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RESUMO

Os fungos s&o produtores de metabdlitos com elevada diversidade e
complexidade estrutural e que sédo potencialmente bioativos. Os afloramentos
rochosos (AR) que ocorrem na regido da borda oeste do Pantanal Sul-mato-
grossense, Brasil, sdo locais indspitos, por isso acredita-se que as espécies
vegetais que existem neste local podem estar adaptadas e em simbiose com
microrganismos que ajudam o seu sistema de defesa. O presente trabalho teve
como objetivo a bioprospecgdo de metabdlitos bioativos de fungos endofiticos
de Bromelia balansae Mez, coletada em AR do Pantanal. Foram isolados 61
fungos endofiticos, sendo que dez foram identificados molecularmente, entre os
quais foram identificados os géneros: Asperqillus, Penicillium, Diaporthe,
Daldinia e Neodeightonia. Os isolados foram cultivados em meio batata-
dextrose-agar (BDA) e em caldo batata dextrose, os extratos organicos obtidos
deste cultivo foram avaliados em bioensaios in vitro de atividade antimicrobiana,
antibiofilme, antileishmania e citotoxica. Destes, 25 enddfitos apresentaram
atividade antimicrobiana frente a Staphylococcus aureus com CIM (concentragéo
inibitéria minima) < 500 yg/mL, sendo que 12 destes apresentaram CIM < 125
pg/mL. Nenhum dos microrganismos isolados foi promissor frente a
Pseudomonas aeruginosa. No ensaio com Leishmania infantum quatro cepas
apresentaram indice de infecgao menor que 15 % em relagdo ao controle. Na
avaliagao da citotoxicidade frente as linhagens leucémicas, Kasumi e KG-1,
cinco isolados inibiram mais que 90% do crescimento celular na concentragéo
de 100 pg/mL. O isolado 5SMP2F4, identificado como Penicillium sp., apresentou
CIM de 32 ug/mL frente a S. aureus, e por isso, este foi selecionado para um
estudo utilizando a estratégia OSMAC, triagem antibacteriana e antibiofilme, com
aplicagao da metaboldmica, analises estatisticas e construcao de rede molecular
para determinagdo de possiveis metabdlitos bioativos e compreensao do perfil
quimico do fungo. Neste experimento, os extratos obtidos apresentaram
diferentes perfis quimicos e potencial antimicrobiano. Diversos metabalitos foram
anotados, dentre eles diferentes brasiliamidas, verruculogeno, fumitremorgina,
acido penicilico, viridicatum toxina A e espirohexalina. Foi realizado também um
estudo de otimizagdo da extragdo de micélios fungicos do isolado 5MP2F4,
utilizando extragéo acelerada por solvente (ASE), e a viridicatum toxina A (VRA)
foi purificada a partir desta metodologia. VRA foi avaliada quanto a sua atividade
anti-leishmania, antibiofiilme e citotoxica frente as linhagens de células
leucémicas e seu mostrou promissora em todos os experimentos. Os isolados
fungicos de B. balansae ampliaram o conhecimento da biodiversidade de
endofitos do Pantanal. Foram encontradas diversas substancias pertencentes a
diferentes classes quimicas, algumas foram produzidas em teores elevados
conforme a variagdo do meio de cultivo, e os bioensaios nos sugerem que estas
possuem potencial como antibiéticos e citotoxicos.

Palavras-chave: antibacterianos, antibiofilme, anticdncer, antileishmania,
extracdo acelerada por solvente, metabolémica, OSMAC, Pantanal.
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ABSTRACT

Fungi biosynthesize metabolites with high diversity and structural complexity that
are potentially bioactive. The rocky outcrops occur in the region of the western
edge of the Pantanal Sul-mato-grossense, Brazil, which are inhospitable places,
their plant species may be adapted for these locals and the symbiosis with
microorganisms can help their defense system. The present work aimed to
bioprospect of bioactive metabolites from the endophytic fungi of Bromelia
balansae Mez, collected in Pantanal RA. Sixty-one endophytic fungi were
isolated and ten were molecularly identified, among them the genera: Aspergillus,
Penicillium, Diaporthe, Daldinia and Neodeightonia. The isolates were grown in
potato-dextrose agar medium (BDA) and in potato dextrose broth. The organic
extracts obtained from these cultures were evaluated in vitro bioassays of
antimicrobial, antibiofilm, antileishmania, and cytotoxic activity. Of these, 25
endophytes showed antimicrobial activity against Staphylococcus aureus with
MIC (minimum inhibitory concentration) < 500 pg/mL, and 12 strains showed MIC
< 125 pg/mL. None of the microorganisms isolated was promising against
Pseudomonas aeruginosa. In the Leishmania infantum assay, four strains had an
infection rate lower than 15% compared to the control. In the cytotoxicity
evaluation against leukemic lines, Kasumi and KG-1, five isolates inhibited more
than 90% of cell growth at the concentration of 100 ug/mL. The isolate 5SMP2F4,
identified as Penicillium sp., showed MIC of 32 pg/mL against S. aureus, and
therefore, it was selected for a study using the OSMAC strategy, antibacterial and
antibiofilm screening, with application of metabolomics, statistical analysis, and
molecular networking to determine potential bioactive metabolites and
understanding of the chemical profile of the fungus. In this experiment, the
obtained extracts showed different chemical profiles and antibacterial activity.
Several metabolites were annotated, among them different braziliamides,
verruculogen, fumitremorgin, penicillic acid, viridicatum toxin A, and spirohexalin.
An optimization study of extraction from fungal mycelia from the isolate 5SMP2F4
by accelerated solvent extraction (ASE) was also performed, and viridicatum
toxin A (VRA) was purified by this methodology. VRA was evaluated for the
activities anti-leishmanial, antibiofilm, and cytotoxic against leukemic cell lines,
and it showed to be active in all experiments. Fungal isolates of B. balansae have
expanded knowledge of the endophyte biodiversity of the Pantanal. Several
substances belonging to different chemical classes were found, some were
produced in high levels according to the variation in the culture medium, and the
bioassays suggest that they have potential as antibiotics and cytotoxics.

Keywords: antibacterial, antibiofilm, anticancer, antileishmania, accelerated
solvent extraction, metabolomics, OSMAC, Pantanal.
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1. Introdugao e justificativa

A sociedade desenvolvida como vemos atualmente possui grandes
desafios a serem resolvidos como, por exemplo, aqueles relacionados ao
aparecimento de novas doengas que afetam a vida terrestre, sejam essas
doencas humana, animal ou vegetal (agricultura) e, em paralelo, existe a
constante demanda pelo aumento da produgéo global de alimentos (ROHR et
al.,, 2019). Além disso, existe uma preocupagdao com o desenvolvimento
sustentavel do futuro do planeta, pensando nisso, a ONU estabeleceu uma
agenda global que conta com metas e objetivos a serem alcangados até 2030, e
para conseguir atingir essas metas foi estruturado um plano de agéao contendo
17 Objetivos de Desenvolvimento Sustentavel (ODS) (Figura 1) (NACOES
UNIDAS BRASIL, [s.d.]).

Figura 1 - Objetivos de Desenvolvimento Sustentavel (ODS)
estabelecidos pela Organizagdo das Nagdes Unidas (ONU) a serem atingidos
até 2030 (NACOES UNIDAS BRASIL, [s.d.]).
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Fonte: (NACOES UNIDAS BRASIL, [s.d.]).

A pesquisa de produtos naturais (PN) pode auxiliar a alcangar os ODS de
varias maneiras, porque ela € um dos pilares para o desenvolvimento da ciéncia,
tecnologia e inovagao de um pais para diferentes areas. Os PN s&o substancias
produzidas por organismos vivos (SOROKINA; STEINBECK, 2020). Esses

metabdlitos provenientes de plantas, animais e microrganismos sao as principais



fontes de busca por substancias para a solugao de patologias que a sociedade
enfrenta. Notadamente, aproximadamente metade dos farmacos aprovados pelo
FDA (Food and Drug Administration), no periodo entre janeiro de 1981 a
setembro de 2019, sdo PN e seus derivados, produtos sintéticos idénticos ou
inspirados em PN. Esses levantamentos demonstram a significante contribuicao
desta classe de substdncias para o desenvolvimento de novos farmacos
(ATANASOQV et al., 2021; NEWMAN; CRAGG, 2020).

Dentre as fontes de substancias naturais tem-se os fungos, diversas
espécies deles sao encontradas no solo, ar, matéria organica, ambientes
aquaticos e em associagao simbidtica com outros organismos, como animais e
plantas (CHAMBERGO; VALENCIA, 2016).

O estudo sobre a capacidade biotecnolégica de microrganismos como,
por exemplo, a prospeccdo de fungos, pode ajudar a alcangar diretamente
alguns ODS, dentre eles merecem o destaque: ODS 2 - Eliminar a fome e
promover a seguranga alimentar, através do uso de microrganismos na
agricultura sustentavel, como promotores de crescimento vegetal e
biofertilizantes melhorando o desempenho do plantio, otimizando a silvicultura e
combatendo pragas que afetam a produtividade (CHITNIS et al., 2020). Essas
aplicagbes podem impactar diretamente os ODS 8 - Trabalho decente e
crescimento econémico, e o ODS 9 - Industria, Inovacao e Infraestrutura. O uso
de fungos também pode levar ao desenvolvimento de farmacos e bioprodutos,
tais como pigmentos, biocombustiveis e cosméticos naturais, além de ser um
trabalho de preservagédo e conhecimento da vida terrestre e aquatica (HYDE et
al., 2019), englobando os ODS 12 - Consumos e Produgao Responsaveis, e 0

ODS 15 - Proteger, restaurar e promover o uso sustentavel da terra.

Tendo em vista que as espécies vegetais do Pantanal foram
escassamente estudadas em relagdo aos seus microrganismos simbiontes,
selecionamos para o desenvolvimento deste trabalho Bromelia balansae, uma
espécie amplamente encontrada em afloramentos rochosos que ocorrem na
borda oeste do Pantanal em Corumba-MS, conhecidas como cangas, devido ao
seu alto teor de ferro (TAKAHASI; MEIRELLES, 2014). Esses locais séo
preservados e possuem pouca disponibilidade de nutrientes e alta incidéncia

solar.



Aqui buscaremos compreender se os fungos endofiticos que coexistem
com B. balansae que ocorre em cangas do Pantanal, possuem o potencial de
producido de produtos naturais estruturalmente diversos e possivelmente
bioativos. Associando o uso de estratégias metaboldbmicas para auxiliar nas
informagdes obtidas dos ensaios de OSMAC (One Strain Many Compounds), o
que é uma forma de minimizar o uso de reagentes e tempo. Além de contribuir

com a sociedade para alcangar os ODS 9 e 15.

Apesar da metabolémica ser amplamente usada para o estudo em
sistemas biolégicos, como urina, fezes e sangue na busca por biomarcadores
para doencas, ela ainda €& escassamente aplicada para estudos sobre a
compreensao da capacidade quimica de microrganismos, principalmente fungos
endofiticos. Entretanto, todos os estudos que serdao mostrados aqui revelam que
ela é uma técnica bastante promissora para essa visdo holistica de variagdes
produzidas por microrganismos utilizando as mais diversas estratégias, incluindo
OSMAC.

Assim, a presente tese foi organizada na forma de cinco capitulos e

engloba os seguintes temas:

- Capitulo 1: Revisao bibliografica sobre o estudo de produtos naturais
provenientes de fungos, em especial fungos endofiticos.

- Capitulo 2: Objetivos da tese.

- Capitulo 3: Isolamento dos fungos endofiticos de Bromelia balansae
Mez, a produgdo de extratos organicos dos isolados e os ensaios de triagem
biolégica com esses extratos.

- Capitulo 4: Estudo quimico realizado com a cepa isolada de Penicillium
sp. com aplicagcdo de estratégias metaboldmicas para melhorar as informagdes
quimicas de estudos OSMAC de fungos endofiticos.

- Capitulo 5: Isolamento de viridicatum toxina A utilizando extracao
acelerada por solvente e ampliagdo de suas avaliagdes bioldgicas.

- Capitulo 6: Conclusdes.



Capitulo 1



2. Capitulo 1 - Revisao bibliografica

Os fungos sdo uma fonte promissora para a obtengcdo de novas
biomoléculas com acdo frente a doencas humanas e animais, tais como,
infeccbes bacterianas e cancer (DESHMUKH et al., 2022; GAKUUBI et al., 2021;
GUPTA et al., 2019). Alguns exemplos de estruturas quimicas de substancias
utilizadas na terapéutica de origem fungica sao ilustrados na Figura 2. Dentre
eles, destacam-se a penicilina (primeiro antibiotico obtido a partir de fungos em
1928 por Fleming), a lovastatina (utilizada no tratamento de hipercolesterolemia
produzida em cepas de Aspergillus terreus) (MULDER et al.,, 2015), e a
ciclosporina (farmaco imunomodulador utilizado clinicamente na prevencao da
rejeicdo em transplante de 6rgéos e no tratamento de doengas autoimunes e,
isolado inicialmente de uma cepa de Tolypocladium inflatum) (SVARSTAD;
BUGGE; DHILLION, 2000). Outro exemplo recente é a lefamulina, um antibiético
semissintético derivado do fungo Pleurotus mutilus, da classe das
pleuromutilinas, que foi aprovado em 2019 pelo FDA. A lefamulina atua, contra
Staphylococcus aureus resistente a meticilina e Enterococcus faecium resistente
a vancomicina (MERCURO; VEVE, 2020). Assim, todos esses apontamentos
ressaltam que o arsenal biossintético dos fungos € valioso para a descoberta e
o desenvolvimento de novos farmacos.

Figura 2 - Exemplos de substancias isoladas ou derivadas de fungos que séo
utilizadas na terapéutica.
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2.1. Produtos naturais produzidos por fungos endofiticos

Os fungos estdo abundantemente presentes na natureza e diversos
estudos tentam tragar e propor um racional de ecologia quimica sobre a
associagao desses microrganismos com o0s seus hospedeiros (KUSARI;
HERTWECK; SPITELLER, 2012). Dentre os fungos que possuem associagao
positiva com plantas, temos rizosféricos, micorrizicos, os epifiticos e os
endofiticos (CHAGAS et al., 2018).

Os fungos endofiticos, termo descrito inicialmente por Bary em 1866, s&o
microrganismos que habitam o interior dos tecidos vegetais sem causar sintomas
aparentes de doengas (BOGAS et al., 2022). Na literatura ainda nao € clara a
diferenga entre microrganismos patogénicos e endofiticos. Todavia, a maioria
dos microrganismos patogénicos produz substancias prejudiciais causando
danos a planta hospedeira. Enquanto os fungos endofiticos sdo caracterizados
por ndo causarem qualquer dano visivel em seu hospedeiro e geralmente estéo
associados com a modulagdo das vias e com a produgao de metabdlitos que
podem atuar na defesa quimica contra predadores e patdégenos, no metabolismo
da planta ou no aumento da tolerancia a estresses abidticos, bem como na
producao de fito-horménios e outros (FADIJI; BABALOLA, 2020; SAVI; ALUIZIO;
GLIENKE, 2019). Relatos recentes da literatura descrevem que estes podem
também coproduzir, induzir e/ou modificar diversos metabdlitos, dentro ou fora
das plantas hospedeiras (SINGH et al., 2021).

Visando compreender o estado da arte do estudo sobre PN de fungos
endofiticos, realizamos uma revisao da literatura com enfoque nas producdes
cientificas sobre fungos endofiticos e técnicas analiticas aplicadas nas analises
e realizamos analises bibliométricas com a ferramenta do pacote Bibliometrix R,
avaliando a literatura relevante sobre este tema (ARIA; CUCCURULLO, 2017).
Para tal finalidade, realizamos buscas na base de dados do Web of Science
utilizando as seguintes palavras chaves: “endophytic fungus” ou “endophytic
fungi” e “hplc” ou “nmr” ou “MS/MS” ou “MS” ou “LC/MS” combinando os
resultados obtidos e removendo as duplicatas, chegamos ao numero de 1.989
documentos publicados com estes termos no periodo de 1990 a 2023. Estas
publicagdes incluem artigos em revistas cientificas, patentes, trabalhos em

conferéncias, dentre outros.



A nuvem de palavras identifica os termos com maior incidéncia nos titulos
e das palavras chaves dos trabalhos selecionados na revisao, destacando-os

pelo tamanho e cor da fonte. Como pode ser observado, na Figura 3, pelas

P A1 o

palavras com maior destaque “metabolites”, “endophytic fungus”, “derivatives” e
“natural-products” as publicagdes selecionadas em nossa busca estdo de acordo
com o esperado, cuja principal discussao tematica dos trabalhos é o estudo de
metabdlitos de fungos endofiticos.

Figura 3 - Nuvem de palavras com os termos com maior incidéncia, dos titulos
e das palavras-chave, das publicacbes provenientes da busca com os termos:
“‘endophytic fungus” ou “endophytic fungi” e “hplc” ou “nmr” ou “MS/MS” ou “MS”
ou “LC/MS” no periodo de 1990 a 2023, da base de dados do Web of Science.
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Fonte: Elaborado pela autora extraido do pacote Bibliometrix R.

Com a evolugao das técnicas analiticas e de biologia molecular, o niumero
de publicagcbes nesta area vem crescendo, principalmente na ultima década,
como pode ser observado na Figura 4, que ilustra o numero de publicagdes
cientificas sobre o estudo de PN provenientes de fungos endofiticos por ano.
Porém, esse numero ainda € muito baixo, considerando o numero de espécies
de plantas conhecidas mundialmente, que atualmente é de aproximadamente
400.000 espécies (LUGHADHA et al., 2016). Estima-se que apenas 0,75-1,5 %
das espécies vegetais que sao conhecidas ja tiveram seus enddfitos estudados,
sendo assim, a oportunidade de encontrar novas espécies e novos metabdlitos

bioativos provenientes de fungos endofiticos € promissora (SINGH et al., 2021).



Figura 4 - Numero de publicagbes cientificas sobre produtos naturais (PN) de
fungos endofiticos por ano. Dados provenientes da busca com os termos:
“‘endophytic fungus” ou “endophytic fungi” e “hplc” ou “nmr” ou “MS/MS” ou “MS”
ou “LC/MS” no periodo de 1990 a 2023, da base de dados do Web of Science.
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Fonte: Elaborado pela autora extraido do pacote Bibliometrix R.

Ao analisamos o numero de publicacbes por “Pais do Autor
Correspondente", dado em que cada artigo € associado a um unico pais com
base na afiliacdo do autor correspondente (barra azul da Figura 5, que
corresponde a Publicacdes de Unico Pais - PUP), observamos que a China é
responsavel por 62 % das publicacbes de PUP, enquanto o Brasil ocupa a
terceira posigado sendo responsavel por 7% das publicacbes de PUP. Nesta
analise podemos calcular também a proporgao de artigos em que ha pelo menos
um autor com afiliacdo em um pais diferente daquele do autor correspondente,
este indice € chamado de Publicagbes de Multiplos Paises - PMP (Figura 5,
barra laranja), dentre os paises que tiveram as maiores taxas de colaboracdo

estdo Alemanha, China, Estados Unidos, Egito, india e o Brasil.

Visando compreender essa inter-relacdo entre as publicacbes e os
paises, realizamos também a analise sobre a producéo cientifica dos paises, no
qual cada artigo € atribuido aos paises de todos os seus co-autores e, portanto,
serdo contabilizados quantas vezes houver autores de diferentes
nacionalidades. Na Figura 6 é possivel observar o fluxo da distribuicdo
geografica mundial das colaboragbes entre os paises (linhas laranjas) e o

numero de publicagbes conforme a coloragédo (variando de azul intenso para



paises que possuem alta taxa de publicagéo, e nas tonalidades mais claras os
que possuem menor numero de publicagdes). A Alemanha, por exemplo, é o
pais que mais possui PMP, sendo 124 publicagbes com 44 paises, o segundo
pais € a China que colaborou em um total de 105 trabalhos com 39 paises. O
Brasil colaborou com 11 paises em um total de 21 publicagdes.

Figura 5 - Numero de publicagbes por pais de acordo com o autor
correspondente da publicacdo. Dados provenientes da busca com os termos:
“‘endophytic fungus” or “endophytic fungi” and “hplc” ou “nmr” ou “MS/MS” ou
‘MS” ou “LC/MS” no periodo de 1990 a 2023, da base de dados do Web of
Science.
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Fonte: Elaborado pela autora extraido do pacote Bibliometrix R.

As maiores taxas de frequéncia em que ocorreram as colaboracdes entre
paises pode ser observada na Tabela 1. A China e a Alemanha colaboraram
entre si em um total de 97 publicagdes, o que demonstra grande articulagéo entre
esses paises. O Brasil teve maior frequéncia de colaboracido com os Estados

Unidos, totalizando 10 publicagdes.
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Figura 6 - Fluxo da distribuicdo geografica mundial de colaboragcao nas
publicagdes com dados provenientes da busca com os termos: “endophytic
fungus” or “endophytic fungi” and “hplc” ou “nmr” ou “MS/MS” ou “MS” ou
“‘LC/MS” no periodo de 1990 a 2023, da base de dados do Web of Science.
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Fonte: Elaborado pela autora extraido do pacote Bibliometrix R.

Tabela 1 - Frequéncia de colaboracdes entre paises

Pais de origem Pais da colaboracéo Frequéncia

China Alemanha 97
Alemanha Hungria 44
Alemanha Eqito 40
China Hungria 39
China Estados Unidos 38
Egito Arabia Saudita 33
China Egito 26
China Reino Unido 25
Alemanha Camardes 21
Paquistao Oméa 16
Egito Reino Unido 15
Estados Unidos Egito 15
Alemanha Italia 14
Egito Hungria 13
Japao Indonésia 13
Alemanha Indonésia 12
Alemanha Paquistao 12
Alemanha Estados Unidos 12
China Arabia Saudita 11
Alemanha Oméa 11
Alemanha Africa do Sul 11
Brasil Estados Unidos 10
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Os dados encontrados na nossa revisao estdo de acordo com o relatado
por Rustamova e colaboradores (2020), no qual foram selecionados 150 artigos
publicados entre janeiro de 2018 e junho de 2019 que estudaram PN produzidos
por fungos endofiticos, sendo discutidos os aspectos de 221 novos metabdlitos
secundarios isolados destes fungos e suas propriedades bioldgicas. Neste
trabalho, a China foi destacada como responsavel por gerar 79% das
publicagdes e o Brasil apenas 3% nesta area. Dentre os géneros fungicos de
maior ocorréncia neste levantamento estdo Aspergillus, Penicillium, Fusarium,
Talaromices, Xilaria e Diaporte (RUSTAMOVA et al., 2020).

O perfil genético da comunidade de fungos endofiticos sofre influéncia das
condi¢cdes ambientais e das areas geograficas de ocorréncia (TAN; ZOU, 2001).
O cenario nacional sobre as publicagbes de fungos endofiticos foi recentemente
descrito por Ribeiro e colaboradores (2021) a partir de levantamentos de
publicacdes no banco de dados Chemical Abstracts, descrevendo a diversidade
quimica de metabdlitos secundarios produzidos por fungos endoéfitos brasileiros
relatados na literatura até junho de 2019. Foram compiladas 303 substancias
provenientes de 60 cepas fungicas. Dentre as bioatividades descritas, aquelas
de maior ocorréncia foram antibacteriana, antifungica, antiparasitaria e
citotéxica. Dentre as classes de substancias quimicas descritas, as mais

relevantes foram terpenos, fenolicos e alcaloides (RIBEIRO et al., 2021).

Savi e colaboradores (2019) descreveram uma listagem de fungos
endofiticos estudados no Brasil no periodo de 2012 a 2017, nos trabalhos
avaliados foram estudados os enddfitos de 54 espécies de plantas, sendo
encontrados 300 géneros de endofitos, cujos dados estdo descritos em 67
publicagbes (SAVI; ALUIZIO; GLIENKE, 2019).

O Brasil € um pais mega-biodiverso (BERLINCK et al., 2017) e detém boa
parte da biodiversidade mundial de plantas, sendo considerado uma fonte
inestimavel de matérias-primas para as mais diversas finalidades (BEZERRA;
DA SILVA; DE SOUZA-MOTTA, 2019). Atualmente, segundo o projeto Flora e
Funga do Brasil (2023), possuimos em torno de 50.000 espécies (nativas,
naturalizadas e cultivadas). Levando em consideragdo que alguns
microrganismos endofiticos sao geralmente descritos como hospedeiro-

especificos e que normalmente cada espécie vegetal tem uma variabilidade de
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enddfitos a ela relacionados (STROBEL; DAISY, 2003), o numero de trabalhos
na literatura € ainda muito pequeno e o Brasil € uma grande fonte para a

descoberta de novas espécies ainda nao exploradas.

Existem diversas vantagens da prospeccado quimica de metabdlitos
fungicos, em relagao a outras fontes como, por exemplo, plantas e insetos, pois
os fungos podem ser cultivados em larga escala (em biorreatores), o seu
crescimento pode ser realizado em meios de cultura de baixo custo, além de
poderem produzir grandes quantidades de metabdlitos sem necessidade de
grandes areas de cultivo, o que pode ser economicamente viavel e mais
sustentavel (GUPTA et al., 2019).

O isolamento dos enddfitos € costumeiramente realizado utilizando uma
desinfeccéo superficial do tecido vegetal e plagueamento do mesmo em meio de
crescimento adequado para fungos, normalmente na presengca de agentes
antibacterianos para prevenir a proliferacdo de bactérias endofiticas. Algumas
caracteristicas devem ser levadas em consideragdo na hora do isolamento,
dentre elas: local da coleta, coleta de varias partes da planta ou partes de
diversas idades, época da coleta, meio selecionado para o isolamento inicial,
processo de assepsia da superficie dos tecidos vegetais, entre outras (GUPTA
et al., 2019).

Os fungos endofiticos sdo produtores de diversas classes de compostos
bioativos como, alcaloides, cumarinas, flavonoides, glicosideos, lignanas,
fenilpropanoides, quinonas, saponinas, terpenoides, policetideos, xantonas e
compostos fendlicos (SINGH et al., 2021). Endofitos foram descritos na literatura
com a capacidade de produzir metabdlitos importantes que eram considerados
produzidos apenas pelas plantas hospedeiras. Uma das descobertas iniciais foi
a produgdo de paclitaxel (medicamento usado no tratamento do céncer) (Figura
7) a partir do enddfito Taxomyces andreanae Strobel, A. Stierle, D. Stierle & W.M.
Hess, isolado de Taxus brevifolia Nutt. (Taxaceae). Outras espécies de fungos
endofiticos posteriormente foram relatadas na literatura como produtoras de
paclitaxel, e algumas foram isoladas de espécies de plantas taxonomicamente
diversas (EL-SAYED et al., 2020).

Diversos outros metabdlitos de plantas, importantes para medicina, foram

também relatados sendo produzidos por fungos endofiticos, alguns exemplos
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estdo ilustrados na Figura 7 juntamente com a descrigdo da sua planta
hospedeira. A huperzina A, por exemplo, € um alcaloide sesquiterpénico, inibidor
de acetilcolinesterase e usado no tratamento da doencga de Alzheimer (THI MINH
LE et al., 2019). A vincristina e vimblastina s&o alcaloides inddlicos e usados na
terapéutica como antineoplasicos (THI MINH LE et al., 2019).

Figura 7 - Exemplos de metabdlitos produzidos por fungos endofiticos que s&o
produzidos também por suas espécies hospedeiras.
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Encontrar uma substancia que nominalmente foi isolada de uma planta
sendo produzida por um fungo é importante, uma vez que pode ajudar a
compreender a rota de biossintese desta substancia, e ajudar a desenvolver o
suprimento de substancias clinicamente importantes e de alto valor, o que
podera facilitar o acesso da populagédo (DALEY; CORDELL, 2021). Assim como
pode levar ao isolamento de metabdlitos semelhantes, seja um isbmero ou
derivado estrutural, que possuam bioatividades e propriedades melhores em

comparagao com aqueles isolados de suas respectivas hospedeiras.

Os fungos endofiticos também séo produtores de uma grande diversidade
de substancias que podem ser inéditas, e o estudo deles € um enorme campo
de pesquisa de PN que vem aumentando nos ultimos anos. Como resultado, ha
um numero substancial de trabalhos de revisdo que compilaram os PN
produzidos por fungos enddfiticos, dentre eles temos, alcaloides (DALEY;
CORDELL, 2021), xantonas (KHATTAB; FARAG, 2022) e terpenos
(AMIRZAKARIYA; SHAKERI, 2022). Temos também diversas publicagcbes com
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o compilado de PN de fungos endofiticos com bioatividades como, antiviral (DOS
SANTOS LACERDA; POLONIO; GOLIAS, 2022), antidiabética (AGRAWAL,;
SAMANTA; DESHMUKH, 2021), biofungicidas (KUMAR; KAUSHIK, 2012),
citotoxica (UZMA et al., 2018) e antibacteriana (RADIC; STRUKELJ, 2012;
DESHMUKH et al., 2022). Todos esses trabalhos reforcam que os fungos
endofiticos produzem um amplo arsenal de compostos bioativos, e que sdo uma
importante e valiosa fonte de bioprospeccdo de substancias com potencial

farmacologico.



Capitulo 2
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3. Capitulo 2 - Objetivos

3.1. Objetivo geral

O objetivo geral do presente trabalho é realizar a prospec¢ao de produtos
naturais bioativos a partir de fungos endofiticos de Bromelia balansae Mez que

ocorrem no Pantanal.

3.2. Objetivos especificos

e |solar os fungos endofiticos associados as folhas de B. balansae que
ocorrem nos afloramentos rochosos de Corumba-MS na borda oeste do
Pantanal;

e Fazer aidentificagdo molecular das cepas isoladas;

e Avaliar a atividade antibacteriana, antibiofilme, citotéxica e antileishmania
dos extratos brutos obtidos e selecionar as cepas promissoras;

e Avaliar os perfis quimicos dos extratos das cepas promissoras por
cromatografia liquida de alta eficiéncia acoplada ao detector de arranjo de
diodos e espectrometro de massas (CLAE-DAD-EM);

e Gerar redes moleculares e anotar os compostos presentes nos extratos
das cepas selecionadas;

e Cultivar o isolado 5MP2F4 (Penicillium sp.) utilizando a estratégia One
Strain-Many Compounds (OSMAC) e aplicar ferramentas metabolémicas
e analises estatisticas a partir dos cultivos por OSMAC;

e Avaliar o potencial antimicrobiano e antibiofilme dos extratos do isolado
5MP2F4 (Penicillium sp.) provenientes dos cultivos de OSMAC;

e Padronizar a extragao dos micélios de uma cepa promissora selecionada
SMP2F4 (Penicillium sp.) por extragao acelerada por solvente (EAS);

e Isolar e caracterizar os compostos selecionados.



Capitulo 3
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4. Capitulo 3 - Isolamento dos fungos endofiticos de B. balansae e triagens

bioldgicas

4.1 Introdugao

4.1.1. Fungos endofiticos do Pantanal

O Pantanal é a maior planicie alagavel do mundo e esta localizado na
América do Sul, sendo que 78 % de sua extenséo territorial esta localizada no
Brasil nos estados de Mato Grosso (35 %) e Mato Grosso do Sul (65 %). A regi&o
apresenta estacgdes secas e chuvosas bem definidas e uma grande diversidade
de espécies vegetais, que sofre influéncia também da inundagdo sazonal
(TOMAS et al., 2019). Entretanto, estudos relacionados a fungos endofiticos
provenientes de espécies do Pantanal ainda sdo escassos na literatura
(GUBIANI et al., 2019; NORILER et al., 2018, 2019; SAVI et al., 2018),
principalmente aqueles que visam o isolamento e caracterizacdo de seus
metabdlitos secundarios.

Os enddfitos de Vochysia divergens Pohl (Vochysiaceae), coletados na
regidao do Pantanal Sul-mato-grossense em Corumba, foram os mais estudados
até o momento e vem sendo descritos como uma fonte de metabdlitos
secundarios com propriedades antifungicas e antibacterianas (NORILER et al.,
2018). O fungo endofitico Phaeophleospora vochysiae Savi & Glienke sp. de V.
divergens foi descrito como uma nova espécie e, a partir de seus extratos foram
isolados os metabdlitos: cercoscosporina, isocercosporina e um novo terpeno, o
3-(sec-butil)-6-etil-4,5-di-hidroxi-2-metoxi-6-metilciclo-hex-2-enona (Figura 8). A
cercosporina e isocercosporina apresentaram citotoxicidade elevada frente a
diferentes linhagens celulares com IC 50 de 2,82 uM para linhagem celular de
cancer de pulméo (A549) e 0,42 uM para linhagem celular de cancer humano de
prostata (PC3) para cercosporina, e IC sode 19,21 uM (A549) e 2,10 uM (PC3)
para isocercosporina. Essas substancias também apresentaram uma inibicao
moderada contra S. aureus resistente a meticilina (MRSA) e atividade antifungica
contra o fitopatégeno citrico Phyllosticta citricarpa (SAVI et al., 2018).

