas (ZALAR
et al., 2011). Algumas espécies, como E. bergeri e E. xenobiotica, possuem a habilidade de
degradar hidrocarbonetos (de HOOG et al., 2006; SEYEDMOUSAVI et al., 2011).

Patogenicidade: Os fungos do género Exophiala sdo em sua maioria potenciais oportunistas
ou patogenos (de HOOG et al., 2011). As espécies patogénicas mais relevantes sdo E.
dermatitidis (SUDHADHAM et al., 2008), E. spinifera (de HOOG et al., 2003) e E. asiatica
(LI et al., 2009). A pigmentacdo da parede celular e a capacidade de crescer a 37—40 °C sdo
considerados importantes fatores de viruléncia nesse grupo. Embora menos conhecidas,
algumas espécies deste género, como E. capensis, E. encephalarti e E. placitae (CROUS et
al., 2007c; CROUS; GROENEWALD, 2010, 2011), sdo também potenciais fitopatégenos. Os
isolados de Exophiala sp. encontrados por Duarte et al. (2014) no integumento de formigas
cortadeiras de folhas (n=3) representam uma nova espécie cujo potencial patogénico ainda é

desconhecido.

Morfologia (Figura 10): Fungos anamorfos e em sua maioria dimorficos, cujos teleomorfos
pertencem ao género Capronia (de HOOG et al., 2001). Foram analisadas quatro espécies

distintas:

Exophiala bergeri (64N; isolada do integumento de ica de Atta laevigata e identificada por
Baron et al. 2014) — Caracteristicas das colonias apos 14 dias a 25 °C: Colonia em CMA com
10 mm diam, dimorfica, plana, regido central leveduriforme de aspecto mucoso e coloragdo
escura, regido periférica filamentosa com coloragdo marrom clara. Colénia em MA com 15
mm diam, plana e velutinosa com coloragcdo marrom claro. Col6nia em PDA com 13 mm
diam, plana e velutinosa com coloragéo escura. Microscopia em meio CMA apés 14 dias a 25

°C: Células ovoides com brotamento Unico, 3-8 x 2.5-4.5 um.
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Exophiala dermatitidis (AP 426; isolada de pellet de Atta laevigata e identificada por Duarte
et al., 2014) — Caracteristicas das colonias ap6s dez dias a 25 °C: Colénia em CMA com 16
mm diam, dimérfica, plana, marrom claro, regido leveduriforme de aspecto mucoso. Coldnia
em MA com 14 mm diam, plana e velutinosa com coloracdo acinzentada. Colonia em PDA
com 12 mm diam, plana, dimorfica, regido central filamentosa com coloracdo verde
acinzentada, regido periférica leveduriforme com coloracdo marrom. Microscopia em meio

CMA apés dez dias a 25 °C: Células elipsoides com brotamento unico, 3.5-4.5 x 1.5-3 um.

Exophiala spinifera (AP 128; isolada do integumento de ica de Atta capiaguara e identificada
por Duarte, 2013) — Caracteristicas das coldnias ap6s dez dias a 25 °C: Colénia em CMA com
18 mm diam, leveduriforme com aspecto mucoso e coloracao escura. Colénia em MA com 17
mm diam, leveduriforme com coloracdo marrom clara. Colénia em PDA com 15 mm diam,
leveduriforme com coloragdo escura. Ndo foi observada fase filamentosa nessa linhagem.
Microscopia em meio CMA apds dez dias a 25 °C: Células elipsoides ou globosas com

brotamento Unico e cicatriz protuberante, 5.5-7 x 3.5-4.5 um.

Exophiala sp. (AP 322; isolada do integumento de ica de Atta capiguara e identificada por
Duarte et al., 2014) — Caracteristicas das colonias apds 14 dias a 25 °C: Colénia em CMA
com 26 mm diam, lanosa, regido central aérea elevada, marrom acinzentada com bordas
escuras. Colénia em MA com 21 mm diam, plana, sulcada, velutinosa e verde acinzentada.
Colénia em PDA com 20 mm diam, plana e velutinosa com coloracdo verde acinzentada. Nao
foi observada fase leveduriforme nessa linhagem. Microcultivo em meio CMA ap6s 14 dias a
25 °C: Fialides solitarias e fixadas diretamente nas hifas. Colarete conspicuo e ligeiramente

mais escuro que o resto da fidlide. Conidios elipsoides, 3-4 x 2-2.5 um.



CaPiTULO 1 — Oito anos de pesquisa em fungos negros no integumento de formigas cortadeiras de folhas 58

Figura 10. VariagGes morfologicas de quatro espécies de Exophiala. Coldnias nos meios:
CMA (a), MA (b) e PDA (c). d. células germinativas e conidios. Barra de escala = 10 um.

b | c

E. spinifera E. dermatitidis E. bergeri

Exophiala sp.

Fonte: Elaborado pela autora.
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Phialophora

Familia Herpotrichiellaceae

Habitats e distribuicdo: A maioria das especies de Phialophora sdo saprébias em solo,
madeira e outros materiais vegetais (ZHUANG et al., 2010). Apesar disso, isolados de
Phialophora tém sido encontrados em ambientes extremos como pé de méarmore em
cemitérios (CARETTA et al., 2006) e em geleiras da Antartica (GUNDE-CIMERMAN et al.,
2005). Duas espécies novas de Phialophora, P. attae e P. capiguarae, foram descritas
recentemente (ATTILI-ANGELIS et al.,, 2014) e encontradas at¢ 0 momento apenas no

integumento de formigas cortadeiras de folhas.

Patogenicidade: Espécies como P. gregata, sdo fitopatdgenos especializados (GAMS, 2000),
ocasionando doencas em culturas de soja. A patogenicidade em humanos é conhecida apenas
para algumas espécies, como P. verrucosa (PARK et al., 2005; TONG et al.,, 2013). A

patogenicidade das espécies novas encontradas em formigas ainda é desconhecida.

Morfologia (Figura 11): Fungos anamorfos. As linhagens AP 462 (P. attae), isolada do
integumento de bitu de Atta laevigata, e AP 376 (P. capiguarae), isolada do integumento de
icd de Atta capiguara, foram analisadas. Ambas linhagens foram isoladas por Duarte (2013) e
identificadas por Attili-Angelis et al. (2014).

Phialophora attae — Caracteristicas das coldnias ap06s 14 dias a 25 °C: Col6nia em CMA com
10 mm diam, porcdo central elevada e pregueada com coloragdo cinza escuro. Colénia em
MA com 13 mm diam, velutinosa, por¢éo central elevada e pregueada com coloragéo cinza e
micelio aéreo cinza claro. Col6nia em PDA com 12 mm diam, velutinosa, porcdo central
elevada e pregueada com coloragdo verde acinzentada. Microcultivo em meio CMA ap6s 14
dias a 25 °C: Fialides solitarias e fixadas diretamente nas hifas. Colarete conspicuo,
ligeiramente mais escuro que o resto da fialide, ampuliforme. Conidios elipsoides, 1.5-4. x

0.5-1.5 um. Teleomorfo desconhecido.

Phialophora capiguarae — Caracteristicas das colonias apos 14 dias a 25 °C: Colbnia em
CMA com 15 mm diam, plana, cinza escuro com regido central tufada com colaracdo cinza
claro. Colénia em MA com 12 mm diam, regido central velutinosa e cinza com margem plana

e escura. Colonia em PDA com 14 mm diam, regido central velutinosa, tufada e cinza com
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margem escura. Apesar de apresentar micélio estéril no meio CMA apés 14 dias a 25 °C, o
trabalho de Attili-Angelis et al. (2014) apresenta a descricdo das estruturas assexuadas.

Teleomorfo desconhecido.

Figura 11. Variacdes morfoldgicas de duas espécies de Phialophora. Col6nias com 14 dias de
crescimento a 25 °C nos meios: CMA (a), MA (b), e PDA (c). d. hifa vegetativa com

enrolamento e conidios. Barra de escala = 10 um.
a b c d

P. capiguarae

P. attae

Fonte: Elaborado pela autora.
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ORDEM DOTHIDEALES

Aureobasidium
Familia Dothioraceae

Habitats e distribui¢do: Fungos do género Aureobasidium sdo ubiquos e comumente isolados
em ambientes osmoticos como em alimentos e folhas (de HOOG et al., 2001). Esses fungos
também sdo encontrados em ambientes com condic¢Bes inGspitas como aguas hipersalinas
(GUNDE-CIMERMAN et al., 2000) e poluidas (VADKERTIOVA et al., 1995), gelo glacial
(BRANDA et al., 2010), lava-loucas (ZALAR et al., 2011), superficie de pele (ZHANG et al.,
2011) e tanques de combustivel de avido (RAUCH et al., 2006). Aureobasidium pullulans é
conhecido por sua importancia biotecnoldgica devido a producdo da pululana, um
polissacarideo com aplicacdo na medicina e industria alimenticia (LEATHERS, 2003), por
exemplo. Por outro lado, A. leucospermi foi descrito a partir de folhas de Leucospermum
(CROUS et al., 2011). Isoladas com grande frequéncia no integumento de bitls de formigas
cortadeiras de folhas, linhagens de Aureobasidium mostraram um perfil enziméatico adequado
a quebra do material vegetal nos jardins de fungos (ARCURI et al., 2014) e, portanto, supe-

se que possuam um papel significante na simbiose desses insetos.

Patogenicidade: Aureobasidium é considerado um fungo oportunista emergente,
especialmente em pacientes imunocomprometidos (CHAN et al., 2011). Possui relatos em
infecces pulmonares invasivas, pneumonia (McCULLERS et al., 2008), meningite
(KUTLESA et al., 2012) e infecgdes cutaneas (JOSHI et al., 2010). Entretanto, as infecgoes
ocasionadas por fungos do género Aureobasidium ocorrem, em sua maioria, por inoculactes
traumaticas (de HOOG et al., 2001).

Morfologia (Figura 12): Fungo anamorfo. A linhagem DOC 209, isolada do integumento de
bith de Atta capiguara e pertencente ao género Aureobasidium, foi analisada. Caracteristicas
das colbnias apos sete dias a 25 °C: Col6nias nos meios MA e PDA com coloragéo creme e
presenca de filamentos nas extremidades. Colonia no meio YMA com coloragdo creme e
aspecto cremoso. Microscopia em meio CMA apés sete dias a 25 °C: Células elipsoides para

fusiformes com brotamento Unico, 7-12 x 2.5-4.5 pm.
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Nota: O sequenciamento da regido D1/D2 LSU da linhagem DOC 209 revelou 100 % de
similaridade com A. pullulans (GenBank FJ744598) e A. leucospermi (GenBank JN712553).
Morfologicamente essa linhagem ndo apresenta semelhangca com nenhuma das quatro
variedades de A. pullulans existentes (ZALAR et al., 2008) nem com A. leucospermi
(CROUS et al., 2011). Analises multilocus devem ser realizadas para definir a posicao

filogenética das linhagens obtidas do integumento das formigas.

Figura 12. Aureobasidium sp. Coldnias com sete dias de crescimento a 25 °C nos meios: MA
(a), PDA (b) e YMA (c). d. células germinativas apos sete dias a 25 °C em CMA. Barra de
escala = 10 pum.

Fonte: Elaborado pela autora



CaApriTULO 1 - Oito anos de pesquisa em fungos negros no integumento de formigas cortadeiras de folhas 63

Kabatiella microsticta
Familia Dothioraceae

Habitats e distribuicdo: Estudos sobre Kabatiella microsticta no ambiente sdo escassos e

todos comprovam que a espécie esta estritamente relacionada a plantas.

Patogenicidade: Fungo fitopatogeno (LEAHY; SCHUBERT, 1996; BAI et al., 2012;
STROMENG et al., 2015).

Morfologia (Figura 13): A espécie K. microsticta tem como basidnimo Aureobasidium
microstictum. Fungo anamorfo. As linhagens PB 10 e PB 11, ambas isoladas do integumento
de bitu de Atta sexdens rubropilosa, foram analisadas. A comparacdo das sequencias ITS no
GenBank revelou que ambas sdo homodlogas a Kabatiella microsticta EU167608 porém
apresentam porcentagens de similaridade diferentes (PB 10 = 100 % e PB 11 = 98 %) e

distinguem-se em 11 bases nucleotidicas.

Linhagem PB 10 — Caracteristicas das col6nias apds 14 dias a 25 °C: Col6nias nos meios
CMA e PDA apresentam semelhante morfologia. Col6nias dimorficas; regido leveduriforme
viscosa, efusa, coloracdo rosa para creme; regido filamentosa concentrada perifericamente a
regido leveduriforme, micélio escuro e imerso no meio. Coldnia em MA dimorfica,
predominancia da regido leveduriforme com coloracdo rosa para creme, regido filamentosa
presente na extremidade da coldnia com coloragdo marrom claro. Microscopia em meio CMA
apos sete dias a 25 °C: Células ovdides com brotamento Unico, 3.5-9 x 3—4 um. Teleomorfo

desconhecido.

Linhagem PB 11 — Caracteristicas das colonias apds 14 dias a 25 °C: Coldnias nos meios
CMA e PDA apresentam semelhante morfologia. Colbnias dimorficas; regido central
leveduriforme com micélio periférico efuso e imerso no meio, coloragdo rosa claro que se
torna negra ap6s 21 dias. Col6nia em MA dimérfica, com poucos filamentos laterais e
coloracdo em varias tonalidades de rosa. Microscopia em meio CMA apos sete dias a 25 °C:

Células elipséides com multiplos brotamentos, 5-9.5 x 4-4.5 um. Teleomorfo desconhecido.

Nota: As diferencas moleculares e morfologicas sugerem que as duas linhagens sdo espécies

diferentes.
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Figura 13. Variacbes morfolégicas em Kabatiella microsticta. Col6nias com 14 dias de
crescimento a 25 °C nos meios: CMA (a), MA (b), e PDA (c). d. células germinativas apos
sete dias a 25 °C em CMA.. Barra de escala = 10 pum.

PB10

PB11

Fonte: Elaborado pela autora.
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ORDEM HELOTIALES

Dactylaria
Familia desconhecida

Habitats e distribuicdo: Dactylaria é um género grande e heterogéneo (PAULUS et al., 2003).
As espécies ocorrem principalmente em vegetacGes submersas e em decomposi¢do (CAI et
al., 2002; PROMPUTTHA et al., 2002), madeira em decomposicdo e cascas (GOH; HYDE,
1997; TSUI et al., 1997; HYDE; GOH, 1998; GENE et al., 2000). Entretanto, o género
também inclui fitopatdgenos, agentes de infec¢bes em animais, hiperparasitas fungicolas e
nematdéfagos (GOH; HYDE, 1997; PAULUS et al., 2003). O fungo D. higginsii tem sido
estudado para controle biolégico herbicida de Cyperus rotundus, planta popularmente

conhecida como tiririca e considerada uma praga agricola (KADIR et al., 2000).

Patogenicidade: Dactylaria higginsii € um importante fungo fitopatégeno deste grupo e
frequentemente é encontrado em plantas do género Cyperus (FARZANEH et al., 2009). A
espécie D. gallopava é um agente patogénico com relatos em doencas pulmonares e do
sistema nervoso central (KUBAK et al., 2009). Além disso, D. gallopava esta cada vez mais
presente em pacientes transplantados, sendo fatal em 50 % dos casos (MAZUR; JUDSON,
2001). As linhagens obtidas do integumento das formigas cortadeiras de folhas (n=2) sdo uma

potencial espécie nova e por isso sua patogenicidade € desconhecida.

Morfologia (Figura 14): Fungos anamorfos. A linhagem DOC 289, isolada do integumento de
bitl de Atta capiguara e identificada como Dactylaria sp., foi analisada. Caracteristicas das
col6nias ap6s dez dias a 25 °C: Colénia em CMA com 17 mm diam, plana e velutinosa com
coloracédo verde oliva claro e margem escura. Colénia em MA com 15 mm diam, plana com
porcdo central acinzentada e margem escura. Colénia em PDA com 16 mm diam, plana,
velutinosa, porcéo central elevada e coloracdo verde acinzentada. Micélio estéril em CMA

apos dez dias a 25 °C. Teleomorfo desconhecido.
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Figura 14. Dactylaria sp. Col6nias com dez dias de crescimento a 25 °C nos meios: CMA
(a,d), MA (b,e) e PDA (c,f). g-i. hifa vegetativa. Barra de escala = 10 pm.

Fonte: Elaborado pela autora.
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ORDEM MAGNAPORTHALES

Pyriculariopsis
Familia Magnaporthaceae

Habitats e distribuicdo: O género Pyriculariopsis foi criado para acomodar a espécie P.
parasitica (ELLIS, 1971), segregada do género Pyricularia devido a auséncia de septo
separando os denticulos do conidiéforo e sucessdo conidial schizolitica (MATSUSHIMA,
1975). Pyriculariopsis parasitica € um fungo endofitico (PHOTITA et al., 2001) também
encontrado na decomposicdo de folhas (SEEPHUEAK et al., 2010). As informacdes sobre a

espécie sdo escassas devido ao baixo nimero de artigos e estudos na literatura.

Morfologia (Figura 15): Fungo anamorfico. A linhagem DOC 292, isolada do integumento de
bitl de Atta capiguara e pertencente ao género Pyriculariopsis, foi analisada. Caracteristicas
das coldnias apds 15 dias a 25 °C: Colénia em CMA com 29 mm diam, plana com porcao
central elevada, variacdo gradual de tonalidades de cinza sendo o centro mais claro e a
margem mais escura. Colénia em MA com 29 mm diam, plana e velutinosa com coloracao
verde acinzentada. Colénia em PDA com 28 mm diam, plana com porcdo central elevada,
velutinosa com faixas circulares em diferentes tonalidades de cinza. Microcultivo em meio
CMA apds 15 dias a 25 °C: Baixa esporulacdo. Conidios emergentes diretamente de hifas
indiferenciadas, solitarios, 0-3 septos, obclavados, 14-23 x 3-4 um. Clamidésporos

terminais. Teleomorfo desconhecido.

Nota: A sequéncia de cddigo AY265340 no GenBank, que mostrou a maior similaridade com
a sequencia obtida para a linhagem DOC 292, foi depositada no banco de dados como
Pyricularia parasitica. Porém, no trabalho original, a sequencia AY265340 ¢ identificada
como Pyriculariopsis parasitica (BUSSABAN et al., 2005). Além disso, as caracteristicas
morfoldgicas apresentadas acima diferem da descri¢do de Pyriculariopsis parasitica realizada
por Klaubauf et al. (2014) e, somadas a baixa similaridade da sequéncia ITS com o GenBank
(97 %, n° de acesso AY265340), as linhagens isoladas das formigas (n=3) podem representar

uma nova especie.
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Figura 15. Pyriculariopsis sp. Coldnias com 15 dias de crescimento a 25 °C nos meios: CMA
(a,d), MA (b,e) e PDA (c,f). g, h. conidios. i. clamidosporos. Barra de escala = 10 um.

Fonte: Elaborado pela autora.
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ORDEM OPHIOSTOMATALES

Sporothrix schenckii
Familia Ophiostomataceae

Habitats e distribuicdo: O fungo Sporothrix schenckii € amplamente distribuido na natureza e
pode ser encontrado nos solos em associacdo com material vegetal em decomposicéo, plantas
e 4gua (LOPES-BEZERRA et al., 2006; MARIMON et al., 2007).

Patogenicidade: Sporothrix schenckii € um fungo dimorfico responsavel por infeccdes
denominadas esporotricoses. Apesar de ser encontrada mundialmente, essa infeccdo é mais
comum em 4reas tropicais e subtropicais (MARIMON et al., 2006) e ocorre através da
inoculacdo traumatica de materiais colonizados pelo fungo ou através da inalacdo de esporos
(da ROSA et al.,, 2005). Embora afete tanto humanos quanto animais, gatos sdo mais
vulneraveis a desenvolver essa micose (PEREIRA et al., 2011). Ao longo das duas ultimas
décadas, o Brasil tem passado por uma epidemia de esporotricose devido as transmissfes
zoonoticas através dos gatos (RODRIGUES et al., 2013).

