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ABSTRACT

The discovery of new drug leads from natural sources has decreased over the last decades,
emerging the use of new and uncommon matrices for the screening of bioactive secondary
metabolites. Among those, the plant microbiota and marine microorganisms have
demonstrated a great potential to provide new pharmaceutical leads, producing a high
diversity of chemical structures encountered in little-explored and extensive microbial
population. Conventionally, microbial metabolite screening is performed in
monocultures, in the absence of biotic and abiotic interactions. However, the lack of these
communications commonly found in nature seriously limit the chemical diversity that can
be obtained by one single strain, remaining silenced many other genes encoded for new
secondary metabolites. Over the last decade, several methods have been developed
aiming to understand the conditions under which biosynthetic cryptic genes are activated.
Among those, the post genomic strategies have revealed widespread potential for the
enhancement of chemical diversity, modifying different levels of the cellular machinery
for a comprehensive regulation of the microbial metabolome. These strategies include co-
cultivation, biotransformation and One Strain Many Compounds (OSMAC) and have
been successfully used as a fast and inexpensive alternative for the induction of new
bioactive compounds. Notwithstanding these strategies for the expansion of the microbial
metabolome, in the screening of these complex matrices, the large dynamic range and
diversity of metabolites still hamper their identification and biological correlation. These
analytical obstacles require increasingly robust techniques and the use of algorithms for
a more accurate and multivariate analysis of the chemical data. In this work, we present
an integrative strategy for the enhancement of the identification and detection of
secondary metabolites in plant-associated microbes. For this, we have applied different
post-genomic strategies and computational tools to accurately elucidate known and novel
bioactive metabolites in crude extracts. Results showed that post genomic strategies
provided a significant increase in the chemical diversity of all selected fungi, in which
co-culture resulted in the highest and more diverse metabolic induction. Moreover, the
application of Nuclear Magnetic Resonance (NMR) and Mass Spectrometry (MS)-
dereplication methodologies, combined with deconvolution-based tHNMR quantification
and MS/MS Molecular Networking, enabled the extraction of a broader chemical data,
accurate biological correlation and the identification of several secondary metabolites
never reported for the targeted species. Overall, microbes have demonstrated a multitude
of biosynthetic pathways. Hence, the activation of cryptic genes led not only to the
identification of novel biologically promising leads, but also a better understanding of
how the biotic and abiotic interactions can interfere on these fungal metabolomes.

Keywords: fungi, microbial metabolomics, dereplication, development of computational
algorithms, post-genetic strategies, co-culture, OSMAC.



RESUMO

A descoberta de novos alvos farmacéuticos derivados de fontes naturais vem diminuindo
ao longo das Ultimas décadas, impulsionando o uso de matrizes naturais novas e incomuns
para a busca de metabdlitos secundarios bioativos. Dentre essas, a microbiota de plantas
e 0s microrganismos marinhos demonstraram um grande potencial para fornecer novos
metabolitos biologicamente ativos, produzindo uma alta diversidade de estruturas
quimicas encontradas em populacbes microbianas extensas e pouco exploradas.
Convencionalmente, a triagem de metabolitos microbianos é realizada em monoculturas,
na auséncia de interacdes bidticas e abioticas. No entanto, a falta dessas interacdes
encontradas na natureza limita a diversidade quimica que pode ser obtida por uma Unica
cepa, permanecendo silenciadas diversos outros genes que codificam novos metabdlitos
secundérios. Durante a Ultima década, varios metodos tém sido desenvolvidos para
compreender as condi¢des sob as quais 0s genes cripticos sao ativados. Dentre elas, as
estratégias pos-gendmicas revelaram um amplo potencial para o aumento da diversidade
quimica, modificando diferentes niveis da maquinaria celular para uma regulacédo
holistica do metaboloma microbiano. Estas estratégias incluem co-cultivo, alimentacao
por metabdlitos e One Strain Many Compounds (OSMAC) e tém sido utilizados com
sucesso como uma alternativa rapida e barata para a indugdo de novos metabolitos.
Apesar da eficacia das estratégias pds-gendbmicas na expansdo do metaboloma
microbiano, durante a avaliacdo dessas matrizes complexas, a grande dindmica e
diversidade quimica ainda dificulta sua identificacdo e correlacdo bioldgica dos
metabolitos secundarios. Como consequéncia, esses obstaculos analiticos exigem o uso
de técnicas cada vez mais robustas e aplicacdo de algoritmos para uma analise mais
precisa e multivariada dos dados. O presente trabalho descreve a integracdo de estratégias
biolégicas e analiticas para a aumento da identificacdo e deteccdo de metabdlitos
secundarios produzidos por fungus associados a plantas. Para tanto, diferentes estratégias
p6s-gendmicas e ferramentas computacionais foram incorporadas para identificar
metabolitos conhecidos e inéditos diretamente em extratos brutos. Os resultados
mostraram que as estratégias pds-genémicas proporcionaram um aumento significativo
na diversidade quimica de todos os fungos selecionados, em que a co-cultura resultou na
maior e mais ampla indugdo metabdlica. Adicionalmente, a aplicacdo das metodologias
de desreplicacdo por ressonancia magnética nuclear (RMN) e espectrometria de massas
(MS), alinhado ao uso de ferramentas de deconvolugéo e analise de redes de interagdes
moleculares, permitiram a extracdo de dados quimicos confiaveis e a identificacdo de
diversos metabdlitos secundarios nunca relatados para as espécies estudadas. De maneira
geral, 0s micro-organismos demonstraram possuir uma infinidade de caminhos
biossinteticos. Sendo assim, a ativacdo dos genes cripticos levaram ndo apenas a
identificacdo de moléculas promissoras, mas também a um melhor entendimento das
interacOes bidticas e abidticas dessas espécies de fungos e do ambiente que habitam.