Vocisiamidas A e B, duas novas estruturas de carboxamidas, foram

isoladas do endofito Diaporthe vochysiae, um novo enddfito descrito de V.
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divergens. Além destas, também foi isolado o metabdlito conhecido alcool 2,5-
dihidroxibenzilico (Figura 8). A vocisiamida B apresentou MIC de 80 ug/mL
frente a Klebsiella pneumoniae produtora de carbapenemases (KPC), mas as
atividades citotoxicas das demais substancias foram baixas (NORILER et al.,
2019).

Aspergillus terreus P63 foi isolado de raizes do capim Axonopus
leptostachyus, coletado em Poconé, regidao do Pantanal de Mato Grosso. Esta
cepa produziu um novo alcaloide inddlico prenilado giluterrina (Figura 8) que
apresentou potencial citotoxico frente a linhagens celulares de cancer de rim
(786-0) com ICs0 de 23 uM e de prostata (PC-3) com ICso de 49 uM (GUBIANI et
al., 2019).

Figura 8 - Substancias isoladas de fungos endofiticos provenientes do Pantanal.
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Desta maneira, destacamos aqui o imenso e ainda inexplorado
reservatorio de diversidade quimica a partir de fungos endofiticos do Pantanal.
Além de haver poucos estudos quimicos e biolégicos a partir deles, também
ressaltamos que devido as caracteristicas peculiares desse ecossistema com

periodos de cheia e de seca, esses podem ser fatores de promocédo da
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diversidade microbiana com importancia para a adaptacdo das espécies nesse

bioma.

4.1.2. Bromelia balansae Mez presente nos afloramentos rochosos do Pantanal

Bromelia balansae €& uma espécie vegetal pertencente a familia
Bromeliaceae. Esta familia é composta por 58 géneros e cerca de 3.140
espécies que se encontram divididas em oito subfamilias (Brochinioideae,
Lindmanioideae, Tillandsioideae, Hechtioideae, Navioideae, Pitcairnioideae,
Puyoideae e Bromelioideae) e s&o caracterizadas principalmente pela morfologia
das flores, frutos, sementes e por dados moleculares (GIVNISH et al., 2011).

As bromélias sao predominantemente neotropicais e, apesar do numero
elevado de espécies, poucas foram estudadas quimica e farmacologicamente
até o momento (MANETTI; DEIAPORTE; LAVERDE, 2009). Exceto o Ananas
comosus (popularmente conhecido como abacaxi) que é extensivamente
utilizado como alimento e aplicado na medicina popular (DEBNATH; SINGH;
MANNA, 2021), e diversos estudos realizados descrevem suas propriedades
biolégicas, como anti-inflamatoria, digestivas, antioxidante, dentre outros
beneficios para a saude humana (MOHD ALI et al., 2020). Outra espécie que &
usualmente empregada na medicina tradicional brasileira é a Bromelia
antiacantha, popularmente conhecida como caraguata, na qual seus frutos séo
usados na medicina popular para o tratamento de infec¢des respiratérias. Dentre
as classes de compostos ja descritos em Bromeliaceae, encontram-se
triterpenos, esteroides, flavonoides, derivados de acidos cindmicos, entre outros
(MANETTI; DEIAPORTE; LAVERDE, 2009).

Algumas espécies de Bromeliaceae foram descritas em afloramentos
rochosos ferruginosos (bancadas lateriticas ou cangas) em Corumba e Ladario
— Mato Grosso do Sul (MS) (VERSIEUX et al., 2018; DE LIMA et al., 2019). Esses
locais sdo carapacas ferruginosas (Figura 9) que circundam as morrarias do
Urucum e Rabicho, localizadas no bioma Pantanal e apesar de sua importancia
como reservatorio de diversas espécies, o conhecimento sobre a diversidade

fungica nesse bioma é muito pouco explorado.



21

Figura 9 — Vista geral dos afloramentos rochosos de Corumba - MS. A) Canga
com vista geral de ilhas de solo contendo Selaginella sellowii (primeiro plano) e
de Deuterocohnia meziana (ao fundo) B) llhas de solo de D. meziana.

Essas cangas apresentam um ambiente hostil devido aos altos niveis de
radiacdo solar, grande amplitude térmica, solos rasos e impermeaveis, pouca
disponibilidade de agua e nutrientes. Até o momento, esse ecossistema é pouco
explorado do ponto de vista quimico e bioldgico. As espécies que ocorrem nestes
locais apresentam resisténcia a desidratagao, tolerancia a altas temperaturas e
caracteristicas anatdomicas, morfolégicas e fisiolégicas que contribuem para a
adaptagcédo a eles (TAKAHASI; MEIRELLES, 2014). Logo, as plantas que
ocorrem nessa area, por estarem sujeitas a uma infinidade de fatores abioticos,
competicao por recursos limitados e altos niveis de pressao de selegao podem,
ao longo dos anos, ter se associado a novos enddfitos Unicos e nao
caracterizados até o momento (GAKUUBI et al., 2021). Além desses fatores, a
probabilidade de encontrar novos microrganismos que produzam substancias

desconhecidas € maior em lugares menos explorados (STROBEL, 2018).

Bromelia balansae Mez. (Bromelioideae, Figura 10) é uma bromélia
terrestre com ampla distribuicdo geografica no Brasil, Bolivia, Argentina e
Paraguai. No Brasil, é encontrada em campos abertos (Cerrado, Pampas e
Pantanal) e em florestas (Amazbénia e Mata Atlantica) (LEAL et al., 2018).
Bromelia balansae €& conhecida como caraguata ou gravateiro, sendo uma
espécie com varios usos e fungdes junto aos povos tradicionais e ecossistemas,
dentre eles, a extracao de fibras, a alimentagao humana e animal, como também

ampla utilizagdo na medicina popular para o tratamento de ferimentos e
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inflamagdes das vias respiratérias (POTT; POTT, 1994; POTT; POTT;
SOBRINHO, 2004).
Figura 10 — Vista de ilhas de solo com Bromelia balansae em afloramentos

rochosos de Corumba-MS. A) llha de solo com B. balansae e diversos arbustos.
B) Destaque para B. balansae fixada na roxa no afloramento rochoso.

Estudos fitoquimicos com B. balansae foram realizados por Coelho e
colaboradores em 2010. Neste trabalho os autores fizeram a avaliagao
antibacteriana, de extratos polares, frente a cepa de Mycobacterium tuberculosis
e avaliagcbes da atividade antioxidante. Os extratos foram obtidos com
cloroféormio e metanol por maceracdo a temperatura ambiente, a partir das
raizes, folhas e frutos. Dentre os compostos isolados de B. balansae estao os
flavonoides glicosilados como 3-O-a-L-ramnopiranosil-kaempferol, 3-O-a-L-
ramnopiranosil-(1->6)-3D-glicopiranosil-kaempferol,  3-O-a-L-ramnopiranosil-
(1->6)-B-D-glicopiranosil-quercetina e 3,7-di-O-a-L-ramnopiranosil-kaempferol.
O extrato metandlico dos frutos apresentou valor de MIC de 128 pg/mL frente a
M. tuberculosis e baixa atividade antioxidante (COELHO et al., 2010).

O extrato etandlico dos frutos de B. balansae foi avaliado para
determinacao de seu potencial anti-inflamatério e toxicidade. Para a avaliagao
da toxicidade, foi utilizada uma dose unica de extrato, via oral, na concentracao
de 2.000 mg/kg, € nenhum animal morreu, demonstrando que a DLso deste
extrato é superior a dose utilizada. A dose de 300 mg/kg reduziu

significativamente os parametros inflamatérios avaliados, dentre eles, a
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formacdo de edema de pata, hipersensibilidade mecanica induzida por
carragenina e a sensibilidade ao frio, bem como a migragao de leucdcitos no
modelo de pleurisia em camundongos Swiss. Além disso, o fracionamento do
extrato levou ao isolamento de seis flavonoides, sendo eles 3-O-a-
ramnopiranosil-quercetina, 3-O-a-ramnopiranosil- kaempferol, 3-0O-a-
ramnopiranosil-(1—6)-/glicopiranosil-kaempferol, 3-O-a-ramnopiranosil-(1—6)-
B-glicopiranosil-quercetina, 7-O-1-a-ramnosil-6-hidroxiluteolina e 3,7-di-O-a-
ramnopiranosil-kaempferol (DA SILVA BALIN et al., 2018).

Na presente revisao bibliografica ndo foram encontrados relatos sobre
estudos de microrganismos endofiticos associados a B. balansae. No entanto, a
partir da familia Bromeliaceae, ha alguns estudos sobre os microrganismos
endofitos, dentre eles com as espécies Vriesea friburgensis Mez, Aechmea
nudicaulis Griseb, Bromelia antiacantha Bertoloni e Tillandsia catimbauensis
Leme, W.Till & J.A.Siqueira. Santos e colaboradores (2018), descreveram a
obtencao de fungos endofiticos de sementes de V. friburgensis. Os géneros
encontrados foram Fusarium, Colletotrichum, Diaporthe, Talaromyces. Dentre os
20 isolados obtidos, 90% apresentaram potencial de produgcdo do hormdnio de
crescimento vegetal, acido indol-3-acético (AlA) in vitro, variando entre 17,5 e
33,4 ug/mL de AIA (SANTOS et al., 2018).

Bezerra (2020) descreveu a obtencdo de uma diversidade de fungos
endofiticos cultivaveis associados Aechmea nudicaulis Griseb e Bromelia
antiacantha Bertoloni no ecossistema da restinga de Jurubatiba, estado do Rio
de Janeiro. Os enddfitos obtidos foram caracterizados morfologicamente e a
identificacao foi até nivel de género baseada em chaves dicotdmicas distintas
para cada grupo taxonémico, sendo obtidos 164 isolados divididos em oito
géneros que foram: Aspergillus sp., Bipolaris sp., Curvularia sp, Monilia sp.,
Nigrospora sp., Penicillium sp., Pestalotiopsis sp. e Trichoderma sp (BEZERRA
et al., 2020).

Silva et al. (2018) descreveram pela primeira vez a produg¢ao da enzima
L-asparaginase proveniente de fungos endofiticos dos géneros Penicillium e
Talaromyces, isolados de Tillandsia catimbauensis Leme, W.Till & J.A.Siqueira,
uma bromélia endémica da floresta tropical seca brasileira (Caatinga). A partir

desses estudos foram obtidos 184 isolados de fungos endofiticos, dos quais 52
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enddfitos foram identificados como Penicillium sp. e Talaromyces sp., e destes
apenas 10 isolados exibiram atividade enzimatica que variaram entre 0,50-2,30
U/g (SILVA et al., 2018).

4.1.3. A resisténcia bacteriana e a busca por novos antibacterianos

O uso excessivo de antibacterianos em humanos e na pecuaria, também
devido a prescrigao inapropriada (quando o beneficio terapéutico € questionavel)
sdao umas das causas que levaram a disseminagao e o aumento de bactérias
causadoras de infeccbes, porém a inovacdo na descoberta de novos
antibacterianos ndo conseguiu acompanhar este avango e surgiram diversos
isolados de bactérias resistentes aos antibiéticos comercialmente disponiveis,
que sao também denominadas de bactérias multirresistentes (VENTOLA, 2015).
Por definicdo a resisténcia bacteriana é a capacidade de um microrganismo
crescer na presengca de uma substancia que normalmente o eliminaria ou
limitaria o seu crescimento. Esses dados sao alarmantes para a possibilidade

iminente de uma crise global de doencgas infecciosas (UNEP, 2023).

Dentre os caminhos para o surgimento de uma bactéria resistente existem
aqueles por mutagao genética aleatdria ou por transferéncia horizontal de genes,
0 que é caracterizado quando a bactéria adquire genes de resisténcia de outra
fonte, podendo ocorrer através de outra bactéria ou virus bacteriano, ou até
mesmo do ambiente em que ela se encontra (ASBMBTODAY, 2021). O uso
indiscriminado de antibacterianos, seja para fins de saude humana ou
agricultura, avicultura e pecuaria, sdo os maiores causadores da atual crise
global de resisténcia antibacteriana (DOMINGUEZ; CHACON; WALLACE,
2021), o que sobrecarrega os sistemas de saude e pode afetar diversos outros
setores, incluindo o agricola e a pecuaria (INTERAGENCY COORDINATION
GROUP ON ANTIMICROBIAL RESISTANCE, 2019).

As maiores taxas de mortalidade ocorrem em infecgdes bacterianas
causadas por microrganismos multirresistentes. Estima-se que em 2050, cerca
de 10 milhdes de pessoas morram por ano devido a infecgdes multirresistentes
a medicamentos (WORLD BANK, 2017; UNEP, 2023).
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No Brasil, o numero de bactérias resistentes a antibacterianos triplicou
durante a pandemia do Covid-19. Em 2019, um pouco mais de 1.000 isolados
clinicos de bactérias resistentes foram enviados por laboratérios de saude
publica de diversos estados do pais para analises nos laboratérios da Fiocruz,
enquanto entre o periodo de janeiro a outubro de 2021 esse numero subiu para
mais de 3.700 amostras (IOC/FIOCRUZ, 2021).

Em 2017 a Organizagdo Mundial da Saude (OMS) divulgou uma lista de
agentes patogénicos prioritarios, resistentes a antibacterianos, para a pesquisa
e desenvolvimento de novos farmacos antibacterianos (Tabela 2)
(ORGANIZATION, 2017). Além desta lista, outros centros de pesquisa, como o
dos EUA para controle e prevengdo de doengas (CDC — do inglés Centers for
Disease Control and Prevention) e da india, divulgaram listas de patégenos
(fungos e bactérias) que sdo ameacgas a saude. Em paralelo a estas listas dos
agentes patogénicos, a OMS também produziu nos anos 2018, 2019 e 2021
relatérios sobre agentes antibacterianos em desenvolvimento clinico e pré-
clinico. Esses relatérios visam motivar politicas publicas, financiamento de
pesquisas e orientar a descoberta e o desenvolvimento de novos tratamentos
antibacterianos (BUTLER et al., 2022).

O grupo ad hoc da coordenagao interagéncias (IACG) para resisténcia
antibacteriana, criado em 2016, reuniu diversas organizagdes internacionais e
produziu um relatorio em abril de 2019, o qual foi enviado ao Secretario Geral da
ONU, com o titulo “Nao ha tempo a perder: Acautelar o futuro contra infec¢des
resistentes aos medicamentos” (INTERAGENCY COORDINATION GROUP ON
ANTIMICROBIAL  RESISTANCE, 2019). Neste relatério constam
recomendagdes do grupo que visam conter a resisténcia bacteriana, evitar

milhdes de mortes e manter os ganhos econémicos e de desenvolvimento.
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Tabela 2 - Lista de agentes patogénicos prioritarios da OMS para a Pesquisa e
Desenvolvimento de novos farmacos antibacterianos

Acinetobacter baumannii resistente a carbapenem;

Prioridade 1: Pseud . istente 2 b ]
CRITICA seudomonas aeruginosa resistente a carbapenem;

Enterobacteriaceae resistente a carbapenem e a cefalosporina

Enterococcus faecium resistente a vancomicina;

Staphylococcus aureus resistente a meticilina, com
sensibilidade intermediaria e resisténcia a vancomicina;

Prioridade 2: | Helicobacter pylori resistente a claritromicina;

ALTA Campylobacter spp. resistentes as fluoroquinolonas;

Salmonella resistente as fluoroquinolonas;

Neisseria gonorrhoeae resistente a cefalosporina e as
fluoroquinolonas.

Streptococcus pneumoniae sem sensibilidade a penicilina;

Prioridade 3: . : . o
MEDIA Haemophilus influenzae resistente a ampicilina;

Shigella spp. resistentes as fluoroquinolonas.

A descoberta de novos antibacterianos teve o seu auge nos anos 50 e a
ultima classe de antibacterianos comercial foi langada em 1987 (Figura 11). Nos
ultimos 20 anos menos de 50 farmacos antibacterianos foram aprovados. Dentre
os fatores que podem estar relacionados a essa falta de inovacao, estdo a
dificuldade cientifica e a falta de incentivo financeiro, pois infecgbes bacterianas
costumeiramente ndo requerem um tratamento continuo e os altos indices de
resisténcia bacteriana, levam a um menor retorno do investimento financeiro
para as industrias farmacéuticas (NEWMAN; CRAGG, 2020).

Figura 11 - Linha do tempo de descoberta de antibacterianos em uso clinico.

1953: Glycopepfides, Nitroimidazoles, Streptogramins «f B 1955 Cycloserine, Novobiocin
1952: Macrolides <@ P 1957 Rifamycins

1950: Pleuromutiins < ¢ B 1961: Timethoprim
1948: Cephalosporing < H P 19462: Quinclones, Lincosarmides, Fusidic acid
1947: Polymyxins, Phenicols < ! P 1947 Fosformycin
1944 Nifrofurans < i P 1971 Mupirocin

1945: Tetracyclines <« B 1976 Cabapenems
1943: Aminoglycosides, Bacitracin (topical) i B 1978: Oxarolidinones
1932: sulfonamides < P 1979: Monobactams
1928: Periciling < ! B 1987: Lipopeptides
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Os PN provenientes de plantas e microrganismos sao as principais fontes
de busca por substancias para a solugdo das patologias que a sociedade
enfrenta. Notadamente, aproximadamente metade dos farmacos aprovados pelo
Food and Drug Administration (FDA), no periodo entre janeiro de 1981 a
setembro de 2019, sdo PN e seus derivados, produtos sintéticos idénticos ou
inspirados em PN, logo eles sdo uma fonte promissora na descoberta de
antibiéticos (NEWMAN; CRAGG, 2020). Por isso, institutos de pesquisa de todo
o mundo se mantém como fonte importante de conhecimento e inovagéo nessa

area, ressaltando a importancia de politicas estratégicas e investimentos.

4 .1.4. Leishmaniose

As leishmanioses sdo um grupo de doengas parasitarias causadas pelos
protozoarios do género Leishmania, os quais sado transmitidas pela picada de
insetos flebotomineos (BASTOS et al., 2016). Os fendtipos da doenga incluem a
leishmaniose cuténea (LC), leishmaniose muco cutanea (LMC) e leishmaniose
visceral (LV), podendo ser fatal se ndo tratada adequadamente.

Segundo o relatério de 2021 da OMS, a leishmaniose é endémica em 99
paises, sendo que 89% dos casos globais de LV ocorreram em apenas 8 paises,
e 88 % da incidéncia global de casos de LC ocorreram em 9 paises, sendo que

o Brasil esta incluido nas duas listas (WHO, 2023).

A leishmaniose €& denominada uma doenga negligenciada e afeta
principalmente populacdes mais vulneraveis, como as que vivem em condicdes
precarias de habitagcdo e higiene (CAMARGO; LANGONI, 2006). O impacto
social da leishmaniose é significativo, principalmente em paises onde a doenga
€ endémica. Diferentes agentes etioldégicos causam as leishmanioses como, por
exemplo, Leishmania major, Leishmania chagasi, Leishmania donovani e
Leishmania infantum. Este ultimo € o agente etiolégico de destaque para a
leishmaniose visceral, apresentando taxa de mortalidade superior a 90% quando
ndo tratada e ocorre, principalmente, na india, Nepal, Bangladesh e Brasil
(CHAKRAVARTY; SUNDAR, 2010; ANVERSA et al., 2018). Dentre os farmacos
disponiveis clinicamente temos, os antimoniais pentavalentes, miltefosina,

pentamidina, paromomicina e anfotericina B. O tratamento terapéutico existente
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hoje apresenta diversas desvantagens que incluem o longo periodo de
tratamento, elevada toxicidade, diversos efeitos colaterais e alto custo, o que
reflete na baixa adesdo aos tratamentos pelos pacientes (GHORBANI;
FARHOUDI, 2018; BASTOS et al., 2016).

O desenvolvimento de novos farmacos com menor toxicidade e maior
eficacia € necessario, pois o numero de farmacos disponiveis para o tratamento
ainda é pequeno e apresenta diversos efeitos colaterais (CHAKRAVARTY;
SUNDAR, 2010). Sendo assim, o estudo de PN provenientes de fungos
endofiticos pode ser uma abordagem valiosa para encontrar novos candidatos
ao desenvolvimento de farmacos contra leishmania, como recentemente
descritos em alguns trabalhos utilizando extratos de enddfitos com potenciais
compostos antileishmania (ALVES et al., 2018; HZOUNDA FOKOU et al., 2021;
TOGHUEO, 2019).

4.1.5. Cancer

O céncer é a segunda maior causa de mortalidade no mundo,
especialmente entre os paises em desenvolvimento. Em 2020 foram
contabilizados 19,3 milhées de novos casos e 10 milhées de mortes no mundo,
sendo que a previsdo em 2030 é de 21,7 milhdes de casos e 13 milhdes de
mortes (SUNG et al., 2021). Entre os tipos de cancer com maiores incidéncias
encontram-se o de mama, prostata, pele, pulmao, figado, colorretal e gastrico,
enquanto entre os mais letais encontram-se os canceres hematolégicos como
leucemias e linfomas. No Brasil, desde o0 ano 2000, as neoplasias sdo a segunda
causa de morte, atras apenas das doencas do sistema circulatério e superando

as mortes por causas externas (FERLAY et al., 2019).

As neoplasias causam um grande impacto econdmico e social, o que fez
com que a busca por novos medicamentos anticancer recebesse cada vez mais
atencdo das industrias farmacéuticas. Isso possibilitou um avango no
entendimento da biologia molecular das células, suas vias de sinalizagao e dos
processos de divisdo celular nos ultimos anos, bem como a aplicacdo de

tecnologias analiticas para a busca e determinacdo desses compostos,
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principalmente a partir de novas fontes, incluindo microrganismos enddfitos
(ATANASOQV et al., 2021; DEEPIKA; MURALI; SATYAMOORTHY, 2016; HYDE
et al., 2019).

Estudos recentes prestaram atengdo consideravel aos potenciais
componentes anticancerigenos em plantas medicinais e seus enddfitos e
centenas de metabdlitos ja foram descritos com potencial atividade citotoxica
(HRIDQY et al., 2022; LI et al., 2018; MARESCA et al., 2022). Dentre as classes
de substancias citotoxicas para linhagens de células cancerigenas de fungos
endofiticos tem-se: alcaloides, cumarinas, depsipeptideos, lactonas, lignanas,

peptideos, policetideos, quinonas, terpenos, xantonas (HRIDOY et al., 2022).

Os céanceres sao originados por acumulo de mutagdes, ocasionando
proliferacao, diferenciagao, movimentagao celular e sobrevivéncia das células de
forma anormal. Isto se deve a mutagdes que afetam genes que controlam estes
processos biologicos (HANAHAN; WEINBERG, 2011). Nos ultimos anos discute-
se muito sobre a origem dos canceres, varios apresentam diferentes tipos
celulares dentro da massa tumoral, com diferentes caracteristicas na
proliferacdo e diferenciacédo, devido ao acumulo de mutagdes e outros fatores.
Dentro deste conjunto de tipos celulares, foi descrito que alguns canceres
possuem uma pequena populagcdo celular com capacidade indefinida de
proliferacdo e com caracteristicas de uma célula-tronco (ex. estado
indiferenciado com capacidade de diferenciacdo, autorenovacao indefinida e
baixa taxa de proliferagdo) (MASTELARO DE REZENDE; FERREIRA;
PAREDES-GAMERO, 2020; SENFT; JEREMIAS, 2019). Esta pequena
populagao dentro dos canceres € chamada de células-tronco cancerigenas. Este
novo ponto de vista estd mudando os conceitos sobre aplicagdes terapéuticas
convencionais sobre o tratamento deste tipo de doenca, uma vez que, a maior
parte dos tratamentos atuais visa a diminuicdo de células com alta taxa
proliferativa poupando as células com baixa taxa de proliferacdo ou células
quiescentes (PAREDES-GAMERO et al., 2013). Assim, novos produtos que
afetem processos, ndo s6é de morte celular, mas também a proliferacdo e
diferenciacao, em especial a populagao de células-tronco estdo em destaque em

varias pesquisas.
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Os agentes antineoplasicos utilizados para o tratamento de canceres
podem atuar em diferentes aspectos da biologia das células cancerigenas,
sempre priorizando que sejam mais ativos nestas células do que em células
normais. Assim, estes agentes podem atuar, por exemplo, em receptores tirosina
quinase, como o dasatinib (MONTERO et al., 2011), diminuir ou parar a divisao
celular como o daunorubicina (JAYARAMAN; JAMIL, 2014), inibir a sintese de
DNA como o metotrexato (VISENTIN; ZHAO; GOLDMAN, 2012) e promover a
diferenciacado e morte como o tretinoin e ATRA (acido all-transretindico) (YANG
et al., 2015). Os compostos que induzem morte celular por apoptose ou até
necrose (para canceres mais agressivos), parada do ciclo celular, diferenciagcéo
e resisténcia a farmacos (inibidores de bombas de efluxo) sao primordiais na luta
contra os canceres (DERYUGINA; QUIGLEY, 2015; MASTELARO DE
REZENDE; FERREIRA; PAREDES-GAMERO, 2020). Contudo, os tratamentos,
ainda altamente dispendiosos, ndao conseguem diminuir a taxa de mortalidade
por causa do numero limitado de agentes antitumorais, que variam quanto a sua
toxidade e eficacia. Nesse contexto os microrganismos endofiticos tém ganhado
cada vez mais destaque como uma fonte substancial de moléculas eficazes no

tratamento e prevencgao da carcinogénese (HYDE et al., 2019).

4.2. Objetivos do Capitulo 3

Os objetivos do Capitulo 3 s&o:

e Coletar folhas de Bromelia balansae que ocorrem nos afloramentos
rochosos do Pantanal e isolar fungos endofiticos simbiontes;

e Preservar os fungos endofiticos isolados;

¢ Identificar molecularmente cepas isoladas;

e Cultivar os fungos endofiticos em pequena escala para a produgéo de
extrato brutos (EB);

e Avaliar o potencial antibacteriano, antibiofilme, citotdxico e antileishmania

dos metabdlitos produzidos pelos fungos endofiticos;
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e Avaliar os perfis quimicos dos extratos de alguns isolados por
cromatografia liquida de alta eficiéncia acoplada ao detector de arranjo de
diodos e espectrometro de massas (CLAE-DAD-EM);

4.3. Procedimento Experimental

4.3.1. Coleta e identificacdo do material vegetal

Foram coletadas folhas de Bromelia balansae Mez nos afloramentos
rochosos de Corumba-MS, na bancada lateritica da Fazenda Sao Joéao
(19°10°43” S, 57°32'19” O, 180 metros de elevagdo), em abril de 2019, no
periodo da manha e na bancada lateritica da Fazenda Figueira (19°17°56” S,
57°37°00” O, 156 metros de elevacdo), no em maio de 2019, no periodo da
manha. Exsicata voucher Damasceno-Junior et al. 3089 (COR), herbario COR
da Universidade Federal de Mato Grosso do Sul. Estes estudos foram
cadastrados no Sistema Nacional de Gestdo de Patrimbnio Genético e do
Conhecimento Tradicional Associado (SISGEN) sob numeroAE8625B.

Foram coletadas 3 folhas saudaveis de cada individuo, sendo uma folha
externa, uma folha do meio e uma folha interna da planta (Figura 12). Em cada
localidade foram coletadas folhas de 3 individuos, todos estavam nas bordas dos
afloramentos rochosos. No momento de todas as coletas flores e frutos estavam

ausentes.

Figura 12 - Representagao da amostragem de folhas de B. balansae.

Folhas jovens que neste trabalho foram
identificadas como Internas.

Folhas intermediarias que neste trabalho
foram identificadas como do Meio.

Folhas mais velhas que neste trabalho
foram identificadas como Externa.

Fonte: Adaptado de KLEINGESINDS et al. (2018).
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As folhas foram selecionadas e inspecionadas quanto ao aspecto
saudavel das plantas hospedeiras, sendo considerados hidratagao, auséncia de
lesdes aparentes e coloragcdo homogénea. Apds a coleta, as folhas foram
conservadas e identificadas em sacos plasticos e transportadas para o
Laboratério de Microbiologia do Campus do Pantanal da Universidade Federal
de Mato Grosso do Sul (UFMS), sob responsabilidade da Profe. Dr2. Marivaine

da Silva Brasil para os procedimentos de isolamento dos fungos endofiticos.

4.3.2. Preparo dos meios de cultivo de batata dextrose

4.3.2.1 Meio de cultivo caldo de batata dextrose (BD)

Para o preparo do BD, foram utilizadas batatas inglesas, picotadas e
previamente descascadas e lavadas, na proporgédo 200 g de batata em um litro
de agua destilada, este foi levado a fervura em forno micro-ondas até a formagéao
de uma borra de espuma e afericdo de que a batata estava cozida. Esse caldo
foi filtrado em coador de tecido e o volume foi aferido. Foi entdo adicionado
dextrose na proporcéo de 20 g/L, em seguida foi autoclavado a 121 °C, por 15

minutos, para esterilizagao.

4.3.2.2 Meio de cultivo caldo de batata dextrose com agar (BDA)

Para o preparo do meio de cultivo BDA, o processo € o mesmo descrito
para o BD, porém antes de autoclavar € adicionado agar na proporg¢ao de 15 g/L,
em seguida o meio de cultivo é autoclavado a 121 °C, por 15 minutos, para

esterilizagao.
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4.3.2.3 Meio de cultivo caldo de batata dextrose com agar (BDA) com antibidticos
para o isolamento dos fungos endofiticos

O meio de cultivo usado no isolamento € o BDA suplementado com
tetraciclina e cloranfenicol. Para o seu preparo em condi¢gdes assépticas foram
adicionados 15 mL da solugao de tetraciclina (obtendo-se assim a concentragéo
final de 50 mg/mL) e 30 mL da solugdo de cloranfenicol (obtendo-se assim a
concentragéo final de 100 mg/mL) em 600 mL de BDA ainda morno apos a
esterilizagdo em autoclave, esta solugdo foi homogeneizada em condigdes

asseépticas e adicionada em placas de petri.

Para o preparo da solug&o estoque de tetraciclina 2.000 mg/L, foi utilizado
um frasco com tampa de rosca contendo 250 mL agua destilada estéril, em
condicbes assépticas, foi adicionado a este o conteudo de um comprimido de
cloridrato de tetraciclina (Prati-Donaduzzi) de 500 mg. Para o preparo da solugéo

estoque de cloranfenicol o mesmo procedimento foi realizado.

4.3.3. Isolamento dos microrganismos endofiticos

O material vegetal coletado foi processado no mesmo dia da coleta. Para
garantir a eliminagdo de microrganismos epifiticos, inicialmente foram
seccionados pedacgos de 10 cm das folhas e estes foram lavados com detergente
neutro em agua corrente. Em seguida, em condi¢cbes assépticas em capela de
fluxo laminar, os fragmentos foram desinfectados superficialmente, sendo
empregada uma adaptacédo da metodologia descrita para o isolamento de fungos
endofiticos da bromélia Tillandsia catimbauensis (SILVA et al., 2018). Na Figura
13 é apresentado o esquema do processo de desinfecgdo, com as seguintes

etapas:
(1) Submerséo em alcool 70% por 60 segundos;
(2) Submersao em hipoclorito de sédio (2,5% de cloro ativo) por 180 segundos;

(3) Submersao em alcool 70% por 30 segundos;
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(4) Uma sequéncia de trés enxagues, por submersdo, de 60 segundos em agua

destilada estéril, cada lavagem foi realizada em um frasco bécher diferente.

O tecido vegetal foi transferido em todas as etapas realizadas com o

auxilio de pinca estéril que foi constantemente flambada para assepsia.

Figura 13 - Esquema da sequéncia de desinfec¢ao da superficie das folhas para
isolamento de fungos endofiticos de B. balansae.

Etanol 70% -
60s

Hipoclorito de sédio 2,5%
-180s

Etanol 70% 30s
H,0 - 60s

H,O - 60s Plagueamento da agua
como controle de assepsia

Fragmentacao e
plagueamento

Ao final da ultima lavagem o material vegetal foi colocado em placa de
Petri de vidro estéril e fragmentado com auxilio de pingas e bisturi cirurgico esteéril
para a obtencdo de fragmentos de 1 cm? Os fragmentos foram ent&o
transferidos para a superficie do meio de cultivo BDA suplementado com
antibiéticos em placa de Petri. Em cada placa foram colocados 5 fragmentos.
Para verificar a eficacia da desinfecgdo da superficie dos fragmentos vegetais,
aliquotas de 1 mL da ultima lavagem com agua foram transferidas para placas
de Petri contendo o mesmo meio de cultura e incubadas nas mesmas condicoes,

conforme pode ser observado na Figura 14.
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Figura 14 - Fragmentos de folhas de B. balansae em placas (A e B) contendo
BDA e incubados em estufa.

Para cada folha foi realizada uma sequéncia de desinfecgdo com o intuito

de se evitar problemas de contaminagéo.