Morfologia (Figura 16): Fungo anamorfo. A linhagem DOC 147, isolada do integumento de
biti de Atta laevigata e identificada como S. schenckii, foi analisada. Caracteristicas das
colbnias apds dez dias a 25 °C: Coldnia em CMA com 25 mm diam, plana, lisa, margem
branca e regido central marrom claro. Coldnia em MA difusa por toda a placa, plana, lisa,
branca opalescente com margem irregular e sinuada. Colénia em PDA com 25 mm diam,
plana e lisa com coloracdo creme e margem sulcada. Apesar da aparéncia hialina das col6nias,
diferentes concentracGes de pH, temperatura e carboidratos induzem a produgéo de melanina
(ALMEIDA-PAES et al., 2009). Microcultivo em meio CMA apés dez dias a 25 °C: Células
conidiogénicas oriundas de hifas indiferenciadas formando conidios por crescimento
simpodial em denticulos pequenos e agrupados. Conidios asseptados e obovoides com 2.5-4.5
x 1.5-2.5 um. Teleomorfo filogeneticamente relacionado ao género Ophiostoma (de MEYER
et al., 2008).
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Figura 16. Sporothrix schenckii. Colénias com dez dias de crescimento a 25 °C nos meios:
CMA (a,d), MA (b,e) e PDA (c,f). g—i. conidiogénese e conidios. Barra de escala = 10 pum.

|
B

Fonte: Elaborado pela autora.
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ORDEM PLEOSPORALES

Alternaria
Familia Pleosporaceae

Habitats e distribuicdo: Espécies do género Alternaria sdo cosmopolitas (SAMSON et al.,
2010) e colonizam diferentes ecossistemas, incluindo ambientes extremos como solos no
deserto (STERFLINGER et al., 2012), areas radioativamente contaminadas (DIGHTON et al.,
2008) e aguas hipersalinas (MOUBASHER et al., 2013). Entretanto, a maioria das espécies

sdo saprofitas e frequentemente encontradas em materiais vegetais (CROUS et al., 2009b).

Patogenicidade: O género contém diversas espécies fitopatogénicas (CROUS et al., 2009b)
que causam grandes perdas econdmicas a agricultura (WOUDENBERG et al., 2013).
Algumas espécies produzem metabdlitos secundarios toxicos, como a producdo de toxinas
AAL por A. arborescens (ANDERSEN et al., 2002). Além disso, espécies como A. alternata
e A. tenuissima, sdo consideradas patdgenos emergentes em  hospedeiros
imunocomprometidos, ocasionando micoses (sub)cutaneas (de HOOG et al., 2001; PEREIRO
Jretal., 2004; ROBERTSHAW:; HIGGINS, 2005).

Morfologia (Figura 17): Fungos anamorfos. A linhagem FAH 36, isolada do integumento de
soldade de Atta laevigata e identificada como A. arborescens por Guedes et al. (2012), foi
analisada. Caracteristicas das coldnias apds sete dias a 25 °C: Colénia em CMA com 58 mm
diam, difusa com micélio imerso e coloragédo verde oliva. Col6nia em MA com 50 mm diam,
plana e velutinosa com coloragdo cinza. Col6nia em PDA com 43 mm diam, plana e
velutinosa com coloragdo verde acinzentada. Microcultivo em meio CMA apds sete dias a 25
°C: Pouca esporulacdo. Conidios catenulados com septos longitudinais (transversais ndo
observados), obipiriforme, levemente aspero a verrucoso, septos escuros, 11-16 x 4.5-9 um.

Teleomorfo desconhecido.
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Figura 17. Alternaria arborescens. Coldnias com sete dias de crescimento a 25 °C nos meios:
CMA (a,d), MA (b,e) e PDA (c,f). g. formacdo de conidioforo. h,i. conidios. Barra de escala =
10 pm.

Fonte: Elaborado pela autora.
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Bipolaris-Cochliobolus-Curvularia complex
Familia Pleosporaceae

Bipolaris

Habitats e distribuicdo: Bipolaris € um grande género de fungos dematidceos com mais de
100 espécies, sendo a maioria delas saprobias e patégenas de plantas (da CUNHA et al.,
2012). Adicionalmente, B. eleusines tem sido estudado como possivel candidato bioherbicida
no controle de capim-arroz, uma planta daninha que infesta as lavouras de arroz (PINTO et
al., 2008; ZHANG et al., 2014).

Patogenicidade: Quase todas as espécies de Bipolaris sdo fitopatdgenas, principalmente de
plantas da familia Poaceae (MANAMGODA et al., 2014). Importantes espécies, como B.
sorokiniana, tem causado grande epidemias em importantes culturas como trigo e cevada
(KUMAR et al.,, 2002). Ocasionalmente sdo encontradas em humanos, principalmente

ocasionando sinusites alérgicas (de HOOG et al., 2001).

Morfologia (Figura 18): Fungos anamorfos. A linhagem FAH 15, isolada do integumento de
soldade de Atta laevigata e identificada como Bipolaris sorokiniana por Guedes et al. (2012),
foi analisada. Caracteristicas das coldnias ap0s sete dias a 25 °C: Colénia em CMA com 28
mm diam, plana com micélio imerso e coloracdo verde oliva. Colénia em MA com 42 mm
diam, plana com micélio imerso e coloragdo marrom alaranjada. Colénia em PDA com 32
mm diam, plana e velutinosa com coloracdo verde oliva escuro. Micélio estéril no meio CMA

apos sete dias a 25 °C. Teleomorfo desconhecido.
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Figura 18. Bipolaris sorokiniana. Coldnias com sete dias de crescimento a 25 °C nos meios:
CMA (a,d), MA (b,e) e PDA (c,f). g—h. hifa vegetativa. Barra de escala = 10 pm.
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Fonte: Elaborado pela autora.
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Cochliobolus

Habitats e distribuicdo: Espécies de Cochliobolus, com seus anamorfos situados nos géneros
Bipolaris e Curvularia, sdo importantes fungos fitopatdgenos associados com mais de 60
géneros de hospedeiros (SIVANESAN, 1987; AGRIOS, 2005; MANAMGODA et al., 2011).
No ambiente, aléem de ser encontrado no integumento de formigas cortadeiras de folhas
(MANTOVANI, 2013; BARON, 2014), o fungo Cochliobolus sp. também j& foi isolado de
esponjas marinhas (PAZ et al., 2010).

Patogenicidade: Espécies fitopatogénicas deste género tém causado grandes epidemias em
sistemas de agricultura como arroz, trigo e milho (SIVANESAN, 1987; SCHEFFER, 1997;
BERBEE et al., 1999). De acordo com Joshi e colaboradores (2004), a perda total de
producdo ocasionada por C. sativus varia de 20 % a 80 % e perdas de até 100 % podem
ocorrer em condicOes severas. Apesar de ndo possuir relatos de casos clinicos, os estados
assexuais de Cochliobolus (Bipolaris e Curvularia) sdo responsaveis por causar infeccbes
como feohifomicose (KOSHI et al., 1987; COSTA et al., 1991) e ulcera de cornea (ANANDI
etal., 1988).

Morfologia (Figura 19): Fungos teleomorfos. A linhagem AP 160, isolada de pellet de Atta
capiguara e identificada como Cochliobolus lunatus por Duarte (2013), foi analisada.
Caracteristicas das col6nias ap0s sete dias a 25 °C: Colénia em CMA com 54 mm diam, plana
com micélio imerso, coloracdo alaranjada e margem verde oliva escuro. Col6nia em MA com
56 mm diam, plana com micélio imerso e coloracdo verde oliva escuro. Colonia em PDA com
45 mm diam, plana com micélio verde acinzentado e producdo de exudatos escuros.
Microcultivo em meio CMA ap0s sete dias a 25 °C: Conididforos eretos, 14-110 x 2.5-4 um,
com células conidiogénicas terminais e crescimento simpodial. Conidios elipséides,

ligeiramente curvados, 2—4 septos, 11-20 x 7.5-9 um. Anamorfo Curvularia lunata.
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Figura 19. Cochliobolus lunatus / Curvularia lunata. Col6nias com sete dias de crescimento a
25 °C nos meios: CMA (a,d), MA (b,e) e PDA (c,f). g-h. conidi6foros e conidios. Barra de
escala =10 pum.

Fonte: Elaborado pela autora.
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Curvularia

Habitats e distribuicdo: Espécies de Curvularia estdo amplamente distribuidas e podem ser
isoladas do solo e plantas, com uma preferéncia pelos tropicos e climas mais quentes
(SAMSON et al., 2010). Esses fungos sdo particularmente comuns como saprébios e

patdgenos de gramineas (de HOOG et al., 2001).

Patogenicidade: O género compreende fungos fitopatogenos, como C. lunata (ROCHA et al.,
2004), C. oryzae (SUNPAPAO et al., 2014) e C. trifolii (ALMAGUER et al., 2013). Algumas
espécies cosmopolitas sdo ocasionalmente encontradas em gado, raramente em humanos, e
em ambos 0s casos causam sinusites alérgicas crbnicas e ndo-especificas, as vezes com
envolvimento cerebral (de HOOG et al., 2001).

Morfologia (Figura 20): Fungos anamorfos. A linhagem FAH 40, isolada do integumento de
soldade de Atta laevigata e identificada como Curvularia trifolii por Guedes et al. (2012), foi
analisada. Caracteristicas das col6nias ap6s 14 dias a 25 °C: Coldnia em CMA com 68 mm
diam, plana com micélio imerso e coloracdo verde oliva. Colénia em MA com 76 mm diam,
plana com micélio imerso e coloracdo marrom escura. Colénia em PDA com 53 mm diam,
plana e velutinosacom coloragdo verde oliva acinzentada. Micélio estéril no meio CMA ap06s

14 dias a 25 °C. Teleomorfo desconhecido.
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Figura 20. Curvularia trifolii. Col6nias com 14 dias de crescimento a 25 °C nos meios: CMA
(@), MA (b) e PDA (c). d. hifa vegetativa. Barra de escala = 20 um.

Fonte: Elaborado pela autora.
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Coniothyrium
Familia Leptosphaeriaceae

Habitats e distribuicdo: Fungos do género Coniothyrium estdo amplamente dispersos e séo
comumente isolados de diferentes habitats (VERKLEY et al.,, 2004), como sedimentos
marinhos (BUBNOVA, 2010) e &reas contaminadas com produtos agricolas toxicos (IRAM et
al., 2011). O grupo também compreende espécies endofiticas de cactus
(SURYANARAYANAN et al., 2005) e ulmeiros (TOMITA, 2003). Recentemente, estes
fungos tem sido estudados como agentes de biocontrole (WHIPPS et al., 2008;
McQUILKEN; CHALTON, 2009), biorremediacdo (SILVA et al., 2003a, b), e produtores de
antibiotico (SEEPHONKALI et al., 2002; ELSEBAI et al., 2011).

Patogenicidade: Fungos do género Coniothyrium sdo conhecidos fitopatdgenos como, por
exemplo, C. zuluense em Eucalyptus (WINGFIELD et al., 1996; ROUX et al., 2002).
Também possuem relatos de casos clinicos, ocasionando infeccbes cutdneas em pacientes
imunocomprometidos ou transplantados (BALAJEE et al., 2007; GORDON et al., 2012).

Morfologia (Figura 21): Fungos anamorfos. A linhagem DOC 332, isolada do integumento de
bitd de Atta capiguara e identificada como Coniothyrium sp., foi analisada. Caracteristicas
das colbnias apos sete dias a 25 °C: Coldénia em CMA com 55 mm diam, plana e hialina com
pequena producdo de exudatos translicidos na porcao central. Colénia em MA com 40 mm
diam, plana, velutinosa, coloracdo marrom clara e margem branca, pequena producdo de
exudatos transltcidos na porcédo central. A melanizacao é mais evidente no meio MA. Colénia
em PDA com 40 mm diam, plana, velutinosa e hialina. Micélio estéril no meio CMA ap0s

sete dias a 25 °C. Teleomorfo desconhecido.
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Figura 21. Coniothyrium sp. Colnias com sete dias de crescimento a 25 °C nos meios: CMA
(a,d), MA (b,e) e PDA (c,f). g-i. hifa vegetativa. Barra de escala = 10 pm.

Fonte: Elaborado pela autora.
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Microsphaeropsis arundinis
Familia Montagnulaceae

Habitats e distribuicdo: Espécies de Microsphaeropsis sdo comumente encontradas como
saprobios (CARISSE; BERNIER, 2002), endofiticos (HORMAZABAL et al., 2005) e
patdgenos de plantas. No meio ambiente estes fungos sdo ubiquos em solo e dgua (PENDLE
et al., 2004). A espécie M. arundinis pode ser encontrada também em esponjas marinhas
(PASSARINI et al., 2015). Além disso, Luo et al. (2013) reportou a existéncia de compostos

antimicrobianos em M. arundinis capazes de inibir Staphylococcus aureus.

Patogenicidade: Microsphaeropsis arundinis é fitopatdgeno de gramineas (KLUGER et al.,
2004) e patogeno de humanos, causando infec¢bes cutdneas em  pacientes
imunocomprometidos (HALL et al.,, 2009; CRAWFORD et al.,, 2015), e em gatos
(KROCKENBERGER et al., 2010).

Morfologia (Figura 22): Fungos anamorfos. A linhagem DOC 43, isolada do integumento de
bitl de Atta capiguara e identificada como M. arundinis, foi analisada. Caracteristicas das
colbnias ap6s dez dias a 25 °C: Coldnia em CMA com 58 mm diam, plana e velutinosa com
coloracéo hialina e centro marrom claro. Colonia em MA com 55 mm diam, plana, velutinosa,
porcdo central acinzentada e margem imersa no meio. Colonia em PDA com 53 mm diam,
plana, cotonosa, porcdo central verde acinzentada e margem hialina. Micélio estéril no meio

CMA apés dez dias a 25 °C. Teleomorfo desconhecido.
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Figura 22. Microsphaeropsis arundinis. Colénias com dez dias de crescimento a 25 °C nos
meios: CMA (a,d), MA (b,e) e PDA (c,f). g-i. hifa vegetativa. Barra de escala = 10 um.

Fonte: Elaborado pela autora.



CaApriTULO 1 - Oito anos de pesquisa em fungos negros no integumento de formigas cortadeiras de folhas 83

Paraphaeosphaeria
Familia Phaeosphaeriaceae

Habitats e distribuicdo: Em sua maioria, as espécies do género Paraphaeosphaeria séo
associadas a plantas (CAMARA et al., 2001), como o fungo endofitico P. nolinae em hastes
de Artemisia annua (GE et al., 2006). Esse grupo de fungos é encontrado em uma ampla
variedade de dicotiledéneas e monocotiledéneas, porém é particularmente comum em plantas
da familia Agavaceae (CHECA et al., 2002). Paraphaeosphaeria quadriseptata é também
associada a rizosfera de cactos do género Schlumbergera (WIJERATNE et al., 2006). Além
da associacdo com plantas, existe um registro de Paraphaeosphaeria sp. isolada de ambiente
marinho capaz de produzir compostos antimicrobianos (TSUDA et al., 2003).

Morfologia (Figura 23): Fungos anamorfos. A linhagem DOC 312, isolada do integumento de
bitd de Atta capiguara e identificada como Paraphaeosphaeria sp., foi analisada.
Caracteristicas das colonias apds dez dias a 25 °C: Coldnia em CMA com 40 mm diam, plana,
lisa e hialina. Colénia em MA com 45 mm diam, plana e lisa com coloragdo cinza escuro.
Colénia em PDA com 45 mm diam, plana, cotonosa, porcdo central verde acinzentada e
margem hialina. Micélio estéril no meio CMA apds dez dias a 25 °C. Teleomorfo

desconhecido.
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Figura 23. Paraphaeosphaeria sp. Coldnias com dez dias de crescimento a 25 °C nos meios:
CMA (a), MA (b) e PDA (c). d. hifa vegetativa. Barra de escala = 20 um.

Fonte: Elaborado pela autora.
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Tetraploa sasicola
Familia Massarinaceae

Habitats e distribuicdo: O género Tetraplosphaeria foi descrito por Tanaka et al. (2009) para
acomodar o estado sexual de Tetraploa. No entanto, Rossman et al. (2015) recomenda que 0
nome Tetraplosphaeria seja alterado para Tetraploa pois o trabalho de Tanaka et al. (2009)
mostrou que Tetraplosphaeria sasicola possui um agrupamento muito préximo a espécie-tipo
Tetraploa aristata. Como Tetraploa compreende 20 nomes, enquanto Tetraplosphaeria
possui apenas quatro, Tetraploa tem prioridade. Os trabalhos com este grupo de fungos ainda
sdo escassos e até o momento Tetraploa sasicola s6 havia sido encontrada em plantas. A
presenga em formigas-cortadeiras mostra a possibilidade de colonizagdo de diferentes
habitats.

Morfologia (Figura 24): Fungo teleomorfo de Tetraploa ellisii. A linhagem DOC 175, isolada
do integumento de bitd de Atta capiguara e identificada como T. sasicola, foi analisada.
Caracteristicas das colbnias apds dez dias a 25 °C: Colonia em CMA com 17 mm diam, plana
e velutinosa com coloragdo verde oliva. Colénia em MA com 20 mm diam, plana e cotonosa
com coloragdo verde acinzentada. Col6nia em PDA com 17 mm diam, plana, cotonosa,
porcdo central verde oliva e margem verde escura. Micélio estéril no meio CMA apés dez
dias a 25 °C.
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Figura 24. Tetraploa sasicola. Col6nias com dez dias de crescimento a 25 °C nos meios:
CMA (a), MA (b) e PDA (c). d. hifa vegetativa. Barra de escala = 10 pum.

Fonte: Elaborado pela autora.
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ORDEM VENTURIALES

Ochroconis
Familia Sympoventuriaceae

Habitats e distribuicdo: No meio ambiente, espécies de Ochroconis sdo frequentemente
encontradas em solo e material vegetal em decomposicdo (GRANDI; GUSMAO, 2002).
Além disso, podem ser encontrados em plantas aquaticas (ORLOWSKA et al., 2004) e parede
de cavernas (MARTIN-SANCHEZ et al., 2012). Devido a sua capacidade em tolerar baixo
pH e extremas temperaturas (MACHOUART et al., 2014), fungos deste género também
colonizam lava-lougas e banheiros (NOBUO; NIICHIRO, 2008; XIN; de HOOG, 2010). Duas
novas espécies de Ochroconis, isoladas do integumento de formigas cortadeiras de folhas,
foram recentemente descritas: O. sexualis (SAMERPITAK et al., 2014), também encontrado
em material laboratorial na Africa do Sul, e O. globalis (SAMERPITAK et al., 2015), isolado
também de banheiros na Alemanha.

Patogenicidade: As espécies O. humicola e O. tshawytschae sdo ocasionalmente encontrados
em infecgdes sistémicas em peixes (AJELLO et al., 1977), tartarugas (WEITZMAN et al.,
1985), gatos (VANSTEENHOUSE et al., 1988) e cachorros (SINGH et al., 2006). Por outro
lado, Ochroconis gallopava é agente de importantes infeccGes em humanos (GE et al., 2012;
MERIDEN et al., 2012). A patogenicidade das espécies descritas a partir do integumento das

formigas ainda é desconhecida.

Morfologia (Figura 25): Fungos anamorfos. As linhagens AP 171 (O. globalis) e AP 297 (O.

sexualis), ambas isoladas do integumento de ica de Atta capiguara, foram analisadas.