Foram coletados 3 individuos por local, sendo uma folha externa, uma
interna e uma do meio, totalizando 9 folhas por localidade. Foram produzidas 4
placas contendo fragmentos vegetais para cada folha, gerando um total de 36
placas com fragmentos por local. A incubagao das placas foi realizada da
seguinte forma: 2 placas com fragmentos a 28 °C e 2 placas com fragmentos a
45 °C e 1 placa controle de agua, para cada folha. O total de fragmentos por
coleta foi de 180. Um fluxograma desta etapa pode ser observado na Figura 15.



36

Figura 15 - Desenho experimental do plaqueamento dos fragmentos vegetais
para o isolamento fungico.

1 individuo

N B
e

* 1 placa de controle de agua, da ultima lavagem foi feita em cada temperatura para cada folha.

Para obtengao de colbnias puras, as placas foram analisadas diariamente
quanto ao crescimento fungico e qualquer coldnia desenvolvida foi transferida
para o centro de uma nova placa contendo apenas meio de cultura BDA sem
antibidticos. Essa nova placa foi incubada a 28 °C ou a 45 °C conforme a placa

de origem.

Cada cepa isolada recebeu um nome conforme 1EP1FX, sendo o primeiro
numero referente ao individuo (ex. 1); a primeira letra referente a caracteristica
da folha (E = externa, | =interna, ou M= meio); P1 ou P2 com referéncia a placa
no qual foi isolado; e FX onde F é referéncia a fungo € X € um numero de ordem

de isolamento da mesma placa.

As cepas fungicas isoladas foram purificadas pela técnica de esgotamento

em placa na tentativa de se obter col6nias puras. Os fragmentos vegetais foram
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incubados por até 7 dias a 28 °C e por até 14 dias a 45 °C, conforme o surgimento

dos microrganismos e da possibilidade do seu isolamento.

4.3.4. Manutencao dos microrganismos isolados

Apos a obtencdo de coldnias puras em placas de Petri, com no minimo
dois repiques em meio BDA para que nao sofresse influéncia do antibiético da
placa inicial, os fungos foram cultivados em tubos contendo meio BDA inclinado.
Apos atingirem alta confluéncia, foram cobertos com 6leo mineral previamente
esterilizado (SMITH; ONIONS, 1983).

Outra forma de preservacao foi feita utilizando frascos de penicilina com
agua destilada estéril. A estes foram adicionados pequenos fragmentos do
crescimento de 7 dias em placa de BDA, os frascos foram entdo selados e estao

armazenados sob refrigeracao a 8 °C.

4.3.5. Cultivo e obtengao dos extratos brutos (EB)

4.3.5.1. Cultivo dos fungos e preparo dos EB de BDA

As cepas foram reativadas em placas de Petri contendo BDA. Apds o
primeiro crescimento, pos reativagédo, os fungos foram repicados para novas
placas, para garantir que ndo ocorresse contaminagao do extrato com o6leo

mineral. As placas novas foram ent&o incubadas por 7 dias a 28 °C.

Para a obtengcdo do extrato bruto (EB), toda massa micelial de
crescimento (agar + microrganismo (MO)) foi fragmentada com o auxilio de
espatula, adicionado em um bécher, a estes foram adicionados 40 mL de acetato
de etila contendo 1% de acido férmico e em seguida este foi mantido em banho
de ultrassom por 10 min. Em seguida o solvente orgénico foi filtrado e a massa
micelial foi submetida a uma nova extragao. Posteriormente, todo o solvente de

extracao filtrado foi reunido, concentrado e seco para a obtencédo do EB de BDA.
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4.3.5.2. Cultivo dos fungos e preparo dos extratos brutosde sobrenadante

(EBsob) e micélio (EBmic) do cultivo em de BD

As cepas foram reativadas em placas de petri contendo BDA. Apds o
primeiro crescimento pés reativagédo, os fungos foram repicados para novas
placas para garantir que n&o ocorresse contaminagdo do extrato com o6leo

mineral.

Os cultivos em meio submerso foram realizados em condi¢des estaticas,
na auséncia de luz, em frasco Erlenmeyer de 250 mL contendo 100 mL de meio
BD (batata dextrose), onde foram inoculados 3 fragmentos de micélio-agar, de
aproximadamente 0,5 cm e crescimento de 7 dias. Todo o processo de cultivo
foi realizado em condicdes assépticas e para tal foi utilizada uma capela de fluxo
laminar e todo o material foi previamente esterilizado em autoclave (121 °C por
15 min).

O cultivo foi feito em 7 dias e ao final o micélio foi separado do
sobrenadante por filtracdo. O sobrenadante foi imediatamente extraido com
acetato de etila contendo 1% acido férmico; a fracdo aquosa foi descartada e a

fracdo organica foi concentrada e seca para a obtengao do EB do sobrenadante.

Os micélios foram fragmentados com bisturi cirurgico e extraidos com
acetato de etila e metanol 1:1 (v/v) contendo 1% de acido férmico e extraidos por
10 min em banho de ultrassom. Em seguida o solvente organico foi filtrado e a
massa micelial foi submetida a uma nova extracdo. Posteriormente, todo o
solvente de extracao filtrado foi reunido, concentrado e seco para a obtencéo do
EB do micélio.

4.3.6. Ensaios biolégicos

4.3.6.1. Atividade antibiética ensaio de concentragao inibitéria minima (CIM)

4.3.6.1.1. Preparo do inéculo



39

Foram utilizadas as cepas bacterianas Staphylococcus aureus ATCC
80958 e Klebisiella oxytoca ATCC 13182.

Estas foram cultivadas em tubos contendo caldo nutriente (peptona 10
g/L; extrato de levedura 1,5 g/L, cloreto de sédio 5 g/L) por 48 h antes do

experimento e a 37 °C em agitador.

No momento do experimento os cultivos foram centrifugados, o
sobrenadante foi descartado e o pellet foi ressuspendido em solucdo salina
esterilizada (0,9%). A partir deste material foram preparadas diluicdes para a
padronizacdo da concentracdo de indculo com a escala de McFarland 0,5
utilizando agua estéril. Apds a padronizagdo da proporgao de diluicdo, foi
preparada uma solugcdo em caldo nutriente para ser utilizada como indculo no

experimento.

4.3.6.1.2. Preparo das amostras

Os estoques dos EB foram preparados em caldo nutriente com 10% de
DMSO. Inicialmente adicionava-se o DMSO, a fim de facilitar a solubilizacdo do
extrato e em seguida era adicionado o volume de caldo nutriente. Os estoques

foram preparados na concentragdo de 2 mg/mL.

Como antibiético padrao foi utilizada gentamicina, obtida comercialmente
numa solugdo 40 mg/mL. Uma solugédo intermediaria em caldo nutriente na
concentragdo de 125 yg/mL foi preparada para o uso na diluicdo seriada do

experimento.

4.3.6.1.3. Preparo do reagente colorimétrico

Uma solucéo de cloreto de trifeniltetrazolio (TTC) a 0,5 % p/v em agua
destilada foi preparada e mantida protegida da luminosidade para evitar
possiveis degradacgdes.
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4.3.6.1.4. Avaliacao da atividade antibacteriana

O ensaio de concentragado inibitéria minima (CIM) foi realizado por
microdiluicdo em caldo, para uma triagem inicial para a selegdo dos fungos
isolados promissores (ELOFF, 1998).

Para isto, em uma placa de 96 pocos, inicialmente foram adicionados 100
ML de caldo nutriente em todos os pogos. Em seguida foram adicionados no
primeiro po¢o de cada linha da placa, as solu¢des estoques das amostras e do
padrao, seguida de diluigdo seriada em placa com caldo nutriente. Em seguida,
foram adicionados 100 uL de solucdo de indculo. Posteriormente, as placas
foram incubadas a 37°C por 24 h. Foram realizados, em cada experimento,
controles negativos (apenas meio de cultivo), positivos (gentamicina) e para o
solvente, DMSO a 10 %, utilizado na diluicao dos EB. A gentamicina foi adquirida
comercialmente em solugao estoque de 40 mg/mL. Uma solugao intermediaria
na concentragédo 125 pg/mL foi feita em caldo nutriente. Todos os experimentos

foram realizados em triplicata.

Apos o periodo de incubacgao, a atividade antibiodtica foi detectada pela
adicdo de solugédo de cloreto de 2,3,5-trifenil-2H-tetrazélio (TTC). A CIM foi
definida como a menor concentracao de EB que inibiu visualmente o crescimento

dos microrganismos, como indicado pela coloragao TTC.

4.3.6.2. Avaliacao da inibicao do crescimento bacteriano e da formacao de
biofilme

Os testes de atividade antibacteriana e antibiofilme foram realizados no
laboratério de biofilmes e diversidade microbiana da Universidade Federal do
Rio Grande do Sul (UFRGS) sob a coordenagao do Prof. Dr. Alexandre José
Macedo.

Os ensaios foram realizados baseados na metodologia de TRENTIN et al.
(2011) utilizando o ensaio de cristal violeta em microplaca de 96 pocgos.
Inicialmente, em cada poco, foi pipetado 4 uL de cada extrato solubilizado em
DMSO, utilizando solugdes estoques de 1 e 10 mg/mL, obtendo-se ao final do
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experimento a concentragéo final no pogo de 20 e 200 pg/mL respectivamente.
Em seguida, adicionou-se 76 uL de agua estéril, 40 yL de caldo de infuséo
cérebro coragao para S. aureus ou caldo triptona soja para P. aeruginosa e
suspensao bacteriana de crescimento de 24h (80 L), na concentragédo de 3,0
x10% UFC/mL. Foi entéo realizada uma leitura da placa, em espectrofotdmetro a
600 nm, que corresponde ao t=0 de incubagdo e as placas foram incubadas
durante 24 h a 37 °C.

O controle de crescimento foi realizado com o veiculo DMSO (4 pL). Para
o controle de atividade foi utilizada vancomicina para S. aureus e gentamicina

para P. aeruginosa, na concentragao de 20 ug/mL.

Apds o tempo de incubacédo, as células planctbnicas foram removidas,
colocadas em outra placa de 96 pocos e foi realizada a leitura em
espectrofotbmetro a 600 nm, que corresponde ao t = 24h. A atividade
antibacteriana foi determinada pela diferenga do crescimento bacteriano inicial (t
=0) e final (t = 24 h).

Para a determinacdo da atividade antibiofilme, as células que ficaram
aderidas a placa inicial de incubagédo do experimento foram lavadas trés vezes
usando 200 pL solugéo salina estéril (cloreto de sddio 0,9%). O biofilme aderente
foi fixado a 60 °C durante 1 h e depois a biomassa do biofilme foi corada com
cristal violeta (0,4% durante 15 min a temperatura ambiente). Finalmente, a placa
foi lavada com agua e o biofilme foi ressuspendido com etanol por 30 min e foi

realizada a leitura em espectrofotdbmetro a 570 nm.

4.3.6.3. Avaliacao in vitro do potencial antileishmania frente a L. infantum

Os ensaios de avaliacdo da atividade antileishmania foram realizados no
Laboratorio de Biologia Celular do Instituto Carlos Chagas, Fundagdo Oswaldo
Cruz (Fiocruz), Curitiba, Brazil, pelo pesquisador Dr. Julio Menta de Aimeida sob

supervisdo da profa. Lia Carolina Soares Medeiros.

Os ensaios foram baseados na metodologia de CEOLE et al. (2018). As
células THP-1 foram cultivadas na presenca de acetato de miristato de forbol

(PMA) a 100 nM por 48 horas para a diferenciagdo em macrofagos. Enquanto as



42

formas promastigotas de L. infantum (MHOM/BR/1974/PP75) foram mantidas
em meio M199 suplementado com 10% SFB a 28 °C. As células THP-1 (ATCC
TIB-202) foram mantidas a 37 °C em uma incubadora umidificada com uma
atmosfera de 5 % de CO2 em meio RPMI 1640 suplementado com 10 % de SFB
(soro fetal bovino).

As culturas de promastigotas, na fase estacionaria de crescimento, foram
adicionadas a culturas de macrofagos derivados de THP-1 em uma
multiplicidade de infeccdo de 25:1. Apds 24 horas, os parasitas né&o
internalizados foram lavados e as culturas infectadas foram incubadas a 37 °C

em atmosfera umida com 5 % de CO:2 para obtengcédo dos amastigotas.

Os macréfagos derivados de células THP-1 (2,5x10% células/pogo)
infectados com amastigotas foram tratados por 24 horas com 150 ug/mL dos
extratos brutos em quintuplicata. Os experimentos foram realizados por
contagem automatica no equipamento Operetta CLS High Content Analysis

System.

Para analise no Operetta, as células apds tratamento foram lavadas com
PBS1x (solugéo salina de tampao fosfato concentrada uma vez), fixadas com
metanol 100 % frio e, apds lavagem com &agua ultrapura, foram coradas com
Hoechst 33342 conforme metodologia adaptada por BORGES et al. (2023),
CEOLE et al. (2018) e TIRADO et al. (2020).

4.3.6.4. Avaliacéo da citotoxicidade in vitro

O ensaio de citotoxicidade foi realizado no Laboratério de Biologia
Molecular e Cultura de Células da Universidade Federal do Mato Grosso do Sul,
pelo pesquisador Dr. Heron Fernades Torquato sob a responsabilidade e

supervisao do professor Dr. Edgar Julian Paredes-Gamero.

O ensaio foi baseado na metodologia de DE CARVALHO et al. (2022),
foram utilizadas as linhagens de células leucémicas humanas (Kasumi e KG-1).
As células KG-1 foram mantidas em meio Dulbecco modificado de Iscove (IMDM)

suplementado com 20 % SFB, enquanto as células Kasumi foram mantidas em
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meio RPMI suplementado com 10 % SFB. Todas as células foram cultivadas em
meio contendo 100 U/mL de penicilina e 100 ug/mL de estreptomicina e em uma

incubadora umidificada contendo 5 % CO2a 37 °C.

Neste experimento, 10° células/mL foram semeadas em placas de 96
pocos contendo meio suplementado. As células foram tratadas na presenca ou
auséncia de compostos por 24 h usando a concentragao 100 ug/mL dos extratos
brutos. Apds o tratamento, retirou-se o meio de cultura celular e adicionou-se
100 pyL de meio com solucdo de resazurina a 10 % e apds 4 h de incubacgao a
fluorescéncia foi medida (excitagdo 530 nm, emissdo 590 nm) em um leitor de
microplacas FlexStation 3 (Molecular Devices, San Jose, CA, EUA). Cada

experimento foi realizado em duplicata.

4.3.7. ldentificagdo molecular de cepas selecionadas

Algumas cepas fungicas foram selecionadas fenotipicamente para a
identificacdo em nivel molecular pela empresa Senai Co., Ltd. (Rio de Janeiro,
Brasil) através do sequenciamento da regido ITS do rDNA, utilizando os primers
ITS-1 (forward) e ITS-4 (reverse) (RAJA et al., 2017; SCHOCH et al., 2012).

Os cromatogramas das sequéncias obtidas foram analisados utilizando o
software Geneious versao 7.1.3 (Biomatters), as regides da sequéncia com baixa
resolucdao foram cortadas e foi obtida as sequéncias consenso. Estas foram
entdo submetidas a busca de sequéncias similares depositadas no banco de
dados GenBank (https://www.ncbi.nlm.nih.gov/genbank/) do NCBI, utilizando
para isso a ferramenta BLAST N (https://blast.ncbi.nim.nih.gov/Blast.cgi). Foi

utilizado também o banco de dados do UNITE que é voltado para o alinhamento

de sequéncias da regiao do ITS (https://unite.ut.ee/index.php).

4.3.8. Analises quimicas de extratos por CLAE-DAD-EM

4.3.8.1. Preparo de amostras
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As amostras foram preparadas em metanol e agua 7:3 (v/v) na
concentragcao de 1 mg/mL e filtradas em filtro PTFE (politetrafluoretileno) de 0,22
pm e 13 mm de didmetro. O volume de cada amostra injetado no sistema

cromatografico foi de 2 L.

4.3.8.2 Sistema de CLAE-DAD-EM

As analises foram adquiridas por cromatografia liquida de alta eficiéncia
utilizando um UFLC-20AD Prominence Shimadzu acoplado a um detector de
arranjo de diodos (DAD) e espectrometro de massa (CLAE-DAD-EM) com fonte
de ionizagao por eletrospray e analisadores quadrupolos e de tempo de véo
sequenciais (MicrOTOF-Q IlI, Bruker Daltonics). A separagao cromatografica foi
realizada utilizando uma coluna cromatogréafica Kinetex® C18 (2,6 ym, 100 A,
150 x 2,1 mm, Phenomenex) acoplada a uma pré-coluna de mesmo material. As
analises foram realizadas com vazao de 0,3 mL/min e durante as analises a
coluna cromatografica foi mantida a 50 °C. A fase movel foi composta por
acetonitrila (B) e agua ultrapura (A), ambas contendo 0,1% (v/v) de acido formico.
O perfil de eluigao gradiente foi o seguinte: 0-2 min (3% de B), 2-25 min (3-25%
de B), 25-40 min (25-80% de B), e 40-43 min (80% de B, isocratico). Todas as
amostras foram analisadas nos modos de ionizagdo positivo e negativo. Os
parédmetros utilizados no espectrometro de massas foram: gas nebulizador (N2,

4 Bar) e gas de secagem (N2, 9 L/min), e a voltagem capilar foi de 2500 kV.

4.3.9. Analises por redes moleculares e anotagao utilizando a plataforma GNPS

Os dados obtidos nas analises de CLAE-DAD-EM/EM foram convertidos
para o formato .mzXML utilizando o software MsConvert (ADUSUMILLI;
MALLICK, 2017). Os arquivos convertidos foram carregados na plataforma
GNPS (http://gnps.ucsd.edu).

A criagcdo das redes moleculares foi realizada considerando seis ions
fragmento dos espectros de EM/EM, sendo consideradas as toleréncias de

massas para os ions precursores e fragmentos de 0,03 Da e 0,09 Da,
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respectivamente. A rede molecular foi criada considerando também arestas com
cosseno maior do que 0,6 e cinco ions combinados (WANG et al., 2016). Os
resultados foram exportados e processados no software Cytoscape 3.9 e assim
foram obtidos os mapas de rede molecular com representacbes de nodos e
arestas.

A rede molecular original do fungo Aspergillus sp. 4IP2F1 pode ser
encontrada em:
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=bc9f144036a746e192ffe720
24c36739.

A anotagdo das substéncias foi realizada com base nos dados espectrais
de massas de alta acuracia, padrao de fragmentacdo e dados de UV em
comparacao dos dados descritos na literatura. A formula molecular de cada
substéncia foi determinada considerando erros inferiores a 8 ppm e mSigma
abaixo de 30. Também foram realizadas comparagdes espectrais utilizando a
plataforma Global Natural Products Social Molecular Networking (GNPS).

4 4. Resultados e discussao

4.4 1. Coleta e isolamento

O isolamento de microrganismos realizado de forma racional visa um
melhor conhecimento da biodiversidade microbiana. Embora ndo exista um
consenso na literatura sobre a selegao de fontes vegetais para bioprospecgao
de fungos endofiticos, alguns critérios tém sido utilizados para a selegéo de
plantas promissoras (GAKUUBI et al., 2021). O escolhido neste trabalho, foi o
critério de isolar fungos endofiticos de plantas de um nicho ecoldgico distinto,
pois estas plantas podem ter desenvolvido estratégias de sobrevivéncia
diferenciadas, o que podem ter permitido que elas hospedassem uma colecéo

de microrganismos endofiticos raros e cepas unicas.

O meio de cultivo escolhido para o isolamento, batata dextrose agar, foi
suplementado com tetraciclina e cloranfenicol para evitar o crescimento de

bactérias gram-negativas e gram-positivas durante o processo do isolamento. As
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placas que continham a agua da lavagem, apdés a desinfecgdo, néao
apresentaram crescimento de nenhum tipo de microrganismo, portanto o
processo de desinfeccao foi eficiente e assim, pode-se assumir que apenas

fungos endofiticos foram isolados.

Apds 36 horas de inoculagdo do material vegetal foi possivel iniciar o
isolamento. Ocorreu colonizagdo na maioria dos fragmentos, como pode ser
observado na Figura 16. As primeiras cepas que apareceram cresceram
rapidamente, atingindo toda a extenséo da placa. Em alguns estudos os autores
transferem os fragmentos ainda nao colonizados para novas placas apos o
aparecimento de uma col6nia de enddfito, para evitar a contaminagéo dos outros
fragmentos com o enddfito que ja estd em crescimento. Entretanto, neste
trabalho foram mantidos todos os fragmentos na mesma placa, o que nao
prejudicou a colonizagao por endofitos de cada fragmento (Figura 16).

Figura 16 - Isolamento de fungos endofiticos de folhas de B. balansae. Placas
1, 2 e 3, com 3 dias de plaqueamento. Placas 4 e 5 (frente) e 6 e 7 (verso) com

7 dias de plaquamento. Placas 8 e 9 controles de agua. Todas as placas
continham meio BDA e foram incubadas a 28 °C.
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No total, 33 colbnias foram isoladas na primeira coleta e 65 na segunda,
destas 61 cepas de enddfitos apresentaram crescimento estavel, foram
estabelecidas e estocadas no laboratério, no anexo 9.1 encontram-se as
imagens do cultivo dos isolados em BDA, assim podemos realizar a analise
visual das colbnias e observar diversos morfotipos para os isolados.

Considerando que ha relatos na literatura que a idade da folha da
hospedeira pode influenciar na colonizagao, coletamos folhas externas, do meio
e internas para o isolamento (HILARINO et al., 2011). De forma geral, a partir
das folhas externas foram isolados majoritariamente endéfitos septados escuros
(Figura 17), o que pode ser caracteristico da produgdao de melanina por estes
microrganismos. Considerando que os afloramentos rochosos sao locais de alta
incidéncia solar, sugere-se que estes microrganismos estdo em simbiose com a
hospedeira auxiliando na protecdo contra a radiagcdo solar (CORDERO;
CASADEVALL, 2017). De fato, existem relatos na literatura de que fungos
endofiticos septados escuros estdo associados a resisténcia das plantas a
estresses bidticos e abidticos, incluindo seca e contaminagdo por metais
pesados e, dentre os mecanismos que podem estar associados a tal protecao,
um dos fatores pode ser o teor de melanina (SANTOS et al., 2021).

Figura 17 — Fungos enddfitos septados escuros isolados majoritariamente das

folhas externas. Fotos das placas: frente (A) e verso (B). Endofitos: 1EP1F2(1);
2EP1F1 (2); 3EP1F1 (3); 3EP2F2 (4); 4EP1F2 (5); 5EP2F3 (6);
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Além do isolamento de fungos mesofilos, a presenca de endofitos
termofilicos foi prospectada neste trabalho. Microrganismos termofilicos sao
aqueles capazes de crescer em elevadas temperaturas, minima de 40 °C e
maxima de 70 °C, os quais vem sendo descritos na literatura como fonte de
enzimas termoestaveis, porém pouco se conhece sobre os seus metabdlitos
secundarios (GUO et al., 2011; ORFALI; PERVEEN, 2019). Tendo em vista o
local da coleta, placas contendo fragmentos vegetais foram incubadas a 45 °C
por até 30 dias, visando a bioprospeccado de fungos endofiticos termofilicos.
Apenas dois fungos (Figura 18) foram obtidos a partir deste isolamento, porém
nao foi possivel estabelecer as culturas, uma vez que nio obtivemos éxito no
crescimento apos o segundo repique. Um dos grandes desafios desse campo
ainda é o estabelecimento de cultura laboratorial de cepas isoladas.

Figura 18 — Fungos enddfitos isolados na temperatura de 45 °C. Fotos das
placas: frente (A) e verso (B). Endofitos: 1MP1F1-45 (1); 2EP1F1-45 (2).

4.4.2. Identificagdo dos fungos endofiticos por sequenciamento genético

A identificacdo taxondmica precisa € muito importante nas comunicacdes
cientificas, pois permitem aos pesquisadores o agrupamento de informagdes que
podem levar a repostas de evolugédo genética e podem também ajudar a prever
classes de metabdlitos bioativos. A regidao do ITS é utilizada como um marcador
de cbdigo de barras (barcode) universal para identificagcdo de fungos (RAJA et
al., 2017; SCHOCH et al., 2012). A identificagdo de nossos isolados chegou em
nivel de género, pois € bem descrito na literatura que para uma caracterizagéo

em nivel de espécie é necessario que diversas regides sejam sequenciadas e
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uma analise morfolégica detalhada seja realizada em paralelo (RAJA et al.,
2017).

Alguns fungos isolados, selecionados fenotipicamente, foram
sequenciados, sua identificacdo e o cdédigo de acesso a suas sequéncias na
base de dados do “Genetic Sequence Database” (GenBank) encontram-se na
Tabela 3. Os fungos sequenciados ndao puderam ser identificados em nivel de
especies, pois apresentaram alta similaridade com mais de uma espécie dentro

do mesmo género, considerando a regiao do ITS sequenciada.

Os isolados 5MP2F4, 1IP2F2 e 2IP1F1-1 foram identificados como
Penicillium, o isolado 5MP1F2 foi identificado como Diaporthe e o isolado 4|P2F 1

como Aspergillus, que sdo géneros dominantes encontrados como fungos
endofiticos (RASHMI et al. 2019; GOMES et al., 2013).

O isolado 4MP1F3 foi identificado como uma espécie do género Daldinia,
este € um taxon pouco relatado na literatura (STADLER et al.,, 2014), um
exemplo de enddfito relatado na literatura deste género foi a espécie Daldinia cf.
concentrica descrita como um enddfito de Olea europaea L. que apresentou ser

um potencial produtor de compostos volateis antifungicos (LIARZI et al., 2016).

Tabela 3 - Identificagdo de algumas linhagens isoladas pelo sequenciamento da
regido ITS do DNAr.

Cadigo laboratério Identificacao Codigo GenBank
5MP2F4 Penicillium sp. OP879817
5MP1F2 Diaporthe sp. OP880303
41P2F1 Aspergillus sp. OP879236

11P2F2 Penicillium sp. 0Q534014
2IP1F1-1 Penicillium sp. 0Q534087
4MP1F3 Daldinia sp. 0Q534337
1EP1F2 Neodeightonia sp. 0Q534864
1MP2F2 Neodeightonia sp. 0Q534865
2EP1F1 Neodeightonia sp. 0Q534866
3IP1F1 Neodeightonia sp. 0Q534867
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Os isolados, 1EP1F2, 1MP2F2, 2EP1F1, 3IP1F1, apesar de
apresentarem morfologias macroscopicas diferentes entre si, foram identificados
como Neodeightonia, sendo este um género pouco estudado na literatura
(RASHMI et al. 2019).

4.4.3. Obtencgao dos extratos orgéanicos do cultivo em BDA, avaliagbes
antibacterianas e antibiofilme

A eficacia da extracdo dos metabdlitos dos fungos € um fator critico para
a avaliacado da producédo destes, por isso foi realizado um estudo de otimizagao
para padronizacdo do nosso método de obtencdo dos extratos. Inicialmente,
foram obtidos extratos com base no método de micro-extragao descrita por John
(2007), que consiste em retirar trés secgdes de 6 mm de diametro do crescimento
fungico em placa de BDA, sendo uma secg¢ao do centro da coldnia, uma da borda
e outra entre estes, para representar a variabilidade de metabdlitos em uma
colénia (SMEDSGAARD, 1997). As secgbes foram transferidas para frascos de
1,5 mL seguida da adicdo de 1 mL da mistura metanol (MeOH), diclorometano
(DCM) e acetato de etila (AcOEt) na proporg¢ao 1:2:3 (v/v) com 1 % de &cido
férmico. O frasco foi entdo incubado em banho de ultrassom por 60 minutos,
centrifugado e a fase organica separada e seca para a obtencéo do EB organico.

A fim de evitar o uso de solventes clorados, também se realizou a extragao
utilizando MeOH:AcOEt (1:1) com 1% de acido férmico, com base na
metodologia de NIELSEN; SMEDSGAARD (2003). Os perfis cromatograficos
dos EB obtidos foram semelhantes, porém os rendimentos dos EB foram
insatisfatorios e impossibilitaram a realizagdo da triagem biolégica usando

ambas as metodologias de extracéo.

A fim de obter uma massa maior de EB, realizou-se a extragcéo de todo o
material de crescimento micelial em placa de BDA (Figura 19). Essa metodologia
tende a ser mais condizente com o potencial total da produgdo de metabdlitos
de um microrganismo a partir de uma dada condi¢c&o. O volume de solvente e 0
numero de extragdes também foram avaliados, observou-se que acima de 20
mL, de uma mistura de solventes como MeOH:AcOEt (1:1) com 1% de acido

férmico, por placa de crescimento fungico, ndo se obtinha uma eficiéncia maior
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de extracdo de metabdlitos dos fungos. Os rendimentos dos EB obtidos

encontram-se sumariados na Tabela 4.

Figura 19 - Producédo dos extratos brutos (EB) utilizando todo o crescimento em
placa de BDA com os solventes extratores MeOH e AcOEt (1:1) com 1 % de
acido férmico. Fotos 1 e 3: BDA + massa micelial, fotos 2 e 4: Extratos filtrados.
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Dos 61 EB obtidos do crescimento dos isolados fungicos em placa de
BDA, 25 apresentaram CIM < 500 ug/mL frente a S. aureus (Tabela 4), o que
sugere que os enddfitos dos quais foram extraidos s&o promissores na
proveniéncia de antibacterianos frente a bactérias gram-positivas. Apenas 7 EBs
apresentaram CIM de 1000 pg/mL frente a K. oxytoca, uma cepa gram-negativa.
Nao foi possivel estabelecer relacdo entre o rendimento do processo extrativo e
a atividade antibacteriana, ou seja, fungos com a maior capacidade de produzir
extratos ndo necessariamente apresentaram boas atividades frente ao ensaio
antimicrobiano. Além disso, nenhum dos individuos coletados se destacou como
fonte especifica das cepas ativas. Também n&o houve predominancia
morfoldgica entre estas.
Tabela 4 - Atividade antibacteriana representada pelos valores de concentracao
inibitéria minima (CIM) frente a S. aureus e K. oxytoca e rendimento dos EB dos
cultivos em BDA dos fungos endofiticos isolados de folhas de B. balansae.
Rendimento em mg de extrato obtido por placa de crescimento. O rendimento %

foi calculado com a relagao da quantidade de massa micelial somada a massa
de BDA / Rendimento do EB em mg.

CIM CiM
Cédigo | S. aureus | K. oxytoca Massa Rendimento %
Isolado (ng/mL) (ng/mL) EB BDA (mg) EB/BDA
1EP1F2 250 NA 5,7 0,087
1EP2F1 250 NA 55 0,078
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1EP2F2 500 NA 5,7 0,085
11P2F1 125 NA 6,0 0,089
11P2F2 125 1000 6,3 0,094
11P2F4 125 1000 5,6 0,083
1MP2F2 NA NA 10,47 0,069
2EP1F1 250 NA 9,06 0,065
2EP1F2 NA NA 5,25 0,080
2IP1F1-1 250 1000 13,7 0,201
2IP1F1-2 125 NA 3,5 0,051
2IP2F1 250 NA 5,8 0,085
3EP1F1 1000 NA 4,3 0,065
3IP1F1 NA NA 8,27 0,068
3IP1F2 NA NA 24 0,043
3MP2F1 125 1000 22,4 0,193
3MP2F2 NA NA 5,2 0,044
4EP1F4 NA NA 3,4 0,028
41P1F1 NA NA 4,1 0,068
41P1F3 NA NA 18,34 0,109
41P2F1 125 NA 8,1 0,122
41P2F2 1000 NA 2,8 0,041
AMP1F1 500 NA 10,0 0,134
4MP1F3 NA NA 10,18 0,078
4AMP2F1 NA NA 11 0,153
4MP2F2 NA NA 5,9 0,041
SEP1F1 NA NA 2,9 0,043
SEP2F2 NA NA 4.1 0,062
S5IP1F2 NA NA 7 0,092
5IP2F1-1 NA NA 3,2 0,044
5IP2F1-2 NA NA 4,2 0,060
S5IP2F2 NA NA 2,7 0,038
5IP2F3 NA NA 3 0,043
5IP2F4 500 NA 4,6 0,060
SMP1F1 NA NA 5,1 0,073
SMP1F2 250 1000 5,1 0,083
SMP1F3 NA NA 2,3 0,040
SMP2F1-1 2,7 0,035
SMP2F1-2 NA NA 4.1 0,053
SMP2F2 NA NA 2,9 0,070
SMP2F3 NA NA 2,6 0,037
SMP2F4 32 NA 211 0,186
SMP2F5 500 1000 20,4 0,099
SMP2F5-1 NA NA 3 0,041
SMP2F5-2 1000 1000 16 0,220
6EP1F1 NA NA 2,2 0,038
6EP1F2 1000 NA 5,1 0,065
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6EP2F2 500 NA 3,2 0,050
6EP2F3 NA NA 3,8 0,054
61P1F4 250 NA 1 0,023
61P2F1 500 NA 2,8 0,051
61P2F3 500 NA 4,7 0,085
61P2F4 NA NA 2,8 0,038
6MP1F1 500 NA 2,9 0,039
6MP1F2 NA NA 3,7 0,053
6MP1F3-1 1000 NA 3,6 0,053
6MP1F4 1000 NA 3,2 0,059
6MP1F5 NA NA 4,8 0,062
6MP2F1 500 NA 2,6 0,035
6MP2F3-2 500 NA 3 0,039
6MP2F4 500 NA 3 0,039

NA = nao ativo; EB = Extrato bruto; BDA = batata dextrose agar.

Além da avaliagdo dos EB dos cultivos em BDA contra bactérias
patogénicas na forma planctonica pelo ensaio de microdiluigdo em caldo, outro
ensaio foi realizado para observar se estes EB eram capazes de inibir a formacéao
do biofilme bacteriano. Biofilmes sdo comunidades complexas de bactérias
envoltas em uma matriz polimérica composta por polissacarideos, proteinas e
acidos nucléicos. A resisténcia bacteriana pode estar associada a formacgao de
biofilmes e isso aumenta de 10 a 1000 vezes mais a resisténcia aos efeitos dos
agentes antibacterianos em relagéo as bactérias que se encontram em sua forma
plancténica, sendo importantes alvos na descoberta de novos produtos para

combater as infecgdes bacterianas (TRENTIN et al., 2011).

Na Figura 20, pode-se observar os resultados da triagem dos EB
provenientes do meio de cultura BDA nas concentragbes de 20 e 200 pg/mL
frente a S. aureus, e na Figura 21 frente a P. aeruginosa, tanto para o
crescimento bacteriano quanto para a formagao de biofilmes. Na concentragcao
de 200 pg/mL, os isolados 1IP2F2, 2IP1F1-1, 4IP2F1, 5MP1F2 e 5MP2F4
inibiram mais que 90 % do crescimento bacteriano de S. aureus e a atividade
antibiofilme esta diretamente relacionada a atividade antibacteriana como pode
ser observado no grafico da Figura 20, na concentragéo de 20 uyg/mL apenas o
extrato de SMP1F2 inibiu mais de 50%. Esses resultados foram semelhantes aos

obtidos nas avaliagdes bioldgicas iniciais.
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Como pode ser observado na Figura 21, os EB dos meios de cultivo de
BDA nao foram capazes de inibir o crescimento bacteriano e nem a formacao de

biofilme de P. aeruginosa em nenhuma concentragao avaliada.

Figura 20— Avaliacdo da inibigdo do crescimento bacteriano e da formacéao de
biofilme dos EB de BDA (1IP2F2; 2IP1F1-1; 4IP2F1; 1EP1F2; 1MP2F2; 2EP1F1;
2IP2F1; 3IP1F1; 4IP1F3, 4AMP1F3; 5MP1F2; 5MP2F4) frente a S. aureus. As
barras representam o percentual de biofilme formado e os circulos representam
o crescimento bacteriano. (CC = controle de crescimento, apenas meio de
cultivo, CA = Controle de atividade, vancomicina a 20 pg/mL)
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Pesquisadores avaliaram a atividade antimicrobiana de 385 extratos
brutos de 150 fungos endofiticos de 12 espécies vegetais de mangue, destes 92
extratos apresentaram atividade frente a cepas bacterianas, sendo que 65
extratos inibiram o crescimento de S. aureus ATCC 25923, 70 extratos inibiram
o crescimento de MRSA-SK1 e apenas dois extratos inibiram P. aeruginosa
(RADIC; STRUKELJ, 2012). Esses resultados corroboram com 0s nossos
achados de que a descoberta de substancias com potencial antibacteriano para

P. aeruginosa é um grande desafio.

Desta maneira, os EB dos meios de cultivo BDA apresentaram atividade
antibidtica classica somente para S. aureus e nenhum efeito promissor para
inibicdo da formacdo de biofilme bacteriano foi observado nas condigdes

avaliadas.
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Figura 21 - Avaliagdo da inibicdo do crescimento bacteriano e da formacao de
biofilme dos EB dos meios de cultivo BDA (1IP2F2; 2IP1F1-1; 41P2F1; 1EP1F2;
1MP2F2; 2EP1F1; 2IP2F1; 3IP1F1; 4IP1F3, 4AMP1F3; 5SMP1F2; 5MP2F4)
frente a P. aeruginosa. As barras representam o percentual de biofiime formado
e 0s circulos representam o crescimento bacteriano. (CC = controle de
crescimento, apenas meio de cultivo, CA = Controle de atividade, gentamicina
a 20 pyg/mL)
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Assim, a cepa isolada SMP2F4, a mais promissora no ensaio de atividade
antimicrobiana frente a S. aureus com CIM de 32 pg/mL, foi selecionada para o
ensaio de OSMAC, analises metaboldbmicas e por rede molecular para a
anotacdo dos possiveis metabdlitos bioativos produzidos. Este estudo esta

descrito no capitulo 4 desta tese.

4.4.4 Obtengao dos extratos orgénicos de cultivo em meio liquido e avaliagdes
antibacteriana e antibiofilme

Com o intuito de avaliar a producdo de metabdlitos em meio de cultivo
submerso, visando a cultura em escala maior, selecionamos algumas cepas que
foram promissoras frente a S. aureus nas triagens iniciais dos EB do meio de
cultivo de BDA que apresentaram CIM entre 125 e 250 ug/mL. Estas cepas
selecionadas sao as seguintes: 11IP2F1, 11P2F2, 2IP1F1-1, 4IP2F1 e 5MP1F2.
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Selecionamos também as cepas que apresentaram formacao de exsudatos no
crescimento em tubo inclinado de BDA que apresentaram MIC de 500 ug/mL,
essas cepas sao: 5IP2F4, 6IP2F3, 6MP1F4 e 6MP1F5. Para a triagem
antibacteriana dos extratos de cultivo submerso dessas cepas selecionadas, o
meio caldo de batata dextrose foi o escolhido. Na Figura 22, pode-se observar
a variabilidade morfoldgica entre algumas das cepas selecionadas para o cultivo.
Figura 22 - Enddfitos isolados selecionados para cultivo em meio liquido. Fotos

das placas: frente (A) e verso (B). Enddfitos: 1IP2F1 (1); 11P2F4 (2); 5IP2F4 (3);
4|1P2F1 (4); 6MP1F4 (5); 6IP2F3 (6).

~

O método utilizado para a obtencao do EB pode interferir diretamente na
diversidade e na riqueza dos metabdlitos analisados, uma vez que diferentes
processos extrativos e solventes extratores podem apresentar seletividades
diferentes. Dentre as metodologias mais utilizadas para a obtengéo de extratos
dos fungos estdo a maceracgao, a particado liquido-liquido (PLL) e a extragao
assistida por banho de ultrassom (EAU) (GUPTA et al., 2019).

Apos o cultivo, os caldos foram separados dos micélios por filtragcao. Para
obtencdo dos extratos brutos de sobrenadante, foi utilizada a PLL utilizando
AcOEt com 1% acido formico. Para obtengao do extrato bruto de micélio, esses
foram picotados e extraidos imediatamente com AcOEt e MeOH 1:1 (v/v) com
1% de acido férmico por extragao assistida por banho de ultrassom (EAU). Os

EBsob obtidos foram avaliados no ensaio de triagem antibacteriana.



57

De forma geral, os extratos provenientes dos micélios (EBmic) foram mais
ativos do que os provenientes do extrato do sobrenadante (EBsob) (Tabela 5).
Os EBmic do crescimento em meio liquido BD dos isolados 5IP2F4, 6I1P2F3,
6MP1F4 e 6MP1F5 apresentaram CIM de 16, 62, 125 e 125 pg/mL,
respectivamente, frente a cepa de S. aureus. Esses resultados foram mais
promissores na busca por antibacterianos do que os resultados da triagem inicial
com EB do meio de cultivo BDA, onde eles haviam apresentado CIM de 500
pg/mL (Tabela 4). Esses dados nos sugerem que a avaliagdo de apenas uma
forma de crescimento para a obtencéo de extratos néo € o suficiente para uma
ampla e eficiente triagem bioldgica, além de demonstrar que os endéfitos
isolados possuem potencial para bioprospeccao de produtos naturais bioativos
frente a S. aureus. Essas cepas s6 foram selecionadas para o crescimento em
meio liquido devido a observacdo visual da formacdo de exsudatos no
crescimento em meio BDA em tubo de vidro, estes ndo foram observados em

crescimento em placa de BDA.

Os extratos de sobrenadante dos isolados 11P2F1, 1IP2F2, 1IP2F4,
2IP1F1-1, 41P2F1, 5SMP1F2 apresentaram valores de CIM entre 62 e 500 ug/mL.
Enquanto os extratos dos micélios se apresentaram com valores de CIM entre
16 e 500 pg/mL. As diferengas das atividades dos extratos EBsob e EBmic nos
sugerem que estes podem ter composigdo quimica diferente, qualitativamente

e/ou quantitativamente.

O isolado 1IP2F2 apresentou CIM de 250 pg/mL frente a K. oxytoca, uma
bactéria gram-negativa, o que nos sugere que esse fungo pode produzir
metabdlitos bioativos frente a bactérias gram-positivas e gram-negativas. Dos
demais extratos, nenhum outro foi capaz de inibir K. oxytoca nas concentragdes

avaliadas.
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Tabela 5 - Atividade antibacteriana representada pelos valores de concentracao
inibitéria minima (CIM) frente a S. aureus e K. oxytoca dos extratos de micélio
(EBmic) e sobrenadante (EBsob) dos cultivos em BD, dos fungos endofiticos
isolados das folhas de B. balansae.

Cédigo da cepa isolada-| CIM S. aureus CIM K. oxytoca
extrato bruto (EB) (ng/mL) (ng/mL)
11P2F1 - EBsob 250 NA
11P2F1 - EBmic 16 NA
11P2F2 - EBsob 62 250
11P2F2 - EBmic 250 NA
11P2F4 - EBsob 250 NA
11P2F4 - EBmic 500 NA
2IP1F1-1 - EBsob 500 NA
2IP1F1-1 - EBmic 125 NA
41P2F1 - EBsob 125 NA
41P2F1 - EBmic 16 NA
5IP2F4 - EBsob 125 NA
5IP2F4 - EBmic 16 NA
5MP1F2 - EBsob 125 NA
5MP1F2 - EBmic 125 NA
6IP2F3 - EBsob 250 NA
6/P2F3 - EBmic 62 NA
6MP1F4 - EBsob 500 NA
6MP1F4 - EBmic 125 NA
6MP1F5 - EBsob 500 NA
6MP1F5 - EBmic 125 NA
NA = N&o ativo

4.4.5. Atividade in vitro antileishmania dos EB de fungos endofiticos frente a L.
infantum

Alguns extratos brutos das cepas de fungos endofiticos isoladas neste
trabalho foram avaliadas quanto ao seu potencial antileishmania, usando formas
amastigotas de L. infantum. Os resultados obtidos nessas avaliagdes encontram-
se sumariados na Tabela 6. Os indices de infec¢ao variaram de 0,7 e 140 % em
relagdo ao controle. Os extratos das cepas isoladas 6MP1F4, 6MP1F5, 1IP2F1
e 6IP2F3 foram os mais promissores com percentuais de inibicdo menores que
15 %, principalmente para EB BDA que foram aqueles obtidos a partir da

extracdo dos fungos cultivados em meio soélido BDA. Neste contexto,
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ressaltamos a atividade dos extratos EB BDA dos fungos 6MP1F5, 6MP1F4,
6IP2F3 e 1IP2F1 com indices de infeccdo de 0,7, 3,5, 6,6 e 10,8 %,

respectivamente.

Tabela 6 - Avaliacdo do potencial antileishmania dos EB das cepas isoladas:
frente a formas amastigotas de L. infantum. O indice de infectividade foi
calculado em relacéo ao percentual de inibicdo do controle. Todos os EB foram
avaliados na concentragdo de 150 pg/mL.

Cédigo da cepa isolada | Extrato bruto (EB) |indice de infecgao (%)
1MP2F2 EBsob 67,5
EBmic 107,6
2EP1F1 EBsob 106,0
EBmic 47,3
3IP1F1 EBsob 140
EBmic 93,6
4MP1F3 EBsob 31,7
EBmic 48,8
41P1F3 EBsob 51,8
EBmic 76,4
5MP1F2 EBsob 43,3
EBmic 48,9
6MP1F4 EB BDA 3,5
EBsob 25,5
EBmic 59,8
6MP1F5 EB BDA 0,7
EBsob 15,1
EBmic 54,3
11P2F4 EB BDA 18,7
EBsob 61,7
EBmic 37,3
11P2F1 EB BDA 10,8
5IP2F4 EB BDA 46,4
61P2F3 EB BDA 6,6

EBmic: extrato bruto de micélio; EBsob: extrato bruto de sobrenadante; EB BDA: extrato bruto
do fungo cultivado em meio de BDA

Os extratos obtidos do meio submerso foram também avaliados quanto
ao potencial antileishmania e, no geral, representaram atividades mais baixas do
que aquelas observadas para os extratos EB BDA em amastigotas. Os extratos
de EBsob mais promissores foram obtidos a partir dos fungos 6MP1F5, 6MP1F4
e 4MP1F3 com indices de infecgdo de 15,1, 25,5 e 31,7 %, enquanto o extrato
mais promissor dentre os EBmic foi obtido do fungo 11P2F4 com um indice de
infeccado de 37.3%.
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Assim, demonstramos aqui que a prospecc¢ao com fungos endofiticos
para a busca de compostos com atividade antileishmania é bastante promissora.
Assim como a literatura mostra, porém, esta prospeccao com endofitos ainda é
incipiente (HZOUNDA FOKOU et al, 2021; TOGHUEO, 2019)
comparativamente a outras atividades estudadas como, por exemplo,
antibacteriana (CAMPOS et al., 2015). Desta maneira, nosso trabalho abre
perspectivas para estudos de novas e promissoras substancias como agentes

antiparasitarios a partir de fungos endofiticos do Pantanal.

4.4.6. Avaliacao da citotoxicidade frente a células leucémicas

A leucemia mieloide cronica (LMC) € um tipo de disturbio
mieloproliferativo ou neoplasia mieloproliferativa que é responsavel por cerca de
15 % de todos os casos de leucemia em adultos (BURKNER et al., 2023). Como
muitos outros tipos de céncer, a LMC pode ser dificil de tratar em estagios
avancgados, sendo esta linhagem um bom modelo para ensaios de triagem de

extratos.

Aqui investigamos o potencial citotéxico dos EB de alguns fungos
endofiticos isolados de B. balansae frente as células Kasumi e KG-1 que sao
linhagens celulares de leucemia mieloide aguda (LMA), um tipo de cancer do
sangue que se desenvolve nas células produtoras de sangue na medula éssea.

Os resultados obtidos encontram-se sumariados na Tabela 7.

Os resultados mais promissores frente a linhagem KG-1 foram os
extratos1IP2F1 (EB BDA), 6IP2F3 (EB BDA), 1IP2F4 (EB BDA), 11P2F4 (EBsob),
6MP1F4 (EB BDA), 6MPIF4 (EBsob) e 6MP1F5 (EB BDA) inibiram mais que 90
% do crescimento celular. Com relag&o as avaliagbes frente a linhagem Kasumi,
apenas o extrato 11P2F4 (EB BDA) atingiu este potencial e exibiu uma inibigdo
de 92%.

No periodo de 2016 a 2020 foram reportados 205 novos metabdlitos
secundarios citotoxicos provenientes de fungos endofiticos, segundo a revisdo
de PRAJAPATI et al. (2021). Os géneros fungicos explorados com maior

frequéncia foram: Aspergillus, Chaetomium, Penicillium, Fusarium e
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Pestalotiopsis. Em termos de diversidade quimica, policetideos, terpenoides,

esterdis, macrélideos, lactonas, azafilonas e alcaldides, foram as classes mais

descritas. Dentre os estudos listados apenas um foi do Brasil, DE AMORIM et al.

(2019) reportaram esporulosaldeina F, um derivado de benzopirano, com

potencial citotoxico frente as linhagens LM3 (adenocarcinoma mamario de

murino) e MCF-7 (adenocarcinoma mamario humano) com ICso de 39.2 e 34.4

MM respectivamente.

Tabela 7 - Avaliacédo do potencial citotoxico dos extratos brutos (EB) das cepas
isoladas 4IP1F3; 4AMP1F3; 1MP2F2; 2EP1F1; 3IP1F1; 1EP1F2; 11P2F1; 5IP2F4;
6IP2F3; 11P2F4; 6MP1F4; 6MP1F5; frente as linhagens de células leucémicas

Kasumi e KG-1.
. Viabilidade celular (%)*
Fungo Tipo de EB Kasumi KG-1
EBsob
41P1F3 - 8 L4
EBmic 91 93
EBsob
AMP1F3 - 40 22
EBmic 85 80
EBsob
1MP2F2 S0 /8 72
EBmic 88 86
EBsob
2EP1F1 SO 81 /1
EBmic 108 95
EBsob
3IP1F1 . 98 96
EBmic 87 89
EBsob
1EP1F2 . 86 92
EBmic 89 94
1IP2F1 EB BDA 64 5
5IP2F4 EB BDA 60 80
6IP2F3 EB BDA 37 5
EB BDA 8 5
1IP2F4 EBsob 68 6
EBmic 98 100
EB BDA 57 5
6MP1F4 EBsob 57 8
EBmic 71 43
EB BDA 24 6
6MP1F5 EBsob 81 45
EBmic 70 40

EBmic: extrato bruto de micélio; EBsob: extrato bruto de sobrenadante; EB BDA: extrato bruto
do fungo cultivado em meio de BDA; * Todos os EB foram avaliados na concentragdo de 100

Mg/mL.
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Nossos resultados ressaltam como o estudo de PN provenientes de
fungos endofiticos pode ser importante para a descoberta de novos candidatos,
uma vez que observamos extratos com resultados bastantes promissores,
principalmente, considerando a biodiversidade ainda a ser explorada no
Pantanal.

4.4.7 Analise do perfil quimico do isolado 4IP2F1 Aspergillus sp.

Foram analisados os perfis quimicos dos extratos brutos provenientes do
cultivo em placa de BDA (batata-dextrose-agar) (EB BDA) e dos extratos
provenientes dos sobrenadantes (EBsob) e dos micélios (EBmic) do cultivo em

meio submerso com caldo BD (batata-dextrose).

A anotacdo dos metabdlitos, foi realizada a partir dos dados espectrais
das analises por CLAE-DAD-EM/EM, baseada em seus espectros de UV, de
massas em alta resolugdo e perfil de fragmentacdo comparados a dados
descritos na literatura, incluindo a comparacgao através da plataforma GNPS.

Os perfis quimicos dos extratos EB DBA, EBsob e EBmic, do isolado
Aspergillus sp. 4IP2F1, obtidos nas analises por CLAE-EM estdo apresentados
na Figura 23. Os dados dos constituintes dos extratos brutos como tempo de
retencdo (TR), formula molecular, espectro ultravioleta (UV) e seus ions
protonados e desprotonados encontram-se sumariados na Tabela 8.

A partir dos dados sumariados e dos cromatogramas de EB BDA, EBsob
e EBmic, pode-se observar diferencas na producao de substancias entre as trés
condigdes de cultivo. O extrato de BDA de Aspergillus sp. 4IP2F1 foi 0 que mais
apresentou substancias exclusivas, ou seja, encontradas apenas nessa

condicdo de cultivo.
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Figura 23 — Cromatogramas de pico base correspondentes aos extratos brutos
obtidos do fungo Aspergillus sp. 4IP2F1 obtidos no modo de ionizagao positivo
por CLAE-EM. A: Branco do sistema; B: Extrato bruto de BDA (EB BDA); C:
Extrato bruto do cultivo em BD do sobrenadante (EBsob); D: Extrato bruto do

cultivo em BD do micélio (EBmic).
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Tabela 8 - Dados espectrais e de ocorréncia dos constituintes dos extratos brutos de Aspergillus sp. 4IP2F1 por CLAE-DAD-EM.

TR

[M-H]

[M+H]*

[M+H]*

Composto

Pico (min) FM UV (nm) (m/z) (m/z) EM/EM EB BDA | EBsob | EBmic
1 1,1 CsH1406 - 181,0717 - - Sorbitol/manitol - - X
2 1,2 CoHsNs - - 184,0635 } _ ) - - X
3 1,4 CeHsOr - 191,0192 - 173 Acido citrico - X -
4 15 CeHsO7 } 191,0192 } 173 Acido isocitrico } x x
5 1,6 Ci3H20N207 - - 317,133 - - - - X
6 2,8 CrH1007 - 205,0350 | 229,0297* - Metil isocitrato - X -
7 4 - - - 290,0434 - - X - -
8 6,7 C7HsO0s - - 171,0277 B B - X -

C11H14N4O2 ) )
9 9 /C10H1806 - 233,1037 235,1181 X X X
10 9,3 CiaH16N203 - - 261,1221 233,207, 154 Ciclo (Pro-tyr) X : -
11 9,7 CioH16N202 - - 197,1272 169, 152 Ciclo (Pro-Val) X : -
12 10,3 C19H27N303 - - 346,2117 } ) - - X
13 10,9 C11H120s - - 225,0746 } } - X -
14 11,9 C19H27N303 - - 346,2118 } ) - - X
15 12,8 CoHsOs - - 197,0435 B B - X -
16 13,2 C17H2008 - 351,1095 335,11 B B - X -
17 13,6 C23H29N304 - - 412,222 B B - X X
18 13.8 C11H18N203 } B 2111431 183, 165, 154 Ciclo (Leu/lle-Pro) X _ }
19 14.8 C11H18N203 } B 211,1432 183, 167, 154 Ciclo (Leu/lle-Pro) X _ }
20 15,2 C13H180s - 253,1088 - B B - X -
21 15,6 C20H29N303 - 360,2278 ) ) X X X
22 15,6 C13H2206 - 273,1337 - } ) X - -
23 16,2 C18H220s - 365,1251 - } ) - X -
24 16,8 C14H16N202 - - 245,1275 } B X - -
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25 17,1 C14H180s 298 281,1036 - B B - X
26 18,8 C19H25N304 - - 360,1915 B B X -
27 19,5 C13H1404 - - 235,0948 B B X X
28 20,7 C17H2206 - 321,1349 323,1467 B B X X
29 21,1 C22H27N30 - - 350,2217 ) ) X -
30 21,6 C28H35N30s - - 542,2485 } ) X -
31 22,6 C16H2203 - - 263,1629 } ) X -
32 22,7 C13H1404 - 233,082 235,0952 } ) - X
33 23.1 CosH2N504 _ _ 420,1665 152, 234, 261, 289, 307, 336, 386 Gladicolina B X _
34 23,3 C13H1404 - - 235,0953 } } - X
35 23,6 C13H1sNOs 293 264,0874 266,1018 B ) X X
36 23,6 C19H240s - 379,1401 - B ) - X
37 23,8 C20H27N304 - - 374,2069 B B X X
38 25,6 CasHosNsOs | 289,330 | 4321672 | 43421817 | 162,234,261,289, 318, 334, 388 Meleagrina X X
39 25,9 C27H33N304 - - 464,2536 B B X -
40 26,2 C28H35N30s - 492,249 494 ,2641 B B X -
41 26,4 C27H33N304 - - 464,2538 ) ) X -
42 27.2 C1sH1006 . 285,0416 287,0549 171, 185, 213, 241, 251, 269 Calixantona _ X
43 27,6 - - - 173,1311 ) ) X -
44 28 C28H35N304 - - 478,2704 ) B X -
45 28,1 CisH1007 290,440 | 313,0344 | 297,0384* 185,213 Endocrocina X X
46 28,5 C28H35N303 - - 462,2738 } ) X -
47 28,8 C17H1aN20se - - 343,0917 B ) X -
48 29,9 C27H33N303 - - 448,259 B ) X -
49 30 C20H120s - - 381,06 B B X -
50 30,1 C17H2005 - 303,1231 - B B - X
51 30,5 - - - 824,3105 B B X X
52 30,7 C17H1607 - - 333,1641 B B - X
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53 30,9 C32H34016 - 673,1806 675,1912 X -
54 31 C2sH36N4O06 - 523,2569 525,2705 } j X -
55 31,4 Cs7H46011 - 665,2993 689,2981 } j X -
56 31,7 C27H33N302 - - 432,264 B B X -
57 31,8 C31H360s8 - - 537,2489 j j - X
58 31,8 - - 349,0016 - ) ) - X
59 31,9 Cs2H34016 - 673,1752 675,1927 j B X -
60 32,3 C17H1605 - 299,0936 301,1061 ) ) - -
61 32,3 Ca2H32015 - 655,1668 | 657,1811 193, 293, 395, 455, 519, 579 Ergocromo X -
62 32,5 Ca7H35N30 - - 418,2851 j j X -
63 32,8 CaoH32015 _ 655,1696 657,1806 193, 289, 357, 395, 455, 519, 561, 579 Ergocromo X _
64 33 C16H3sNO2 - - 274,2733 B B X -
65 33,1 C14H20N206 - - 313,1393 ) ) - -
66 33,1 C16H1206 - 299,057 - B B - -
67 33,2 Ca2H32015 283, 358 - 657,1807 193, 311, 395, 455, 519, 561, 597 Ergocromo X -
68 32,5 Co7H35N30 - - 418,2843 B B - X
69 33 C16H3sNO2 - - 274,2728 j j - X
70 33,3 Cs0H37Ns0s - 546,2722 548,2853 j j X X
71 335 CaoH32015 _ _ 657,1802 193, 299, 395, 455, 501, 519, 579 Ergocromo X X
72 33,9 C17H2004 - - 311,1233 j j -

73 33,7 CaoH32015 _ _ 657,1811 183, 377, 413, 455, 519, 579 Ergocromo X X
74 34 - - - 251 j j X -
75 34,2 Ca2H30014 - - 639,1689 193, 261, 319, 395, 455, 561 Ergocromo X -
76 34,3 CaaH32N4O3 284, 340 _ 521,2546 213, 264, 308, 360, 447, 503 Okaramine A/H ) X
77 34,7 CaoH30014 _ _ 639,1705 193, 261, 319, 377, 455, 579 Ergocromo X X
78 34,7 - - 635,1434 - j j X -
79 34,8 - - 181,0518 - ) ) - -
80 34,9 C15H1005 - 269,0465 - ) ) X -
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81 35 Ca2H30014 - - 639,169 183, 377, 455, 501, 579 Ergocromo X - -
82 35,2 C17H2004 - - 311,1244 - - - X -
83 35,3 CisH1s0 - - 215,1419 - - X : -
84 35,3 Cs2H30014 } B 639,1707 193, 261, 319, 395, 455, 579 Ergocromo } x
85 35,3 Ca1H40Os - 539,2663 - - - X - X
86 35,7 Ca2Ha0014 - 637,1578 | 639,1709 193, 273, 377, 455, 501, 561 Ergocromo X X X
87 35,8 Ca1Ha00s - 539,2662 - - - X : -
88 35,9 Ca2H30014 - 637,1573 | 639,171 183, 377, 455, 501, 561 Ergocromo X X x
89 36,1 Ca2H30014 - 637,157 639,172 183, 377, 455, 501, 461 Ergocromo X X x
90 36,1 C32H33N403 - - 521,2524 } ) X - X
91 36,4 Ca2H30014 - 637,157 639,171 183, 377, 455, 501, 561 Ergocromo X : X
92 36,8 CasHasO13 - 581,2269 | 583,239 - - - x -
93 36,9 CaoHsoO1a | 267,338 | 637,157 | 639,1708 183, 377, 431, 501, 561 Ergocromo X - X
94 36,9 Cs2H3sN4O3 } B 525 2856 198, 254, 328, 383, 439 Okaramine J X _ x
95 37 CazHaoO14 - 637,157 | 639,1692 183, 308, 377, 501, 561 Ergocromo X : -
96 37,2 CazHaoO14 - 637,157 | 639,1701 183, 377, 483, 501, 561 Ergocromo X - X
97 37,3 C26H38013 - 557,2269 - } B - X -
08 37,5 CazH30014 - 637,157 | 639,1714 183, 377, 501, 561 Ergocromo X X X
99 37,9 Ca9H32NsOs - - 545,2496 - - X : -
100 | 37,9 CasHaoO13 - 583,2402 | 585,2532 - - - x X
101 40,2 CasH3s0s - 385,2745 | 387,2886 - - - - X
102 41 CasH3s03 - 383,2589 | 385,2732 - - - - X
103 42 C25H3602 - - 369,2789 B B - - X
104 43 CasHasNO - - 406,3098 - - - ; X

TR: tempo de retengao (min); FM: férmula molecular; UV: espectro ultravioleta; EB BDA: extrato bruto do fungo cultivado em meio BDA; EBsob: Extrato bruto do cultivo em BD
do sobrenadante; EBmic: Extrato bruto do cultivo em BD do micélio; #: [M+H-H20]*; *: [M+Na]*. Férmulas moleculares determinadas considerando erros e mSigma menores que
8 ppm e 30, respectivamente. Pro: Prolina; Tyr: Tirosina; Val: Valina; Leu: Leucina; lle: Isoleucina.
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Os espectros de massas dos picos 10, 11, 18 e 19 em modo de ionizagao
positiva exibiram perfis de fragmentagao semelhantes. Essas substancias foram
anotadas como dicetopiperazinas (FURTADO et al., 2007; XING et al., 2008).

Os espectros de massas dos picos 75, 77, 81, 84, 86, 88, 89, 91, 93, 95,
96 e 98, exibiram um pico intenso relativo ao ion protonado de m/z 639, sendo
compativeis com a formula molecular Cs2HsoH14. Essas doze substancias
apresentaram compatibilidade com a mesma férmula molecular e perfis de
fragmentagcdo semelhantes, os quais podem ser observados na Tabela 8. Os
espectros na regiao do ultravioleta (UV) desses compostos revelaram duas
bandas de absorcdo em 267 e 338 nm, sendo estas compativeis com os
cromoforos de ergocromos (ANDERSEN et al., 1977; WEZEMAN; BRASE;
MASTERS, 2014). Uma dessas substancias foi anotada como acido secalbnico
de acordo com a busca nas bases de dados do GNPS. Acido secal6nicos s&o
ergocromos, dimeros de xantonas, que ja foram descritos em extratos de
Aspergillus sp. (FAROOQ et al., 2020; WEZEMAN; BRASE; MASTERS, 2014).

Os espectros de massas dos picos 61, 63, 67, 71, 73, em modo de
ionizagao positiva, exibiram ion intenso de m/z 657 [M+H]*, o que sugeriu a
féormula molecular Cs2Hs2H15 para todos eles. Esses cinco metabdlitos também
apresentaram perfis de fragmentagdo semelhantes, indicando serem isémeros
(Tabela 8). Os espectros de UV desses compostos revelaram duas bandas de
absor¢cao com Amax=283 e 358 nm. Além disso, o ion fragmento m/z 455, que
também esta presente nas fragmentagdes dos acidos secalonicos, sugere que
todas essas substancias pertencem ao grupo dos ergocromos.

O espectro de massa do pico 33 exibiu um ion intenso de m/z 420,1665
[M+H]*, o que é compativel com a formula molecular C22H21Ns04. Este composto
foi anotado na base de dados do GNPS através de comparacdes espectrais
como o alcaloide inddlico glandicolina B. Enquanto que, o metabdlito 38,
correspondente ao ion m/z 434,1672 [M+H]*, apresentou férmula molecular
C23H23N504, sendo anotado na base de dados do GNPS como o alcaloide
indolico meleagrina. Esse composto apresentou bandas de absorgdo com Amax=
289e 330 nm, como descrito na literatura (KAWAI et al., 1984). Além disso, as
fragmentagdes observadas para 33 e 38 foram compativeis com os dados

descritos na literatura para esses compostos anotados (ALl et al.,, 2013).
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Meleagrina e glandicolina B sdo alcaloides inddlico prenilados e possuem
diversas atividades biolégicas ja reportadas como, por exemplo,
anticancerigena, antibiética, antiparasitaria e inseticida (NEWMISTER et al.,
2018).

O espectro de massa do pico 42 apresentou um ion protonado de m/z
287,0549 [M+H]* e férmula molecular C1sH100s, sendo anotado na base de
dados do GNPS como calixantona. Esta substancia e outros ergocromos ja
foram isolados a partir de extratos de Penicillium sp.. A calixantona exibiu
atividade antimicrobiana frente a S. aureus, E. coli e C. albicans com CIM de 46,
39 e 38 ug/mL, respectivamente (YONG et al.,, 2021). Além disso, essa
substancia também exibiu atividade antiproliferativa frente a células de glioma
U87MG com ICso de 46,6 uM (YONG et al., 2021).

O metabdlito 45 revelou duas bandas de absor¢cdo em seu espectro de
UV em 290 e 440 nm, enquanto em seus espectros de massas revelou um ion
intenso de m/z 313,0344, sugerindo a férmula molecular C16H100. Esses dados
espectrais sdo compativeis com endocrocina, um metabdlito ja descrito em
extratos de Aspergillus sp. (NEUBAUER et al., 2016).