Ochroconis globalis — Caracteristicas das colonias apos 14 dias a 25 °C: Coldnia em CMA
com 22 mm diam, plana, velutinosa, verde oliva com regiGes mais escuras, margem marrom e
definida. Colonia em MA com 22 mm diam, plana, velutinosa, porcao central mais elevada,
verde oliva com margem escura. Colonia em PDA com 24 mm diam, plana, velutinosa, verde
oliva e margem mais clara. Microcultivo em meio CMA apds 14 dias a 25 °C: Conidiéforos
laterais, eretos ou flexuosos, 1-2 septos, 5.5-25 x 1-1.5 um. Conidios elipsdides, levemente

apiculados na base, 1 septo, 7-11 x 2.5-4 pum. Teleomorfo desconhecido.
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Ochroconis sexualis — Caracteristicas das col6nias apds 14 dias a 25 °C: Col6nia em CMA
com 13 mm diam, plana e velutinosa com coloracdo marrom. Colénia em MA com 12 mm
diam, plana, velutinosa, verde acinzentada, producdo de pigmento alaranjado no meio de
cultivo. Coldnia em PDA com 15 mm diam, plana e velutinosa com coloracdo verde oliva
claro. Micélio estéril no meio CMA porém com presenca de clamidosporos. Samerpitak et al.
(2014) encontrou uma linhagem teleomorfa de O. sexualis, representando o primeiro

Ochroconis produtor de celulas sexuais.

Figura 25. Variag6es morfoldgicas de duas espécies de Ochroconis. Coldnias com 14 dias de
crescimento a 25 °C nos meios: CMA (a), MA (b), e PDA (c). d. conididforos, conidios e
clamiddsporos. Barra de escala = 10 pm.

b

O. globalis

O. sexualis

Fonte: Elaborado pela autora.
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Verruconis verruculosa
Familia Sympoventuriaceae

Habitats e distribuicdo: O género Verruconis foi proposto recentemente por Samerpitak et al.
(2014). A espécie Verruconis verruculosa tem como basidnimo Scolecobasidium
verruculosum. No ambiente o fungo V. verruculosa é encontrado em ninhos de cormordo
(KUTORGA et al., 2013) e solo (WU; ZHANG, 2008; SAMERPITAK et al., 2014).

Morfologia (Figura 26): Fungos anamorfos. A linhagem 58N, isolada do integumento de bitd
de Atta laevigata e identificada como V. verruculosa por Baron (2014), foi analisada.
Caracteristicas das colbnias ap0s sete dias a 25 °C: Semelhante morfologia nos meios CMA,
MA e PDA (15, 16 e 14 mm diam, respectivamente); colénias planas e velutinosas com
micélio verde oliva. Pigmento alaranjado no meio MA e avermelhado no meio PDA.
Microcultivo em meio CMA apds sete dias a 25 °C: Conidiéforos simples, pouco
diferenciados e ndo ramificados, 3.5-7.5 x 2-3. Conidios oblongos, 1 septo, constritos no

septo, equinulados, 7-12 x 2.5-4 um. Teleomorfo desconhecido.
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Figura 26. Verruconis verruculosa. Col6nias com sete dias de crescimento a 25 °C nos meios:
CMA (a,d), MA (b,e) e PDA (c,f). g-i. hifa vegetativa. Barra de escala = 10 pum.

Fonte: Elaborado pela autora.
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2.6 Consideracdes finais

Os resultados desse trabalho mostram que os fungos negros sao muito abundantes no
integumento de formigas cortadeiras de folhas. Embora fungos do género Phialophora
tenham sido classificados como simbiontes das formigas Attini (LITTLE; CURRIE, 2007),
baseado em isolamentos feitos apenas em formigas do género Apterostigma, a mesma
conclusédo ndo pode ser estabelecida para o género Atta.

O papel dos fungos negros na simbiose das formigas ainda é desconhecido, mas,
baseando-se em sua ecologia, algumas inferéncias podem ser feitas. Como pode ser observado
na revisdo dos principais taxons isolados do integumento das formigas cortadeiras de folhas,
boa parte dos isolados mantém relacbes com plantas, seja como epifitas, endofiticos ou
fitopatdgenos. Assim, provavelmente sdo transportados para o interior dos ninhos juntamente
com o material vegetal que € utilizado para o cultivo do fungo mutualista.

Fungos negros da ordem Chaetothyriales, como Cladophialophora e Exophiala,
podem sobreviver no integumento das formigas cortadeiras de folhas devido a sua habilidade
singular de usar hidrocarbonetos como fonte de carbono (SATOW et al., 2008; ZHAO et al.,
2010; ATTILI-ANGELIS et al., 2014). Sabe-se que as formigas produzem uma ampla
diversidade de compostos organicos que podem favorecer seletivamente o crescimento de
fungos Chaetothyriales (VOGLMAYR et al., 2011).

Por outro lado, fungos negros oportunistas como Sporothrix schenckii, podem utilizar
as formigas como veiculo dispersor no ambiente e, assim, serem apenas transientes nos
ninhos desses insetos.

Dois temas, praticamente inexplorados até o momento, devem ser melhor estudados
para compreender a presenca dos fungos negros no integumento das formigas: i) potencial
enzimatico desses isolados. O trabalho de Mendes et al. (2012) demonstrou que leveduras
presentes nos jardins de fungo sdo capazes de utilizar compostos tdxicos presentes nos ninhos,
contribuindo para a estabilidade da colbnia; ii) relacbes com outros micro-organismos
simbiontes das formigas. Fungos do género Aureobasidium, isolados de ninhos de Atta
sexdens, sdo capazes de produzir toxinas que inibem o crescimento de outras leveduras
(CARREIRO et al., 2002). Assim, é possivel que os fungos negros produzam metabdlitos que
inibam outros fungos parasitas, auxiliando as formigas no controle de micro-organismos

indesejados.
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Os estudos sobre a relacao dos fungos negros com as formigas Attini ainda sdo iniciais
e podem revelar interessantes aspectos sobre a ecologia e interacfes entre 0s diversos micro-

organismos presentes nos ninhos dessas formigas.

Fungos hialinos e leveduras

Apesar de ndo serem o objetivo desse estudo, aproximadamente 130 fungos hialinos e
18 leveduras também foram isolados das coletas de 2012 e 2013. As linhagens encontram-se
depositadas na Central de Recursos Microbianos (UNESP, Rio Claro) e poderdo fazer parte
de futuros estudos. Uma prévia identificacdo de alguns isolados revelou a presenca dos fungos
hialinos Purpureocillium lilacinus, Trichoderma harzianum e Penicillium. Os taxons de
leveduras encontrados foram Cryptococcus laurentii, Erythrobasidium hasegawianum,
Meyerozyma caribbica, Pseudozyma jejuensis, Rhodotorula mucilaginosa e Trichosporon

montevideense.
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3.1 Contextualizacdo

Os ambientes colonizados por micro-organismos sdo extraordinariamente diversos e as
andlises da composicdo microbiana a partir de métodos dependentes e independentes de
cultivo permitem a compreensdo do papel que muitos desempenham no ambiente e a extensao
das espécies existentes.

Apesar da predominéncia de estudos que realizam o isolamento de micro-organismos,
sabe-se que apenas uma pequena parcela destes é cultivavel devido a inadaptabilidade em
condicdes laboratoriais. Assim, as técnicas de andlise independentes de cultivo tém se
destacado. Dentre as estratégias utilizadas, o sequenciamento de nova geracdo € 0 mais
vantajoso por ndo necessitar de uma etapa de clonagem, tornando a execucdo mais rapida e
automatizada.

O sequenciamento de nova geracdo desenvolvido pela companhia 454 Life Sciences
(Roche, Suica), também conhecido como pirosequenciamento, tem sido extensivamente
aplicado em estudos da microbiota relacionada ao solo e plantas, principalmente. A técnica é
baseada na detec¢do da liberacdo do pirofosfato durante a sintese de DNA; mais detalhes dos
processos envolvidos podem ser encontrados no trabalho de Ronaghi (2001).

Com a evolucdo do sequenciamento de DNA o volume de sequéncias geradas
aumentou, exigindo o desenvolvimento de pipelines capazes de analisar a grande quantidade
de dados em fluxo continuo e rapido. Neste capitulo, o pipeline 1TScan, desenvolvido pela
Dra. Milene Ferro, foi aplicado no processamento das sequencias e incluiu a remogéo de
sequéncias quiméricas (composta por duas sequéncias parciais de genes diferentes),
alinhamento e agrupamento das sequéncias em unidades taxonémicas moleculares
operacionais (MOTUES).

A necessidade de profissionais qualificados para o processamento e analise de grandes
volumes de dados obtidos nos sequenciamentos de alto desempenho, mostra que a

bioinformética é um ramo promissor.
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3.2 Abstract

The relationship among attine ants with their mutualistic fungus and other microorganisms
has been studied during the last two centuries. However, previous studies about the diversity
of fungi in the ants’ microenvironment are based mostly on culture-dependent approaches,
lacking a broad characterization of the fungal ant-associated community. Here, we analyzed
the fungal diversity found on the integument of Atta capiguara and A. laevigata alate ants
using 454 pyrosequencing. We obtained 35 453 ITS reads grouped into 99 Molecular
Operational Taxonomic Units (MOTUs). Data analysis revealed that A. capiguara drones had
the highest diversity of MOTUs. Besides the occurrence of several uncultured fungi, the
mycobiota analysis revealed that the most abundant taxa were the Cladosporium-complex,
Cryptococcus laurentii and Epicoccum sp. Taxa in the genus Cladosporium were predominant
in all samples, comprising 67.9 % of all reads. The remarkable presence of the genus
Cladosporium on the integument of leaf-cutting ants alates from distinct ant species suggests

that this fungus is favored in this microenvironment.

Key words: next generation sequencing; ITS; Attini ants; cuticle; fungal consortium
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3.3 Introduction

Colonies of leaf-cutting ants (genera Atta and Acromyrmex) of the tribe Attini
(Formicidae) harbor a wide diversity of microorganisms. The principal member of this
complex network of interactions is a basidiomycetous fungus (Agaricaceae, genus
Leucoagaricus) cultured by these ants for food (SILVA et al., 2003). After 50 million years of
co-evolution, attine ants and their cultivated fungus are dependent on each other and therefore
feature an obligatory mutualistic relationship (MUELLER, 2012; SCHULTZ; BRADY,
2008).

Leaf-cutting ants cut large amounts of plant materials as substrate for the cultivation of
the mutualistic fungus (WEBER, 1972) and this is why they are considered pests to
agriculture crops causing severe economical losses. Thus, many studies have been conducted
about the relationship of leaf-cutting ants with Leucoagaricus and other associated microbial
symbionts in order to elucidate their ecology and assist in the search for methods to control
these insects (ORTIZ; ORDUZ, 2000; LOPEZ; ORDUZ, 2003; FOLGARAIT et al., 2011).

Once a year, the reproductive caste of leaf-cutting ants, composed by alate individuals,
leaves the nest to perform the mating flight. Females (gynes) carry a small portion of
Leucoagaricus in their infrabuccal pocket and, after the fecundation by males (drones), each
gyne tries to establish a new colony (AUTUORI, 1941).

The study of Pagnocca et al. (2008) was the first to analyse the fungal community
present in the integument of leaf-cutting gynes from A. capiguara and A. laevigata nests and
isolated several fungal species with prevalence of the genus Cladosporium. Few years later,
Duarte et al. (2014) reported the presence of potentially pathogenic black fungi, such as
Exophiala and Ochroconis, in the gynes’ body of the same species. Therefore, the fungi
present in the integument of alate ants may be dispersed in the environment and thus compose
the fungal community of the newly founded colony.

The first study aiming to evaluate the fungal diversity associated with nests of leaf-
cutting ants using a culture-independent method was performed by Rodrigues et al. (2014).
Using clone libraries based on the internal transcribed spacer (ITS) region, the authors
analyzed the fungal community in the chambers’ soil and the surrounding soil of A. sexdens

rubropilosa and A. bisphaerica nests. The authors found differences between fungal
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communities in nest and non-nest soils, revealing that ants may influence the mycobiota
found in the soil adjacent to their nests.

Culture-independent methods, such as next generation sequencing (NGS), have been
widely used in environmental studies of the mycobiome, such as soil fungi (LIM et al., 2010;
LENTENDU et al., 2011), mycorrhizal fungi (LUMINI et al., 2010) and plant-associated
fungi (GILLEVET et al., 2009; ARFI et al., 2012) but not in mycobiomes found in fungal-
insect interactions.

Because almost all studies on the diversity of fungi associated with leaf-cutting ants
have used culture-dependent approaches, here we used 454 pyrosequencing to further
evaluate the mycobiota diversity on gynes and drones of the ants A. capiguara and A.
laevigata. This study represents the first survey of fungal communities present on the

integument of leaf-cutting ants using a NGS method.
3.4 Materials and Methods
3.4.1 Study site and sampling

One colony of A. laevigata and one colony of A. capiguara located at Fazenda Santana
(Locality: 22°50.6°S; 48°26.1’W; elevation 798 m), Botucatu, Sdo Paulo State, Brazil, were
monitored during several months before the mating flight season. This generally occurs once
a year from September to November in Sdo Paulo State. On the collection day (November
2012) only these two colonies released alates, thus limiting the number of colonies sampled.
All ants were collected in the same day during the beginning of the mating flight, right at the
moment when the alate ants appeared at the nest entrance®. Ten drones and ten gynes were
picked up from the A. capiguara colony and ten drones from the A. laevigata colony. Gynes

of A. laevigata were not released at the moment of collection.

! Collections were conducted under collecting permit number 36333-1 issued by the “Instituto Brasileiro do
Meio Ambiente e dos Recursos Naturais Renovaveis” (IBAMA) and the “Instituto Chico Mendes de
Conservagao da Biodiversidade” (ICMBio).
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3.4.2 Molecular analysis

Each ant was immersed individually in TE buffer (Tris 1M; EDTA 0,5M) and
sonicated in a Branson 1210 ultrasonic water bath for 10 min. Due to the different sizes, one
mL of buffer was used for drones and four mL for gynes. The buffer, containing fungal cells
in suspension was evaporated to dryness in a Speed-Vac concentrator (Savant Instruments)
and then suspended in 30 pL of TE buffer. The resulting suspension was used for DNA
extraction according to the CTAB protocol of Reis et al. (2015). Extracted DNA of each ant
group was mixed according to the source, resulting in three samples (A. capiguara and A.
laevigata drones; A. capiguara gynes).

The ITS region of the ribosomal DNA was amplified using the primers ITS1 and ITS4
(WHITE et al., 1990). Fifteen ng of template DNA were used for a 25 uLL PCR amplification
reaction performed as follows: 94 °C for 5 min, followed by 35 cycles consisting of 94 °C for
45 s, 52 °C for 30 s and 72 °C for 1 min, and post elongation step at 72 °C for 7 min. To
reduce PCR biases, six PCR reactions were carried out for each sample and then pooled per
sample group. Amplicons were analyzed on a 1% agarose gel and a negative control (DNA
free) was also performed. Amplicons were purified using a NucleoSpin® PCR Clean-up
(Macherey-Nagel). Pyrosequencing was performed on a Genome Sequencer (GS) FLX+
platform (Roche, Switzerland) at the MACROGEN DNA Synthesis and Sequencing Facility
(Seoul, Korea).

3.4.3 Bioinformatics and data analyses

Reads were submitted to the online program PRINSEQ (SCHMIEDER; EDWARDS,
2011) to examine the presence of ambiguities (Ns), quality, average size, and GC content of
reads. The data have been deposited in the National Center for Biotechnology Information
BioProject database, www.ncbi.nim.nih.gov/bioproject (project ID PRINA321130). After
checking that the reads quality was higher than the 20 PHRED (EWING; GREEN, 1998;
EWING et al., 1998), sequences shorter than 400 bp were removed using a local script.

The data obtained were analyzed using ITScan (FERRO et al., 2014), a recent pipeline
dedicated to studies on fungal diversity (available at

http://evol.rc.unesp.br:8083/editor/faces/itscan/input.xhtml).  Pipeline steps comprise a
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chimera screening, executed by the Chimera Checker program (NILSSON et al., 2010),
removal of chimeric ITS sequences, sequence alignment performed in MAFFT (KATOH,;
STANDLEY, 2013), clustering of aligned sequences into Molecular Operational Taxonomic
Units (MOTUSs) using a sequence similarity of 97% (TEDERSOO et al., 2010) in Mothur
(SCHLOSS et al., 2009). Singletons (MOTUs including only one read) were removed from
further analysis, as recommended by Tedersoo et al. (2010), in order to improve the precision
of diversity estimates.

In order to provide taxonomic affiliations, comparisons of MOTUs against the NCBI-
GenBank were carried out using 1e-03 e-value parameter. The identification of the MOTUs
was also manually refined by constructing phylogenetic trees including sequences from
reference strains (type) available in the GenBank (neighbor-joining method) using MEGAG6
(TAMURA et al., 2013).

The taxonomic  assignment was determined using the  MycoBank
(www.MycoBank.org; ROBERT et al., 2013). Fisher's alpha diversity index, a suitable tool
for comparing samples of different sizes (LORO et al., 2012), and rarefaction curves were
generated in PAST. Additionally, Sorensen and Jaccard’s similarity indices were calculated to

compare the communities using EstimateS 8.2.0 software (COLWELL et al., 2012).

3.5 Results

A total of 142 930 reads were obtained and after filtering out short sequence reads (<
400 bp), 99 281 reads (69.5 %) were used in the ITScan pipeline. The number of reads per
sample and average read length are shown in Table 1. The PHRED quality score for all
samples was higher than 20 and GC content ranged from 46.8 % (A. capiguara drones) to
48.1% (A. laevigata drones).

After removing chimeric sequences, 57 singletons were deleted and reads were
grouped into 99 distinctive MOTUs: 51 from A. capiguara drones, 25 from A. capiguara
gynes and 46 from A. laevigata drones.

Of the 99 MOTUs obtained in the study, 32 were unique to A. capiguara drones
(including Cryptococcus laurentti, Cunninghamella and Periconia species), 11 were unique to
A. capiguara gynes (including Trichosporon chiarellii) and 37 were unique to A. laevigata
drones (including Aureobasidium and Epicoccum species). The mutualistic fungus

Leucoagaricus gongylophorus was shared by drones (5 reads) and gynes (351 reads) of A.
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capiguara. Additionally, four MOTUs were present in all samples (Table 2). A complete list

of the MOTUSs and its distribution has been included in Online Resource 1.

Table 1 - Data characteristics before and after ITScan processing.

Raw data Treated data’
N°of reads  Average read length N° of reads Average read length
A. capiguara drones 44604 508 22953 519
A. capiguara gynes 74966 454 934 512
A. laevigata drones 23360 504 11566 505

“ Reads characteristics after length filtering and removal of chimeric sequences.

According to Jaccard and Sorensen’s indices, A. capiguara drones and A. capiguara
gynes shared the highest number of fungal taxa (Jaccard: 0.24; Sorensen: 0.39). This
comparison is not possible for A. laevigata since gynes were not obtained from this nest.

Most of the MOTUs contained three to 100 reads, however three MOTUs grouped
over 1 000 reads. These three MOTUs were taxonomically assigned to the Cladosporium-
complex (n=24 099), Cryptococcus laurentii (n=2 752), and Epicoccum sp. (n=3 955) and
made up 86.9 % of the reads. Table 3 shows the most representative MOTUSs in the samples.

Rarefaction analysis of the MOTUs showed that the asymptote was approached for all
three samples (Fig. 1) suggesting that 454 pyrosequencing recovered most of the fungal
species present on the integument of the sampled ants. The diversity index revealed that A.
capiguara drones had the highest diversity (Fisher's alpha: 6.2) followed by A. laevigata
drones (Fisher's alpha: 6.1).

From the 99 fungal taxa identified, 78.8 % belonged to Ascomycota, 16.2 % to
Basidiomycota and 5 % to Mucoromycotina. The orders Pleosporales, Capnodiales and
Hypocreales encompassed the highest number of MOTUs for ascomycetous fungi (Fig. 2).
Basidiomycetous fungi were mostly classified in the order Tremellales. On the other hand,
Mucoromycotina is represented exclusively by the order Mucorales and encompasses only
Cunninghamella and Mucor species. Also, 13.1 % of the MOTUs represent uncultured fungi.

The sequence data of the ITS region are too conserved to distinguish different species
in the genera Aspergillus, Cladosporium, Penicillium and Trichoderma (BALAJEE et al.,
2007; VISAGIE et al., 2014; BENSCH et al., 2015; MONTOYA et al., 2016). Therefore
these MOTUSs were grouped as a species complex.



Table 2 - Shared MOTUs for Atta capiguara drones and gynes, and Atta laevigata drones.

] ) ) Coverage Similarity ) N° of reads
Best hit at NCBI database Taxonomic assignment Accession n°
(%) AC drones ACgynes AL drones
Ascomycota sp. Magnaporthales (A) 95 JQ692165 17 4 5
Cladosporium-complex Capnodiales (A) 100 KP143685 17520 377 6202
Fusarium polyphialidicum Hypocreales (A) 97 HQ607880 16 3 67
Fusarium decemcellulare Hypocreales (A) 99 KR534720 5 2 25
(A) Ascomycota; AC A. capiguara; AL A. laevigata
Table 3 - The 10 top abundant MOTUs found in each sample based on closest match in NCBI database.
(continued)
Best hit at NCBI database Taxonomic assignment Coverage (%) Similarity (%) Accession # N° of reads % total
Cladosporium-complex Capnodiales (A) 100 100 GU395509 17520 76.2
Cryptococcus laurentii Tremellales (B) 81 98 KP131909 2754 12
é Dothideomycetes sp. Pleosporales (A) 100 99 KM519276 970 4.2
g Cunninghamella sp. Mucorales (M) 88 90 KR812209 339 1.5
g Phoma draconis Pleosporales (A) 88 100 KP276621 322 14
B Teratosphaeriaceae sp. 2 Capnodiales (A) 100 94 KT833169 213 0.93
(o
& Coniothyrium sp. Pleosporales (A) 87 98 DQ092505 145 0.63
< Cunninghamella bainieri Mucorales (M) 99 93 KF201293 145 0.63
Periconia macrospinosa Pleosporales (A) 100 99 JQ781723 66 0.29
Pseudocercospora norchiensis Capnodiales (A) 100 100 EF394859 52 0.23
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Table 3 - The 10 top abundant MOTUs found in each sample based on closest match in NCBI database.

(conclusion)

A. capiguara gynes

A. laevigata drones

Best hit at NCBI database Taxonomic assignment Coverage (%) Similarity (%) Accession # N° of reads % total
Cladosporium-complex Capnodiales (A) 99 99 HQ608074 377 39.8
Leucoagaricus gongylophorus Agaricales (B) 100 99 KJ531208 351 375
Teratosphaeriaceae sp. 4 Capnodiales (A) 100 99 KT833162 58 6.1
Fusarium oxysporum Hypocreales (A) 100 100 KT794176 35 3.7
Teratosphaeriaceae sp. 2 Capnodiales (A) 100 98 KT833169 32 34
Teratosphaeriaceae sp. 1 Capnodiales (A) 100 100 KT833155 11 1.2
Phanerochaete tuberculata Polyporales (B) 98 94 AY219356 10 11
Clonostachys byssicola Hypocreales (A) 100 100 KC806270 6 0.63
Uncultured fungus 4 Pleosporales (A) 100 99 FJ213550 6 0.63
Pseudocercospora fuligena Capnodiales (A) 100 88 GU214675 5 0.53
Trichosporon chiarellii Tremellales (B) 99 99 GQ338074 5 0.53
Cladosporium-complex Capnodiales (A) 100 99 GU395509 6202 53.5
Epicoccum sp. Pleosporales (A) 100 99 KR024724 3955 34
Aureobasidium leucospermi Dothideales (A) 100 99 JN712487 399 34
Bionectria sp. Hypocreales (A) 100 99 HM849058 111 0.96
Teratosphaeriaceae sp. 3 Capnodiales (A) 98 97 KT833168 107 0.92
Fusarium incarnatum-equiseti complex Hypocreales (A) 100 100 KJ562367 96 0.83
Uncultured fungus 1 Pleosporales (A) 100 99 GU05379%4 95 0.82
Alternaria alternata Pleosporales (A) 100 100 KU866390 74 0.64
Fusarium polyphialidicum Hypocreales (A) 100 97 HQ607880 67 0.58
Trichosporon asahii Tremellales (B) 100 99 KU095859 63 0.54

(A) Ascomycota; (B) Basidiomycota; (M) Mucoromycotina
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Figure 1 — Rarefaction curves (solid lines) of observed MOTU richness at 97 % sequence
similarity along with the 95 % Confidence Intervals (dotted lines) on the integument of A.
capiguara drones (a), A. capiguara gynes (b) and A. laevigata drones (c).
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Figure 2 — Distribution of the 99 fungal MOTUs obtained from the integument of A.
capiguara drones, A. capiguara gynes and A. laevigata drones, according to the phylogenetic

assignment.
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3.6 Discussion

Studies on the mycobiota present on the integument of leaf-cutting ants are relatively
recent and only four studies are published on this subject (PAGNOCCA et al., 2008;
GUEDES et al., 2012; ARCURI et al., 2014; DUARTE et al., 2014). The relationship of these
cuticular fungi with ants is still unknown but Attili-Angelis et al. (2014) suggested that the
presence of melanized fungi (order Chaetothyriales) may be favored by composing
hydrocarbons in the cuticle of these insects.

Although these works contributed to the knowledge of fungi present on the integument
of attine ants, the sole use of culture-dependent techniques limited the study of fungal
diversity and the finding of putative unknown species that fail to grow on artificial media. In
this context, the present study evaluated the fungal diversity associated with the integument of
alate leaf-cutting ants using pyrosequencing.

As expected, we found the mutualistic fungus, Leucoagaricus gongylophorus on gynes
of A. capiguara. Because ant female alates carry mycelium pellets in the internal infrabucal
pockets (AUTUORI, 1941) it is likely that our method to recover DNA from the integument
also extracted DNA from the mutualistic fungus. Furthermore, L. gongylophorus was also
found on drones of A. capiguara, even though in a lower number of reads. As the
reproductive caste is raised in the parental fungus garden, the mutualistic fungal hyphae could
be attached to the integument of gynes and drones, however L. gongylophorus was not
detected on drones of A. laevigata.

Besides the ant mutualistic fungus, our results revealed a diverse fungal community
associated with both ant species examined. Moreover, it has become more apparent that the
ants’ integument represents a microenvironment for several microorganisms that interact
among themselves and may interfere in the complex attine ant-microbe interaction (LITTLE;
CURRIE, 2007; ISHAK et al., 2011).

As gynes are at least twice the size than drones (Online Resource 2), and for this
reason they have a higher contact surface with the surrounding environment, we expected a
higher number of reads obtained from these insects; however, we observed that A. capiguara
gynes had the lowest number of reads (n= 934) and MOTUs (n= 25). Using a culture-
dependent technique that favored the growth of melanized fungi, Duarte et al. (2014) isolated
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17 fungal taxa from 100 A. capiguara gynes’ integuments, a lower fungal richness compared
to the present study.

Fisher's alpha diversity index showed that drones of A. capiguara and A. laevigata had
the highest fungal richness. In fact, these samples also exhibit the highest number of MOTUs
(51 and 46, respectively). The study on the mycobiota associated with drones is recent and
Arcuri et al. (2014) showed a wide diversity of yeasts on the integument of A. sexdens
rubropilosa drones, with predominance of Aureobasidium and Cryptococcus species.

According to the Jaccard and Sorensen’s similarity indices, drones and gynes of A.
capiguara are more similar to each other than to drones of A. laevigata regarding the fungal
diversity. In addition, the number of shared MOTUs among the three samples was very low
(n=4). These results support the hypothesis of Duarte et al. (2014) that the fungal community
associated with A. capiguara and A. laevigata alate ants are distinct. However, this conclusion
should be carefully considered as it is based in a limited number of samples.

The clustered MOTUs suggest that the fungal populations present on the integument
of leaf-cutting ants belong to the phyla Ascomycota, Basiodiomycota and Mucoromycotina.
The two ascomycetous orders with the highest number of MOTUs, Pleosporales and
Capnodiales, comprise epiphytes, endophytes, saprobes and plant parasites (CROUS et al.,
2009; ZHANG et al., 2012). Hypocreales was another ascomycetous order frequently
obtained in this study and includes plant pathogens and biocontrol agents (SAMUELS et al.,
2006). Thus, the most abundant orders comprise plant-related fungi that may enter into the
nests through different plants harvested by these leaf-cutting ants and, once incorporated in
the fungus gardens, they can contaminate the integument of worker ants and alates as well.

Reads assigned to the genus Cladosporium (Capnodiales, Ascomycota) were prevalent
in all samples and accounted for 67.9 % of all reads obtained. Pagnocca et al. (2008) reported
massive isolation of this genus from the integument of A. capiguara and A. laevigata gynes,
suggesting that leaf-cutting ants may be an important carrier of Cladosporium species.

Species of Cladosporium are ubiquitous and, therefore, they are found in a wide range
of environments (BENSCH et al., 2012). Besides, Cladosporium is frequently isolated from
soil (DOMSCH et al., 1980), air (O’GORMAN; FULLER, 2008) and is a common endophyte
(KUMARESAN; SURYANARAYANAN, 2002) and plant pathogen (THOMMA et al.,
2005). The access of fungi into the ants’ nest has not been fully elucidated, but for plant-

related fungal species, as Cladosporium, it is suggested that the entry happens during the
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transport of plant material into the nests. Although their role in the attine symbiosis is
unknown, the remarkable presence of Cladosporium in the integument of these ants suggests
that this fungus is favored in this microenvironment and might use the ants as dispersal
vehicle.

Contrary to the results obtained by Duarte et al. (2014), we found a lower diversity of
chaetothyrialean fungi that could be explained by the small number of ants evaluated (n=30)
as both studies sampled the same alate ants species. Phialophora-related species, suggested to
be symbiont of attine ants by Little and Currie (2007), were also not found.

From the Basidiomycota phylum, Cryptococcus laurentii (order Tremellales) was the
most abundant taxon and observed only in A. capiguara drones. This basidiomycetous yeast
has been shown to be prevalent in the attine ants microenvironment and it has been reported
in the fungus garden (MIDDELHOVEN et al., 2003) and integument of gynes (PAGNOCCA
et al., 2008) and drones (ARCURI et al., 2014). Mendes et al. (2012) showed that, besides C.
laurentii, many other yeasts present in the fungus garden of leaf-cutting ants, are able to
assimilate galacturonic acid, a compound derived from the hydrolysis of pectin (SIQUEIRA
et al., 1998) by Leucoagaricus and considered harmful to ants’ survival.

Interesting to note, Trichosporon chiarellii has been frequently reported in association
with attine ants (PAGNOCCA et al., 2010) and so far was not found in another environment.
Here, we found this yeast species on the integuments of A. capiguara gynes (five reads).
Arcuri et al. (2014) isolated T. chiarellii from the integument of A. sexdens rubropilosa
drones before the mating flight. Because alate ants might be responsible for the vertical
transmission of some microorganisms, the present report supports the hypothesis that T.
chiarellii could be an autochtonous species in attine ant colonies.

Thirteen MOTUs were identified as uncultured fungi but all were classified to at least
the order level. These results show that members of the fungal community associated with the
integument of leaf-cutting ants remain poorly described.

Our study indicates that the integument of leaf-cutting ant alates harbor a wide
diversity of fungi and many have not been recovered by culture-dependent methods. The
complex relationship among fungi and other associated organisms in this microenvironment
has been insufficiently researched and may contain the fundamental key to elucidate the
mechanisms used by the ant in nurturing the mutualistic fungus and defence against natural

enemies.
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Table ESM 1 - BLASTN results for the 99 MOTUs obtained from the integument of leaf-cutting ants by 454 pyrosequencing.

(continued)

Best hit at NCBI database Coverage (%) Similarity (%) Accession n° N® of reads
AC drones AC gynes AL drones
Ascomycota

Order Capnodiales

Catenulostroma protearum 100 93 GU214628 2 0 0
Cladosporium-complex 100 100 KP143685 17520 377 6202
Microcyclospora tardicrescens 91 93 JQ358790 3 0 0
Mycosphaerellaceae sp. 99 98 GU214703 2 0 0
Mycosphaerella heimii 100 99 EF394841 39 2 0
Mycosphaerella konae 100 93 GQ852746 2 0 0
Pseudocercospora norchiensis 100 100 EF394859 52 3 0
Pseudocercospora fuligena 100 88 GU214675 0 5 0
Ramichloridium brasilianum 100 97 EU041797 28 3 0
Teratosphaeriaceae sp. 1 100 100 KT833155 0 11 0
Teratosphaeriaceae sp. 2 100 94 KT833169 213 32 0
Teratosphaeriaceae sp. 3 98 97 KT833168 0 0 107
Teratosphaeriaceae sp. 4 100 99 KT833162 0 58 0
Teratosphaeriaceae sp. 5 92 97 KT833170 2 0 0
Uncultured Davidiella 1 100 96 HG935309 0 0 2
Uncultured Davidiella 2 99 98 HG935237 6 2 0
Uncultured Davidiella 3 82 99 HG935303 0 0 19
Uncultured fungus 2 94 95 KF800571 0 2 0
Uncultured soil fungus 2 66 99 JQ666416 2 0 0
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Table ESM 1 - BLASTN results for the 99 MOTUs obtained from the integument of leaf-cutting ants by 454 pyrosequencing.

(continued)

Best hit at NCBI database Coverage (%) Similarity (%) Accession n° N of reads
AC drones AC gynes AL drones

Order Chaetothyriales
Exophiala spinifera 99 97 JX966556 6 0 0
Strelitziana africana 100 99 DQ885895 4 4 0
Order Dothideales
Aureobasidium leucospermi 100 99 JN712487 0 0 399
Aureobasidium pullulans 1 83 98 FJ744598 0 0 10
Aureobasidium pullulans 2 78 100 KP638734 0 0 2
Uncultured Aureobasidium 78 98 KF385316 0 0 12
Order Eurotiales
Aspergillus-complex 100 93 AY373890 0 0 18
Penicillium-complex 99 99 JF327829 3 0 0
Order Glomerellales
Colletotrichum gloeosporioides 100 99 KJ632407 0 0 3
Colletotrichum siamense 100 99 KP703365 0 0 17
Order Helotiales
Cadophora malorum 100 100 KT959320 0 2 0
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Table ESM 1 - BLASTN results for the 99 MOTUs obtained from the integument of leaf-cutting ants by 454 pyrosequencing.
(continued)

N° of reads

Best hit at NCBI database Coverage (%) Similarity (%) Accession n°
AC drones  AC gynes AL drones

Order Hypocreales

Bionectria sp. 100 99 HM849058 0 0 111
Clonostachys byssicola 100 100 KC806270 10 6 0
Fusarium annulatum 100 100 AY?213654 0 0 13
Fusarium decemcellulare 100 99 KR534720 5 2 25
Fusarium incarnatum-equiseti complex 100 100 KJ562367 0 0 96
Fusarium oxysporum 100 100 KT794176 19 35 0
Fusarium polyphialidicum 100 99 EF687915 16 3 67
Fusarium solani 100 100 KT184399 3 0 0
Fusarium sp. 81 98 KF746131 0 0 3
Myrothecium gramineum 100 97 KJ780796 2 0 0
Trichoderma-complex 100 100 KR296867 0 0 5
Order Magnaporthales

Ascomycota sp. 99 95 JQ692165 17 4 5
Pyriculariopsis parasitica 95 97 AY265340 19 4 0
Order Pleosporales

Alternaria alternata 100 100 KU866390 0 0 74
Bipolaris cynodontis 100 99 KJ909767 0 0 17
Cochliobolus cynodontis 100 98 JN943392 0 0 2
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Table ESM 1 - BLASTN results for the 99 MOTUs obtained from the integument of leaf-cutting ants by 454 pyrosequencing.

(continued)

Best hit at NCBI database Coverage (%) Similarity (%) Accession n° N” of reads
AC drones AC gynes AL drones

Order Pleosporales

Cochliobolus sp. 100 99 KM362367 0 2 0
Coniothyrium sp. 87 98 DQ092505 145 0 5
Curvularia trifolii 100 99 KR093892 5 0 0
Dothideomycetes sp. 100 99 KM519276 970 0 0
Epicoccum nigrum 100 91 FJ424262 0 0 6
Epicoccum sp. 100 99 KR024724 0 0 3955
Leptosphaeria sp. 100 98 AJ608969 6 0 6
Periconia macrospinosa 100 99 JQ781723 66 0 0
Periconia sp. 100 100 HQ607981 41 0 0
Phaeosphaeria sp. 100 99 HQ631018 12 0 0
Phaeosphaeriopsis sp. 100 96 KC478551 3 0 13
Phanerochaete tuberculata 98 94 AY219356 0 10 0
Phoma draconis 88 100 KP276621 322 0 0
Phoma herbarum 100 99 KT319052 0 3 0
Phoma sp. 1 100 95 HQ846581 19 0 0
Phoma sp. 2 69 100 KM979945 0 0 2
Phoma sp. 3 91 98 KJ173541 16 0 0
Pleosporales sp. 100 99 HQ631015 0 0 10
Teratosphaeria considenianae 99 96 GQ852791 0 0 10
Torula herbarum 98 97 NR 132929 10 0 0
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Table ESM 1 - BLASTN results for the 99 MOTUs obtained from the integument of leaf-cutting ants by 454 pyrosequencing.

(continued)

Best hit at NCBI database Coverage (%) Similarity (%) Accession n° N” of reads
AC drones AC gynes AL drones
Order Pleosporales
Uncultured fungus 1 100 99 GU053794 49 0 95
Uncultured fungus 3 100 91 JQ081528 0 0 4
Uncultured fungus 4 100 99 FJ213550 0 6 0
Uncultured fungus 5 100 96 KF800405 0 0 8
Uncultured fungus 6 100 98 KF800357 0 0 11
Uncultured soil fungus 1 100 98 JQ666415 0 0 33
Order Saccharomycetales
Debaryomyces hansenii 100 99 EF543259 0 0 5
Lipomyces kononenkoae 100 100 AB747653 7 0 0
Meyerozyma caribbica 100 100 KP132416 2 0 0
Order Sordariales
Chaetomium funicola 100 100 KR909159 0 0 13
Chaetomium sp. 100 99 KM520348 0 0 7
Uncultured Podospora 100 96 HG936000 0 0 8
Basidiomycota
Order Agaricales
Leucoagaricus gongylophorus 100 99 KJ531208 5 351 0
Pleurotus ostreatus 100 99 HM770884 0 0 9
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Table ESM 1 - BLASTN results for the 99 MOTUs obtained from the integument of leaf-cutting ants by 454 pyrosequencing.

(continued)

Best hit at NCBI database Coverage (%) Similarity (%)  Accession n° N° of reads
AC drones AC gynes AL drones

Order Filobasidiales
Filobasidium uniguttulatum 100 99 KP132189 0 0 5
Order Hymenochaetales
Resinicium saccharicola 85 99 DQ826549 4 0 0
Order Sporidiobolales
Rhodotorula mucilaginosa 100 99 KU864995 0 0 23
Sporobolomyces sp. 98 99 FJ515188 0 0 9
Order Tremellales
Cryptococcus laurentii 1 81 98 KP131909 2752 0 0
Cryptococcus laurentii 2 100 93 KP131909 9 0 0
Cryptococcus paraflavus 88 95 AY 395800 6 0 0
Cryptococcus podzolicus 100 100 FR716534 13 0 38
Cryptococcus sp. 100 98 FM178288 22 0 0
Dioszegia zsoltii var. zsoltii 100 99 EU266502 0 2 0
Fellomyces sp. 88 93 AJ608657 2 0 0
Kockovaella schimae 100 92 AF444479 3 0 0
Trichosporon chiarellii 99 99 GQ338074 0 5 0
Trichosporon asahii 100 99 KU095859 0 0 63
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Table ESM 1 - BLASTN results for the 99 MOTUs obtained from the integument of leaf-cutting ants by 454 pyrosequencing.