O pico 94 apresentou um ion intenso de m/z 525,2856 [M+H]*, compativel
com a formula molecular C32H3sN4O3. A partir das comparagdes e busca na base
de dados do GNPS, o metabdlito 94 foi anotado como okaramine J. Este
composto e os acidos secalonicos ja foram descritos em extratos de Aspergillus
aculeatus (PETERSEN et al., 2014). O pico 76 exibiu ion de m/z 521,2546
[M+H]*, sugerindo a férmula molecular C32H32N403. Esse metabdlito foi anotado
como uma okaramina e em buscas na literatura, comparando dados espectrais

e ocorréncia, esse foi entdo anotado como okaramina A/H.
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5. Capitulo 4

Estratégias metaboldmicas para melhorar as informag¢des quimicas de estudos
OSMAC de fungos endofiticos.

O conteudo deste capitulo € composto pelo artigo intitulado
“‘Metabolomic Strategies to Improve Chemical Information from
OSMAC Studies of Endophytic Fungi’, publicado no periédico
Metabolites. A reproducdo deste documento pelos autores é
autorizada sob os termos da Creative Commons Attribution 4.0

license (anexo 9.2).

Referéncia:

SILVA, F. M. R. et al. Metabolomic Strategies to Improve Chemical
Information from OSMAC Studies of Endophytic Fungi.
Metabolites, v. 13, p. 236, 2023.

Versao final publicada disponivel em: https://www.mdpi.com/2218-
1989/13/2/236#B13-metabolites-13-00236
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Abstract: Metabolomics strategies are important tools to get holistic chemical information from a
system, but they are scarcely applied to endophytic fungi to understand their chemical profiles of
biosynthesized metabolites. Here Penicillium sp. was cultured using One Strain Many Compounds
(OSMAC) conditions as a model system to demonstrate how this strategy can help in understanding
metabolic profiles and determining bioactive metabolites with the application of metabolomics and
statistical analyses, as well as molecular networking. Penicilliun sp. was fermented in different culture
media and the crude extracts from mycelial biomass (CEm) and broth (CEb) were obtained, evaluated
against bacterial strains (Staphylococcus aureus and Pseudomonas aeruginosa), and the metabolomic
profiles by LC-DAD-MS were obtained and chemometrics statistical analyses were applied. The
CEm and CEb extracts presented different chemical profiles and antibacterial activities; the highest
activities observed were against 5. aureus from CEm (MIC = 16, 64, and 128 pg/mL). The antibacterial
properties from the extracts were impacted for culture media from which the strain was fermented.
From the Volcano plot analysis, it was possible to determine statistically the most relevant features
for the antibacterial activity, which were also confirmed from biplots of PCA as strong features for the
bioactive extracts. These compounds included 75 (13-oxoverruculogen isomer), 78 (austalide P acid),
87 (austalide L or W), 88 (helvamide), 92 (viridicatumtoxin A), 96 (austalide P), 101 (dihydroaustalide
K), 106 (austalide k), 110 (spirohexaline), and 112 (pre-viridicatumtoxin). Thus, these features
included diketopiperazines, meroterpenoids, and polyketides, such as indole alkaloids, austalides,
and viridicatumtoxin A, a rare tetracycline.

Keywords: metabolomics; OSMAC; molecular networking; bioprospection

1. Introduction

The search for natural products with biological activities from endophytic fungi is
imminent, due to their remarkable ability to biosynthesize compounds with high levels of
structural complexity and prominent pharmacological properties [1,2]. Endophytic fungi
have a valuable biosynthetic arsenal for the biotechnological production of promising
compounds for the pharmaceutical, agricultural, and food industries; moreover, they are
compatible with Sustainable Development Goals [3]. In addition, microorganisms are
important sources of molecules that can act against human and animal diseases, such as
cancer and bacterial infections. Thus, they are notable for the research and development
of new antibacterials, which are drugs in high demand due to the current global crisis of
bacterial infections [4].

The regulation of the biosynthesis of natural products is complex and the conditions
under which the microorganisms are cultivated can drastically influence the production
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of metabolites [5]. The application of new strategies to get bioactive compounds has been
an alternative to improve the current natural product research and access new products.
Traditional bioprospection studies from fungi require large-scale growth to produce extracts
and often can lead to the re-isolation of known substances [6]. Microorganisms have an
untapped biosynthetic arsenal due to the typical growth conditions in the laboratory, and
several methodologies to increase the chemical diversity by the induction of silenced gene
clusters have been described, such as co-cultivation, the addition of elicitor molecules, and
One Strain Many Compounds (OSMAC) strategy [7]. The OSMAC concept is based on the
hypothesis that changes in cultivation parameters can modify the biosynthetic profiles of
microorganism strains that can increase the variability of compound production by a single
strain and lead to the discovery of new compounds or increase the production of a specific
metabolite [8]. OSMAC strategy is gaining prominence due to the low investment required
and its promising results.

Metabolomics can be defined as a comprehensive analysis of metabolites to get the
metabolic information of low weight (<1000 Da) from an organism or biological system [9].
The metabolomics associated with chemometric tools is a useful tool to get holist chemical
information [10] from microorganisms, resulting in a broad view of metabolite produc-
tion, as well as assisting the appointments of metabolic pathways, global metabolism of
cells, and giving a direction for the selection of metabolites of interest, such as bioactive
metabolites for isolation procedures [11]. In addition, metabolomics can contribute to
different research fields, for example, fungal classification and identification, metabolic
pathways, the comprehension of plant-fungal chemical interactions, and the discovery of
fungal natural products [12]. However, fungal metabolomics is still under development,
and the databases of fungal metabolites remain singular and incomplete [9].

Given that there is still no consensus for an initial and wide investigation of metabolite
production capacity by endophytic fungi and that the choice of culture medium influences
this biosynthetic production from the microorganisms, here we aimed to evaluate the
metabolites produced by the strain Penicillium sp. SMP2F4 applying the OSMAC strategy
and screening the antibacterial and antibiofilm activities. Additionally, we aimed to get
broad chemical information by metabolomics and chemometrics tools.

2. Materials and Methods
2.1. Fungal Material and Identification of Strain

The strain Penicillium sp. 5SMP2F4 (Figure S1, Supporting Information) was isolated
in May 2019 from leaves of Bromelia balansae Mez (Bromeliaceae), a bromeliad species
occurring in the ironstone outcrops of the Pantanal biome in Brazil. The fungal strain was
identified according to morphological traits and ITS rDNA sequence analysis, as reported
by Cassemiro et al. [13]. The sequence data were submitted to GenBank with accession n®
OP879817. The strain was deposited at the library of the Federal University of Mato Grosso
do Sul. The study was registered under the number AE8625B in the National Genetic
Heritage Management System (SisGen).

2.2. OSMAC-Based Cultivation of Fungi

The strain was incubated in five different culture media to activate biosynthetic gene
clusters [8]. The submerged culture media were the following: PDB (Potato Dextrose
Broth—potato infusion (infusion from 200 g /L of potatoes) and 20 g/L of dextrose); MEB
(Malt Extract Broth—dextrose 6 g/L, malt extract 6 g/L, maltose 1.8 g/L, and yeast extract
1.2 g/L); YPD (Yeast extract Peptone Dextrose—yeast extract 10 g/L, peptone 20 g/L,
and dextrose 20 g/L); SAB (Sabouraud—peptone 10 g/L, and dextrose 40 g/L); CZA
(Czapek—sucrose 30 g/L, NaNO; 3 g/L, KoHPO, 1 g/L, KC1 0.5 g/L, MgS0, 0.5 g/L, and
FeSO, 0.01 g/L).

The fungus 5MP2F4 was initially cultivated on PDA (Potato Dextrose Agar—Infusion
broth of 200 g/L potatoes, 20 g/L dextrose, and 15 g/L agar) and then a pre-inoculum was
prepared on submerged PDB medium and cultured under static conditions for 7 days at
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28 & 2 °C. The OSMAC experiment was performed in submerged culture media, under
static conditions, in the absence of light, and in Erlenmeyer flasks, each containing 150 mL
of medium and 5 mL of pre-inoculum for inoculation. The experiments were performed in
triplicate incubated for 16 days, and subsequently, they were pooled to produce one sample
for each culture medium.

2.3. Extraction from Broth and Mycelial Biomass

From liquid cultures of OSMAC experiments, the crude extracts (CE) from broth (CEb)
and mycelial biomass (CEm) were obtained after fermentation for 16 days. The mycelial
biomass was separated from the broth by filtration. The broth was extracted by liquid-
liquid extraction using ethyl acetate containing 1% formic acid, and the compounds with
higher affinity for the organic phase were extracted based on their partition coetficient. The
organic phase was separated and concentrated by rotary evaporation (Buchi, Sao Paulo,
Brazil) to yield the CEb extract.

The biomass materials were lyophilized, pulverized, and then extracted with ethyl
acetate and methanol 1:1 (v/v) added 1% formic acid by ultrasonic bath for 10 min. This
methodology was previously optimized, and the results were better for the extraction
(qualitative and quantitative). After the extraction, the mycelium was discarded, and the
organic phase was concentrated by rotary evaporation (Buchi, Sao Paulo, Brazil) to yield
the CEm extract.

2.4, Chemical Characterization of Compounds by HPLC-DAD-MS/MS

The chemical analyses were acquired on a UFLC-20AD Prominence Shimadzu coupled
with a diode array detector (DAD) and mass spectrometer with electrospray ionization
source and quadrupole and time-of-flight (MicrOTOF-Q III, Bruker Daltonics, Billerica, MA,
USA) analyzers. A Kinetex® C18 chromatography column (2.6 um, 100 A, 150 x 2.1 mm,
Phenomenex, Torrance, CA, USA) was used. The flow rate was 0.3 mL /min, and the chro-
matographic column was maintained at 50 "C during the chromatographic analyses. The
mobile phase was composed of acetonitrile (B) and water (A) with 0.1% (v /v) formic acid.
The gradient elution profile was the following: 0-2 min (3% of B), 2-25 min (3-25% of B),
2540 min (25-80% of B), and 4043 min (80% of B, isocratic). For the MS analyses, nitrogen
was applied as nebulizer (4 Bar), collision, and drying gas (9 L/min); the capillary voltage
was 2500 kV. The samples were prepared at a concentration of 1 mg/mL in methanol and
water (7:3, v/v), filtered on PTFE filters (Millex 0.22 mm x 13 mm, Millipore®, Burlington,
MA, USA), and 2 uL of each sample were injected into the chromatographic system, except
for the pool samples (quality control) that were injected with a volume of 5 uL. The pool
was produced by mixing all samples from CEb and CEm. The UV analyses were monitored
in the range 210-800 nm. The mass spectrometry data were acquired in positive and
negative ion modes for all the samples.

2.5. Antibiofilm and Antibacterial Evaluations

Bacterial biofilm formation was quantified using a crystal violet assay on 96-well
microtiter plates (Costar 3599, Corning, Inc., Corning, NY, USA) [14]. Into each well
was pipetted 4 uL of each sample solubilized in DMSO, added to sterile water (76 pL),
40 uL of Brain Heart Infusion (BHI) broth for Staphylococcus aurens ATCC 6538 or Tryptone
Soya Broth (TSB) for Pseudomonas aeruginosa ATCC 27853 and bacterial suspension (80 uL,
%108 CFU/mL). Biofilm /bacterial growth control was performed with vehicle DMSO (4 ul.)
instead of the sample, and gentamicin 20 pg/mL (Sigma-Aldrich Co., St. Louis, MO, USA)
was used as a control for the inhibition of bacterial growth. The samples were evaluated
at concentrations of 20 and 200 pg/mL and the plates were incubated for 24 h at 37 °C.
Subsequently, the planktonic cells were removed, and the wells were washed three times
using sterile saline. Adherent biofilm was heat-fixed at 60 °C for 1 h, and then the biofilm
biomass was stained with crystal violet (0.4% for 15 min at room temperature). Finally, the
plate was washed with water, the biofilm was resuspended with ethanol for 30 min, and
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the absorbance (570 nm) was measured. The antibacterial activity was evaluated by the
difference of final (t = 24 h) and initial bacterial growth (t = 0) using absorbance at 600 nm.

Minimum inhibitory concentration (MIC) was determined on 96-well microtiter plates
as described above. The samples were serially diluted twofold in water and added to the
wells, resulting in a final concentration ranging from 0.25 to 128 pg/mL. After 24 h of
incubation at 37 °C, the MIC was defined as the lowest concentration of the sample with
no visible bacterial growth in the well.

A protocol adapted from Zimmer et al. [15] was used to evaluate the eradication of
S. aureus biofilm. At first, the biofilm was formed as aforementioned. After 24 h of incuba-
tion at 37 "C, planktonic cells were removed, and the samples were added (concentration
range from 4 to 256 ug/mL). The plate was incubated again under the same conditions as
before, and following this incubation the same steps used for the quantification of biofilm
were performed. Biofilm formation controls were performed with DMSO (growth control)
and vancomycin 20 ug/mL (Sigma-Aldrich Co., USA, activity control).

2.6. Processing Data and Statistical Analyses

The raw data acquired by HPLC-DAD-MS were firstly visualized in DataAnalysis
software (version 4.2, Bruker Daltonics GmbH, Bremen, Germany) and subsequently
converted to .cdf. Next, the data were aligned by MetAlign software [16], producing a
dataset with 5067 entries. These data were reduced by MSclust [17] which resulted in
a dataset with 359 entries. The quality control sample was prepared from a mixture of
50 uL of each sample and it was injected every four samples during data acquisition.
Subsequently, we manually refined the data using spreadsheets, and all entries up 5000
of peak intensities were considered. We also removed all the entries corresponding to
the culture media constituents and the blank interferents. The statistical analyses were
performed by the Metabolanalyst 5.0 platform [18]. The data from CEm and CEb were
normalized by median, log-transformed, and data scaled by mean centering. We performed
multivariate statistical analyses such as principal component analysis (PCA), volcano plot,
hierarchical cluster analysis (HCA), partial least squares-discriminant analysis (PLS-DA),
and heatmap. In addition, univariate analyses were also performed, such as Pattern-hunter,
applying Pearson 1, to determine the metabolites that correlated with the antibacterial
activity against 5. aureus. These biological results were added to the dataset after the
application of the formula (100-bacterial growth percentage at 200 ug/mL x 100).

2.7. Molecular Networking and Data Analysis

The HPLC-MS data were converted to .mzXML format by MsConvert software [19].
The converted files were uploaded to the GNFPS plattorm (http: / /gnps.ucsd.edu (accessed
on 26 October 2022) [16] and classified into two groups of extract samples: CEb and CEm
from Penicillium sp. 5SMP2F4, and blank compounds (relative to extracts of culture media
and solvent analyses) were removed. The molecular network was created using the online
workflow on the GNPS platform (https:/ /ccms-ucsd github io /GNPSDocumentation/
(accessed on 26 October 2022). The data were filtered by removing all MS/MS fragment
ions within 17 Da of the precursor ion. M§/MS spectra were window-filtered by selecting
only the top six fragment ions in the £50 Da window throughout the spectrum. For
the precursor, ion mass tolerance was set to 0.02 Da, and for the MS/MS fragment ion
tolerance was set to 0.08 Da. A molecular network was created where edges were filtered
to have a cosine score above 0.6 and at least five matched peaks. The parameters for the
library search were set to have a score above 0.6 and at least five matched peaks to assist
in the metabolite annotation [20]. The molecular network job on GNPS can be found
at https:/ /gnps.ucsd edu/ProtecSAFe /status jsp?task=e513belb31844e7ab44£504f7047bd9d
(accessed on 26 October 2022) (positive mode). The results were exported and visualized in
Cytoscape® (version 3.9) [21].
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2.8. Annotation of Compounds

The annotation of metabolites was performed based on the accurate mass spectral data
to establish the molecular formula from the experimental high-resolution mass and isotope
pattern, fragmentation pattern, and UV data in comparison with the obtained spectral
data from literature databanks (such as MassBank, PubChem, NPAtlas, Louts, Chemical
Abstract Service), and some compounds were confirmed by the injection of authentic
standards. The molecular formula of each substance was determined considering errors
and mSigma below 5 ppm and 30, respectively. Spectral comparisons were also performed
by the Global Natural Products Social Molecular Networking (GNPS) platform.

3. Results
3.1. Identification of Fungal Strain

The isolated endophytic fungal strain 5SMP2F4 was molecularly identified by the
similarity with the ITS sequences deposited in the NCBI Blast tool using the Standard
databases and the nucleotide collection (nr/nt). The search for similarity in the NCBI Blast
tool was performed using the rRNA /ITS databases and the Internal transcribed spacer
region (ITS) from fungi type. The sequence of the fungus 5SMP2F4 showed 100% similarity
with the sequence from GenBank code NR_111499, which belongs to the fungus identified
as P. brasilianum [22]. In addition, several metabolites annotated here were also described
for the species P. brasilianum [23]. Thus, the chemical data reinforced the possibility of the
identification of strain 5SMP2F4 as P. brasilianum.

3.2. OSMAC Experiments from Penicillium sp. 5SMP2F4

The fungi 5SMP2F4 was cultivated in different culture media (PDB, MEB, SAB, CZA,
and YPD) in the OSMAC experiment, and it revealed visual changes in appearance, in-
cluding the colors of the mycelia and broths (Figure S2). Additionally, the sporulation
characteristics were also modified, which can be related to changes in the structure of the
cell membrane formed [24]. The PDB medium showed high dark green sporulation and
formation of light yellow exudates, differing from what was observed for the material
cultured in CZA medium, where the mycelium was white and revealed no spores.

The fresh mycelial biomass from submerged cultures was freeze-dried and revealed
a large amount of water (Figure S3). The lyophilized mycelia favored the extraction with
the organic solvent to obtain the crude extracts from mycelia (CEm), since the presence of
water can disrupt the obtention of CEm. The fresh to freeze-dried mass ratio reaches almost
12 in the biomass from the culture in MEB, and this ratio was around 5 to 7 times in the
other culture media, while the extracts obtained from broths (CEb), cultivated in different
media, were the highest mass yields in the cultivation with SAB and MEB (Figure S4).

3.3, Chemical Diversity of the Crude Extracts of Broth (CEb) and Mycelial Biomass (CEm) from
Penicillium sp. Strain SMP2F4 Obtained by OSMAC Strategy

To explore the chemodiversity of Penicillium sp. strain 5SMP2F4, the OSMAC strategy
together with metabolomics and chemometrics tools was applied to improve and broaden
the chemical information from this strain. Then, the CEb and CEm extracts obtained from
the OSMAC strategy were chemically profiled by HPLC-DAD-MS, along with all control
samples to exclude their chromatographic peaks from the final datasets (Figures 55-57).
From the comparison between the CEb and CEm extracts, differences in their chemical
profiles were observed (Figure 1). The CEb extracts showed mainly compounds with lower
interactions to the C18 stationary phase used in the chromatographic analyses (retention
times up to 32 min), while the CEm extracts revealed compounds with higher interactions
(retention times above 31 min) (Figures S6 and 57).
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Figure 1. Metabolomic analyses from the crude extracts of mycelial biomass (CEm) and broth (CEb)
of Penicilliuni sp. strain 5SMP2F4 cultivated on different culture media (PDB, MEB, SAB, YPD, and
CZA). (a) Principal component analysis (PCA) from all the crude extracts. The highlighted samples
CEm-MEB, CEm-YPD, and CEm-PDB were the most active extracts against S. aurens. (b) Venn
diagram of metabolites in CEb and CEm. (c) Heatmap and hierarchical clustering analysis (HCA) of
the features ranging from red to blue color, representing high to low ion intensities. Groups of CEm
and CEb samples are in red and green color, respectively.

The HPLC-MS data were initially aligned and clustered. The final dataset, used for
subsequent chemometrics analyses, was obtained after the removal of control peaks and
resulted in 120 features from the ten extracts (CEb and CEm). All spectral data for these
compounds are summarized in Table S1, and the chromatographic peaks were numbered
from 1 to 120 according to retention time and applied in the statistical analyses.

Multivariate statistical analyses were performed from the dataset of CEb and CEm.
An unsupervised method of the chemical profiles was carried out by a principal component
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analysis (PCA), which revealed the formation of two groups constituted by the CEb and
CEm extracts (Figure 1a). PC1 explained 40.3% of the data variance, while PC2 explained
20%, and both accounted for 60.3% of the total data variance.

From all the extracts analyzed in our study, the twenty-nine unique metabolites from
CEb extracts were verified, while from CEm extracts there were twenty-eight unique
metabolites (Figure 1b); moreover, they revealed significant ion intensity differences, as ob-
served from the heatmap (Figure 1c). Regarding the number of metabolites biosynthesized
in each culture medium, the compounds from CEb and CEm represented a total of 104 for
the PDB medium, 97 for YPD, 63 for SAB, 78 for MEB, and 49 for CZA. These data can also
be observed in Table 52, which summarizes the occurrence and diversity of metabolites
from each extract.

Therefore, there are notable differences in the chemical profiles of broth and mycelial
extracts from strain Penicillium sp. 5SMP2F4. In addition, the variation in the culture media
influenced the production of metabolites, some of which are dependent on the culture
medium, such as the metabolite 32 that was found only from CEb-YPD. In contrast, the
metabolite 120, for example, was observed in the mycelial biomass and broth extracts from
samples CEm-MEB, CEb-CZA, and CEb-SAB. These observations are useful, as they can
aid in studies of targeted metabolites.

The heatmap and hierarchical cluster analysis (HCA) were constructed from the data of
all CEb and CEm samples, and they are illustrated in Figure 1c. Variations in the occurrence
of metabolites were also observed from the CEm and CEb extracts, as were the differences
in ion intensities and diversity of compounds produced by the growth microorganism
using the OSMAC strategy. In addition, the formation of two groups of samples, a group
of CEm and another of CEb, was also detected in HCA, and their metabolites (with lower
and higher retention times) were also observed in the heatmap. Thus, the CEb samples
accumulated mainly compounds with lower retention times with the C18 stationary phase,
while CEm were composed of metabolites with higher retention times.

The CEm-CZA and CEm-SAB extracts grouped in the same cluster, similar to what
was observed in the PCA, where they clustered in the same quadrant; in contrast, CEm-
YDB, CEm-MEB, and CEm-PDB clustered in another cluster belonging to the group of
CEm extracts, demonstrating that these last three extracts show more chemical similarities.
Interestingly, these similarities can also be observed in their antibacterial activities. For the
CEb extracts, we observed similarities between the samples cultivated on culture media that
differed from those observed for CEm. Thus, greater similarities were observed between
CEb-MEB and CEb-SAB.

From the partial least squares discriminant analysis (PLS-DA), in which two relevant
variables are (1) variable importance in projection (VIP) and (2) sum of the weights of the
absolute regression coefficients, the graph with the VIP scores was obtained (Figure S8).
The most relevant compounds for the separation of the CEm and CEb groups are mainly
nonpolar (substances with higher numbering—high retention time) and polar metabo-
lites (substances with lower numbering—low retention time), respectively. Thus, the
compounds with the highest VIP scores and the top ten for CEm extracts were compo-
nents 104 (palmitoyl-sn-glycerophosphatidylethanolamine), 100 (linoleoyl-sn-glycero-3-
phosphocholine), 98 (linoleoyl-sn-glycero-3-phosphoethanolamine-isomer), 77, 118, 119 (oc-
tadecadienoic acid), 117, 95 (linoleoyl-sn-glycero-3-phosphoethanolamine), 109 (lysophos-
phatidylethanolamine 18:1) and 103, while for CEb they were 3 (unknown), 13, 2 (5,6-
dihydro-6-hydroxy penicillic acid), 9, 16, 4 (penicillic acid), 6 (orselinic acid), 10 (unknown),
20 (dihydroxyfumitremorgin C) and 7. These appointments evidenced a wide chemical
characterization from both samples of broths and mycelia.
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3.4, Evaluation of Antibacterial and Antibiofilm Activilies of Crude Extracts of Broth (CEDb) and
Mycelial Biomass (CEm) from Penicillium sp. Strain SMP2F4 Obtained by OSMAC Strategy

To investigate further the antibacterial potential, all extracts (CEb and CEm) obtained
by the strain Penicillium sp. SMP2F4 were evaluated against S. aureus and P. aeruginosa to
determine their activities on bacterial growth and biofilm formation.

The CEm and CEDb extracts, at concentrations of 20 and 200 pg/mL, were initially
evaluated against S. aureus and P. aeruginosa, but no inhibitory effect was observed against
P. aeruginosa (Figure 59). The CEm and Ceb extracts revealed activity against S. aureus by
inhibition of bacterial growth (Figure 2), except in the CEm-CZA extract. Subsequently, the
CEm extracts were also evaluated against S. aureus at different concentrations (Figure 510).
CEm-PDB (Figure 510a) and CEm-MEB (Figure 510e) were the most active and revealed
MIC of 16 ug/mL, while the CEm-YPD (Figure S10b) and CEm-SAB (Figure 510c) extracts
showed MIC of 64 and 128 ug/mL, respectively. The CEm-CZA (Figure 510d) extract was
not active at the highest concentration tested (256 pug/mL).
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Figure 2. Biofilm formation and bacterial growth of S. aureus treated with the crude extracts of
rcelial biomass (CEm— CEm-PDB, CEm-YPD, CEm-SAB, CEm-CZA, and CEm-MEB) and broth

mycelial biomass (CEm +PDB, CEm-YPD, CEm-SAB and CEm-MEB) and b
(CEb—CEb-PDB, CEb-YPD, CEb-SAB, CEb-CZA, and CEb-MEB) of Penicillium sp. strain 5SMP2F4 at
concentration 20 and 200 pg/mL. CC = growth control, culture medium only; CA = activity control,

gentamicin 20 pg/mL.

The crude extracts from broth (CEb) were also evaluated in the assays of bacterial
growth and biofilm formation against S. aureus at different concentrations (Figure 511), but
these extracts showed moderate activity. The CEb-PDB (Figure S11a) inhibited more than
50% of the bacterial growth at 64 ng/mL. The CEb-MEB extract showed the best potential
to inhibit bacterial growth, when compared to the CEb samples, resulting in an inhibition
of approximately 50% of bacterial growth at the concentration of 32 ug/mL (Figure Slle).

Therefore, the CEb and CEm extracts presented classical antibiotic activity. In addition,
the most promising antibacterial extracts, CEm-PDB and CEm-MEB, were also evaluated
for the potential to eradicate the pre-formed bacterial biofilm (Figure 512). However, these
extracts showed no potential to eradicate the biofilm.
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3.5. Metabolomics and Statistical Analyses Applied to Determine the Chemical Differences between
Samples with High and Moderate Antibacterial Activity

All CEb and CEm extracts were also evaluated for bacterial growth inhibition and
revealed different activities against S. aureus (Figures S10a—e and Slla-e). From the
MIC values of these samples, two groups were classified: (1) extracts with high ac-
tivity, composed of CEm-PDB (MIC = 16 ug/mL), CEm-YPD (MIC = 64 pg/mL), and
CEm-MEB (MIC =16 ug/mL), (2) extracts with moderate activity, composed of CEm-SAB
(MIC =128 ug/mL), CEm-CZA (MIC > 256 ng/mL), CEb-SAB (MIC > 256 ug/mL), CEb-
MEB (MIC > 256 ug/mL), CEb-CZA (MIC > 256 png/mL), CEb-PDB (MIC > 256 pg/mL)
and CEb-YPD (MIC > 256 ug/mL). Thus, the statistical analyses were performed from
chemical data and biological properties to propose the active metabolites.

The PCA analyses (Figure 1a) revealed more chemical similarities between the extracts
with higher antibacterial activity (CEm-MEB, CEm-YPD, and CEm-PDB). From the Partial
Least Squares Discriminant Analysis (PLS-DA), the variable importance in projection (VIP)
with the sum of absolute regression coefficients (coef.) were plotted from 30 features
(Figure 3a). Thus, the compounds 12, 41, 63, 65-66, 73, 75, 77-78, 83-84, 87-89, 92, 96,
98-99, 101, 104-106, 110, 112, and 118 were the most important for the separation of active
samples. All the annotated metabolites are summarized in Table 1 and their spectral data
in Table S1.

Table 1. Metabolites annotated from the crude extracts of Penicillium sp. 5SMP2F4 by HPLC-DAD-
MS/MS and their spectral data.

o R'.T B ME Positive Mode (m/z)
(min) [M+H]*
2 3.89 5,6-Dihydro-6-hydroxypenicillic acid CgH1205 189.0761
3 11.17 Unknown C11H16075 275.0582 #
4 11.68 Penicillic acid * CgH100y4 171.0655
6 12.90 Orsellinic acid CgHgOy 151.0384 *
8 15.36 Dihydroxypropyl dihydroxy-methylbenzoate C11H1406 243.0866
10 16.33 Unknown C12Hi507 2751124
11 16.64 Unknown C1pH11NO3 194.0813
12 17.16 Brasiliamide I ER NGO 3852123
17 21.74 Brasiliamide E CopHoeN,Oy 383.1958
20 23.78 Dihydroxyfumitremorgin C or Cyclotryprostatin A C3:H5N305 4121863
21 24.64 Unknown C22H5N307 444176
22 25.67 Dihydroxyfumitremorgin C or Cyclotryprostatin A C22Hp5N305 412.1855
23 26.21 Triacetylfusarinin C C39HeoNeO15 853.4161
24 26.24 Unknown Cp4H5N703 4101701 F
25 26.82 Unknown CoaHpsN3O7 426.1664 *
26 26.99 Dihydroxy-spirotryprostatin A CopHps N3O 410.1705 #
28 2711 Spirotryprostatin G Co3H29N304 394.1765
30 27.22 Cyclotryprostatin E Ca3H29N305 412.1869 M
31 27.36 Unknown CosHpgN307 4842073
32 28 58 Unknown C27HN306 4261963
33 28.66 Unknown CpH3N304 410.1705 %
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Table 1. Cont.
RT Positive Mode (m/z)
Peak  (in) Compound MR IMHI
34 28.76 N-acetyl brasiliamide I CosH3pN,Os5 4272212
36 29.10 Dihydroxyfumitremorgin C/Cyclotryprostatin A C22Ha5N305 412.1861
37 29.38 Dihydroxyfumitremorgin C/Cyclotryprostatin A C22Hp5N305 394.1752 %
38 29.76 Cyclotryprostatin C /hydroxycycloprostatin A C21Hx; N30y 382.1755
39 30.08 Cyclotryprostatin B Co3HpyN3O5 394.1756
40 30.14 Cyclotryprostatin C Co1HpN3O3 364.1561
11 30.16 Unknown C3HyuNeOy 5552699
43 30.62 Oxo-cyclotryprostatin A CyH3N305 392.1600 #
45 30.66 Abscisic acid Ci5H;004 265.1439
44 30.66 Austalide H acid Cy5H3405 163.231
47 30.97 Unknown CpoH25N304 378.179 %
48 31.01 Dehydroxycyclotryprostatin C Co1HasN3O;5 3481704 #
50 31.23 17-O-desmethyl austalide B * Cp5H32053 461.2156
52 31.32 Unknown C23HsN30y 408.1893
53 31.46 Unknown CypHyyN4Og 463.087
54 31.49 Tryprostatin B Co1Hps N3O, 352.2019
55 31.74 Cyclodepsipeptide (JBIR-113) C31HygN5O7 596.3086
56 31.89 Fumitremorgin C CpaHasN303 380.1947
57 32.08 Unknown C23HoN305 4882171
58 32.13 Unknown Co1H1gO012 431.0599 M
59 32.14 Brasiliamide D CoyHpgN,Os 4252058
60 32.37 Dihydroxyfumitremorgin C/Cyclotryprostatin A C32H5N305 412.1854
61 32.43 Chrysosporazine P CgH3IN205 4892372
63 32.48 Austalide Q acid Ca5Hz207 4452216
64 32.69 Tryprostatin B isomer Co1HN30; 352.2014
65 32.82 Oxoverrucologen (isomer) Co7H31N307 510.222
66 32.90 Brasiliamide C C4H4N-05 423.1899
68 33.08 Brasiliamide A CoaHoeN, O 439.1861
69 33.19 Austalide H CasHz608 477.2460
70 33.29 Unknown C33H3N203 509.2747
71 33.34 Oxoverruculogen Co7H31N307 510.2316
72 33.50 Brasiliamide B C4HN-05 423.1865
73 33.58 13-O-deacetyl austalide I/austalide | CosH3,07 4452198
74 33.91 Unknown CooH3N,06 5032177
75 34.07 Oxoverruculogen (isomer) C7H31 N3O 510.2231
76 34.45 Indole alkaloid—diketopiperazine C31H23N305 398.1712
78 34.61 Austalide P acid Co5H3407 4472362
80 34.68 Oxo-Hydroxyfumitremorgin C CopHpsN3Os5 4101712
81 3474 Chrysosporazine D CogH3yN5Os5 487 2217
82 34.84 Unknown C37H45N30g 660.329
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Table 1. Cont.
it R"T e — o Positive Mode (m/z)

(min) [M+H]*
83 35.09 Hydroxy-verruculogen Co7H33N30g 5102215 #
84 35.09 Oxofumitremorgin B C7H31N305 478.2324
85 35.39 Verruculogen Cp7H33N305 494.2282 #
86 35.59 Fumitrermorgin B (isomer) Cy7H33IN305 4622375 *
87 35.82 Austalide L/ Austalide W Co5H3,04 4292259
88 35.94 Helvamide C29HagN>Os5 485.2076
89 36.21 Deoxy-fumitremorgin B Co7H33N3Oy 446.2426 *
90 36.35 Hydroxyfumitremorgin B C7H33N304 4782325 %
91 36.41 Fumitrermorgin B (isomer) C7H33N305 462.2375 %
92 36.55 Viridicatumtoxin A * C3pH31 NOqp 548.1909 #
93 36.55 Indole alkaloid C37HgN3O7 642.3179
94 36.58 Fumitrermorgin B Co7H33N305 462.2389 *
95 26.68 E;r(\)illzcr))ylﬂsmglyoer&&phosphoethanolam.ine CpHyyNO,P 478.9869
96 36.78 Austalide P CypHz607 4432418 #
97 36.83 Viridicatum toxin A (isomer) C3pHz1INOqp 5481909 #
98 37,02 E;r;?rlli)yl—sn—glyce ro-3-phosphoethanolamine CysHuNOSP 478.29
99 37.05 Di-deoxy-fumitremorgin B C7H33N303 4482574
100 37.26 Linoleoyl-sn-glycero-3-phosphocholine CosH5pNO7P 520.3381
101 37.33 Dihydroaustalide K Co5H3405 415.2484
102 37.43 GameXPeptide C CosHs7NOg 5524114
104 37.75 Palmitoyl-sn-gly cerophosphatidylethanolamine CyHyNOZP 4542941
105 37.93 Indole alkaloid—diketopiperazine CorH3 N30 4462434
106 38.04 Austalide K Ca5H3:05 41324
107 38.07 Unknown Co7Hsa N3O3P 498.3781
108 38.13 GameXPeptide D C3Hs5N505 566.4266
109 38.29 Lysophosphatidylethanolamine (18:1) Co3Hyy NOSP 480.3082
110 38.40 Spirohexaline C31H3019 547.1949 #
111 38.46 LDGTS 18:2 CasHs5NOg 498.3711
112 38.73 Previridicatumtoxin CypHypzNOqg 550.2062 *
113 39.36 LDGTS 16:0 CosHsNOg 474.375
116 39.86 LDGTS 18:1 CosHsyNOg 500.3881
119 4229 Octadecadienoic acid C15H3,0, 303.2282 N
120 130 DGTS 18:2-18:2 CasHgiNO5 760.6068

MF: Molecular Formula; RT: retention time; *: confirmed by an authentic standard; ** determined by considerin
errors and mSigma less than 8 ppm and 30, respectively. # [M+H-H,O]*, N: [M+Na]*, F: [M+H-HCOOH["M:

[M+H-CH30OH]".
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Figure 3. Metabolomics and statistical analyses from Penicillium sp. 5SMP2F4. (a) Variable importance
in projection (VIP) scores obtained by PLS-DA; (b) Volcano plot displaying the differences in metabolic
profiles between the moderately active (represented in the left quadrant) and active (right quadrant)
extracts. The x and y axes represent, respectively, the log?2 of the quantitative variation of compounds
(fold change, FC) and the —log10 of the p-value of all metabolites; (c) Box plots with the average
distribution of ion intensities from the metabolites 2, 4, 88, 92, 106 and 110. Group 1 (red): samples
with higher antibacterial activity; Group 2 (green): samples with lower antibacterial activity; CEm:
crude extract from mycelial biomass and CEb: crude extract from broth cultured in different media
(PDB, MEB, CZA, and YPD).
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The Volcano plot (Figure 3b), which combines the fold change (FD) results and the
statistical significance by t-test, revealed the statistically most relevant compounds for
the separation of the samples of high (Group 1 in red) and moderate activities (Group 2
in green).