(conclusion)

Best hit at NCBI database Coverage (%) Similarity (%)  Accession n° N” of reads
AC drones AC gynes AL drones
Mucoromycotina

Order Mucorales

Cunninghamella bainieri 99 93 KF201293 145 0 0
Cunninghamella sp. 1 88 90 KR812209 339 0 0
Cunninghamella sp. 2 81 94 JQ889699 3 0 0
Cunninghamella sp. 3 98 86 KR812209 2 0 0
Mucor circinelloides 100 99 KP836336 0 0 19

AC Atta capiguara; AL Atta laevigata
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3.8 Online Resource 2

Figure ESM 2 — Alate reproductive caste of Atta capiguara ants leaving the nest to perform
the mating flight. The white arrow indicates a drone while the black arrow indicates a gyne.

Source: Dr. Luiz Carlos Forti
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4.1 Abstract

Isolates of Teratosphaeriaceae have frequently been found in the integument of attine ants,
proving to be common and diverse in this microenvironment. The LSU phylogeny of the ant-
associated strains studied revealed that they cluster in two main lineages. The first was
associated with the genus Xenopenidiella whereas the other represented two ant-associated
lineages sister to the taxa Penidiella aggregata and P. drakensbergensis, which are allocated
to the new genus Penidiellomyces. The genus Penidiella is limited to the lineage containing P.
columbiana, which is not congeneric with Penidiellomyces or Penidiellopsis, nor with
Simplicidiella, a novel genus introduced here to accommodate a strain isolated from ants. For
species level analysis, the final 26 aligned sequences of the ITS (498 characters), cmdA (389
characters), tefl (342 characters) and tub2 (446 characters) regions lead to the introduction of
six new species in Xenopenidiella, and one in respectively Penidiellopsis and Simplicidiella.
The species described in this study were distinguished by the combination of morphological
and phylogenetic data. Novelties on the integument of leaf-cutting ants from Brazil include:
Penidiellopsis ramosus, Xenopenidiella clavata, X. formica, X. inflata, X. laevigata, X.
nigrescens, X. tarda spp. nov., and Simplicidiella nigra gen. & sp. nov. Beta-tubulin is
recommended as primary barcode for the distinction of species in Penidiellopsis, whereas ITS
was sufficient to distinguish species of Xenopenidiella.

Key words: Attini tribe, leaf-cutting ants, multi-gene analyses, Penidiellopsis, Simplidiella,

Xenopenidiella
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4.2 Introduction

Seen as important symbionts, fungi interact with a wide range of organisms, including
insects (McLAUGHLIN et al., 2009). According to Hawksworth (2012) it is estimated that at
least 1.5-3 M species of fungi are living on Earth, of which only around 100 000 are presently
known (CROUS et al., 2015). Since the symbiotic relationships of attine ants with fungi are
not fully understood and comprise a wide fungal diversity (PAGNOCCA et al., 2008;
RODRIGUES et al. 2011; DUARTE et al., 2014), nests of ants are favourable environments
to investigate for undescribed taxa.

The symbiosis between attine ants and their mutualistic fungi (Leucocoprineae and
Pterulaceae), nourished as food source (MUELLER; RABELING, 2008), exists for
approximately 50 M years (SCHULTZ; BRADY, 2008). In order to maintain the symbiont,
attine ants utilize different agricultural systems (SCHULTZ; BRADY, 2008). The leaf-cutter
agriculture performed by genera Atta and Acromyrmex is the most common in Brazil and
consists of cutting fresh plant material being incorporated into the fungal garden and used as
energy source for the growth of the mutualistic fungus Leucoagaricus gongylophorus
(WEBER, 1972).

Recent studies of melanised fungi carried in the integument of leaf-cutting ants have
revealed the existence of a wide diversity of undescribed fungal species (DUARTE et al.,
2014). Little and Currie (2007) were the first to show an association between a black yeast
(phialophora-like), classified by the authors as the fifth symbiont, and Apterostigma ants
(tribe Attini).

Thus far three new black fungal species isolated from leaf-cutting ants have been
described: Phialophora attae, P. capiguare (ATTILI-ANGELIS et al., 2014) and Ochroconis
globalis (SAMERPITAK et al., 2015). In addition, Duarte et al. (2014) isolated several
unknown species affiliated to Teratosphaeriaceae, which are the subject of the present study.

The Teratosphaeriaceae was originally separated from Mycosphaerellaceae (CROUS
et al., 2007) and circumscribed to include saprobic, extremophilic, human opportunistic and
plant pathogenic fungi (QUAEDVLIEG et al., 2014). Although often linked to diseases in
plants, especially Myrtaceae and Proteaceae hosts (PEREZ et al. 2009; CARNEGIE et al.,
2011; CROUS; GROENEWALD, 2011; HUNTER et al., 2011), Teratosphaeriaceae species
do not have reports of specific associations with ants. However, this family is also rich in
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genera and species associated with rocks and other extreme environments (EGIDI et al.,
2014), and its ecology remains insufficiently known.

In a recent revision to phylogenetically and morphologically classify lineages in
Teratosphaeriaceae, Quaedvlieg et al. (2014) generated a multi-locus DNA sequence dataset
and introduced 17 new genera within Teratosphaeriaceae, including Xenopenidiella, a
saprobic fungus on leaf litter. Xenopenidiella was introduced based on a single species, X.
rigidophora, which was represented by a single isolate (QUAEDVLIEG et al., 2014). The
discovery of more species of Xenopenidiella will thus allow for a more robust generic
circumscription of the genus and facilitate a better understanding of its ecology.

The present study aims to provide a taxonomic study of Teratosphaeriaceae species
obtained from the integument of leaf-cutting ants from Brazil. Here, we describe one novel
genus associated with ants (Simplicidiella nigra), a new species of Penidiellopsis
(Penidiellopsis ramosus), and six new species of Xenopenidiella (X. clavata, X. formica, X.
inflata, X. laevigata, X. nigrescens, X. tarda). A third genus, Penidiellomyces, is also

introduced for two species of Penidiella s.lat.

4.3 Materials and Methods

4.3.1 Isolation techniques

In order to isolate the fungi present in the integument of attine ants, three different
methods were used as described below. For the oil flotation technique (SATOW et al., 2008)
the bodies of sampled ants were immersed in 25 mL of saline solution (NaCl 0.85 %) with
antibiotics (200 U penicillin, 200 pg/mL chloramphenicol, 200 pg/mL streptomycin and 500
pg/mL cycloheximide). Tubes were vortexed and after 30 min of incubation at room
temperature, approximately 20 % sterile mineral oil was added, followed by vortexing for 5
min. After 20 min of settling, 100 pL aliquots were removed from the oil-solution interface
and plated on Mycosel agar using a Drigalsky rod. Plates were incubated in the dark at 25 °C
and monitored daily until the appearance of fungal colonies.

For the nitrogen-free cultivation, ants were immersed in distilled water and sonicated
for 15 min. Then, 150 pL of the solution containing fungal cells in suspension were plated in
a free-nitrogen medium described by Thanh (2006). Plates were incubated in the dark at 25 °C

for 3 wk. In the third method, a dextrose 50 % enrichment technique was performed by
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immersing the ants in tubes containing 50 % dextrose and 0.5 % yeast extract. After 10 d of
incubation in the dark at 28 °C, tubes were shaken and 150 pL of the mixed solution was
plated on malt-dextrose agar (1 % malt, 1 % dextrose, 0.01 % chloramphenicol, 2 % agar) and
again incubated in dark at 28 °C for 10 d (THANH et al., 2013).

4.3.2 Fungal isolates

The 25 isolates analysed are listed in Table 1 and were all obtained from the
integument of Atta capiguara and A. laevigata leaf-cutting ant gynes (primary reproductive
female caste) and drones (male caste which role is to mate with a gyne) from Brazil.

All isolates are maintained in the culture collection of the Microbial Resource Centre
(CRM-UNESP, Brazil). Ex-type strains were deposited in the CBS-KNAW Fungal
Biodiversity Centre (The Netherlands) and in the Brazilian Collection of Environmental and

Industrial Microorganisms (CBMAL, Brazil).

4.3.3 DNA extraction

Isolates were inoculated to MA (2 % Malt Agar) plates and incubated in the dark at 25
°C for 14-21 d. Approximately 1 cm? of mycelium was transferred to a 2 mL microtube
containing 500 pL of lysis buffer (50 mmol/L Tris-HCI; 250 mmol/L NaCl; 50 mmol/L
EDTA; 0.3 % w/v SDS; pH 8) and the equivalent to 100 pL of glass beads (SIGMA-
ALDRICH G8893). After vortexing for 4 min, the microtubes were incubated for 1 h at 65 °C
(two replicates). After centrifugation for 15 min at 13.000 rpm the aqueous phase with DNA

was transferred into new microtubes. DNA extracts were stored at -20 °C prior to use.

4.3.4 Multi-locus PCR amplification and sequencing

Isolates were screened for five loci (ITS, LSU, cmdA, tefl and tub2) using the primer
sets listed in Table 2. Amplification reactions were performed in a total volume of 25 pL
containing 1 pL of 50 mM MgCl,, 4 pL of 1.25 mM of dNTP Mix, 2.5 pL of 10x PCR
buffer, 2 pL of 10 uM of each primer (100 uM stock concentration), 0.2 pL of 5 U/uL of Taq
polymerase (Invitrogen), 5 uL of DNA template (diluted 1:100) and 8.3 uL PCR water. PCR

conditions were set as follows: an initial denaturation temperature of 96 °C for 2 min,
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followed by 35 cycles of denaturation at 96 °C for 45 s, primer annealing at the temperature
stated in Table 2, primer extension at 72 °C for 90 s and a final extension step at 72 °C for 2
min. PCR products were analysed on a 1 % agarose gel and a negative control (DNA free)
was also included to check for possible contaminations. Amplicons were purified using a
NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel), according to the manufacturer’s
instructions. The PCR products were sequenced using the BigDye® Terminator v. 3.1 Cycle
Sequencing Kit (Applied Biosystems Life Technologies, Carlsbad, CA, USA) and an ABI
Prism® 3130 Genetic Analyzer (Applied Biosystems). Consensus sequences were generated
using the BioEdit Sequence Alignment Editor v. 7.0.5.3 (HALL, 1999).

4.3.5 Alignment and phylogenetic reconstruction

A preliminary identification of the isolates to genus level was made by comparing the
consensus LSU sequences against NCBI’s GenBank nucleotide database using the
megaBLAST algorithm. The most similar sequences were downloaded in FASTA format and
subsequently combined with the Teratosphaeriaceae alignment of Quaedvlieg et al. (2014)
(TreeBASE study S16145). A draft phylogeny was created from this alignment (data not
shown), after which a reduced dataset was used to generate the final overview phylogeny
presented here. The species level phylogeny was created from a concatenated alignment
consisting of ITS, cmdA, tub2 and tefl sequences. All loci were aligned individually using the
MAFFT v. 7 online portal (http://mafft.cbrc.jp/alignment/server/index.html; KATOH;
STANDLEY, 2013), after which they were manually checked and improved in MEGA v.
6.06. A parsimony analysis was performed on the overview LSU alignment and the
combined 4-locus alignment as described by Arzanlou et al. (2008). Gaps were treated as a
new state, missing data were indicated as missing data in the analyses and statistics such as
tree length, consistency index, retention index and rescaled consistency index (TL, ClI, RI and
RC, respectively) were calculated. Bayesian analysis was performed on the LSU tree using
MrBayes v. 3.2.1 (RONQUIST et al., 2012). Sequences derived from this study were
deposited in GenBank (http://www.ncbi.nIm.nih.gov/genbank) (Table 1), and the alignments
and trees in TreeBASE (www.treebase.org/treebase/index.html). The resulting phylogenetic
trees were printed with Geneious v. 7.1.8 (http://www.geneious.com; KEARSE et al., 2012),
and the layout of the tree for publication was done using Adobe Illustrator v. CS6.


http://www.geneious.com/

Table 1 — Fungal isolates details and GenBank accession numbers of isolates included in this study

(continued)

Species

GenBank Accession numbers?

Isolate number* Source Isolation technique

tub2 cmdA tefl ITS LSU
Penidiellopsis radicularis ~ AP386 = CBS 131976 = CBMAI 19387 AC gyne Oil flotation KU216267 KU216292 KU216339 KT833148 KU216314
AP387 = CBS 131979 = CBMAI 1947 AC gyne Oil flotation KU216268 KU216293 KU216340 KT833149 KU216315
AP389 AC gyne Oil flotationl KU216269 KU216294 KU216341 KT833150 KU216316
AP410 = CBS 131963 AC gyne Oil flotation KU216272 KU216297 KU216344 KT833153 KU216319
AP418 AC gyne Oil flotation KU216273 KU216298 KU216345 KT833154 KU216320
AP440 = CBS 132769 = CBMAI 1951 AC gyne Oil flotation KU216276 KU216301 KU216348 KT833157 KU216323
DOC350 = CBMAI 1952 AC drone Nitrogen-free KU216277 - KU216349 KT833158 KU216324
DOC363 = CBMAI 1953 AC drone Nitrogen-free KU216278 KU216302 KU216350 KT833159 KU216325
Penidiellopsis ramosus AP391 = CBMAI 19377 AC gyne Oil flotation KU216270 KU216295 KU216342 KT833151 KU216317
AP392 = CBMAI 1948 AC gyne Oil flotation KU216271 KU216296 KU216343 KT833152 KU216318
AP420 = CBMAI 1949 AC gyne Oil flotation KU216274 KU216299 KU216346 KT833155 KU216321
AP421 = CBMAI 1950 AC gyne Oil flotation KU216275 KU216300 KU216347 KT833156 KU216322
Simplicidiella nigra AP 416 = CBMAI 193957 AC gyne Oil flotation KU216266 KU216291 KU216338 KT833147 KU216313
Xenopenidiella clavata DOC354 = CBMAI 194257 AC drone Nitrogen-free KU216287 - - KT833168 KU216334
Xenopenidiella formica 67N = CBMAI 1954 AL drone Oil flotation KU216282 KU216306 KU216354 KT833163 KU216329
AP380 = CBMAI 1946 AC gyne Oil flotation KU216283 KU216307 KU216355 KT833164 KU216330
DOC323 = CBMAI 1941F7 AC drone Nitrogen-free KU216284 KU216308 KU216356 KT833165 KU216331
DOC349 AC drone Nitrogen-free KU216285 KU216309 KU216357 KT833166 KU216332
DOC362 AC drone Nitrogen-free KU216286 KU216310 KU216358 KT833167 KU216333
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Table 1 — Fungal isolates details and GenBank accession numbers of isolates included in this study.

(conclusion)

Species Isolation technique GenBank Accession numbers?
Isolate number® Source
tub2 cmdA tefl ITS LSU

Xenopenidiella inflata 87N = CBMAI 194557 AL drone QOil flotation KU216290 KU216312 KU216359 KT833171 KU216337
Xenopenidiella laevigata 89N = CBMAI 19447 AL gyne Oil flotation KU216289 - - KT833170 KU216336
Xenopenidiella nigrescens DOC356 = CBMAI 1943F7 AC drone Nitrogen-free KU216288 KU216311 - KT833169 KU216335
Xenopenidiella tarda DOC248 = CBMAI 1940F" AC drone Dextrose 50% KU216279  KU216303 KU216351  KT833160 KU216326
DOC317 AC drone Nitrogen-free KU216280 KU216304 KU216352 KT833161 KU216327

DOC343 AC drone Nitrogen-free KU216281 KU216305 KU216353  KT833162 KU216328

! CBS: CBS-KNAW Fungal Biodiversity Centre, Utrecht, The Netherlands; CBMAL: Brazilian Collection of Environmental and Industrial Microorganisms; all other codes

are placed in the culture collection of the Microbial Resource Centre (UNESP, Brazil).

2 cmdA: partial calmodulin gene; ITS: internal transcribed spacers and intervening 5.8S nrDNA; LSU: partial 28S nrRNA gene; tefl: partial translation elongation factor 1-

alpha; tub2: partial beta-tubulin gene.
ET ex-type.
AC Atta capiguara; AL Atta laevigata
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Table 2 — Primer combinations used for amplification and sequencing.

) ) Annealing ] )
Locus Primer Primer sequence 5’ to 3’ Orientation  Reference
temperature (°C)
T1 AACATGCGTGAGATTGTAAGT Forward O’Donnell & Cigelnik (1997)
B-tubulin (tub2) B-Sandy-R  GCRCGNGGVACRTACTTGTT 52 Reverse  Stukenbrock et al. (2012)
CAL-235F TTCAAGGAGGCCTTCTCCCTCTT Forward Quaedvlieg et al. (2012)
Calmodulin (cmdA) CAL2Rd  TGRTCNGCCTCDCGGATCATCTC 50 Reverse Groenewald et al. (2013)
ITS1 TCCGTAGGTGAACCTGCGG Forward White et al. (1990)
ITS ITS4 TCCTCCGCTTATTGATATGC 52 Reverse White et al. (1990)
LSU1Fd GRATCAGGTAGGRATACCCG Forward Crous et al. (2009a)
LSU (28S nrDNA) LR5 TCCTGAGGGAAACTTCG 52 Reverse Vilgalys & Hester (1990)
) ) EF1-728F CATCGAGAAGTTCGAGAAGG Forward Carbone & Kohn (1999)
Translation elongation factor-1a (tefl) 52
EF-2 GGARGTACCAGTSATCATGTT Reverse O’Donnell et al. (1998)

Sjue ay) YIM Bulpry — € 0INLIdYD
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4.3.6 Morphology

Colony characters and pigment production were observed on MA, PDA (Potato
Dextrose Agar, Acumedia®) and CMA (Corn Meal Agar, Himedia®) at 25 °C in the dark for
21 d. Microscopic observations were based on slide culture techniques using CMA due to the
rapid induction of sporulation. Agar blocks of ~1 cm? were placed on a sterile Petri dish and
inoculated at the four sides. The block was subsequently covered with a sterile cover slip (~2
cm?). Plates were incubated at 25 °C in the dark for 14-21 d. Slides were made in distilled
water. Micrographs were taken using a phase-contrast microscope (DM 750, Leica; software
Leica Application Suite v. 3.5.0, Leica).

4.4 Results

4.4.1 Phylogeny

The LSU alignment consisted of 75 sequences (including the outgroup sequence,
Toxicocladosporium rubrigenum GenBank FJ790305) and 776 characters were included in
the analysis. Of the 776 analysed characters, 174 were parsimony informative, 85 variable
characters were parsimony-uninformative and 517 characters were constant. A maximum of 1
000 equally most parsimonious trees were saved, one of which is shown in Fig. 1 (TL = 799
steps; Cl =0.458; RI =0.777; RC = 0.356). The LSU phylogeny revealed that the strains from
ants are present in two main clades, one of which is associated with the genus Xenopenidiella,
whereas the other has as closest neighbour “Penidiella” aggregata (Genbank JF499862) and
“Penidiella” drakensbergensis (GenBank KCO005792) and the recently described genus
Penidiellopsis (GenBank LN834445). As the genus Penidiella is restricted to the lineage
containing P. columbiana (represented here by GenBank EU019274, obtained from the ex-
type culture CBS 486.80), which is not congeneric with the lineage containing P. aggregata,
P. drakensbergensis and the ant strains, one novel genus, Simplicidiella, is described below to
accommodate one of the strains isolated from ants and another new genus, Penidiellomyces, is
proposed for the two “Penidiella” species. This topology was also supported by a Bayesian

analysis (data not shown, posterior probability values plotted on Fig. 1; dirichlet (1,1,1,1)
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state frequency distribution and inverse gamma-shaped rate variation across sites (GTR+I+G)
as priors and 255 unique site patterns).

For the species level analysis, a concatenated sequence alignment from 26 strains
(including the outgroup species Parapenidiella pseudotasmaniensis strain CBS 124991) was
subjected to maximum parsimony analyses. The final aligned sequences of the ITS (498
characters), cmdA (389 characters), tefl (342 characters) and tub2 (446 characters) gene
regions had a total length of 1 675 characters (including alignment gaps) which were included
in the analyses. The gaps in the alignment were treated as fifth base for the parsimony
analyses. From the analysed characters, 902 were constant (ITS: 293, cmdA: 257, tefl: 152,
tub2: 200), 255 were variable and parsimony-uninformative (ITS: 93, cmdA: 44, tefl: 65,
tub2: 53) and 518 were parsimony informative (ITS: 112, cmdA: 88, tefl: 125, tub2: 193). A
total of 59 equally most parsimonious trees (TL = 1 343 steps, Cl = 0.832, Rl = 0.944, RC =
0.786) were saved from the parsimony analysis, one of which is shown in Fig. 2. Rerunning
the analysis without the tefl sequences (the least complete data set) did not result in an overall
topology that was much different from the topology depicted in Fig. 2; only some internal
rearrangements were observed between the isolates representing each of the two multi-strain
species in Penidiellopsis (data not shown). The ITS sequence of strain DOC 350 was 100 %
identical to Penidiellopsis radicularis (GenBank LN834441); unfortunately no other loci were
available to include the ex-type culture of this species in the multi-gene phylogeny. Several
unique lineages are present in the obtained phylogeny (Fig. 2), and these are described as

novel species in the Taxonomy section below.
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Figure 1 — One of 1 000 equally most parsimonious trees obtained from a maximum parsimony
analysis of the LSU sequence alignment. The scale bar shows 10 changes, and posterior probability
values from a Bayesian analysis (PP) and parsimony bootstrap support (PBS) values from 1 000
replicates are shown at the nodes (PP/PBS). Thickened lines represent those branches also present in
the strict consensus tree and families are indicated with coloured square blocks and the clades with ant
isolates with coloured blocks with rounded corners. The lengths of some branches were halved to

facilitate easier layout. The tree was rooted to Toxicocladosporium rubrigenum.

Toxicocladosporium rubrigenum FJ790305
1/100

2x
y/i
4

-/100

10 changes

Source: Dr. JZ Groenewald
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Figure 2 — One of 59 equally most parsimonious trees obtained from a maximum parsimony analysis
of the combined ITS, cmdA, tub2 and tefl sequence alignment. The scale bar shows 100 changes, and
bootstrap support values from 1 000 replicates are shown at the nodes. Thickened lines represent those
branches also present in the strict consensus tree and species are indicated with coloured square blocks
with rounded corners and the genera with coloured blocks. The tree was rooted to Parapenidiella
pseudotasmaniensis strain CBS 124991 (GenBank accession numbers KF901522, KF902589,
KF902855, KF903152, respectively).

Parapenidiella pseudotasmaniensis CBS 124991

100

25 cgnges

Source: Dr. JZ Groenewald
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4.4.2 Taxonomy

Penidiellomyces Crous, Attili-Angelis, Duarte, Pagnocca & J.Z. Groenew., gen. nov —
MycoBank MB817411

Etymology. Named after its morphological similarity to the genus Penidiella.

Type species. Penidiellomyces aggregatus (Crous) Crous & Duarte

Hyphomycetous. Mycelium consisting of branched, septate, smooth, pale brown hyphae.
Conidiophores solitary, arising from superficial mycelium, erect, brown, smooth, septate,
straight to irregularly geniculate-sinuous. Conidiogenous cells terminal, subcylindrical,
unbranched, medium brown, smooth, tapering to a flattened or rounded apical region, scars
unthickened, aggregated, somewhat darkened, not refactive. Ramoconidia 0-1-septate,
medium brown, smooth, ellipsoidal to obclavate, obovoid or subcylindrical, with 1-3-apical
hila. Intermediate and terminal conidia subcylindrical to ellipsoid, 0-1-septate, brown, in

chains of up to 6; hila truncate, unthickened, somewhat darkened.

Notes — Penidiellomyces resembles Penidiella in having solitary conidiophores with an apical
apparatus that can appear penicillate, giving rise to branched chains of conidia. It differs,
however, by having a terminal conidiogenous cell with a more well-developed apical rachis
that gives rise to ramoconidia. The recent introduction of several penidiella-like genera in this
complex (QUAEDVLIEG et al., 2014), however, will make it difficult to identify species of
Penidiellomyces without the aid of molecular data. Ecologically, both known species share a
foliicolous habitat on plants known from South Africa (CROUS et al., 2007; CROUS;
GROENEWALD, 2011; CROUS et al., 2012), and are presumed to be saprobic.

Penidiellomyces aggregatus (Crous) Crous & Duarte, comb. nov. — MycoBank MB817412

Basionym. Penidiella aggregata Crous, Persoonia 26: 78. 2011.

Description and illustration — see Crous & Groenewald (2011).
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Penidiellomyces drakensbergensis (Crous) Crous & Attili-Angelis, comb. nov. nov.—
MycoBank MB817413

Basionym. Penidiella drakensbergensis Crous, Persoonia 29: 161. 2012.

Description and illustration — see Crous et al. (2012).

Penidiellopsis Sandoval-Denis et al., Persoonia 36: 316-458. 2016.

Type species. Penidiellopsis radicularis Sandoval-Denis et al.

Conidiophores differentiated, solitary, erect, straight to geniculate-sinuous, rarely branched,
pale to medium brown, smooth- and thick-walled. Conidiogenous cells integrated, terminal or
intercalary, pale to medium brown, smooth, mono- and polyblastic, giving rise to one or more
sets of ramoconidia, scars truncate, slightly darkened, unthickened and not refractive.
Ramoconidia 0-1-septate, obovoid, ellipsoid or slightly clavate, pale to medium brown,
smooth- and thick-walled, apical part with denticle-like loci, basal scar flattened, slightly
darkened, unthickened and not refractive. Conidia in branched acropetal chains, 0-septate,
obovoid, ellipsoid or limoniform, pale to medium brown, smooth, thick-walled, with conidial
scars truncate or protuberant, somewhat darkened, unthickened and not refractive. Sexual

morph unknown.

Notes — Penidiellopsis was introduced as a new genus to accommodate an isolate from a
human nail, collected in South Carolina, USA (Crous et al. 2016). Phylogenetically it is
closely related to Penidiellomyces aggregatus and P. drakensbergensis. Conidiophores in
Penidiella are penicillate with well-developed apical branches, characteristics that were
absent in Penidiellopsis. Morphological data are only known from slow-growing colonies in

artificial media.

Penidiellopsis radicularis Sandoval-Denis et al., Persoonia 36: 316-458. 2016; Fig. 3
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Specimen examined. BRAzIL, Sdo Paulo (GPS location: 22°50.6”S; 48°26.1”W; elevation 798
m), isolated from the integument of Atta capiguara gyne, Nov. 2009, F. C. Pagnocca (culture
ex-type CBMAI 1938).

Isolated from gynes and drones of Atta capiguara (Myrmicinae, Attini tribe). Mycelium
consisting of septate, smooth-walled, pale brown, 1.5-3 um wide hyphae. Conidiophores
erect, solitary, from superficial mycelium, branched or not, 25-53 x 354 pm.
Conidiogenous cells mostly elongate, aseptate, smooth-walled, 10.5-13 x 3.5-4 um. Conidia
catenate in branched chains, 0-1-septate, smooth, lemon-shaped with prominent hila, not
thickened, slightly darkened, 4.5-6.5 x 3—4 um. Chlamydospores terminal and intercalary.

Hila present but neither thickened nor darkened.

Culture characteristics — Colonies were grown at 25 °C for 21 d. On CMA, colonies flat with
velutinous central portion, dark olivaceous to black, lobed margin, reaching 10 mm diam.
Colonies on MA greyish green with darker mycelium in the centre and margin, crenate
surface, reaching 11.5 mm diam. On PDA, dark olivaceous folded colonies, with a raised,
velutinous central portion, reaching 11 mm diam. Colonies sporulating on all media, with

dark mycelium and olivaceous black in reverse on all three media.

Notes — Similar to P. ramosus although colonies are smaller. Penidiellopsis radicularis
(originally isolated and described from an infection of a human nail) was found on gynes and
drones, while P. ramosus only occurs on gynes of Atta capiguara.

Penidiellopsis ramosus Attili-Angelis & Duarte, sp. nov. — MycoBank MB817886; Fig. 4
Etymology. Name refers to its apically branched conidiophores.

Specimens examined. BRAzIL, S&o Paulo (GPS location: 22°50.6”S; 48°26.1”W; elevation

798 m), isolated from the integument of Atta capiguara gyne, Nov. 2009, F.C. Pagnocca
(culture ex-type CBMAI 1937).
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Isolated from gynes of Atta capiguara (Myrmicinae, Attini tribe). Mycelium consisting of
septate, smooth-walled, pale olivaceous-brown, 2-3.5 pm wide hyphae. Conidiophores
ascending to erect, apically branched, bearing conidia in short chains, irregularly geniculate-
sinuous, 27-63.5 x 3—4 pm. Conidiogenous cells aseptate, smooth-walled, 7-17 x 3—4 um;
scars not thickened, slightly darkened. Conidia catenate in branched chains, aseptate, smooth,
limoniform to fusiform, 4-7.5 x 3-4 pum. Chlamydospores not observed. Hila present but

neither thickened nor darkened.

Culture characteristics — Colonies were grown at 25 °C for 21 d. On CMA, colonies flat with
velutinous central portion, dark olivaceous to black, reaching 13 mm diam. Colonies on MA
greyish green with darker mycelium in the centre and margin, sulcate surface, reaching 14
mm diam. On PDA, dark olivaceous folded colonies, raised with an entire edge, velutinous
central portion, reaching 12 mm diam. Colonies sporulating on all media, with dark mycelium

and olivaceous black in reverse on all three media.

Notes — Similar to Penidiellopsis radicularis, but chlamydospores were not observed.
Although conidia are similar in shape and size, those of A. ramosus are aseptate.

Simplicidiella Crous, Attili-Angelis, Duarte, Pagnocca & J.Z. Groenew., gen. nov. —
MycoBank MB817414

Etymology. Named after the presence of simple and poorly differentiated conidiophores

(Simplici-, Latin = simple).

Type species. Simplicidiella nigra Duarte & Attili-Angelis.

Hyphomycetous. Mycelium consisting of septate, smooth-walled, pale brown hyphae.
Conidiophores erect, solitary, poorly branched or unbranched. Conidiogenous cells elongate,
aseptate, smooth-walled; scars not thickened, slightly darkened. Conidia catenate, in branched
chains, 0-1-septate, smooth, ellipsoidal to broadly ellipsoidal with prominent hila. Sexual

morph unknown.
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Notes — The genus Simplicidiella is described to accommodate ant-associated melanised fungi
in Brazil, with simple and poorly differentiated reproductive structures. Its few phenotypic
characteristics underlies the need of molecular tools for identification. The genus is here
presumed to be saprobic. Simplicidiella is distinct from Penidiella and other penidiella-like
genera for not sharing the following characteristics: penicillate conidiophores with branches
(as in Penidiella s.str and Queenslandipenidiella); being described as foliicolous (as in
Neopenidiella and Myrtapenidiella); associated with opportunistic human infections with
dimorphic conidiophores (as reported for Eupenidiella); production of ramoconidia (as in

Apenidiella), and mycelium strongly branched (as observed in Xenopenidiella).

Simplicidiella nigra Duarte & Attili-Angelis, sp. nov. — MycoBank MB817415; Fig. 5

Etymology. Name refers to very dark colonies on CMA.

Specimen examined. BRAzIL, Sdo Paulo (GPS location: 22°50.6”S; 48°26.1”W; elevation 798
m), isolated from the integument of Atta capiguara gyne, Nov. 2009, F. C. Pagnocca (culture
ex-type CBMAI 1939).

Isolated from gyne of Atta capiguara (Myrmicinae, Attini tribe). Mycelium consisting of
septate, smooth-walled, pale brown, 1.5-3 um wide hyphae. Conidiophores erect, solitary,
poorly branched or unbranched, 27-47 x 3-3.5 um. Conidiogenous cells elongate, aseptate,
smooth-walled, 8-18.5 x 3—4 um; scars not thickened, slightly darkened. Conidia catenate in
branched chains, 0-1-septate, smooth, ellipsoidal to broadly ellipsoidal with prominent hila,

5.5-9 x 3-4 um. Chlamydospores not observed.

Culture characteristics — Colonies were grown at 25 °C for 21 d. On CMA, colonies flat with
velutinous central portion, colony margin dark olivaceous to black, reaching 14 mm diam.
Colonies on MA flat with raised velutinous central portion, intermediate section with
olivaceous green mycelium, and darker margins, reaching 11 mm diam. Exudate produced.
On PDA, colonies with raised greyish central portion producing exudate, black mycelium and
darker margins, reaching 11 mm diam. Sporulation and olivaceous black reverse were present

in all media.
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Note — Due to few phenotypic characteristics available, identification of S. nigra requires
molecular data. This species is presumed to be saprobic and a potential hydrocarbon-degrader,
based on the selective method used for isolation and due to the known presence of a complex
mixture of hydrocarbons on the cuticle of insects (HOWARD; BLOMQUIST, 2005). The
species is described based on a single isolate, although its phylogenetic placement was

supported by all loci and analyses.

Xenopenidiella Quaedvl. & Crous, Persoonia 33: 33. 2014.

Type species. Xenopenidiella rigidophora (Crous et al.) Quaedvl. & Crous.

Xenopenidiella clavata Attili-Angelis, Duarte & Pagnocca, sp. nov. — MycoBank MB817416;
Fig. 6

Etymology. Named after its clavate conidia.

Specimen examined. BRAZzIL, Sdo Paulo (GPS location: 22°50.6”S; 48°26.1”W; elevation 798
m), isolated from the integument of Atta capiguara drone, Nov. 2013, F. C. Pagnocca
(culture ex-type CBMAI 1942).

Isolated from drone of Atta capiguara (Myrmicinae, Attini tribe). Mycelium consisting of
septate, smooth-walled, pale brown, 3—4 um wide hyphae. Conidiophores mostly reduced to
conidiogenous cells arising directly from hyphae, rarely 1-5-septate, brown, smooth-walled,
straight to geniculate-sinuous, 11-34 x 3.5-4.5 pm. Conidiogenous cells intercalary or
terminal, brown, smooth-walled, 11-12 x 3.5-4 um, with several aggregated terminal scars,
not thickened nor darkened. Conidia 2—3-celled, smooth-walled to finely verrucose, clavate,
apex obtuse, base truncate, constricted at both septa, 8-15.5 x 3—4 um; hila not thickened,

slightly darkened. Chlamydospores not observed.

Culture characteristics — Colonies were grown at 25 °C for 21 d. Colonies on CMA flat and
dark olivaceous to brown, with a velutinous central portion, reaching 10 mm diam. Colonies

on MA with a slightly elevated velutinous central portion, greenish mycelium and black
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margins, reaching 11 mm diam. On PDA, flat velutinous dark olivaceous to brown colonies,
reaching 10 mm diam. Colonies with low to moderate sporulation and olivaceous black in

reverse on all media.

Notes — Xenopenidiella clavata is ecologically distinct from the X. rigidophora (type species)
in its association to the leaf-cutting ants, which represents a new niche for the genus.
Morphologically, conidiophores of X. clavata are not strongly branched, hyphae are not
guttulate, and its mycelium is not strongly branched. Dimorphic conidiophores are present in
both species, but in X. clavata conidiogenous cells are predominantly intercalary and conidia

are only finely verrucose.

Xenopenidiella formica Duarte, Attili-Angelis & Baron, sp. nov. — MycoBank MB817417;
Fig. 7

Etymology. Named after the isolation source (ants).

Specimen examined. BRAZzIL, Sdo Paulo (GPS location: 22°50.6”S; 48°26.1”W; elevation 798
m), isolated from the integument of Atta capiguara drone, Nov. 2013, F. C. Pagnocca
(culture ex-type CBMAI 1941).

Isolated from gynes and drones of Atta capiguara and A. laevigata (Myrmicinae, Attini tribe).
Mycelium consisting of septate, smooth-walled, pale olivaceous, 2-3 um wide hyphae,
producing poorly differentiated conidiophores. Conidiophores erect, solitary, poorly branched
or unbranched, smooth, brown, straight to geniculate-sinuous, 28.5-75 x 2-3.5 pm.
Conidiogenous cells smooth-walled, bearing conidia from flat to semi-denticulate scars, 13—
17 x 3.5-4 pum. Conidia 1-septate, smooth-walled, clavate, apex obtuse, base truncate,

constricted at septum, 7-12 x 2.5-4 um. Chlamydospores not observed.

Culture characteristics — Colonies were grown at 25 °C for 21 d. Colonies on CMA were dark
olivaceous and flat, velutinous, reaching 12 mm diam. On MA, flat colonies with velutinous

central portion, greenish mycelium and darker margins, reaching 12.5 mm diam. On PDA,
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velutinous colonies with raised olivaceous green central portion, reaching 11 mm diam. Low

sporulation and olivaceous black in reverse on all media.

Notes — Phylogenetically, X. formica is closely related to X. tarda, but with a faster growth
rate in culture, and smaller conidia. It is represented by five isolates from gynes and drones of
A. capiguara and A. laevigata, while X. tarda was found only associated with A. capiguara.
In contrast to X. rigidophora, X. formica does not exhibit strongly branched hyphae, and its

conidia are not verrucose.

Xenopenidiella inflata Duarte, Baron, Pagnocca & Attili-Angelis, sp. nov. — MycoBank
MB817418; Fig. 8

Etymology. Named after its swollen conidiogenous cells (Inflatus, Latin = swollen).

Specimen examined. BRAzIL, Sdo Paulo (GPS location: 22°50.6”S; 48°26.1”W; elevation 798
m), isolated from the integument of Atta laevigata drone, Nov. 2011, F. C. Pagnocca (culture
ex-type CBMAI 1945).

Isolated from drone of A. laevigata (Myrmicinae, Attini tribe). Mycelium consisting of
septate, smooth, pale brown, 1.5-3 pm wide hyphae. Conidiophores reduced to
conidiogenous cells, or subcylindrical, smooth, brown, up to 3-septate, straight to geniculous-
flexuous, 16-52 x 4-5 um. Conidiogenous cells swollen or elongated, arising from mycelium
or terminal on conidiophores, sometimes rejuvenating and elongating to have lateral and
terminal conidiogenous cells, smooth-walled, 9-14 x 3.5-4.5 um; scars not thickened nor
darkened. Conidia 1-septate, smooth-walled, clavate, constricted at septum, truncate hila, 7.5—

10 x 3—4 pum. Chlamydospores not observed.

Culture characteristics — Colonies were grown at 25 °C for 21 d. On CMA, colonies with
black velutinous mycelium and pronounced central portion, reaching 12.5 mm diam. Colonies
on MA greyish green, velutinous and sulcate, black margins, reaching 12 mm diam. On PDA

colonies were greenish and raised at the centre, olivaceous green towards the sulcate and
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darker margin, reaching 12.5 mm diam. Low to moderate sporulation and olivaceous black

reverse on all media.