Compounds 2 (5,6-dihydroxy 6-hydroxy penicillic acid), 3, 4 (penicillic acid), 6 (orselinic
acid), 13, 16, 39 (spirotriprostatin G), and 46 were those statistically relevant for the samples
of group 2 (moderate activity) compared to group 1 (high activity). The intensities of these
compounds were higher in group 2 samples compared to group 1, as observed in the box
plots for some of them (Figure 3c).

The metabolites marked in red (group 1) in Figure 3b are suggestively related to
the biological activity and they are the main targets for the annotation, described in
the subsequent section. Among these target compounds, we highlighted the following;:
17 (brasiliamide E), 44 (austalide H acid), 63 (austalide Q acid), 66 (brasiliamide B), 73
(austalide J/13-O-desacetyl austalide), 75 (13-oxoverruculogen isomer), 78 (austalide P
acid), 81 (chrysosporazine D), 87 (austalide L or W), 88 (helvamide), 92 (viridicatumtoxin
A), 96 (austalide P), 101 (dihydroaustalide K), 106 (austalide k), 110 (spirohexaline) and 112
(pre-viridicatumtoxin). The box plots from some of them are illustrated in Figure 3¢, and
their highest intensities can be seen in those samples with the highest antibacterial activities.

These features, which were suggestively related to the biological activity, were also
confirmed from biplots of PCA as strong variables for the most active extracts (cEm-PDB,
cEm-YPB, and cEm-MEB) (Figure 513). Additionally, the compounds deoxy-fumitremorgin
B (89), hydroxyfumitremorgin B (90), fumitrermorgin B and isomers (86, 91, 94), and di-
deoxy-fumitremorgin B (109) were also visualized as strong variables for the CEm-PDB,
CEm-YPD, and CEb-MEB.

3.6. Annotation of Constituents from Crude Extracts I\?f Broth (cEb) and Mycelial Biomass (cEm)
from Penicillium sp. Strain SMP2F4 and Molecular Networking

The annotation of the constituents from cEb and cEm extracts is summarized in Table 1.
The annotation was made from the spectral data of UV, high-resolution mass spectra, and
fragmentation profile (Table 51) and compared to data described in the literature, and
deposited in databanks, including the GNPS platform. In addition, some substances were
confirmed by the injection of authentic standards. The MS and MS/MS data were also
used to generate the molecular network and, thus, to organize the vast mass spectrometry
datasets according to the similarity between fragmentation patterns (MS/MS) and their
related precursor ions [25]. The compounds with similar fragmentation profiles were
grouped into clusters that facilitated and expanded their annotation. We used the analyses
of the CEb and CEm extracts, as well as the analyses of the controls (solvent/blank and
culture media) to remove their peaks in the final analysis and for the construction of the
molecular networking.

The molecular network is illustrated in Figure 514, where the thickness of the edges is
proportional to the cosine values, and the entries with the intensity distributions receive
green and yellow coloring relative to CEb and CEm, respectively. The overall molecular
network visualization also indicated the differences between the CEb and CEm samples,
highlighting the requirement of analyses from both materials (broth and mycelial biomass)
to broaden the knowledge of microbial metabolite diversity from Penicillium sp. SMP2F4.

The chromatographic peaks 12 (im/z 385.2123 [M+H]", C22H20N»O47), 17 (m/z 383.1958
[M+H], CooH27N2047), 34 (in/z 427.2212 [M+H]™, Co4H31 N2 05 ™), 59 (m1/z 425.2058 [M+H] ™,
CosHygN,O5%), 66 (m/z 4231899 [M+H]+, CuHyyNoOs5™), 68 (m/z 439.1861 [M+H]+,
Co4Ha7N2Og ™), and 72 (m/z 423.1865 [M+H]", Cp4Hy;N,O5™) showed protonated ions
and molecular formulas compatible with two nitrogen atoms (Table 1, Figure 515). These
compounds were clustered together in the molecular network (Figure 4), and they revealed
ketene losses (42 u) that indicated the presence of acetyl groups. From the fragmentation
of the piperazine ring, it was possible to observe characteristic product ions at m/z 191
for compounds 17, 59, and 66, which are relative to fragments containing the methoxy-
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lated aromatic ring and the methylenedioxy (Figure 516). For the other compounds, the
modification of this fragment was important for the annotation of the compounds, and
so 12,17, 34, 59, 66, 68, and 72 (Figure 515) were annotated. This fragmentation profile is
compatible with that observed in the spectra deposited at GNPS, and some features showed
high cosine scores, such as brasiliamide D (59) and brasiliamide E (17). In the same cluster,
two chrysosporazines, a rare class of phenylpropanoid piperazine alkaloid described for
Penicillium species [26], were annotated, such as the metabolites 61 (m/z 489.2372 [M+H]",
CooH33N>O57) and 81 (m/z 487.2217 [M+H]*, Ca9H31N>O5™) (Figure S15).

Chrysosporazine P (61)

Node information
Naode Pie Chart

Crude extracts from
mycelium
@ Crude extracts from
“ broth
Mode Border
(O =08 cos score

Figure 4. Cluster of brasiliamides from the molecular network of the crude extracts of mycelial
biomass (CEm) and broth (CEb) of the endophytic fungi Penicillitn sp. strain SMP2F4, considering
the positive ionization mode (ESI+) data. Nodes represent the parentions, and edge strength indicates
the chemical similarity between the MS/MS spectra. Groups of CEm and CEsob samples are in
yellow and green coloring, respectively. The numbers represent the annotated metabolites which are
described in Table 1, and the nodes circled in red indicate the compounds annotated by GNPS.

A cluster yielded from indolic alkaloids of the diketopiperazine type and the metabo-
lite verruculogen (85), for example, was observed in the molecular network (Figure 5).
Compound 85 showed a UV spectrum similar to the chromophore of tryptophan [27] and
an intense ion at m/z 494.2282 [M-H,O+H]* (C27H3;N3047), relative to the dehydration
reaction in the ionization source. The fragment ion of 85 at m/z 352 (C19HsN3047) was
yielded from the cleavage of the eight-membered ring. Subsequent cleavage of the piper-
azinodione ring produces the product ion at n/z 255.0766 (C14H11N2O3 ") after the loss of
CsH7;NO and with subsequent loss of a CO molecule (28 1) producing the fragment at n1/z
227.0808 [C13H11N2O»]*, similar to what was described in the literature [28]. This same
fragmentation profile was observed for 83, which exhibited a molecular formula containing
additional oxygen compared to verruculogen (85). Thus, 83 was annotated as hydroxy
verruculogen, with hydroxylation occurring on the eight-membered ring, and the rare
substances 24-hydroxy verruculogen and 26-hydroxy verruculogen have been described in
the literature from Penicillium brefeldianum [29]. Additionally, the metabolites 65, 71, and
75 revealed the same molecular formula, CoyH3 N3Oy, a difference of 2 u in relation to
verruculogen (85), and a similar fragmentation pathway — for example, the cleavage of
endoperoxide with losses of 142 1 and subsequent losses of water and carbon monoxide.
The fragment ions at m/z 271, yielded from cleavage of the piperazinodione ring, were also
observed. Thus, they were annotated as oxoverruculogen isomers (65, 71, and 75).
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Figure 5. Cluster of diketopiperazine-type indolic alkaloids from the molecular network of the crude
extracts of mycelial biomass (CEm) and broth (CEb) of the endophytic fungi Penicillium sp. Strain
5MP2F4, considering the positive ionization mode (ESI+) data. Nodes represent the parent ions, and
edge strength indicates the chemical similarity between the MS/MS spectra. Groups of CEm and
CEb samples are in yellow and green coloring, respectively. The numbers represent the annotated
metabolites which are described in Table 1, and the nodes circled in red indicate the compounds
annotated by GNPS.

Peak 56 showed an intense ion at m/z 380.1947 [M+H]", confirming the molecular
formula Cy;Hy5N303. From this protonated ion, a loss of 56 1 (C4Hg) yielded the prod-
uct ion at m1/z 324.1337 (C13H1sN303 ™), suggesting the 2-methylpropene group, and this
undergoes a subsequent ring contraction with a loss of a CO molecule (28 1) and the gener-
ation of an ion at m/z 296.1374 (C17H1sN30; ™). Cleavage in the piperazinodione ring by a
loss of hexahydropyrrol [1,2-a]pyrazine-1,4-dione] yielded an intense product ion at m/z
226.1227 (C15H1sNO™). An additional cleavage of the central ring resulted in the formation
of the ion of m/z 212.105 (C14H4NO7), and the fragment ion m/z 255.1476 (C1,HoN,O")
was yielded from the cleavage of the piperazinodione ring, and subsequently, the loss of
2-methylpropene yielded the ion at m/z 199.0868 (C12H;1N>O%). This fragmentation profile
is compatible with fumitremorgin C (56) described by Fornal et al. [28] and deposited
at GNPS.

The compounds 20, 22, 36, 37, and 60 revealed the same molecular formula C2H5N30s5,
which represents an addition of two oxygens compared to fumitremorgin C (56). They
revealed losses of a water molecule (18 i) in the ionization source, indicating the presence
of saturated hydroxyl groups; moreover, losses of 56 1 (C4Hg) with subsequent losses of
CO and water molecules were also observed, such as the fragment ions at i/z 356 [M+H-
C4Hg]", 338 [M+H-C4Hg-H>0J*, and 310 [M+H-C4Hg-H,O-CO]"* from 22. Thus, they were
annotated as dihydroxyfumitremorgin C/cyclotryprostatin A isomers.

The metabolite 94 showed an intense ion at m/z 462.2389 [M+H-H»O]", compatible
with the molecular formula Cy7H33N305, and relative to the dehydration reaction in the
ionization source of the mass spectrometer. This intense dehydration reaction is common
when there are OH substituents on the central ring from secondary and/or tertiary aliphatic
alcohols, such as for the compounds 94 and 90. The product ion of 1/z 394, observed from
m/z 462 (94), was yielded by the loss of an isoprenic unit (CsHs, 68 #), and subsequent
elimination of the pyrrole ring produced the ion m/z 327. A similar fragmentation was
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observed for 86, 89-91, and 94, which were annotated as fumitremorgin B isomers (86,
91, 94), deoxy-fumitremorgin B (89), and hydroxy-fumitremorgin B (90). Additionally,
the compounds oxofumitremorgin B (84) and di-deoxy-fumitremorgin B (99) were also
annotated. Several compounds annotated here are diketopiperazine-type indolic alkaloids,
which have been described as precursors of the verruculogen biosynthetic pathway, as
observed in Figure 517.

Compounds 54 and 64 revealed the same molecular formula, C21H75N305, and a
similar fragmentation profile; moreover, 54 showed a score hit with tryprostatin B deposited
in the GNPS. The product ions at m/z 296 [M+H-C4Hsg]™ and 268 [M+H-CsHg] " indicated the
presence of an isoprene group and yielded fragments with subsequent losses of CO (28 1)
to produce the ions m/z 268 and 240. The peaks 54 and 64 were annotated as tryprostatin
B (isomers). Moreover, the metabolites 26, 28, 30, 38, 39, 40, 43, and 48 were annotated as
dihydroxy-spirotryprostatin A, spirotryprostatin G, cyclotryprostatin E, cyclotryprostatin C
or hydroxycycloprostatin A, cyclotryprostatin B, cclotryprostatin C, oxo-cyclotryprostatin
A, and dehydroxycyclotryprostatin C, respectively.

It was possible to observe another cluster, formed by austalide-type meroterpenoids,
which includes the compounds 44, 50, 63, 69, 73, 78, 87, 96, 101, and 106 (Figure 6).
These metabolites showed an absorption band at Apax 270 nm in their UV spectra that is
compatible with that described for austalides [30]. The compounds 44 (m/z 463.2310
[M+H]*, Ca5Ha30g), 50 (m/z 461.2156 [M+H]", CsH120g), 63 (n1/z 445.2216 [M+H]™,
Ca5H3207), 69 (1m1/z 477.2460 [M+H]*, CosH350k), 73 (11/z 445.2198 [M+H] ", C;5H3,05), 78
(m/z 447 2362 [M+H]*, CasH3407), 87 (m/z 429.2259 [M+H]*, Ca5H3204), 96 (m/z 4432418
[M+H-H,0]", Ca6H3607), 101 (m1/z 415.2484 [M+H]", Cy5H3405), and 106 (11/z 413.2400
[M+H]", C25H3,05) (Table 1, Figure S18) revealed two diagnostic fragment ions at m/z
207 (C;Hy104%) and 177 (C1gHoO5™). The fragment ion m/z 207 is yielded from retro
Diels-Alder fission and subsequent loss of CH>O (30 u) that indicates the presence of the
lactone group (Figure 519). For all the austalides, no modification was observed in the
three rings fused to the benzolactone group. In addition, consecutive neutral losses of
water molecules (18 u) indicated the presence of non-phenolic hydroxyls, such as those
observed for the metabolites 44 (m/z 445 [M+H-H,O]" and 409 [M+H-3xH,O]") and 69
(m/z 459 [M+H-H,0] " and 441 [M+H-2xH,0]"). Thus, these consecutive losses of water
molecules were important in suggesting the aliphatic hydroxyl groups in the austalides, as
well as the losses to yield the acylium fragment (e.g., losses of water or methanol molecules
for acid or ester austalides, respectively).

The compound 17-O-desmethyl austalide B (50) was confirmed by the authentic
standard. Beyond the similar fragmentation pathway described here, the metabolite 63
exhibited a cosine of 0.94 and 0.96 between the austalides 69 and 44, revealing greater
structural similarity between them. The metabolite 73 showed a cosine of 0.89 in relation
to 87 and 101. Thus, 63 and 73 were annotated as austalide Q acid and austalide | or
13-O-desacetyl austalide 1, respectively. Metabolites 101 (m/z 415.2484 [M+H]*, Co5H3405)
and 106 (111/z 413.2400 [M+H]", C25H3:Os) showed a fragmentation profile similar to that
observed for austalides and the cosine between them was 0.97, suggesting a high similarity
between them and a difference of 2 u relative to the presence of a double bond. They were
annotated as dihydroaustalide K (101) and austalide K (106).

The chromatographic peaks 92, 110, and 112 showed two absorption bands, at Amax = 285
and 430 nm in their UV spectra. Their deprotonated ions m/z 564.1870, 563.1918, and
566.2027 are compatible with molecular formulas C3gHzNO;g, C31H3:040 € C3H33NOyp,
respectively. These compounds exhibited polyketide fragmentation patterns [31] with
successive losses of water molecules (18 u), and for 92 and 112 an additional loss of
an ammonia molecule (17 1) was also observed. Compound 92 was also confirmed by
injection of authentic standards. Thus, 92, 110, and 112 were annotated as viridicatumtoxin
A, spirohexalin, and previridicatum (Figure 520), respectively.
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Figure 6. Cluster of austalides from the molecular network of the crude extracts of mycelial biomass
(CEm) and broth (CEb) of the endophytic fungi Penicillium sp. strain SMP2F4, considering the positive
ionization mode (ESI+) data. Nodes represent parent ions, and edge strength indicates the chemical
similarity between the MS/MS spectra. Groups of CEm and CEb samples are in yellow and green
coloring, respectively. The numbers represent the annotated metabolites which are described in
Table 1, and the nodes circled in red indicate the compounds annotated by GNPS.

Lipid classes were also detected in the molecular network (Figure S21). A cluster
generated from phosphate-free lipids was formed by the chromatographic peaks 111
(m/z 49983711 [M+H]*, CogHs5aNOg ™), 113 (m1/z 474.375 [M+H]*, Ca6HssNOg 1), 116 (m1/z
500.3881 [M+H]", CasHssINOg "), and 120 (m1/z 760.6068 [M+H]+, CsHgaNO7 7). These
compounds were annotated as isomers of lysodiacylglyceryltrimethylhomoserine (LDGTS)
(111, 113, 116) and diacylglyceryl trimethylhomoserine (DGTS) (120). Additionally, a
cluster with phospholipids was observed, and it was generated by compounds 95 (m/z
478.2869 [M+H]*, C3sHysNO7P7), 98 (in/z 478.29 [M+H]*, Co;sHysNO;P™), 104 (in/z 454.2941
[M+H]*, C;1HysNOZP*), 107 (m/z 498.3781 [M+H]*, C;7H53N3O5P*), and 109 (m/z [M+H]",
Co3Hy7NO;P).

The compounds N-acetyl brasiliamide I (34), oxo-cyclotryprostatin A (43), chrysospo-
razine P (61), chrysosporazine D (81), helvamide (88), and oxoverrucologen isomers (65, 71,
and 75) are described here for the first time in the genus Penicillium, while the metabolites
viridicatumtoxin A (92), spirohexaline (110), previridicatumtoxin (112), austalide H acid
(44), 17-O-desmethyl austalide B (50), austalide Q acid (63), austalide H (69), austalide
]/13-O-desacety | austalide (73), austalide P’ acid (78), austalide L /W (87), austalide P’ (96),
dihydroaustalide K (101), and austalide k (106) are described for the first time from a mi-
croorganism isolated in Brazil. Therefore, our study contributes to enlarging the chemical
knowledge from the genus Penicillium and Brazilian microorganisms.

4. Discussion

Fungi can biosynthesize diverse structures with different polarities, functions, and
biological properties (e.g., antimicrobial, immunomodulatory, antitumor, anti-inflammatory,
antiviral, and antioxidant effects), and they can occur at different levels of abundance in
each microorganism [3,6,25,31]. Consequently, in the research to describe the metabolic
production capacity of a strain it is a challenge to perform a comprehensive screening
with the detection of as many metabolites as possible. Routes of work aimed at isolating
metabolites can often lead to known substances and a lot of work without innovation.
Herein, an untargeted metabolomic approach from Penicillium sp. was applied to evaluate
the effects of five different culture media on the metabolome of strain 5SMP2F4.

This strain was collected as an endophyte from Bromelia balansae Mez that occurs in
ironstone outcrops in the Pantanal biome of Mato Grosso do Sul, Brazil [32]. This plant
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species is adapted to several stressful environmental factors, such as conditions of a high in-
cidence of UV radiation, shallow soils with few nutrients, and periods of water scarcity [33].
In addition to all these peculiar characteristics, studies on endophytes from these sites and
from the Pantanal are scarce, especially those centered on the characterization of secondary
metabolites [34-35].

The OSMAC strategy has been applied to obtain a greater diversity of microbial
metabolites as well as in the search for new bioactive compounds [39]. Although OSMAC is
a valuable and simple tool, several published studies apply it to guide metabolite isolation
procedures; however, detailed information about chemical composition related to changes
with different culture media is sparsely addressed, such as by more holistic appointments
on chemicals by metabolomics tools and statistical analyses. In addition, the differences in
metabolite production between extracts from broth and biomass of fungi are also scarcely
reported by a wide approach, and several works used only mycelial biomass or broth
fungal to obtain the crude extracts and to isolate the target metabolites [40-42].

Our efforts here involved the description of a great variability of metabolites pro-
duced by an endophytic fungus and the annotation of them from both broth and mycelial
biomass, which revealed different chemical profiles. We also observed that the metabolites
biosynthesized by strain Penicillium sp are dependent on the culture medium, since the
exclusive metabolites were observed from a specific culture medium, as were differences
in their intensities. These appointments have been described from strains of Penicillium
with the application of the OSMAC strategy [41,42], but the authors used no wide chemical
strategies to get information from these experiments, such as metabolomics.

From the statistical analyses illustrated in Figure 1, we highlighted the importance to
study both the broth and the mycelial biomass, since they represented variations in the
chemical profiles, resulting in significant changes in the antibacterial activity that opened
up perspectives to find new biocactive compounds. A simple variation in the nutrients of
the culture medium can lead to a great change in the production of metabolites and to
enlarging the chemical diversity of a strain. For example, here the crude CEb-YPD and
CEb-PDB extracts showed similar chemical compositions, while the crude mycelial biomass
extracts, CEm-MEB and CEm-PDB, were the ones that showed more similarities.

The metabolomics data were also correlated with the antibacterial properties of the
extracts (CEb and CEm obtained by OSMAC strategy) by statistical analyses to suggest the
possible bioactive metabolites, optimizing the targets for further studies. The application
of metabolomics and statistical tools to accelerate the research of bioactive compounds has
been used by several studies, including compounds with antibacterial, larvicidal, and an-
tileishmanial properties [25,43—45]. Thus, brasiliamides, austalides, diketopiperazine-type
indolic alkaloids, and polyketides from the strain Penicillium sp. 5MP2F4 were highlighted
here as chemical classes related to antibacterial activity against S. aureus.

The extracts from broth and biomass (CEb and CEm) showed different antibacterial
activities and promising results to inhibit S. aureus bacterial growth. The increase in the
number of bacterial infections together with the shortage of new antibiotics is a huge public
health problem. It is estimated that the increase in the rates of bacterial infections caused
by microorganisms ranks among the main causes of human mortality, and the bacteria S.
aureus is on the list of multiresistant bacteria that call for the development of new drugs [46].
In this context, endophytic fungi have been highlighted as a relevant and important source
to develop new drugs. They are poorly studied, since it is estimated that only 0.75-1.5%
of the endophytes of plant species are known [47], highlighting the extensive goals to be
studied [48].

In this work, we annotated different types of diketopiperazine-type alkaloids, such
as brasiliamides A, C, D, E, I, and N-acetyl brasiliamide I. They are a class of metabolites
widely distributed in fungi, bacteria, sponges, and actinomycetes. Brasiliamides are al-
kaloids that contain a piperazine grouping and they possess diverse biological activities
including antibiotic, immunosuppressive, and antineoplastic activities, and they have great
potential in future therapeutic applications [49]. Their biosynthesis has as an initial step
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the condensation of two or three amino acids as precursors [50], and they are considered
rare in the literature, since only ten analogs have been described, such as brasiliamides A,
B,C,D,E E G, H,IJ[50-53].

The brasiliamides A and B (Figure 515) were first described in 2002 from Penicillium
brasilianum Batista JV-379, and their potential to produce convulsions in animals was
evaluated, using the silkworm (Bontbys mori) as an experimental model. Brasiliamide A
and B showed ED50 of 300 and 50 pg/g, (concentration values of the substances per gram
of diet), respectively. In this work, these brasiliamides were proposed as a new class of
tremorgenic substances [52]. Later, this same research group described, for the first time,
brasiliamides C, D and E from the cultivation of the same fungal strain. Brasiliamides C
and D presented tremogenic potential with ED50 of 400 ug/g, while brasiliamide E was
not active at the concentration of 500 ug/g [51].

Fill and co-workers described the isolation of brasiliamides A-F from Penicillium
brasilianum, an endophyte of Melia azedarach (Meliaceae). The antimicrobial activity of
brasiliamide A against a strain of Bacillus subtilis was also described, revealing an MIC of
250 pug/mL [53], and this substance was one of those found in our extracts. Furthermore,
P. brasilianum WZXY-M122-9 was used to study the biosynthesis of brasiliamides and the
implication of its enzymes. Thus, the authors described for the first time brasiliamide I [50],
a metabolite also annotated here in our study. Additionally, N-acetyl brasiliamide I (34)
was also annotated, which has not yet been reported in the literature.

Fumitrermorgin B (isomer) (91), oxoverruculogen (isomer) (75), hydroxy-verruculogen
(83), deoxy-fumitremorgin B (89), di-deoxy-fumitremorgin B (99) are also compounds
statically related to the antibacterial activity. These compounds are diketopiperazine-type
indolic alkaloids that are commonly reported from Aspergillus and Penicillium species [54].
They have been related to different biological activities, such as antimicrobial, antiviral,
anticancer, immunomodulatory, insecticidal, and antiphytopathogenic activities [55,56].
For this reason, these alkaloids are goals for drug development and their basic skeleton
is an inspiration [54]. Diketopiperazine-type indolic alkaloids are biosynthesized by the
condensation reaction of tryptophan with a second amino acid that can be a proline,
phenylalanine, histidine, or leucine, yielding the indol diketopiperazine structure [54].
The metabolite fumitremorgin C (56) has been described as a potent inhibitor of breast
cancer resistance protein [54,57], while verruculogen (85), a tremorgenic mycotoxin, acts in
the central nervous system and induces sustained tremors, convulsions, and can lead to
the death of animals. Furthermore, verruculogen inhibits the high conductance calcium-
activated potassium channels of smooth muscle, and it has been a target of further drug
research [58].

Austalides also presented correlations with antibacterial activity, including austalide Q
acid (63), austalide P acid (78), austalide L/austalide W (87), austalide P (96), dihydroaustal-
ide K (101), and austalide K (106). They are meroterpenoids with several activities described
for them, such as antitumor, anti-inflammatory, antimicrobial, antiviral (influenza A HINI),
and osteoclast differentiation inhibitors [30]. Although few austalides have been evaluated
against pathogenic bacteria, austalides M, N and R have been tested against sea-derived
bacterial strains (Halomonas aquamarina, Polaribacter irgensii, Pseudoalteromonas elyakouvii,
Roseobacter litoralis, Shewanella putrefaciens, Vibrio harveyi, V. natriegens and V. carchariae), and
they showed a broad spectrum of activity with MIC values between 0.001 and 1 pg/mL [59].
In addition, austalides M, N and R were also evaluated against the bacteria 5. aureus and
Escherichia coli, but they were not active [59]. These austalides were isolated from a strain
of Aspergillus sp. isolated from the sponge Tethya aurantium, and they are suggested as
antibacterial compounds useful in aquaculture [59].

The tetracycline-like polyketides, such as the annotated compounds viridicatumtoxin
A (92), spirohexaline (110), and previridicatumtoxin (112) are recognized by their antibacte-
rial potentials [60-62]. These fungal polyketides are an important class of metabolites with
various biological activities described and other applications, such as pigmentation [63].
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Viridicatumtoxin A (92) is a substance with a hybrid polyketide-isoprenoid structure.
It is a rare tetracycline-like compound produced by fungi, which is structurally considered
privileged because it possesses the ability to interact with different biological targets [64].
It presents potent antibacterial activity against different gram-positive strains, including
some of clinical importance, for example, the strain of methicillin-resistant 5. aureus with
MIC of 0.5 pg/mL [62]. Viridicatumtoxin A has proven to be a useful potential antibiotic
agent in times of increasing resistance; its total synthesis is described by Nicolaou [65],
and its biosynthetic genes are also described. Thus, this tetracycline is a candidate for
large-scale production, synthetically or genetically through BGC (biosynthetic gene cluster)
modification for fermentation, and it is even used as a base skeleton to provide other
relevant bioactive analogs [66].