Notes — Xenopenidiella inflata is described based on a single isolate from A. laevigata drone.
Although phylogenetically closely related to X. laevigata, it differs based on its swollen
conidiogenous cells and slower growth rate on cultural media. Xenopenidiella inflata differs
from the X. rigidophora in the following morphological aspects: pale brown mycelium
present (not pale olivaceous to medium brown); thinner hyphae (1.5-3 um wide, not up to 6
um diam); conidiogenous cells terminal and intercalary; conidia not verrucose (not appearing

like small spines under light microscope); thicker hila.

Xenopenidiella laevigata Baron, Duarte, Pagnocca & Attili-Angelis, sp. nov. — MycoBank
MB817419; Fig. 9

Etymology. Name refers to the first isolation source: the ant species Atta laevigata.

Specimen examined. BRAZzIL, Sdo Paulo (GPS location: 22°50.6”S; 48°26.1”W; elevation 798
m), isolated from the integument of Atta laevigata gyne, Nov. 2011, F. C. Pagnocca (culture
ex-type CBMAI 1944).

Isolated from gyne of A. laevigata (Myrmicinae, Attini tribe). Mycelium consisting of septate,
olivaceous-brown, smooth and thick-walled, 3-3.5 um wide hyphae. Conidiophores brown,
smooth to finely verrucose, thick-walled erect, straight to geniculous-sinuous, 1-10-septate,
10-64 x 2-4.5 um. Conidiogenous cells in loose branches, smooth-walled to finely verrucose,
terminal or lateral, 10.5-14 x 2.5-3.5 um; scars unthickened and not darkened. Conidia 1-
septate, smooth-walled to finely verrucose, clavate, constricted at somewhat darker septum,

9.5-17.5 x 3-5 um; hila unthickened and not darkened. Chlamydospores not observed.

Culture characteristics — Colonies were grown at 25 °C for 21 d. On CMA, colonies with
black velutinous mycelium and aerial central portion, reaching 18 mm diam. Colonies on MA
greyish green, velutinous and sulcate, black margins, reaching 19 mm diam. On PDA colonies

were dark olivaceous, sulcate and folded, with raised central portion and velutinous



CAPITULO 3 — Riding with the ants 164

mycelium, reaching 18 mm diam. Poor sporulation and olivaceous black reverse on all three

media.

Notes — In this study both species X. laevigata and X. inflata are known from single strains
isolated from A. laevigata via the oil flotation method. The parsimony tree shows that they are
closely related, but the former differs in the melanisation of the mycelium (colonies are darker
and hyphae are thicker), growth rate and conidial size. A comparison with X. rigidophora
shows differences such as less-branched and thinner hyphae, rare macronematous

conidiophores that are loosely penicillate, and conidiogenous cells frequently intercalary.

Xenopenidiella nigrescens Attili-Angelis, Duarte & Pagnocca, sp. nov. — MycoBank
MB817420; Fig. 10

Etymology. Named after its dark brown mycelium.

Specimen examined. BRAzIL, Sdo Paulo (GPS location: 22°50.6”S; 48°26.1”W; elevation 798
m), isolated from the integument of Atta capiguara drone, Nov. 2013, F. C. Pagnocca
(culture ex-type CBMAI 1943).

Isolated from drone of Atta capiguara (Myrmicinae, Attini tribe). Mycelium consisting of
septate, olivaceous-brown, smooth and thick-walled 3—-4 pm wide hyphae. Conidiophores
brown, smooth to finely verrucose, thick-walled, erect, straight to flexuous, 0-6-septate, 7-79
x 3.5-4.5 um. Conidiogenous cells arising from mycelium, loosely branched, smooth-walled
to verrucose, terminal and lateral, 13-18 x 3-3.5 um. Conidia 1-septate, smooth-walled to
finely verrucose, clavate, constricted at the septum, 9-13 x 3.5-4 um; hila unthickened and

not darkened. Chlamydospores not observed.

Culture characteristics — Colonies were grown at 25 °C for 21 d. Colonies on CMA were flat
and dark olivaceous to brown, velutinous with raised central portion, irregular margins,
reaching 14 mm diam. Colonies on MA with velutinous and slightly folded surface, raised

central portion, olivaceous mycelium, reaching 13 mm diam. On PDA, dark olivaceous highly
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folded colonies, raised velutinous central portion, reaching 13 mm diam. Colonies presented

low to moderate sporulation and olivaceous black reverse on all media.

Notes — Xenopenidiella nigrescens was found to consistently have the darkest colonies on all
three media tested when compared to other Xenopenidiella species. A combination of
previously mentioned characteristics is also found in this species: slow growth rate (as in X.
tarda), clavate conidia (as in X. clavata), 1-septate, smooth-walled to finely verrucose conidia
(resembling X. laevigata), conidiophores poorly differentiated (as in X. formica). In
comparison to X. rigidophora, X. nigrescens differs in having darker mycelium,
conidiogenous cells smooth to verrucose, and conidia rarely occurring in branched chains.

Molecular data are necessary to confirm its identification.

Xenopenidiella tarda Pagnocca, Duarte & Attili-Angelis, sp. nov. — MycoBank MB817421,
Fig. 11

Etymology. Named due to very slow growth rate (Tardus, Latin = slow).

Specimen examined. BRAzIL, Sdo Paulo (GPS location: 22°50.6”S; 48°26.1”W; elevation 798
m), isolated from the integument of Atta capiguara drone, Nov. 2013, F. C. Pagnocca
(culture ex-type CBMAI 1940).

Isolated from drones of Atta capiguara (Myrmicinae, Attini tribe). Mycelium consisting of
septate, smooth-walled, pale brown, 2-3 pum wide hyphae. Conidiophores ascending to erect,
solitary, poorly branched or unbranched, 0—4-septate, 5.5-51 x 3—4 um. Conidiogenous cells
elongate, aseptate, smooth-walled, 5.5-21.5 x 3-3.5 um; scars unthickened and not darkened.
Conidia 2-3-celled, smooth-walled to finely verrucose, clavate, constricted at septum, 8-11.5

x 3-5 um; hila truncate, unthickened and not darkened. Chlamydospores not observed.

Culture characteristics — Colonies were grown at 25 °C for 21 d. On CMA, colonies dark
olivaceous, velutinous, flat and small, reaching 9 mm diam. Colonies on MA flat with aerial
velutinous central portion, olivaceous green mycelium and black margin, reaching 9 mm

diam. On PDA colonies with raised greyish-green central portion, and black margins,
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reaching 9 mm diam. Moderate sporulation and olivaceous black reverse present on all three

media.

Notes — Xenopenidiella tarda is represented by two isolates from drones of A. capiguara. It is
morphologically similar to X. formica, although colonies have a slower growth rate in culture.
This species can be distinguished from X. rigidophora because mycelium of X. tarda does not
show to be strongly branched, not necessarily constricted at septa and hyphae are not so wide.
Furthermore, conidiogenous cells are less wide and pale brown; conidia mostly smooth-

walled or finely verrucose.
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Figure 3 — Penidiellopsis radicularis. Colonies after 21 d at 25 °C on: a, d. CMA; b, e. MA; c,
f. PDA; g—k. conidiophores with conidia in chains; I, m. chlamydospore. — Scale bars = 10
pm.

Source: Elaborated by the author.
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Figure 4 — Penidiellopsis ramosus. Colonies after 21 d at 25 °C on: a, d. CMA; b, e. MA; ¢, f.
PDA,; g-l. conidiophores with conidia in chains. — Scale bars = 10 pum.

P v

Source: Elaborated by the author.
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Figure 5 — Simplicidiella nigra. Colonies after 21 d at 25 °C on: a, d. CMA; b, e. MA; ¢, f.
PDA,; g—k. conidiophores with conidia in chains; |, m. conidiogenous cells. — Scale bars = 10
pm.

Source: Elaborated by the author.
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Figure 6 — Xenopenidiella clavata. Colonies after 21 d at 25 °C on: a, d. CMA; b, e. MA; ¢, f.
PDA,; g—m. conidiophores with conidia. — Scale bars = 10 pum.

Source: Elaborated by the author.



CAPITULO 3 — Riding with the ants 171

Figure 7 — Xenopenidiella formica. Colonies after 21 d at 25 °C on: a, d. CMA; b, e. MA; ¢, f.
PDA,; g-l. conidiophores with conidia. — Scale bars = 10 pm.

Source: Elaborated by the author.
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Figure 8 — Xenopenidiella inflata. Colonies after 21 d at 25 °C on: a, d. CMA; b, e. MA,; c, f.
PDA,; g—n. conidiophores with conidia. — Scale bars = 10 pum.

Source: Elaborated by the author.
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Figure 9 — Xenopenidiella laevigata. Colonies after 21 d at 25 °C on: a, d. CMA; b, e. MA; c,
f. PDA; g-I. conidiophores with conidia. — Scale bars = 10 pm.

Source: Elaborated by the author.
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Figure 10 — Xenopenidiella nigrescens. Colonies after 21 d at 25 °C on: a, d. CMA; b, e. MA;
c, f. PDA; g-I. conidiophores with conidia. — Scale bars = 10 pum.

Source: Elaborated by the author.
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Figure 11 — Xenopenidiella tarda. Colonies after 21 d at 25 °C on: a, d. CMA; b, e. MA; ¢, f.
PDA,; g—m. conidiophores with conidia. — Scale bars = 10 pum.

c e T :

Source: Elaborated by the author.
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4.5 Discussion

Leaf-cutting ants from the Attini tribe are social insects limited to the New World,
widely distributed from Argentina to Southern USA, with a range from latitude from 10 °N to
25 °S (MAYHE-NUNES; JAFFE, 1998). These ants have been investigated for the huge
economic losses they are able to cause by damage to plant leaves, and for their unique ability
for fungiculture, which has become a model system for coevolutionary studies (CHAPELA et
al., 1994; CURRIE et al., 2003).

These insects have shown to harbour a large and unknown diversity of
microorganisms (PAGNOCCA et al., 2008; RODRIGUES et al., 2008, 2011; GUEDES et al.,
2012; DUARTE et al., 2014), and some novel species of filamentous fungi and yeasts were
already described (MIDDELHOVEN et al., 2003; CARREIRO et al., 2004; PAGNOCCA et
al., 2010; AUGUSTIN et al., 2013; ATTILI-ANGELLIS et al., 2014; MELO et al., 2014,
MASIULIONIS et al., 2015; MEIRELLES et al., 2015; SAMERPITAK et al., 2014, 2015;
MONTOYA et al., 2016). However, the occurrence of new melanised fungal species in the
ants’ environment has been poorly documented.

The fungal family Teratosphaeriaceae was recently established based on molecular
phylogenetic analysis, which strongly supported its separation from Mycosphaerellaceae.
Teratosphaeria and relatives were initially associated to leaf disease of Eucalyptus, but they
vary from saprobic, human opportunistic, plant pathogen and extremophilic species (CROUS
et al., 2007; RUIBAL et al., 2009; TEODORO et al., 2012; EGIDI et al., 2014,
QUAEDVLIEG et al., 2014). Investigators in Brazil have isolated plant pathogenic fungi
(GUEDES et al., 2012) and opportunistic melanised representatives (DUARTE et al., 2014)
from workers of Atta laevigata and gynes of Atta spp., respectively, which belong to this
family of fungi.

One undescribed genus and eight new species of Teratosphaeriaceae were isolated
when investigating the diversity of Attini-associated fungi from gynes and drones before the
nuptial flight. The aim of these investigations was to further explore and better understand the
primary microbial community that is dispersed into a young ant colony.

This is therefore the first study to provide a taxonomic treatment of
Teratosphaeriaceae from ants, which has significantly expanded the number of Xenopenidiella
species in addition to the type X. rigidophora, thereby allowing for a more robust amended
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description of the genus. Previous reports on filamentous fungi from ant niches characterised
similar isolates as members of the soil community (PAGNOCCA et al., 2008; RODRIGUES
et al., 2008), which is different from the results found in this study, where the fungi were
isolated directly from the insects themselves. It can be hypothesized that the isolation methods
used in the other studies may have contributed to this difference.

The lack of knowledge on ant nests encouraged studies with focus on this
microenvironment, but even less is known about the ant integument from which the new
species were obtained. One interesting ecological aspect of Teratosphaeriaceae is that the
family harbours isolates from extreme environments. However, the present scientific
information is still insufficient to answer several questions about the studied substrate, for
instance, if it should be treated as extreme or not. It is known that the pH of the fungus garden
ranges from 4.35 to 5 (POWELL; STRADLING, 1986), but nothing was published about the
pH of the integument itself. On the other hand, the presence of cuticular hydrocarbons and
alkaloids was already reported (ROUX et al., 2009).

The main lineages in Teratosphaeriaceae remained obscured until the extensive
revision published by Quaedvlieg and collaborators (2014). A discussion has been raised over
the phylogenetic position of Piedraiaceae, which appeared to cluster with Teratosphaeriaceae
(CROUS et al., 2009a). Other reports studying rock-inhabiting fungi (RIF) showed that these
are phylogenetically highly diverse, and highlighted the importance of larger taxon samplings
to define questions about generic boundaries (RUIBAL et al., 2009, 2011). All these results
demonstrate the importance of dedicated projects on fungal isolation from diverse niches.

Although this study still underrepresents the total biodiversity associated with leaf-
cutting ants, it does reveal yet another source of Teratosphaeriaceae species. It is known that
the morphology of many genera of saprobic and plant pathogenic fungi have evolved several
times (CROUS et al., 2009b), which explains how these penidiella-like isolates could adapt to
be found associated to such an unexpected environment like gynes and drones of attine ants.

The species phylogeny presented in Fig. 2 is based on four genomic loci (ITS, cmdA,
tefl and tub2 gene regions). For the species of Xenopenidiella, all loci for which data was
available could distinguish the included species (data not shown, trees for individual loci in
TreeBASE). However, the amplification rate of tefl and cmdA for this genus was not as high
as for ITS and tub2. The ex-type culture of X. formica, CBMAI 1941, clusters slightly distant
to the rest of the isolates of this species; this is due to its ITS sequence which is different from
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the other isolates of the species. The phylogenetic placement of the single isolate of
Simplicidiella was supported by all loci and analyses (Fig. 1, 2). Both species of
Penidiellopsis are only separated by their tub2 sequences; all other loci either lack resolution
to resolve the species or show an intermixing of isolates from the two species. It is quite
possible that with a broader sampling these two species might turn out to be synonymous;
however, on tub2 they are only 92 % identical (394/428 nucleotides) based on fixed
nucleotide differences and therefore we maintain them as separate species for now. A broader
sampling from wider geographic regions is being planned to determine whether this
difference is significant or not. Since all four loci together did not provide 100 %
amplification success rate, it is recommended that an ideal identification protocol includes
both ITS and tub2.

4.6 Concluding remarks

Representatives of Teratosphaeriaceae include species of agricultural importance and
wide ecological plasticity with ability to colonise diverse substrates, including ants and
extreme environments. Although social insects have proved to accommodate many
undescribed fungal species, the numbers are still underestimated to date. Over the last 10-15
yr it was concluded that knowledge on fungal diversity contributes greatly to safeguard global
genetic resources, which will have great impact on human lives in future (HAWKSWORTH,
2004; LANGE et al., 2012). The present study contributes to this knowledge, which is a
fundamental tool to plan strategies aimed at the protection of species and environments,
especially in tropical and subtropical regions. A significant number of fungi are part of the
complex interactions in leaf-cutting ant colonies and further studies will be required to

determine their roles in this specific niche.
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5.1 Abstract

Attine ants are hosts to a wide variety of microorganisms, including black fungi. The diversity
of black fungi present in the ants’ microenvironment is higher than previously thought and so
far little is known about the role played by black fungi in the complex ants-microbe
interaction. Specifically, the magnitude of the relationship among actinobacteria and
melanised fungi in the ants’ symbiosis is largely unknown. Recently it was suggested that
symbionts actinobacteria are inhibited by a melanised fungi (Phialophora-related) found in
the integument of the ants, compromising the antifungal defense that these bacteria provide.
Using in vitro bioassays, we tested 11 actinobacteria strains isolated from attine ants for
antagonistic effects against 25 black fungi strains obtained from the integument of leaf-cutting
ants. Our results revealed that 72 % of all tested black fungi were inhibited by at least one
actinobacteria strain. Phialophora species were inhibited by Amycolatopsis decaplanina and
Streptomyces sp. Additionally, A. decaplanina inhibited the highest number of black fungi (52
%). Thus, this study revealed that actinobacteria present on the integument of attine ants
produce compounds capable of inhibiting black fungi and therefore are able to protect the

ants’ nests from microorganisms that threat the symbiosis.

Key words: leaf-cutting ants; Attini tribe; antagonistic; Pseudonocardia; dematiaceous fungi



CAPITULO 4 — Inhibition of black fungi by actinobacteria associated with attine ants 187

5.2 Introduction

Attine ants keep an ancient and compulsory association with basidiomycetes fungi,
which are farmed as food source and provide nutrients for the colony (BASS; CHERRETT,
1995). In order to provide beneficial conditions for the fungi growth, attine ants perform
several mechanisms to defend their fungus garden, including grooming/weeding to eliminate
alien microorganisms (CURRIE; STUART, 2001) and to avoid contamination of the waste
deposit (WEBER, 1972; BOT et al., 2001). In spite of the defense mechanisms, the ant-
mutualistic fungus relationship is parasitized by a specialized filamentous fungi of the genus
Escovopsis (CURRIE et al.,, 1999a; CURRIE, 2001; REYNOLDS; CURRIE, 2004),
considered symbionts of this complex interaction.

In order to protect the mutualistic fungi, attine ants have developed a symbiotic
relationship with actinobacteria (genus Pseudonocardia) present in the integument of these
insects. The actinobacteria are responsible for the production of antimicrobial substances that
inhibit the growth of Escovopsis (CURRIE et al., 1999b).

During an isolation of actinobacteria in Apterostigma ants (Attini tribe), Little and
Currie (2007) often obtained colonies of black fungi (phylogenetically close to the genus
Phialophora, Ascomycota), considered by these authors another symbiont in the attine ant-
microbe symbiosis. Besides, Little and Currie (2008) suggest that the Phialophora-related
fungus has an antagonistic relationship with the actinobacteria, directly competing for
nutrients and suppressing the bacterial growth.

Additionally, black fungi of Chaetothyriales (as Cladophialophora, Exophiala and
Phialophora genera) and Capnodiales order (as Cladosporium genus and Teratosphaeriaceae
family) have also been frequently isolated from the integument of leaf-cutting ants (Attini
tribe) (GUEDES et al., 2012; DUARTE et al., 2014; ATTILI-ANGELIS et al., 2014). The
occurrence of a wide diversity of black fungi in the ants’ body, including Phialophora species
(ATTILI-ANGELIS et al., 2014), raises doubts about the role of these microorganisms in the
symbiosis.

Studies on the association between attine ants and black fungi are scarce and have
been mostly developed in the Microbiology Laboratory of the Center for the Study of Social
Insects (Rio Claro, SP, Brazil). Despite all the effort directed to studies that have expanded

the knowledge of the black fungal diversity from attine ants, some aspects of this relationship
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remain to be elucidated. Here we performed in vitro bioassays in order to further explore the

interactions among black fungi and actinobacteria.
5.3 Materials and Methods
5.3.1 Microorganisms selection

A total of 25 black fungal strains and 11 actinobacteria strains were obtained from the
Center of Microbial Resources, Rio Claro, SP, Brazil. Except for black fungi strains TO 390
and TO 868, which were isolated from the refuse deposit of Acromyrmex balzanii, and AP
160, AP 323, which were isolated from the fungal pellet carried by gynes during the mating
flight, all the 21 strains remaining were obtained from the integument of leaf-cutting ants.
Black fungal strains were selected according to the different morphological characteristics and
two recently described Phialophora species (ATTILI-ANGELIS et al., 2014), isolated from
the integument of Atta capiguara, were intentionally chosen. Actinobacteria strains were
isolated from the integument of Trachymyrmex and Acromyrmex ants. All the strains are
preserved in 15 % glycerol at -80 °C and were reactivated on YMA (0.3 % yeast extract, 0.3
% malt extract, 0.5 % peptone, 1 % glucose, 2 % agar) for actinobacteria and MA (2 % malt

agar) for black fungi.
5.3.2 DNA extraction and sequencing

Actinobacteria and black fungi were transferred to fresh YMA and MA plates,
respectively, and incubated at 25 °C for 14-21 d. Approximately 1 cm? mycelium was
transferred to a 2 ml Eppendorf tube containing 500 pL of lysis buffer (50 mmol Tris 1™; 250
mmol de NaCl I'*; 50 mmol EDTA I™%; 0.3 %, w/v, SDS; pH 8) and the equivalent to 100 pL
of sterilized glass microspheres (SIGMA G8893). After vortexed for 4 min, the microtubes
were incubated for 1 h at 65 °C and this procedure was repeated twice. After centrifugation
for 15 min at 13 000 rpm the aqueous phase, containing the DNA, was transferred into new
microtubes. DNA extracts were stored at -20 °C prior to use.

Actinobacteria strains, previously sequenced by Mendes et al. (2013) and Meirelles et
al. (2014), were identified using the 16S rRNA region following the protocol of Mendes et al.
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(2013). PCR amplification was performed wusing the primers 27F (5’-
AGAGTTTGATCATGGCTCAG-3’) and 1492R (5>-TACGGTTACCTTGTTACGACTT-3’)
(LANE, 1991). Sequences were generated using the same primers along with an internal
primer U519F (5’~-CAGCMGCCGCGGTAATWC-3”) (LANE, 1991).

Black fungi were identified using the ITS rDNA region following the protocol of
Duarte et al. (2014). PCR amplification and sequencing were performed using the primers
ITS1 (5°-TCCGTAGGTGAACCTGCGG-3’) and ITS4 (5>-TCCTCCGCTTATTGATATGC-
3”) (WHITE et al., 1990). Sequences were edited in Bioedit v.7.0.5.3 (HALL, 1999) and used
in BLASTn analysis at NCBI-GenBank (ALTSCHUL et al., 1997).

5.3.3 Bioassay challenges

In order to analyze the defensive potential of actinobacteria against black fungi, in
vitro bioassays were performed. Bioassays challenges followed a modified version of the
antibiogram test (BAUER et al., 1966).

A suspension of 1 cm? of fungal tap, previously cultivated on YMA for 7-14 d at 25
°C, was vortexed in 5 mL 0.85 % saline solution. Then, 150 pL aliquots of the fungal
suspension were spread in YMA plates. After 30 min of settling, an agar plug (7 mm of
diameter) of the actinobacteria was inoculated in the YMA plates containing the diffused
black fungus. Actinobacteria were grown on YMA for 25 d at 25 °C before the experiments.
The plates were then incubated for 14-21 d at 25 °C. Six actinobacteria were evaluated per
150-mm plate (Online Resource) and the best results were repeated individually on 90-mm
plates. For each black fungus-actinobacteria assay (a total of 275 challenges) were made three
replicates. The activity of actinobacteria against the black fungi was determined by measuring
the diameter of the inhibition halo and differences were evaluated using Kruskal-Wallis non-
parametric test in BioEstat v.5.0 (AYRES et al., 2007).

5.4 Results

5.4.1 Actinobacteria and black fungi identification
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According to Meirelles et al. (2014), the actinobacteria TD 01-TD 04 and TD 07,
isolated from the integument of Trachymyrmex (Table 1), share identical 16S rRNA
sequences and therefore only TD 01 was sequenced in this study. At the GenBank database,
TD 01 showed 100 % of similarity with Pseudonocardia sp. TD 07 (accession # KF240732),
deposited by Meirelles et al. (2014) and 99 % of similarity with Pseudonocardia sp.
EC090907-05 (accession # JQ731845) isolated by Marsh et al. (2013) from an Atta
cephalotes nest in Peru. Six non-Pseudonocardia strains were identified as Streptomyces sp.
(n=4), Amycolatopsis decaplanina (n=1) and Nocardia neocaledoniensis (n=1).

Sequencing of the ITS region (Table 2) revealed that all the 25 black fungal strains
belongs to different ascomycetous species and Exophiala species were the most abundant

(n=4). Additionally, chaetothyrialean fungi were predominant (n=8).

Table 1 — Identification of the actinobacteria based on 16S rRNA sequencing.

Strain code Isolation source Nest GenBank best hit (similarity, accession #)
TD 01 Trachymyrmex sp. SES080402-05 Pseudonocardia sp. (100 %, KF240732)
TD 02 Trachymyrmex sp. SES080402-05  Pseudonocardia sp.*
TD 03 Trachymyrmex sp. SES080419-02  Pseudonocardia sp.*
TD 04 Trachymyrmex sp. SES080419-04  Pseudonocardia sp.*
TD 07 Trachymyrmex sp. SES080419-03  Pseudonocardia sp.*
TD 33 Trachymyrmex sp. SES080911-04  Streptomyces sp. (99 %, JN408737)
TD 34 Trachymyrmex sp. SES080911-04  Amycolatopsis decaplanina (100 %, NR025562)
TD 36 Acromyrmex cf. balzani  SES080911-08  Streptomyces sp. (99 %, KT581419)
TD 37 Acromyrmex cf. balzani  SES080911-09  Streptomyces sp. (99 %, AB622252)
TD 41 Acromyrmex cf. balzani  SES080911-10 Nocardia neocaledoniensis (99 %, JX297206)
TD 53 Trachymyrmex sp. SES080924-01  Streptomyces sp. (98 %, EU413908)

' Sequencing not performed
? |dentification carried out by Mendes et al. (2013)



Table 2 — Identification of the black fungi based on ITS rDNA sequencing.

(continued)

Strain code

Isolation source

GenBank best hit (similarity, accession #)

Taxonomic assigment

AP 79
AP 128
AP 160
AP 171
AP 267
AP 297
AP 300
AP 323
AP 376
AP 389
AP 416
DOC 43
DOC 93
DOC 97

DOC 147
DOC 287
DOC 289
DOC 312

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

. capiguara gyne
. capiguara gyne
. capiguara pellet
. capiguara gyne
. capiguara gyne
. capiguara gyne
. capiguara gyne
. laevigata pellet
. capiguara gyne
. capiguara gyne
. capiguara gyne
. capiguara drone
. capiguara gyne
. laevigata drone
. laevigata drone
. capiguara drone
. capiguara drone

. capiguara drone

Phialophora attae (100 %, KF928460)
Exophiala spinifera (98 %, AY484985)
Cochliobolus lunatus (100 %, HQ607991)
Ochroconis globalis (100 %, KF961088)
Exophiala sp. (95 %, HQ631063)

Ochroconis sexualis (100 %, KF156018)
Cladophialophora sp. (92 %, EU137293)
Exophiala dermatitidis (100 %, AB498925)
Phialophora capiguarae (100 %, KF928464)
Penidiellopsis radicularis (100 %, KT833150)
Simplicidiella nigra (100 %, KT833147)
Microsphaeropsis arundinis (100 %, JX496010)
Trichomerium foliicola (92 %, JX313653)
Strelitziana eucalypti (92 %, HQ599596)
Sporothrix schenckii (98 %, AB363791)
Ramichloridium brasilianum (97 %, EU041797)
Dactylaria sp. (95 %, AY265338)
Paraphaeosphaeria sp. (98 %, KC871040)

Chaetothyriales
Chaetothyriales
Pleosporales
Venturiales
Chaetothyriales
Venturiales
Chaetothyriales
Chaetothyriales
Chaetothyriales
Capnodiales
Capnodiales
Pleosporales
Capnodiales
Chaetothyriales
Ophiostomatales
Capnodiales
Helotiales

Pleosporales
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Table 2 — Identification of the black fungi based on ITS rDNA sequencing.

(conclusion)

Strain code Isolation source

GenBank best hit (similarity, accession #)

Taxonomic assigment

DOC 337  A. capiguara gyne
FAH 40 A. laevigata worker
PB 10 A. sexdens rubropilosa drone
PB 11 A. sexdens rubropilosa drone
TO 390 Acromyrmex balzani disposal
TO 868 Acromyrmex balzani disposal

87N A. capiguara gyne

Catenulostroma hermanusense (93 %, JF499833)
Curvularia trifolii (98%, GQ241277) *
Kabatiella microsticta (99 %, EU167608)
Kabatiella microsticta (98 %, EU167608)
Exophiala bergeri (100 %, FJ358240) *
Dothichiza pithyophila (97 %, FJ150969) *
Xenopenidiella inflata (100 %, KT833171)

Capnodiales
Pleosporales
Dothideales
Dothideales
Chaetothyriales
Dothideales

Capnodiales

® Identification carried out by Guedes et al. (2012)
* Identification carried out by Melo (2014)
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5.4.2 Antagonism against black fungi

We evaluated the interaction of 11 actinobacteria strains (five Pseudonocardia and six
non-Pseudonocardia) against 25 black fungal strains. In the 275 bioassay challenges, 72 % of
all black fungi were inhibited by at least one actinobacteria strain (Table 3).

Comparisons among the tested actinobacteria revealed that non-Pseudonocardia
strains significantly inhibited more black fungi than the Pseudonocardia strains (Kruskal-
Wallis test, p<0.05). Both Amycolatopsis decaplanina (TD 34) and Streptomyces sp. (TD 37)
inhibited the highest number of black fungi, 52 % and 44 %, respectively, including
Phialophora species.

Considering the inhibitory effects as weak (9.5-15 mm diam halo), medium (16-30
mm diam halo) or strong (> 30 mm diam halo), there was a remarkably dominance of weak
inhibitions (n=27) and minority of strong inhibitions (n=10). Additionally, Trichomerium
foliicola (DOC 93) was strongly inhibited (inhibition halo: 60 mm diameter) by Streptomyces
sp. (TD 33).

Catenulostroma hermanusense (DOC 337) and Cladophialophora sp. (AP 300) were
the black fungi inhibited by the highest number of actinobacteria (n=7 for both). On the other
hand, Dactylaria sp. (DOC 289), Dothichiza pithyophila (TO 868), Exophiala sp. (AP 267),
Kabatiella microsticta (PB 11), Microsphaeropsis arundinis (DOC 43), Ochroconis globalis
(AP 171) and Sporothrix schenckii (DOC 147) were not inhibited by any of the tested
actinobacteria.



Table 3 — Antagonistic activity of actinobacteria strains against black fungi strains. Results are expressed as inhibition diameter (mm).

Black fungi strains

Phialophora attae AP 79
Exophiala spinifera AP 128
Cochliobolus lunatus AP 160
Ochroconis globalis AP 171
Exophiala sp. AP 267
Ochroconis sexualis AP 297
Cladophialophora sp. AP 300
Exophiala dermatitidis AP 323
Phialophora capiguarae AP 376
Penidiellopsis radicularis AP 389
Simplicidiella nigra AP 416
Microsphaeropsis arundinis DOC 43
Trichomerium sp. DOC 93
Strelitziana sp. DOC 97
Sporothrix schenckii DOC 147
Ramichloridium sp. DOC 287
Dactylaria sp. DOC 289
Paraphaeosphaeria sp. DOC 312
Catenulostroma sp. DOC 337
Curvularia trifolii FAH 40
Kabatiella microsticta PB 10
Kabatiella microsticta PB 11
Exophiala bergeri TO 390
Dothichiza pithyophila TO 868
Xenopenidiella inflata 87N

Actinobacteria strains

TD01 TDO02 TDO3 TD04 TDO07 TD33 TD34 TD36 TD37 TD41 TDS53
20 20
15
9.5 11
25
10 10 13 10 12 40 12
10 10
20 16
22 22 23
35 30 10 30
60 35 25
20 20 12 45
21 10 10
10
10 10 10 10 10 33 31
11 11 10
25
12 11 11 12
31 32 32

Amycolatopsis decaplanina (TD 34)
Nocardia neocaledoniensis (TD 41)
Pseudonocardia sp. (TD 01-TD 04 e TD 07)

Streptomyces sp. (TD 33, TD 36, TD 37 e TD 53)
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5.5 Discussion

In an attempt to establish the role of the Phialophora-related fungus in the symbiotic
relationship of attine ants, Little and Currie (2008) performed bioassay challenges and
observed that the melanised fungus inhibit the growth of Pseudonocardia, limiting the
defense mechanisms that ants have against the parasitic fungi Escovopsis. However, the
studies of Sen et al. (2009) and Duarte et al. (2014) reported that the number of actinobacteria
and black fungi in the ants’ integument is more diverse than previously thought and the
interactions among them should be better elucidated.

Thus, to better understand the antagonistic effects of this relationship, we selected 11
actinobacteria (including non-Pseudonocardia species), isolated from the integument of attine
ants, and 25 black fungal species, also isolated from the ants’ integument, to perform in vitro
antagonism bioassays.

Among the selected actinobacteria, Pseudonocardia and Streptomyces species were at
higher number. According to Mendes et al. (2013), most of the actinobacteria found in the
integument of attine ants belongs to the genera Pseudonocardia and Streptomyces. Also,
several studies have proved the production of antifungal substances by these actinobacteria, as
dentigerumycin (OH et al., 2009), urauchimycins (MENDES et al., 2013), candicidin and
antimycin (SEIPKE et al., 2011, 2012).

Although Pseudonocardia has a strong antagonistic effect against Escovopsis
(POULSEN et al., 2010; MEIRELLES et al., 2014), in this study Pseudonocardia strains
were able to inhibit only three black fungal species (Catenulostroma hermanusense,
Cladophialophora sp. and Strelitziana eucalypti), showing low efficiency against these fungi.
Also, Pseudonocardia strains were not able to inhibit Phialophora, confirming the results
obtained by Little and Currie (2008).

Oppositely, non-Pseudonocardia strains, such as Amycolatopsis declapanina and
Streptomyces sp., were very efficient in the inhibitory activity. Amycolatopsis decaplanina
(TD 34) inhibited a broad spectrum of black fungi (n=13), including Phialophora species.
Amycolatopsis decaplanina may produce the decaplanin antibiotic (WINK et al., 2004). First
isolated from soil, Wink et al. (2004) reported that this bacteria didn’t show antifungal
activity. However Mendes et al. (2013) showed that organic extracts of TD 34 inhibited the
yeast Candida albicans. Now we are reporting that A. decaplanina may also inhibit many

black fungi.
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Haeder et al. (2009) observed that Streptomyces sp. are highly active against the
parasite Escovopsis. In this study Streptomyces sp. (TD 37) shown to be effective against a
wide range of black fungi (n=11) confirming that members of this genus may act positively in
the ants’ symbiosis.

Although reported by Little and Currie (2008) that symbiont Pseudonocardia are
suppress by the Phialophora-related fungus, our results revealed that non-Pseudonocardia
strains (such as A. decaplanina and Streptomyces sp.), also present in the integument of attine
ants, were able to interfere in the growth of two Phialophora species. Recently described
(ATTILI-ANGELIS et al., 2014), Phialophora attae and P. capiguarae were, so far, only
been found in attine ants’ integument and its interaction in the symbiosis is unclear.

Despite the high inhibitory efficiency of Amycolatopsis decaplanina and Streptomyces
sp. against black fungi, it is important to note that actinobacteria and black fungi were not
isolated from the same ants’ species. However, the source of the strains does not revoke the
ability of these actinobacteria to inhibit black fungi, especially potentially pathogenic species.

Several studies have shown that black fungi are more resistant to antifungal agents
(NOSANCHUK; CASADEVALL, 2006; DUARTE et al., 2013) and it has been correlated to
the melanisation of the cell wall. Therefore, the weak inhibition observed for most of the
analysed fungal strains could be related to their recalcitrant nature. It was interesting to note
that the pathogenic fungus Sporothrix schenckii, isolated from the integument of Atta
laevigata drone, was not inhibited by any of the actinobacteria tested.

The presence of black fungi in the attine ants’ integument was recently discovered
and, so far, most of the studies aimed to study the fungal diversity. The findings of these
studies revealed that several black fungi found in the ants’ environment are potentially
pathogens, such as Exophiala dermatitidis and E. spinifera (HARRIS et al.,, 2009;
SUDHADHAM et al., 2010). Infections caused by black fungi are difficult to control and new
antifungal agents could be isolated from actinobacteria living in the ants’ microenvironment.
Despite the low efficiency of Pseudonocardia against black fungi, our results showed that
other actinobacteria present in the integument of ants are able to inhibit these fungi.

The present study on antagonistic effects of black fungi towards actinobacteria is the
first effort to understand the complex interactions involving melanised fungi in the attine ants
symbiosis. At first sight our data show that the ants continuously select a broad range of

actinobacteria which can inhibit possible mycoparasites of the symbiosis.
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5.6 Online Resource

Figure ESM 1 — (a) Non-inhibition of Cochliobolus lunatus (AP 160) by six actinobacteria after 14 days of incubation at 25 °C; (b) Weak
inhibition of Exophiala bergeri (TO 390) by Streptomyces sp. (TD 53), indicated by the black arrow, after 10 days of incubation at 25 °C; (c)
Strong inhibition of Catenulostroma hermanusense (DOC 337) by Streptomyces sp. (TD 37) and Streptomyces sp. (TD 53), after 21 days of
incubation at 25 °C, indicated by the blue and red arrow, respectively.
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6 CONSIDERACOES E PERSPECTIVAS

Os estudos sobre fungos negros em ambientes naturais sdo escassos e, por isso, a
ecologia de muitas especies ainda é pouco conhecida. A relacdo desses fungos com as
formigas da tribo Attini ampliou o conhecimento sobre seu nicho ecoldgico e instigou a
hipotese de que seu reservatdrio natural poderia ser 0s ninhos desses insetos.

O integumento de formigas cortadeiras de folhas abriga uma comunidade muito
diversa de fungos negros. A partir deste microambiente, 13 novos taxons de fungos negros ja
foram descritos e outros se encontram em processo de analise, como Cladophialophora e
Exophiala. Como todas essas novas descobertas vieram de uma Unica area geogréfica,
Botucatu (SP), e formigas do género Atta, muitas outras espécies novas poderdo ser
encontradas expandindo a pesquisa para outras regides do pais e diferentes espécies de
formigas Attini.

A utilizacdo de técnicas de cultivo favoraveis ao crescimento de fungos negros, como
a flotacdo em o6leo mineral e o cultivo sem nitrogénio, foi o ponto chave para a ampla
diversidade encontrada. Assim, a aplicacdo desses métodos em formigas Apterostigma (tribo
Attini) poderd confirmar se de fato existe uma monocultura de leveduras negras no
integumento desses insetos.

A premissa de que os fungos negros inibem o crescimento de actinobactérias (género
Pseudonocardia) precisa ser melhor investigada pois outras espécies de actinobactérias
presentes no integumento de formigas Attini, como Amycolatopsis e Streptomyces,
mostraram-se eficientes contra esses fungos. O espectro de acgdo antifingica dessas
actinobactérias sobre os fungos negros € outro topico a ser aprofundado considerando que
existe um numero reduzido de agentes antifingicos no ambito clinico.

A marcante presenca de Cladosporium no integumento de formigas cortadeiras de
folhas mostra que pode existir uma relacdo espécie-especifica entre esse grupo de fungos e as
formigas Atta capiguara e Atta laevigata. Aspectos como 0 antagonismo com o fungo
parasita Escovopsis e o potencial enzimatico devem ser investigados para elucidar a relagdo
de Cladosporium com esses insetos.

A relacdo dos fungos negros com as formigas da tribo Attini € um tema promissor a
ser explorado para compreender as relacbes existentes na simbiose dessas formigas e

fomentar a literatura com novas espécies de fungos descritas.