5. Conclusions

From the endophytic fungi Penicillium sp. strain 5SMP2F4, metabolomics, statistical,
and molecular networking were applied and revealed broad chemical results from the crude
extracts of broth (CEb) and mycelial biomass (CEm), including differences in the chemical
profiles between them and their antibacterial activities. Several metabolites annotated
here are reported for the first time from an endophytic fungus of Brazil and in the genus
Penicillium. The OSMAC strategy induced the biosynthesis of different compounds and the
application of metabolomics and chemometrics tools were useful in indicating antibacterial
compounds, such as diketopiperazines, meroterpenoids, and polyketides, highlighting the
rare tetracyclin viridicatumtoxin A. These findings reveal that the chemical and biological
study of simple cultures can be useful in optimizing the knowledge of the metabolic
potential of fungal strains.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /metabo13020236 /s1, Figure S1. Penicillium sp. strain 5SMP2F4
at 7-day cultured in PDA, photo of front (A) and reverse (B) of culture. Figure S2. Cultivation of
Penicillium sp. strain 5MP2F4 in different nutrient conditions. A: PDB (Potato Dextrose Broth); B:
MEB (Malt Extract Broth); C: SAB (Sabouraud); D: CZA (Czapek); E: YPD (Yeast extract Peptone
Dextrose). Figure S3. Fresh and freeze-dried biomass obtained from the growth of Penicillinm sp.
strain SMP2F4 on different types of culture medium. Figure S4. Yields of crude extracts obtained
from the broth of Penicillium sp. strain 5SMP2F4 (CEb) in different nutrient conditions PDB (Potato
Dextrose Broth), MEB (Malt Extract Broth), SAB (Sabouraud), CZA (Czapek), and YPD (Yeast extract
Peptone Dextrose). Figure S5. Base peak chromatograms corresponding to crude extracts from
different types of medium blanks used in OSMAC experiment obtained in positive ion mode by
HPLC-MS. Figure S6. Base peak chromatograms obtained in positive ionization mode by HPLC-MS
of the crude extracts of brath (CEb) from Penicillium sp. strain 5SMP2F4 cultures on different types of
medium. Figure S7. Base peak chromatograms obtained in positive ionization mode by HPLC-MS
of the crude extracts of biomass (CEm) from Penicilliunt sp. strain SMP2F4 cultures on different
types of medium. Figure S8. Metabolomic study of the Penicillium sp. strain 5SMP2F4 in relation to
different extracts from broth (CEb-PDB, CEb-MEB, CEb-SAB, CEb-YPD, and CEb-CZA) and mycelial
biomass (CEm-PDB, CEm-MEB, CEm-SAB, CEm-YPD, and CEm-CZA). Major metabolites identified
by PLS-DA and VIP score analyses on the x-axis. The colored squares on the right indicate the relative
intensities of the compounds in each group. Figure S9. Biofilm formation and bacterial growth of
P. aeruginosa (ATCC 27853) in the presence of 20 and 200 pg/mL of the broth (CEb) and biomass
crude extracts (CEb) from Penicillium sp. strain SMP2F4. CC = Growth control, culture medium only;
CA = Activity control, gentamicin 20 pg/mL. Figure S10. Biofilm formation and bacterial growth of
S. aureus (ATCC 6538) treated with the biomass crude extracts of Penicillium sp. strain 5SMP2F4 ((a)
CEm-PDB; (b) CEm-YPD; (¢) CEm-SAB; (d) CEm-CZA; (e) CEm-MEB) at different concentrations.
CC = Growth control, culture medium only; CA = activity control, gentamicin 20 pg/mL. Figure S11.
Biofilm formation and bacterial growth of 5. aureus treated with broth crude extracts of Penicillium sp.
strain SMP2F4. (a) CEb-PDB; (b) CEb-YPD; (c) CEb-SAB; (d) CEb-CZA; (¢) CEb-MEB) at different
concentrations. CC = Growth control, culture medium only; CA = activity control, gentamicin
20 pug/mL. Figure S12. Pre-formed biofilm S. aureus treated with the CEm-PDB and CEm-MEB
biomass extracts of Penicillium sp. strain SMP2F4 at different concentrations. CC = Growth control;
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CA = activity control, vancomycin at 20 pg/mL. Figure S13. Biplot of principal component 1 (PC1)
and principal component 2 (PC2). The samples CEm-PDB, CEm-YPD, and CE-MEB are the most
active against S. aureus. Figure S14. Molecular networking of crude extracts from Penicillium sp. strain
5MP2F4, using positive ionization mode (ESI+) data. Crude extracts from broth (CEb) samples are
colored green and Crude extracts from biomass (CEm) samples are colored yellow. The edge strength
is proportional to the cosine values. Figure S15. Structures of brasiliamides and chrysosporazines
annotated in extracts of Penicillium sp. strain SMP2F4. Figure S16. Fragmentation proposal for some
observed ions for metabolite 59. Figure S17. Simplified proposal of the biosynthetic pathway for
verruculogen based on Han et al. [67]. Metabolites with the indication of numbers were annotated
from extracts of Penicillium sp. strain 5SMP2F4. Figure 518. Structures of austalide-type meroterpenoid
annotated from extracts of Penicillium sp. strain SMP2F4. Figure S19. Proposed fragmentation
pathway for metabolite 44. Figure S20. Polyketides annotated from extracts of Penicillium sp. strain
5MP2F4. Figure S21. Cluster of lipid compounds from the molecular network of the crude extracts of
mycelium biomass (CEm) and broth (CEb) of the endophytic fungi Penicillium sp. strain SMP2F4,
considering the positive ionization mode (ESI+) data. Nodes represent parent ions, and edge strength
indicates the chemical similarity between the MS/MS spectra. Groups of CEm and CEb samples are
in yellow and green color, respectively. The numbers represent the annotated metabolites described
in Table 1, and the nodes circled in red indicate the compounds annotated by GNPS. Table S1: Table of
spectral data of constituents of biomass and broth crude extracts from Penicillium sp. strain 5SMP2F4
by HPLC-DAD-MS/MS. Table 52. Presence or absence of compounds in the extracts of broth and
biomass of Penicillium sp. strain 5MP2F4 by HPLC-MS analysis.
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Figure S1. Penicillium sp. strain SMP2F4 at 7-day cultured in PDA, photo of front (A) and reverse (B) of culture.

Figure S2. Cultivation of Penicillium sp. strain 5SMP2F4 in different nutrient codjtions. A:PDB (Potato Dextrose Broth); B: MEB (Malt
Extract Broth); C: SAB (Sabouraud); D: CZA (Czapek); E: YPD (Yeast extract Peptone Dextrose).
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Figure S3. Fresh and freeze-dried biomass obtained from the growth of Penicillium sp. strain SMP2F4 on different types of culture
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Figure 54 - Yields of crude extracts obtained from the broth of Penicillium sp. strain SMP2F4 (CEb) in different nutrient conditions
PDB (Potato Dextrose Broth), MEB (Malt Extract Broth), SAB (Sabouraud), CZA (Czapek), and YPD (Yeast extract Peptone Dextrose).
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Figure S5. Base peak chromatograms corresponding to crude extracts from different types of medium blanks used in OSMAC
experiment obtained in positive ion mode by HPLC-MS.
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Figure S8. Metabolomic study of the Penicillium sp. strain SMP2F4 in relation to different extracts from broth (CEb-PDB, CEb-MEB,
CEb-SAB, CE-YPD, and CEb-CZA) and mycelial biomass (CEm-PDB, CEm-MEB, CEm-SAB, CEm-YPD, and CEm-CZA). Major
metabolites identified by PLS-DA and VIP score analyses on the x-axis. The colored squares on the right indicate the relative

intensities of the compounds in each group.
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Figure S9 - Biofilm formation and bacterial growth of P. aeruginosa (ATCC 27853) in the presence of 20 and 200 pg/mL of the broth
(CEb) and biomass crude extracts (CEb) from Penicilliim sp. strain SMP2F4. CC = Growth control, culture medium only; CA = Activity
control, gentamicin 20 pg/mL
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Figure S11. Biotilm tormation and bacterial growth ot S. aureus treated with broth crude extracts of Penicillium sp. strain SMP2F4. (a)
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CEb-PDB; (b) CEb-YPD; (c) CEb-SAB; (d) CEb-CZA; (e) CEb-MEB) at different concentrations. CC

only; CA

activity control, gentamicin 20 pg/mL.
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Figure S12. Pre-formed biofilm 5. aurens treated with the biomass extracts CEm-PDB and CEm-MEB of Penicillium sp. strain 5SMP2F4
at different concentrations. CC = Growth control; CA = activity control, vancomycin at 20 pg/mL.
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Figure S13. Biplot of prindpal component 1 (PC1) and principal component 2 (PC2). The samples CEm-PDB, CEm-YPD, and CE-
MEB are the most active against 5. aureus.
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Figure S14. Molecular networking of crude extracts from Penicillium sp. strain 5SMP2F4, usin positive ionization mode (ESI+) data.
Crude extracts from broth (CEb) samples are colored green and Crude extracts from biomass (CEm) samples are colored yvellow. The
edge strength is proportional to the cosine values.
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Figure S15. Structures of brasiliamides and chrysosporazines annotated in extracts of Penicillitm sp. strain SMP2F4.
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Figure S16. Fragmentation proposal for some observed ions for metabolite 59.
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Figure S17. Simplitied proposal of the biosynthetic pathway for verruculogen based on Han et all [1]. Metabolites with the indication
of numbers were annotated from extracts of Penicillium sp. strain SMP2FA.
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Figure 518. Structures of austalide-type meroterpenoid annotated from extracts of Penicillium sp. strain SMP2F4.
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Figure S19. Proposed fragmentation pathway for metabolite 44.
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Figure S20. Polyketides annotated from extracts of Penicillinm sp. strain SMP2F4.
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Figure S21. Cluster of lipid compounds from the molecular network of the crude extracts of mycelium biomass (CEm) and broth
(CEDb) of the endophytic fungi Penicillium sp. strain SMP2F4, considering the positive ionization mode (ESI+) data. Nodes represent
parent ions, and edge strength indicates the chemical similarity between the MS/MS spectra. Groups of samples CEm and CEsob in
yellow and green color, respectively. The numbers represent the annotated metabolites described in Table 1 and the nodes circled in
red indicate the compounds annotated by GNDS.
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Table S1: Table of spectral data of constituents of biomass and broth crude extracts from Penicillinm sp. strain SMP2F4 by HPLC-DAD-MS/MS.
Feak: | “KF/(min) ay (o) i Posilivo (m/z) Negativo (m/z)
[M+H] MS/MS [M-HI MS/MS

1 2.60 301 CrHisNOe 2940975 210, 164 -
2 3.89 - CsHrOs 189.0761 171 187.0619 169
3 11.16 - CuHisO:5 275.0582% 209,171, 158, 153 291.0551 -
4 11.68 - CeHuOs 171.0655 155 169.0511 94
5 11.99 - CuHieOr 261.0985 - 259.0825 -
f 12.90 259, 300 CaHeOu 151 03847 167 0344
7 13.78 298 CisHeOs 285.0399 - 283.0247 -
3 15.36 - CuHisOs 243.0866 167 - -
9 15.65 284 CuHuN:20s 225.1232 189, 161, 145 223.1092 208
10 16.32 286 CiHisOr 275.1124 257, 207, 197, 165, 153 - -
11 16.64 280, 320 CroHuNOs 194.0813 176, 158 -
12 17.15 290 CH=uN204 3852123 368, 343, 217, 193, 175, 167 - -
13 17.26 - CuHisN20 195.1486 177,162, 147 - -
14 18.54 291 CuHaN30s 394.1753% 394, 338, 310, 287, 259, 214, 202,174 428.1821 -
15 19.34 267, 345 C1sHeOn 353.0498 322, 261, 246, 221, 205, 177 351.0371 319, 245, 217, 188, 175, 159
16 21.56 - CrzHrN2Oy 207.1115F 229, 207,189, 161, 146 251.1038 -
17 21.73 282 CarHxN20y 383.1958 366, 341, 217, 175, 165 - -
18 22.18 290 CaHz=NIO 394.1753 - - -
19 2347 - CisH=N204 3492129 293, 265, 209, 179, 163 - -
20 23.78 269, 284 CoH=N1I0Os 412.1863 394, 315, 287, 269, 251, 236, 211 - -
21 24.64 290, 380 CzHsN30r 444.1760 390, 362, 339, 311, 230, 202 442.1613 -

Metabolites 2022, 12, 236. https://doi.org/10.3390/metabo13020236

www.mdpi.com/journal/metabolites

110



Metabolites 2022, 12, 236 20f22
22 25.67 268, 296 C2zH=N30s 4121855 394, 356, 338, 310, 287, 259, 231, 213, 188 410.1718 -
23 26.21 - CaHalMeOns 8534161 741, 569, 457, 379, 285, 173 851.4021 -
24 26.23 290 CuHzNOs 410.1701 392, 326, 295, 260, 251, 228,178 4581934
25 26.82 291,395 CoH=Na0Or 426.1664° 391, 362, 319, 293, 267, 230, 202, 174 442 1606 -
26 26,98 290 CzH=N3Os 410.1705¢ 313, 287, 230, 188, 162 426.1702 -
27 27.06 285, 320 CisHiuOs 201 0862 276, 250, 231, 215, 207, 185, 159, 147 289.0718 -
28 27.11 - CasH»sN20s 394.1760 297, 279, 269, 251, 236, 224 442,198 -
29 27.14 z CrHasOy 405.1895 341, 295, 247, 229, 201, 183, 153 4031743 =
30 2722 - CaaH=Na0Os 412.1869M 370, 315, 287, 258, 216, 193,161 442.1984 -
31 27.36 - CsHzN307 4842073 412, 394, 315, 287, 269, 251, 236, 211, 168 = :
32 28558 - CxH=uNOs 426.1963 343, 287, 269, 211, 167 - -

392, 364, 313, 295, 285, 267, 257, 240, 228,

33 28.65 290, 390 CoH=N0s 410.1705 213, 200, 188 - -
34 2876 = CasHaNOs 4272212 385, 343, 277, 252, 217, 193, 175, 167 .
35 28.95 284 CiHeN20e 2091278 - - -
36 29.10 284 CHzN304 394.1745 366, 338, 297, 269, 241 392.1612 =
37 29358 284 CxH=N30s 3941752 366, 338, 207, 260, 241 410.1714 -
38 29.76 - CaHzNaOu 382.1755 358, 251, 236, 221 380.1619 -
39 30.07 - CzHzNaOy 394.1756 350, 310, 269, 259, 231, 213,199 - -
40 30,13 270 CauHaNOs 364.1655 290, 267, 239, 222, 182, 167 - -
41 30.16 - CaoHxuNOy 555.2699 397, 354, 217,181 553.2786 -
42 3042 282 CrHuOr 405.1899 387, 359, 323, 271, 253, 229, 183, 165 403.1753
43 30.61 203, 431 C2H=uN30s 392 16007 337, 313, 267, 251, 197, 179 - -
44 30.65 269 CsHuOs 463.2310 445, 427, 409, 331, 285, 245, 207, 177 461.2171 -
45 30.65 CisHa0y 265.1439 219, 203, 173, 268, 159 263.1289 -
46 30.83 279 CisH2Ou 2671725 249, 203, 185, 175, 159, 147 265.1446 219,189, 161
47 3097 290 CzH=NaOy 378.1790° 197, 215, 226, 253, 264, 281, 310, 348 394 1763 -
48 31.01 - CuH=NaOs 348.1704° 320, 251, 223, 196, 185, 167, 157 364.1665 -
49 31.18 272,295 CzHzNOy 394.1744 350, 297, 259, 231, 213, 198,174 392.1598 -
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50 31.23 270 CasHOs 461.2156 417, 399, 315, 245, 207, 177 459.2007 -
51 31.28 : CaiH=N20%s 441.1986 . : .
52 31.32 . CasHsN304 408.1893 390, 251, 236 . .
53 31.46 267, 345 C2:HuN:Os 463.0870 385, 353, 325, 273, 246, 207, 162 461.0724 ,
54 31.49 280 CaHsN:2 352.2019 312, 296, 273, 252, 198, 183, 168, 156 . -
55 3174 285 C3iHaNsOr 596.3086 568, 457, 356, 317, 280, 231, 259, 181, 169 . -
56 31.89 274, 298 CuHxEN:03 380.1947 324, 255,226, 212, 199, 184 : .
57 32.08 283 CasHsN305 4882171 446, 428, 339, 280, 239, 229, 208, 191, 165 . -
58 3213 267, 345 C2iHEOn 431.0600 415,413, 399 461.0721
59 R2.14 . CatH:N205 425.2058 383, 341, 250, 217,191, 175 . -
60 3237 275 Co:H5N305 412.1854 394, 356, 336, 310, 282, 259, 213, 173 ~ -
61 3242 - CasH2N205 4892372 | 471, 447, 429, 311, 263, 238, 207, 193, 167 - .
62 32.48 . CatHuN302 348.1698 - . -
63 32.48 277 CasHROy 4452216 477, 409, 331, 273, 245, 207, 177 - :
32.68 276 CatHEN302 352.2014 296, 284, 268, 240, 198, 170 2 2
368, 340, 322, 310, 294, 271, 243, 215, 197,

32.81 = CorHn N3O 510.2220 160 = -
bb 32.89 - CuHxN20s 4231899 381, 339, 248, 173 - -
67 3297 282 CuHisN: 179.1539 2 2 g
68 33.07 275 CosHxN20s 439.1861 380, 338, 308, 280, 247, 165 437.1705 378,214,172
69 33.19 278 CaeH0s 4772460 | 459, 441, 409, 391, 345, 318, 245, 207, 177 . .
70 33.29 = C3:HxN205 5092747 | 450,340, 322 294, 283, 271, 243, 215, 160 : 2
71 33.33 : CorHuN:Oy 5102316 340, 322, 204, 271, 243, 215, 197, 160 : .
72 33.50 272 CoHxN205 423.1865 363, 189, 165 2 .
73 33.58 269 CasHnOr 445.2198 369, 331, 273, 245,207, 177 . =
74 33.90 = CasHaN20% 503.2177 446, 382, 341, 279, 238, 191, 175, 165 2 :
75 34.06 . CorHaNOr 510.2231 322, 279, 271, 243, 225, 201 = .
76 3445 . CaHzN305 398.1712 313, 295, 267, 252, 239, 224, 209 396.1581 5
77 3456 - C1sH0u 335.2181¥ 219,199, 183, 171 311.2223 =
78 34.60 269 CasHOr 447.2362 329, 273, 247, 207, 177 445.2219 :

112
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79 34.64 273 CasHaN20s 503.2249 444, 382, 340, 238, 207, 177, 165,149 5
80 34.67 = CrHzNOs 4101712 313, 295, 267, 239, 224 -
81 34.73 . CasHaoN0s 487.2217 469, 445, 366, 335, 279, 238, 191, 165 -
82 34.84 a Ci7HeN3Os 660.3290 412, 394, 366, 315, 287 :
83 35.00 = CrHzN30s 510.221% 381, 320, 292, 252, 227, 157 526.217
84 35.00 : CHaNsOr 478.2324 376, 336, 322, 269, 243, 215, 211, 197 -
85 35.38 276, 295 CrHzNOy 494,2282¢ 352, 255, 227, 199 510.2234
86 35.59 284 CoH=N0s 4622375 411, 356, 327, 282, 231, 214, 148 478.2321
87 1581 265 CasH0% 4292259 354,329, 273 245, 207, 177, 149 -
88 35.93 286 CasHzN205 485.2076 380,322, 218, 165 -
89 36.21 289 CorHuNaO4 44624267 362, 226, 212, 160 -
90 36.34 284 CorHzN30s 478.2325° 432, 364, 279, 240, 224, 212, 198 -
91 36.41 277, 296 C7HuN3Os 4622375 320, 268, 240, 226, 212, 186 -
531, 513, 464, 433, 421, 407, 393, 375, 365,
92 36.55 284, 430 CxHNOn 548.1909* 335, 279 564.187
93 36.55 CyHaNOr 6423179 394, 348, 269, 297, 251 s
94 36.58 200 CrHuN3Os 162 2389° 394, 327, 310, 269, 240, 214, 200, 174, 158 =
95 36.68 284 CzHuNOT 478.2869 337, 306, 191 476.2777
96 36.77 . CasH307 443 2418 329, 273, 245, 207, 177, 149 .
531, 513, 439, 421, 393, 363, 335, 325, 305,
o7 36.83 . CxHaNOu 548.1909° 283, 278 =
98 37.02 287 CsHuNOFP 478.2900 337, 306 476.2744
99 37.05 = CrHuN0s 4482574 396, 380, 281, 255, 226, 199 2
100 37.25 & CxHxNOT 520.3381 337,244, 152 :
101 37.32 = CasHuOs 4152484 359, 261, 207, 177 :
102 37.42 2 CasHs7NOs 5524114 439,304, 326, 281, 227, 213, 199, 185 5
103 37.57 - CorHaNOs 4622378 = 2
104 37.74 s CaHuNOP 4542041 313, 282 4522788
105 37.93 2 CorHaN3Os 446.2434 378, 363, 350, 311, 294, 281, 253, 243, 212 2
106 38.04 - C2sHu05 413.2400 354, 261, 207, 177 -




Metabolites 2022, 12, 236 Sof22

107 38.07 - CoHs:N:05P 498.3781 236 - -
108 38.13 - CauHsNs0s 5604266 340, 295, 267, 227, 199 - -
109 38.28 - CzHeNOP 480.3082 449, 339, 308 478.2944 -
110 38.40 - CuH201 547.1949¢ 477,435, 365, 313, 267, 221,184 563.1918 -
133 3845 - CHaNOs 498.3711 480, 236 - -
112 38.72 - CuHzuNOw 550.2062¢ 515, 431, 409, 351, 313, 275, 257 566.2027 -
113 39.35 - CuHaNOs 4743750 313, 236 - -
114 39.43 - CasINOs 500.3936 236 - -
115 39.83 - CaHuOr 517.3159 454, 357, 233, 203, 187 515.3009 -
116 39.85 - CasHzaNOs 500.3881 482, 339, 236 - -
117 41.05 - C23iH360: 3772712 - - -
118 41.15 - CaisHeN:Oz 3793334 -

119 42.28 - CisH::02 303.2285 234 - -
120 42.29 - CusHaNOr 760.6030 653, 600, 498, 480, 436, 236

MEF: Molecular Formula; RT: retention time; *: confirmed by authentic standard: *“determined by considering errors and mSigma less than 8 ppm and 30,
HCOOHJ:, *: [M+H-CH:OH]*

respectively. * [M+H-HOJ, ¥: [M+1Ma)*, 7: [M+H-
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Table 52. Presence or absence of compounds in the extracts of broth and biomass of Penicillinm sp. strain SMP2F4 by
HPLC-DAD-MS analysis.

CEb-
Peak | RT |CZAb
1 2.60 -
3 3.89 x
3 1117 [ X
4 1168 | X
5 1200 | X
6 1290 | X
7 13.79 -
8 15.36 L
9 15.65 X
10 1633 | X
11 16.64 z
12 17.16 -
13 1726 | X
14 18.54 -
15 1935 | X
16 2156 | X
17 21.74 -
18 2218 -
19 2348 | X
20 23.78 X
21 2464 -
29 25.67 .
23 26.21
24 26.24 .
25 26.82 -
26 26.99
27 2707 | X
28 2711 [
29 27.15 X
30 2729 .
31 27.36 -
32 28.58 -
33 28.66 =
34 28.76 -
35 28.95 -

Metabolites 2022, 12, 236. https://doi.org/10.3390/metabol3020236
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36 2910 | X
37 2938 | X
38 29.76
39 30.08 -
40 30.14 -
41 30.16 s
42 3043 | X
43 30.62 -
44 3066 | X
45 3066 | X
46 3083 | X
47 30.97
48 31.01 -
49 31.19 .
50 3123 [
51 3129 | X
52 3132 | X
53 3146 -
54 3149 | X
55 3174 | X
56 31.89 5
57 32.08 -
58 32.13 .
59 3214 | X
60 3237 -
61 32.43 -
62 32.48
63 32.48 -
64 32.69 -
65 32.82 .
66 329 | X
67 3297 [
68 33.08 X
69 33.19 .
70 3329 | X
71 33.34
72 33.50 "
73 3358 | X
74 33.91 -
75 34.07 -
76 34.45 L
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77 34.56 -
78 34.61 -
79 34.65 -
80 34.68 -
81 3474 | X
82 34.84 ,
83 35.09 -
84 3509 | X
85 3539 | X
86 35.59 .
87 35.82 -
88 35.94 .
89 36.21 .
90 36.35 -
91 36.41 =
92 3655 | X
93 3655 | X
94 3658 | X
95 36.68 -
96 36.78 .
97 36.83 -
98 37.02 -
99 37.05 .
100 | 37.26 N
101 | 37.33 -
102 | 3743 5
103 | 3757 | X
104 | 37.75 .
105 | 37.93
106 | 38.04 -
107 | 38.07 -
108 | 3813 | X
109 | 38.29 -
110 | 38.40 s
111 | 3846 -
112 | 38.73 .
113 | 39.36 -
114 | 3944 -
115 | 3983 | X
116 | 39.86 >
117 | 41.06 -
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118 41.15 - 2 i

119 | 4229 | - -

120 42 .30 X X L =
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6. Capitulo 5

Viridicatum toxina A, uma tetraciclina rara e bioativa, é eficientemente obtida de

Penicillium sp. através de extragdo acelerada por solvente (EAS).

O conteudo deste capitulo € composto pelo artigo intitulado
“Viridicatumtoxim A, a rare and bioactive tetracycline, is efficiently
obtained from Penicillium sp by Accelerated extraction solvent
(ASE)”, a ser submetido para publicagdo no peridédico Anais da

Academia Brasileira de Ciéncias.
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Abstract

Endophytic fungi are an important source of bioactive metabolites with different and
complex scaffolds and a huge biological and pharmacological potential to be explored,
such as the viridicatumtoxins that are rare tetracyclines. The aim of this study was to
evaluate the extraction from fungal mycelia by accelerated solvent extraction (ASE)
compared to conventional procedures, such as ultrasound-assisted extraction (UAE), to
isolate viridicatumtoxin A (VRA), and to evaluate its biological properties. Here we
studied the endophytic fungi Penicillium sp. obtained from leaves of Bromelia balansae
Mez (Bromeliaceae). The efficiency of ASE was higher than UAE, revealing an
increment of 27.1% for the ASE extracts. The optimized extraction by ASE also allowed
the isolation of VRA, a rare class of fungal tetracycline-like antibiotic, without further
purification steps, and high yields were obtained. VRA was evaluated against amastigotes
of Leishmania infantum and exhibited an ICso value of 0.017 uM. VRA also exhibited
MIC of 8 ng/mL against Staphylococcus aureus and inhibition of viability cells up to

90% against leukemia cell lines Kasumi-1 and KG-1 at 100pg/mL.

Keywords: endophytic fungi, tetracyclines, antileishmania, biofilm, antibacterial,

anticancer.
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INTRODUCTION

Endophytic fungi colonize plant tissues by mutualist relationship, exhibiting
beneficial effects for plants (ALAM et al., 2021). These effects are related to resistance
and growth plants, such as improved growth, increased stress tolerance, and enhanced
resistance to pests and diseases (FADIJI; BABALOLA, 2020). Endophytic fungi have
been studied for their potential applications in agriculture and medicine by the production
of drug candidates (ADELEKE; BABALOLA, 2021). For example, some endophytic
fungi biosynthesize secondary metabolites with antiviral (LACERDA; POLONIO;
GOLIAS, 2022), antibacterial (DESHMUKH et al., 2022), or insecticidal properties
(KUMAR; KAUSHIK, 2012), as well as potential compounds for the development of
drugs or bioproducts. Different metabolites are produced by endophytic fungal strains,
such as alkaloids, flavonoids, terpenoids, quinones, and polyketides, which are also

important for industrial applications (ALAM et al., 2021).

Natural product chemistry usually aims to isolate novel scaffolds by using the
easiest and fastest purification procedures with high yields that facilitate the exploration
and application industrial. In the search for fungal bioactive metabolites, several studies
applied large-scale culture as a method for the discovery of novel or promising
substances, since the bioactive target compounds are commonly accumulated in low
contents or the purification process involves many steps that significantly reduces the
final yields (HU; YE; ZHANG, 2021). Thus, when the aimed substance is present in
traces, several repetitive culture and isolation steps are required. In addition, these
classical methods require high time and solvent consumption (GUPTA et al., 2020).
These appointments sometimes interfere with the scale-up required for pharmacological

and toxicological studies or industrial and commercial applications.
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From fungal mycelia, there are scarce studies to optimize the extraction, and
usually, maceration is the chosen method (GUPTA et al., 2020; KJER et al., 2010).
Microwave-assisted extraction (MAE), ultrasound-assisted extraction (UAE), accelerated
solvent extraction (ASE), and liquid-assisted extraction (ILAE) are extraction techniques
with lower solvent and time consumptions than classical methods, promoting the
improvement of yields and the possibility of automation (CARO et al., 2015; GUPTA et
al., 2020; KAUFMANN; CHRISTEN, 2002). For the ASE extraction, an extractor
solvent is submitted to high temperature (above boiling point), high pressure, and a
nitrogen atmosphere is applied for extraction that promotes high extraction efficiency.
This extraction technique is substantially influenced by temperature, extractor solvent
composition, and pressure (KAUFMANN; CHRISTEN, 2002; MOTTALEB; SARKER,
2012). ASE was firstly applied to extract polyketides red pigments from ascomycetous
fungi (LEBEAU et al., 2017). Although ASE is an unusual technique to extract fungal

myecelia, its advantages encourage its application for this purpose.

In addition, the selectivity of the extractor solvent in ASE can be adjusted and the
maximum yield and/or number of metabolites may be obtained (GUPTA et al., 2020).
Subsequently to the extraction, large-scale separation and purification steps are normally
performed by classical phytochemical methods, but the compounds are exposed to
solvents for a long time, as well as heat, air, light, and pH variation that can induce
chemical modifications in the structures or degradations, hampering the good yields from
these procedures, and high amounts of solvent residues can be produced (KJER et al.,

2010; VIGNESHWARI et al., 2019).

Viridicatumtoxin A (VRA) is a rare tetracycline-like fungal molecule with a fused
spirobicyclic ring system. It has already been isolated from Penicillium viridicatum

(BENDELE et al., 1984), P. expansum (DE JESUS et al., 1982), Paecilomyces sp.
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(SHANG et al., 2015), and P. brasilianum (BLADT et al., 2013). VRA showed various
biological activities, including antibacterial, cytotoxicity, and antifungal activities
(CAPON et al., 2005; LI et al., 2014; ZHENG et al., 2008). However, it is important to
note that the enlargement of the biological properties from VRA are still required since it

is considered a good drug candidate (NEWMAN, 2022).

The aim of this study was to investigate the extraction from fungal mycelia
biomass by accelerated solvent extraction (ASE) compared to the conventional procedure
UAE using a strain of the endophytic fungi Penicillium sp., additionally to optimize the
isolation of viridicatumtoxin A (VRA) by ASE, and to evaluate it against Staphylococcus
aureus, Leishmania infantum, and leukemia cancer cells (kasumi and KG-1) to expand

the knowledge about its biological properties.

MATERIALS AND METHODS

Fungal material

The strain Penicillium sp. SMP2F4 was isolated from leaves of Bromelia balansae
Mez (Bromeliaceae) collected in biome Pantanal (Brazil) as described by MOTTA

RIBEIRO DA SILVA et al., (2023).

Fermentation of Penicillium sp. SMP2F4

The fungus Penicillium sp. was initially cultivated on PDA (Potato Dextrose Agar
- Infusion broth of 200 g/L potatoes, 20 g/L dextrose, and 15g/L agar) for 7 days at 28 +
2 °C. Subsequently, the pre-inoculum was prepared on submerged PDB medium (Potato
Dextrose Broth — potato infusion obtained from infusion 200 g/L of potatoes) and 20 g/L

of dextrose) and cultured under static conditions for 7 days at 28 &+ 2 °C.
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From the pre-inoculum, the fungus was cultured on submerged PDB medium (10
x 1000 mL Erlenmeyer flasks each containing 350 mL of culture medium, and 15 mL of
pre-inoculum) under static conditions, in the absence of light, and for 16 days at 28 °C.
After the fermentation, they were filtered to obtain the mycelial fresh biomass (125 g),

which was lyophilized to yield the dried mycelial biomass (19 g).

Extraction from mycelial biomass of Penicillium sp. SMP2F4
Ultrasound-assisted Extraction (UAE)

The dried mycelial biomass was extracted with ethyl acetate and methanol 1:1
(v/v) added to 1% formic acid by ultrasonic bath for 10 min. The extractor solvent-sample
ratio was 0.5 g / 25 mL, and the extraction process was subsequently performed twice.

After the extraction, the samples were filtered and concentrated by a rotatory evaporator.

Accelerated solvent extraction (ASE) and isolation of virificatumtoxin A (VRA)

The dried mycelial biomass (12 g) was extracted by accelerated solvent extraction
(ASE) using an extractor Dionex™ ASE™ 150 (Figure S1, Supplementary Material).
For the extraction at N> atmosphere, the following parameters were applied: (1)
temperature of 50 °C, static cycle of 4 min, washing 60%, purging of 100 sec, and three
cycles for the initial extraction with hexane and first extraction with ethyl acetate, and (2)
temperature of 70 °C, static cycle of 4 min, washing 80%, purging of 40 sec, and three
cycles. Then, the mycelia were subsequently extracted with hexane (fraction fr 1-3),
ethyl acetate (fractions fr 4-9, fr 10-18, and fr 19-24), methanol (fractions fr 25-27,

fr 28-30, and fr 31-36), and ethanol/water 7:3 v/v (fractions fr 37-39 and fr 40-42)
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(Figure S2). The weight of all fractions is described in Table S1 (Supplementary
Material). The fractions were concentrated by rotary evaporator and the ethanol/water

fractions were also dried by freeze-dried.

The fraction fr 31-36, with the isolated VRA, was solubilized in chloroform-d
(CDCl3, §7.24) and analyzed by NMR on a Bruker DRX500 spectrometer (!H at 500
MHz and *C at 125 MHz). Chemical shifts (5) were expressed in ppm value relative to

TMS.

Chemical analyses by liquid chromatography coupled to diode array detector (LC-

DAD) and mass spectrometry (LC-DAD-MS)

The LC-DAD analyses were acquired on a liquid chromatography SPD-M20A
(Shimadzu, Kyoto, Japan) coupled to a diode array detector (DAD). A chromatography
column ACE 5 C18 (5 um, 100 °A, 250 x 4.6 mm) was used. The flow rate was 1 mL/min
and the chromatography column was maintained at room temperature. The mobile phase
was composed of acetonitrile (B) and ultrapure water (A) both adding 0.1% (v/v) formic
acid. The gradient elution profile was the following: 0-20 min (30-65% of B), 20—32 min
(65% of B, isocratic), 32—35 min (65-80% of B), 35-38 min (80-100 % of B), 38-39 min
(100-30% of B), and 39-44 min (30% of B, isocratic). The fractions obtained by ASE
extraction (20 mg) were diluted in ethyl acetate and extracted by liquid-liquid extraction
with ultrapure water. Subsequently, the organic fractions were concentrated, dried, and
analyzed by LC-DAD. These fractions were prepared at 2 mg/mL concentration, filtered
on PTFE syringe filters (Millex 0.22 mm x 13 mm, Millipore®), and 20 pL of each sample

was injected into the chromatographic system.

The LC-DAD-MS analyses were acquired on UFLC-20AD Prominence

Shimadzu coupled to a diode array detector (DAD) and a mass spectrometer (MS) with
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electrospray ionization source and analyzers quadrupole and time-of-flight (MicrOTOF-
Q 111, Bruker Daltonics). A Kinetex® C18 chromatography column (2.6 pm, 100 A, 150
x 2.1 mm, Phenomenex) was used. The flow rate was 0.3 mL/min and the
chromatography column were maintained at 50 °C. The mobile phase was composed of
acetonitrile (B) and water (A) both adding 0.1% (v/v) formic acid. The gradient elution
profile was the following: 0-2 min (3% of B), 2-25 min (3—25% of B), 2540 min (25—
80% of B), and 40-43 min (80% of B, isocratic). All the samples were analyzed in
positive and negative ion modes. For the MS analyses, nitrogen was applied as nebulizer
(4 Bar), drying (9 L/min), and collision gas. The capillary voltage was 2,500 kV. The
samples were prepared at 1 mg/mL, filtered on PTFE filters (Millex 0.22 mm x 13 mm,
Millipore®), and 2 pL of each sample was injected into the chromatographic system. The
identification of the compounds was performed based on spectral data of UV, MS
(accurate mass), and MS/MS compared to data published in the literature and confirmed

by injection of authentic standard for the metabolite VRA.

Gas chromatography coupled to mass spectrometry (GC-MS)

The fraction fr 1-3, obtained by ASE using hexane as extractor solvent, was
analyzed on gas chromatography Shimadzu QP2010 coupled to a mass spectrometer (GC-
MS) with electron ionization source applying 70 eV. The injection of the sample in the
system was performed using an autoinjector COA-20i and the chromatographic column
was a RTx-5MS (30 m x 0.25 mm x 0.25 um). Helium was applied as carrier gas with a
pressure of 100 kPa. The injection was performed in split mode (split ratio 1:10) and the
injection temperature was set to 250 °C. The temperature program was the following:

60°C for 3 min, 60 to 310 °C increasing 6 °C.min"!, and 310 °C for 13 min. A mixture of
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C8-C40 alkanes (Sigma Aldrich) was also injected to determine the retention indices.

Mass spectra were compared to data in the libraries NIST, WILEY, and FFNSC.

Molecular Networking

A classical molecular networking workflow was created using the online
workflow on the GNPS (Global Natural Products Social Molecular Networking)
(https://ccms-ucsd.github.io/GNPSDocumentation/, accessed on 25 February 2023)
(WANG et al., 2016). Initially, mass data obtained were converted to .mzXML format by
MsConvert software (ADUSUMILLI; MALLICK, 2017). The converted files were
uploaded to the GNPS platform, and blank compounds (relative to solvent analyses) were
removed. The data were filtered by removing all MS/MS fragment ions within =17 Da of
the precursor ion. MS/MS spectra were window filtered by choosing only the top six
fragment ions in the +£50 Da window throughout the spectrum. For the precursor, ion mass
tolerance was set to 0.02 Da, and for the MS/MS fragment ion tolerance was set to 0.04
Da. A molecular network was created where edges were filtered to have a cosine score
above 0.7 and at least five matched peaks. The parameters for the library search were set
to have a score above 0.7 and at least five matched peaks to assist in the metabolite
annotation (WANG et al., 2016). The molecular network job on GNPS can be found at

https://enps.ucsd.edu/ProteoSAFe/status.jsp?task=4061cb74bfc04ftb9b0d086415b34964

(accessed on 26 February 2023, positive mode) and

https://enps.ucsd.edu/ProteoSAFe/status.jsp?task=3ad24b97213b4876b46ed0a00550b7

39 (accessed on 26 February 2023, negative mode).
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Biological assays

Parasites, bacteria, and cells culture conditions

Promastigotes of L. infantum (MHOM/BR/1974/PP75) were maintained in M 199
medium supplemented with 10% FBS at 28 °C. THP-1 cells (ATCC TIB-202) were
maintained at 37 °C in a humidified incubator with a 5% CO, atmosphere in RPMI 1640
medium supplemented with 10% FBS. For differentiation into macrophages, THP-1 cells

were cultured in the presence of phorbol myristate acetate (PMA) at 100 nM for 48 hours.

Cultures of promastigotes in the stationary phase of growth were added to THP-
I-derived macrophage cultures at a multiplicity of infection (MOI) of 25:1. After 24
hours, the non-internalized parasites were washed, and the infected cultures were

incubated at 37 °C in a humid atmosphere with 5% CO; to obtain the amastigotes.

Staphylococcus aureus ATCC 6538 stored in skim milk and 10% glycerol was
grown overnight in Muller-Hinton Agar at 37 °C. A bacterial suspension (approximately
1.5x10% CFU/mL) was prepared in saline solution (0.9% NaCl) and used in the assays

described below.

Antileishmania assays

Macrophages derived from THP-1 cells (2.5x10* cells/well) infected with
amastigotes were treated for 24 hours with 150 ug/mL of fraction fr_4-9 or 50 pg/mL of
VRA in technical quintuplicate for initial screening. They also evaluated at six different
concentrations to obtain the ICso. All experiments were performed by automatic counting

in the Operetta CLS High Content Analysis System equipment.
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For analysis in Operetta, the cells after treatment were washed with PBS1x, fixed
with cold 100% methanol and, after washing with ultrapure water, they were stained with
Hoechst 33342 according to adapted methodology by BORGES et al., (2023), CEOLE et
al.,, (2018), and TIRADO et al., (2020). ICso calculation was performed from the

infectivity indices described in CEOLE et al., (2018).

Cytotoxicity assay

Cytotoxicity assays were performed with macrophages derived from THP-1 cells
(ATCC TIB-202) seeded in 96-well plates (2x10* cells/well) in RPMI medium
supplemented with 10% FBS and maintained at 37 °C, in a CO; atmosphere. After 48
hours the cells were incubated with different concentrations of active compounds for 24
hours. The evaluation of cytotoxic activity was performed by colorimetric assay with the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (BORGES et al.,
2023; CEOLE et al., 2018). The calculation of the CCso value was performed from the
percentage of average inhibition, in relation to the untreated control, obtained through
technical quadruplicate according to CEOLE et al., (2018). And the CCso values found

were used to calculate the selectivity index.

Antibacterial and antibiofim evaluation

The evaluation of the antibiofilm (minimum biofilm inhibitory concentration -
MBIC) and antibacterial (minimum inhibitory concentration - MIC) activities were
determined according to TRENTIN et al. (2011) with some modifications. Dimethyl
sulfoxide (DMSO) was used as biofilm/bacterial growth control, and gentamicin (20

ng/mL) was used as an inhibition control. VRA was dissolved in a stock solution with
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DMSO and evaluated in a final concentration ranging from 128 to 0.25 pg/mL in the
wells. For the experiment, a 96-well microtiter plate was used and in each well were
pipetted: 4 uL of VRA or control (DMSO or gentamicin), 76 uL of sterile water, 40 uL
of Brain Heart Infusion (BHI) and 80 uL of bacterial suspension. The plates were
incubated for 24 hours at 37 °C. MIC was defined as the lowest concentration of the

compound with no visible bacterial growth in the well.

For biofilm evaluation, the planktonic cells were removed, and the wells were
rinsed three times with saline solution, then the plate was incubated at 60 °C for 1 h to fix
the formed biofilm, later the biomass was stained with crystal violet (0.4% for 15 min at
room temperature). Finally, the plate was rinsed with water, the biofilm was resuspended

with ethanol for 30 min, and the absorbance (570 nm) was measured.

Evaluation cellular viability

Leukemia lineages KG-1 and Kasumi-1 were cultivated in RPMI medium at 105
cells.mL"!. The media were supplemented with 10% fetal bovine serum (FBS), 100 U.mL"
! penicillin and 100 pg.mL™! of streptomycin (Gibco, Brazil) at 37 °C in an atmosphere
containing 5.0 % CO;. Cells were washed with PBS and incubated with a VRA and
fraction fr 4-9, prepared in the respective media, from 100 pg/mL. After 24 h, 100 uL of
MTT solution (0.5 mg.mL-1 diluted in culture medium) was added. Following 4 h of
incubation, the formazan crystals were resuspended with 100 pL of dimethylsulfoxide
(DMSO) and read at 630 nm. At least three independent experiments were performed in

triplicate.
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RESULTS AND DISCUSSION

The fungal mycelia of Penicillium sp. SMP2F4 was dried by lyophilization and
extracted by conventional ultrasound-assisted extraction (UAE, extractor solvent: ethyl
acetate with formic acid 0.1% v/v) and accelerated solvent extraction (ASE, increasing
the polarity of extractor solvent - hexane to ethanol/water) (Figure S2-3, Table S1). The
ASE method presented higher extraction efficiency than UAE (Figure S3),
demonstrating a better exhaustive extraction by ASE and an increment of 27.1% in yield.
In the ASE methods, the extractor solvents were heated (e.g. 50-70 °C), pressurized, and
an inert atmosphere of nitrogen was applied that avoids chemical degradations of
constituents and assists the extraction of heat-labile compounds. The mass transfer in
ASE is especially high with the improvement of extraction kinetics and it also reduces
the solvent consumption and extraction time. In addition, the extraction by ASE has
shown high reproducibility in the extractions (CAl et al., 2016; MOTTALEB; SARKER,

2012).

The extraction process by ASE from Penicillium sp. SMP2F4 was initiated with
hexane at room temperature, to remove lipophilic compounds. This fraction was analyzed
by GC-MS analysis and ergosterol was observed as the main compound (Figure S4).
Ergosterol is commonly present on the fungal cell wall and responsible for membrane
permeability and fluidity, among other functions (YANG et al., 2015). We believe that
after the remotion of ergosterol at the beginning of the extraction process, the release of
the other metabolites can be favored, and so the fractions and extracts obtained were
cleaner which can eliminate the subsequent cleanup steps, facilitating the isolation
procedures. The additional consecutive rounds of extraction with increased polarity of

extractor solvent (ethyl acetate, methanol, and ethanol/water 7:3, Figure S5) induced the
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recovery of the metabolites and the obtention of enriched fraction and/or purification of

compounds, such as VRA (3), as illustrated in the chromatograms of Figure 1.

The molecular networking was created from LC-MS/MS data of the fraction fr 4-
9 obtained by ASE and its constituents were annotated based on MS? data available in the
GNPS spectral libraries. These compounds include 17-O-demethylaustalide (1)

(C25H320g3), verruculogen (2) (C27H31N307), and VRA (3) (C30H31NO19) (Table I).

The ASE was optimized for the obtention of fractions and isolation of a rare
tetracycline, VRA, with a high yield. Thus, we demonstrated the high efficiency of this
technique to extract the constituents from a mycelial fungus matrix and, when optimized,
it can be easily applied to isolate them, in special for the main compounds. For the
obtention of fungal metabolites, hundreds of bottles for cultivation and growth microbial
have been applied in the literature, and this approach is considered a large-scale procedure
by several authors (Hu et al. 2021). However, an optimized extraction procedure can also
be useful to improve the yields of extractions and the subsequent steps of isolation, such
as described for the isolation of a diterpene from Aspergillus nidulans (BROMANN et

al., 2014).

VRA was confirmed by comparison to spectral data published, which exhibited a
typical fragmentation pattern for tetracyclines (ZHENG et al., 2008), furthermore, it was
annotated according to the GNPS library. The isolated substance VRA was analyzed by
LC-DAD-MS and NMR. The NMR spectra (500 MHz, Figures S6 and S7) and spectral
data are summarized in Table S2 (Supporting Information), including the data obtained
from '"H-"H COSY, HSQC and HMBC experiments. The broad singlets were observed at
the downfield shift & 17.90 (3-OH), 14.76 (11-OH), and 8.66 (10-OH), which revealed
correlations to 165.8 (C-11), 157.8 (C-10), 105.4 (C10a) in the HMBC, and they are

compatible to the chemical shifts of hydroxyl groups with hydrogen bond, such as the
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signal at 6 14.76 (3-OH) explained by the interaction (chelation) with the carbonyl group
at C-12, similarly to the observed for the flavonoids (SILVA et al., 2013). The signals at
09.05 (br s) and 6.01 (br s) correlated to the carbons at 6 99.4 (C-2) and 172.6 (C-13) in
the HMBC, this last signal is consistent with amide carbonyl. An olefinic hydrogen was
observed at 5.48 ppm (br s), linked to carbon 121.3 (C-17), that confirmed the double
bond in C17. Three methyl groups were observed at 0.89 (s), 0.44 (s), and 1.50 (s), which
are consistent with two aliphatic (C-22 and C-23) and an olefinic methyl groups (C-16).
All the NMR data were compatible with the spectral data reported for viridicatumtoxin A

(ZHENG et al., 2008).

The tetracyclines viridicatumtoxins are an unusual class of metabolites. They have
been described with potent antibiotic and cytotoxic properties, which are aimed for the
development of new drugs (CAPON et al., 2005; LI et al., 2014; ZHENG et al., 2008).
The isolation methodologies described for viridicatumtoxins are costly in relation to
requirements of several steps, time, and organic solvent consumption, and these
procedures have shown low yields (SHANG et al. 2015). Thus, here we demonstrated
that an alternative procedure by ASE is possible to isolate VRA with a fast and
reproducible procedure. The isolated VRA was applied to determine its antileishmanial,

antibacterial, antibiofilm, and cytotoxic potentials.

VRA showed antibacterial effects against planktonic cells of S. aureus (Figure 2)
with MIC 8 ug/mL, revealing as a classical antibiotic. Our results are consistent with the
reported by ZHENG et al. (2008), which demonstrated that VRA is effective against
several gram-positive bacteria, such as Bacillus subtilis, Bacillus cereus, Micrococcus
luteus, Streptococcus pneumoniae, Entercoccus faecium, Entercoccus faecalis, and
Staphycococcus epidermidis, and some gram-negative bacteria (Acinetobacter

calcoaceticus and Salmonella typhinurium).



138

The fraction fr 4-9 and VRA were also evaluated against L. infantum amastigote
and cytotoxic activity on THP-1 cell lines to determine the selective index (SI) (Table
IT). The fraction fr 4-9 (Figure 1, Figure S5) revealed an ICso of 18.97 pg/mL, and its
composition exhibited the compounds 17-O-demethylaustalide (1), verruculogen (2), and
VRA (3). The tetracycline VRA showed potent activity with ICsp of 0.017 uM, which is
reported here for the first time against this parasite and inspires continuous studies also
like as an antileishmanial drug candidate. Both fraction and VRA also showed low

cytotoxicity with a selective index SI>2.

The neglected diseases, such as Visceral Leishmaniasis (VL), represent a serious
public health problem that disproportionately impacts the poorest populations. They are
caused by several species of the genus Leishmania, such as L. infantum which is the most
relevant etiological agent of this disease, presenting a high mortality rate of more than
90% when left untreated. Treatment, however, is extremely limited. The drug of first
choice, pentavalent antimonials, are toxic and require long parenteral treatment periods.
Other drugs used are amphotericin B and miltefosine, both of which are expensive.
Amphotericin B has many side effects, while miltefosine, the only drug administered
orally, has a teratogenic effect, with frequent reports of parasite resistance (BRASIL,

2014; MURACA et al., 2020; WHO, 2010).

Considering the social and economic importance of the leishmaniases, the
emergence of resistant strains that lead to therapeutic failures, and the important
limitations of the available drugs, the urgency of the search for new molecules or drug
combinations that can offer safe, effective, and affordable treatment options for millions
of people in vulnerable situations who are affected by the leishmaniases is explicit

(BORGES et al., 2023; GONCALVES et al., 2021).
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Recently, a systematic review was published with compiled data about the
efficacy of fungal metabolites against Leishmania agents, which is possible to observe
that fungal metabolites are a valuable source to discover new antileishmanial compounds,
but they are an underexplored source yet for this activity. Among the most studied fungal
genera listed in this review are Penicillium sp., Aspergillus sp., and Fusarium sp., which
are together responsible for 30.6% of the works and revealed promising antileishmanial

metabolites (DOS SANTO VARJAO et al., 2022).

In addition, VRA and fraction fr 4-9 were also evaluated against leukemia cell
lines Kasumi-1 and KG-1 at 100 pg/mL, which exhibited inhibition of viability cells up
to 90% (Figure 3). VRA has shown cytotoxic activity on different human cancer cell
lines, such as colon SW620, carcinoma KB3-1, non-small cell lung NCI-H460, breast
MDA-MB-231, ovarian OVCAR3, and melanoma MDA-MB-435 with ICsp of 1 to 11.1

uM (SHANG et al., 2015, OYEKUNLE, 2018).

In conclusion, we demonstrated here the potential of ASE to increase the
efficiency and yields for extraction from fungal mycelium of Penicillium sp, besides it
was a useful technique to obtain cleaner extracts without contaminants or non-interesting
compounds. We obtained enriched fractions and the isolation of VRA by ASE was
achievable to obtain higher amount of VRA from Penicillium sp that encourage further
studies for the discovery of natural products with novel scaffolds from fungi. Finally, we
determined for VRA, a rare tetracycline with an interesting scaffold for the development
of the new drugs, some unknown biological properties, including its potent cytotoxic

activity against leukemia cell lines and L. infantum, as well as its antibacterial property.
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Supplemental material

Figure S1. Photo of Mycelial biomass; (A) before extraction and (B) after the extraction
by ASE.

Figure S2. Fractions obtained by Accelerate Solvent Extraction (ASE) from fungal
myecelial biomass. Fractions: (A) 1 to 3, (B)4to 6,(C)7t09, (D) 10to 12, (E) 13 to 15,
(F) 16 to 18, (G) 19 to 21, (H) 22 to 24, (I) 25 to 27, (J) 28 to 30, (K) 31 to 33, (L) 34 to
36, (M) 37 to 39. The fractions were combined according to description on Table S1.

Figure S3. Yields (g) of extracts obtained from 12 g of dried fungal mycelia by
ultrasound-assisted extraction (USE) and accelerated solvent extraction (ASE) and its
fractions by ASE.

Figure S4. Total ion chromatogram obtained by GC-MS analysis from the fraction fr 1-
3.

Figure S5. Chromatograms at 220 nm from fractions obtained by ASE (A). Peaks (1) 17-
O-demethylaustalide, (2) verruculogen, and (3) viridicatumtoxin A.

Figure S6. 1H-NMR (500 MHz, CDCl;) spectra of viridicatumtoxin A (3).

Figure S7. 13C (125 MHz, CDCl3) spectrum of viridicatumtoxin A (3).

Table S1. Fractions obtained from mycelial biomass and extrated by Accelerate Solvent
Extraction (ASE).

Table S2. 'H and '>*C NMR data for viridicatumtoxin A (500 MHz, CDCl,) and the
correlations observed in the COSY and HMBC spectra.
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Tables and figures legends
Figure 1. Chromatogram at 220 nm from fraction fr 31-36 obtained by ASE (A) and the

peak area of the compounds 17-O-demethylaustalide (1), verruculogen (2), and

viridicatumtoxin A (3) from these fractions (B).

Figure 2: Minimum inhibitory concentration (MIC) of S. aureus treated with different
concentrations of viridicatumtoxin A (0.25-128 pg /mL). CC = growth control (DMSO);

CA = activity control (gentamicin 20 pg/mL).

Figure 3: Cell proliferation and cytotoxic screening of viridicatumtoxin A (VRA) and
fraction fr 4-9. (A) Kasumi-1; (B) KG-1 lineages were stimulated with different VRA and

fr 4-9 at 100 ng/mL for 24h.

Table 1. Annotation of compounds from Penicillium sp. by LC-DAD-MS

Table II. Effect of viridicatumtoxin A and fr 4-9 on amastigote (L. infantum) and THP-

1 cells, with determination of ICso and CCso (SI = CCs0/IC5s0).
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Figure 1. Chromatogram at 220 nm from fraction fr 31-36 obtained by ASE (A) and the
peak area of the compounds 17-O-demethylaustalide (1), verruculogen (2), and

viridicatumtoxin A (3) from these fractions (B).
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Figure 2: Minimum inhibitory concentration (MIC) of S. aureus treated with different
concentrations of viridicatumtoxin A (0.25-128 pg /mL). CC = growth control (DMSO);

CA = activity control (gentamicin 20 pg/mL).
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Figure 3: Cell proliferation and cytotoxic screening of viridicatumtoxin A (VRA) and
fraction fr 4-9. (A) Kasumi-1; (B) KG-1 lineages were stimulated with different VRA and

fr 4-9 at 100 pg/mL for 24h.



Table I. Annotation of compounds from Penicillium sp. by LC-DAD-MS
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RT [0AY Positive (m/7) Negative (m/z)
peak | in) Compound (nm) MF [M+H]" MS/MS [M-H]- MS/MS
1 13.99 | 17-O- 269 CasHnOs | 4612178 | 417,207, 177 | 459.1997 | 401, 383, 370, 360,
demethylaustalide 323, 315, 305, 231,
206, 191
2 22.29 | Verruculogen 275,294 | CaH3iN:O7 | 494.2202% | 352,310,267, | 510.2242 255, 210, 195
255, 240, 227,
213, 199, 184
3 26.30 | Viridicatumtoxin A 284,433 | C3oH3NOyo | 548.1921% | 531,513,449, | 564.1899 | 502,485, 461, 441,
(VRA) 433, 421, 393, 419, 405, 385
363, 335, 307

MF: molecular formula; RT: retention time. *[M+H-H,0]*

Table II. ICso = SD (ug/mL and/or uM) values on amastigote and cytotoxic activity in THP-1 cell lines of viridicatumtoxin A (VRA) and fraction

fr 4-9
Extract / compound amastigote (L. infantum) THP-1 Cells SI
ICs0 (24h) pg/mL CCso(24h)
ViridicatumtoxinA (VRA) 8.87 26.72 2.74
(0.017 pM)
Fraction fr_4-9 18.97 63.87 3.37

SI: selective index (ratio of ICso values of extract/fraction/compound against THP-1 cells relative to against L. infantum amastigotes)
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Summary

Figure S1. Photo of Mycelial biomass; (A) before extraction and (B) after the extraction

by ASE.

Figure S2. Fractions obtained by Accelerate Solvent Extraction (ASE) from fungal
myecelial biomass. Fractions: (A) 1 to 3, (B)4to 6,(C)7t09, (D) 10to 12, (E) 13 to 15,
(F) 16 to 18, (G) 19 to 21, (H) 22 to 24, (I) 25 to 27, (J) 28 to 30, (K) 31 to 33, (L) 34 to

36, (M) 37 to 39. The fractions were combined according to description on Table S1.

Figure S3. Yields (g) of extracts obtained from 12 g of dried fungal mycelia by
ultrasound-assisted extraction (USE) and accelerated solvent extraction (ASE) and its

fractions by ASE.

Figure S4. Total ion chromatogram obtained by GC-MS analysis from the fraction fr 1-

3.

Figure S5. Chromatograms at 220 nm from fractions obtained by ASE (A). Peaks (1) 17-
O-demethylaustalide, (2) verruculogen, and (3)viridicatumtoxin A.
Figure S6. 1H-NMR (500 MHz, CDCls) spectra of viridicatumtoxin A (3).

Figure S7. 13C (125 MHz, CDCI3) spectrum of viridicatumtoxin A (3).

Table S1. Fractions obtained from mycelial biomass and extrated by Accelerate Solvent

Extraction (ASE).

Table S2. 'H and '>*C NMR data for viridicatumtoxin A (500 MHz, CDCl,) and the

correlations observed in the COSY and HMBC spectra.
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Figure S1. Photo of Mycelial biomass; (A) before extraction and (B) after the extraction

by ASE.

Figure S2. Fractions obtained by Accelerate Solvent Extraction (ASE) from fungal
myecelial biomass. Fractions: (A) 1 to 3, (B)4to 6,(C)7t09, (D) 10to 12, (E) 13 to 15,
(F) 16 to 18, (G) 19 to 21, (H) 22 to 24, (I) 25 to 27, (J) 28 to 30, (K) 31 to 33, (L) 34 to

36, (M) 37 to 39. The fractions were combined according to description on Table S1.
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Figure S3. Yields (g) of extracts obtained from 12 g of dried fungal mycelia by
ultrasound-assisted extraction (USE) and accelerated solvent extraction (ASE) and its

fractions by ASE.
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Figure S4. Total ion chromatogram obtained by GC-MS analysis from the fraction fr 1-

3.
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Figure S5. Chromatograms at 220 nm from fractions obtained by ASE (A). Peaks (1) 17-

O-demethylaustalide, (2) verruculogen, and (3) viridicatumtoxin A.
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Figure S6. IH-NMR (500 MHz, CDClI5) spectra of viridicatumtoxin A (3)
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Figure S7. 13C (125 MHz, CDCI3) spectrum of viridicatumtoxin A (3).
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Table S1. Fractions obtained from mycelial biomass and extrated by Accelerate Solvent
Extraction (ASE)

Extrator Extraction | Extraction | Method
Fraction

solvent mass (g) Yield (%) 2
Hexane fr 1-3 0.303 2.52 1
Ethyl acetate fr 4-9 1.091 9.09 2
Ethyl acetate fr 10-18 0.676 5.63 2
Ethyl acetate fr 19-24 0.182 1.52 2
Methanol fr 25-27 1.170 9.75 2
Methanol fr 28-30 1.009 8.41 2
Methanol fr 31-36 0.322 2.68 2
Ethanol:Water 7:3 fr 37-39 0.074 0.62 2
Ethanol:Water 7:3 fr 40-42 0.095 0.79 2

*Methods: (1) temperature of 50 °C, static cycle of 4 min, washing 60%, purging of 100 seconds, and three cycles. Used for hexane
and first cycle with ethyl acetate; (2) temperature of 70 °C, static cycle of 4 min, washing 80%, purging of 40 seconds, and three

cycles.
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Table S2. 'H and '>*C NMR data for viridicatumtoxin A (500 MHz, CDCl,) and the
correlations observed in the COSY and HMBC spectra.

H/C on (Jin Hz) dc COSY ('H-'H) HMBC ('H-C)
1 - 190.4 - -
2 - 99.4 - -
3 - 192.8 - -
4 2.79,d (19.0) 40.3 H-4 C-2, C-3,C-4a, C-12a
B2.74,d (19.0)
4a - 71.4 - -
5 448, brs 71.5 5-OH C-1, C-4a, C-4, C-5a, C-6, C-
11a, C-12a
Sa - 137.0 - -
6 - 123.7 - -
6a - 147.1 - -
7 - 122.6 - -
8 - 160.6 - -
9 6.63, s 99.8 - C-7,C-8, C-10, C-10a, C-11,
C-15
10 - 157.8 - -
10a - 105.4 - -
11 - 165.8 - -
lla - 104.9 - -
12 - 195.2 - -
12a - 80.1 - -
13 - 172.6 - -
14 2.90,d (17.5) 41.1 H-14 C-5, C-5a, C-6, C-6a, C-7, C-
3.45,d(17.5) 11, C-11a, C-15, C-16, C-20
15 - 60.0 - -
16 - 136.5 - -
17 5.48,brs 121.3 H-18, H-21 C-15, C-18, C-19, C-21
18 02.02, m 22.8 H-17, H-18, H-19 C-16, C-17, C-19, C-20
B2.19, m
19 o181, m 33.8 H-18, H-19 C-15, C-17, C-18, C-20, C-
B 1.30, m 22,C-23
20 - 38.5 - -
21 1.50, s 21.0 H-17 C-15, C-16, C17
22 0.90, s 23.8 - C-19, C-20, C-23
23 0.44,s 254 - C-15, C-19, C-20, C-22
8-OCH; 3.86, s 55.5 - C-8
3-OH 17.90, br s - - -
4a-OH 4.05,brs - - -
5-OH 3.05,brs - - -
10-OH 8.66, brs - - C-8, C-9, C-10, C-10a
11-OH 14.76, br s - - C-10a, C-11
12a-OH 5.33,brs - - -
13-NH; 9.07,brs - - C-2,C-13

6.01, brs
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7. Capitulo 6 - Conclusdes

Esse trabalho investigou o potencial dos fungos endofiticos isolados de B.
balansae, que ocorrem em afloramentos rochosos do Pantanal-MS, para a

producao de produtos naturais bioativos.

Foram estabelecidas 61 culturas de enddfitos e seus extratos organicos
foram avaliados em ensaios antimicrobianos e antibiofilme frente as cepas de S.
aureus, K. oxytoca e P. aeruginosa. Diversas isolados apresentaram alto
potencial antibacteriano especialmente contra S. aureus, sendo que 12 extratos
de diferentes isolados apresentaram CIM < 125 pg/mL frente a S. aureus. No
entanto, nenhum isolado apresentou capacidade de inibir a formagao de biofilme
bacteriano, sendo assim todos os extratos ativos avaliados apresentaram uma

classica atividade antibidtica.

Foram obtidos também extratos brutos de cultivo em caldo BD, e os
extratos de sobrenadante e micélio demonstraram que alteragdes simples de
cultivo afetam significativamente a potencial capacidade de produgao de
metabdlitos do fungo e, por conseguinte, a atividade biolégica do extrato bruto.
Os extratos de micélio dos isolados 11P2F1, 4IP2F1, 5IP2F4 apresentaram CIM
de 16 ug/mL, e demonstraram ser potencialmente mais ativos que seus extratos
de BDA.

O potencial antileishmania e citotoxico de alguns isolados também foi
avaliado, e os isolados 6MP1F4, 6MP1F5 e 6IP2F3 reduziram mais de 90 % a
infeccdo pelo parasita L. infantum (amastigota), apresentando indices de
infeccdo menores do que 10%. Além disso, cinco isolados se mostraram
promissores por inibir o crescimento celular de células leucémicas em mais de
90 %. Portanto, os resultados obtidos dos bioensaios foram promissores para a

prospecc¢ao dos metabdlitos bioativos a partir desses isolados.

O isolado 5MP2F4, identificado como Penicillium sp., foi cultivado
utilizando a estratégia OSMAC. Apd6s analise do perfil quimico via CLAE-DAD-
EM dos extratos obtidos dos sobrenadantes (EBsob) e dos micélios (EBmic) de
cada cultivo, foi obtida uma matriz com 120 metabdlitos e suas respectivas
intensidades nos cromatogramas. As analises estatisticas apontaram diferengas
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qualitativas expressivas de metabdlitos entre os extratos provenientes dos
sobrenadantes e dos micélios. Todos os extratos obtidos no experimento de
OSMAC foram analisados nos ensaios de crescimento bacteriano e inibicdo da
formagdo de biofilme frente a cepa de S. aureus, onde foram observados
diferentes niveis de atividade, com valores de MIC entre 16 e 256 pg/mL. A
insercao desses dados na matriz com os dados cromatograficos permitiu a
indicacdo de possiveis metabdlitos bioativos como os compostos viridicatum
toxina A, espirohexalina e pre-viridicatum toxina. Os resultados obtidos aqui
demostraram a importancia do uso concomitante de OSMAC e metabolémica na
previsdo de diferencas entre metabdlitos de amostras ativas e inativas, bem
como demonstram o impacto da alteracdo de parametros de cultivo sobre a

composi¢cao quimica e atividade bioldgica.

Foi realizado também um estudo de otimizacdo da producio de extratos
em altos rendimentos via extragao acelerada por solvente (ASE), que possibilitou
o0 isolamento de viridicatum toxina A sem a necessidade de etapas de
purificacdo. O que permitiu a expansao do conhecimento de suas propriedades
bioldgicas. Aqui avaliamos pela primeira vez o seu potencial anti-leishmania e
ampliamos o conhecimento de suas propriedades antibidticas e citotéxicas.
Esses dados apresentam novas investigacdes sobre a aplicagdo desta técnica
para obtencdo de extratos com melhores rendimentos e maior grau de pureza, o
que contribui para o desenvolvimento biotecnolégico no isolamento de

metabdlitos com alto rendimento.

Descrevemos diversas classes de metabdlitos, encontradas nos EB dos
isolados, dentre elas dicetopiperazinas do tipo brasiliamidas, alcaloides inddlicos
do tipo dicetopiperazinicos, austalideos, policetideos do tipo tetraciclina e
xantonas do tipo ergocromo. Assim, mais de 200 potenciais metabdlitos,
encontrados em apenas duas cepas, foram sumariados e demonstram a vasta e
promissora biodiversidade fungica a ser explorada de endéfitos provenientes do

Pantanal.

Tomando em conjunto, os resultados aqui descritos sugerem que esta
tese cumpriu seus objetivos de estabelecer culturas de fungos endofiticos de
Bromelia balansae, e ampliar o conhecimento quimico acerca dos metabdlitos

de enddfitos de espécies do Pantanal. Essas contribuicbes podem levar ao



161

desenvolvimento de novos projetos de pesquisa com os seus isolados e
contribuem para a sociedade com o conhecimento cientifico acerca da

biodiversidade brasileira.
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9. Anexos
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9.1 Fungos endofiticos isolados de Bromelia balansae
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