Palavras-chave: micro-organismos, metaboldmica, desreplicacdo, desenvolvimento de
algoritmos computacionais, estratégias pds-genéticas, co-cultura, OSMAC.
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RESUMO EXPANDIDO

Plantas e micro-organismos possuem papel fundamental na descoberta de novas
substancias bioativas (NEWMAN; CRAGG, 2016). Em sua mais recente revisao,
Newman e Cragg (2016) mostraram que mais de 50% dos farmacos comercializados
atualmente possuem origem natural (NP), encontrados na sua forma pura ou como base
para producgdo de compostos derivados, analogos ou semissintetizados, demonstrando o
vasto potencial que essas matrizes naturais tém na producdo de moléculas com
potencialidades terapéuticas (NEWMAN; CRAGG, 2016).

Apesar de expressivo, ao longo das Gltimas décadas, a descoberta de novos
metabdlitos bioativos naturais tem caido consideravelmente. Os principais fatores deste
declinio sdo o constante re-isolamento dos principais quimiotipos, os desafios da
abordagens uni-variadas, a introducdo da quimica combinatoria e as dificuldades no
desenvolvimento de métodos que permitam a triagem rapida de matrizes complexas,
limitando a interpretacéo e bioprospeccéo desses dados (MUSHTAQ et al., 2014).

Dentro desta perspectiva, a quimica de produtos naturais tem buscado o
desenvolvimento de novas estratégias para a obtencdo de uma visdo mais holistica do
sistema bioldgico. Nos ultimos anos, essas estratégias tem sido fundamentais para a
bioprospecc¢éo das fontes naturais e incorporam quatro principais abordagens: (i) biologia
de sistemas, que estuda patologias e mecanismos terapéuticos de maneira integrada e
multivariavel; a (ii) quimiometria, que permite a andlise e interpretacdo da variacao
quimica em processos multifatoriais; a (iii) metabolémica, que avalia perfis quimicos
buscando intepretacdes e correlagdes relevantes na variagdo dinamica do sistema; e a (iv)
desreplicagdo, que integra e compara dados quimicos de moléculas conhecidas,
simplificando o processo analitico de elucidagdo estrutural (FUNARI et al., 2013; KELL,
2004; NICHOLSON; LINDON, 2008; WORLEY; POWERS, 2013).

Especificamente, a metaboldmica pode ser entendida como o estudo quantitativo e
qualitativo de toda a resposta metabdlica de um organismo sujeito a diferentes rotinas de
vida, estimulos ambientais ou modulagGes genéticas (NICHOLSON; LINDON, 2008;
OLIVER et al., 1998; WAGNER; SEFKOW; KOPKA, 2003) e tém sido utilizada na
quimica de produtos naturais (PN) para a caracterizacdo de amostras ou substancias
(COUTINHO et al., 2016; GUIZELLINI et al., 2018), controle de qualidade (FRAIGE et
al., 2015), melhoramento de plantacbes (PRADO et al., 2018), desenvolvimento de



medicamentos (CARDOSO et al., 2017), ecologia-quimica (PILATTI et al., 2017),
distribuicéo e evolugdo taxondmica (DOS SANTOS et al., 2017) e no entendimento de
fungdes bioquimicas (SCHAKER et al., 2017). Ainda que considerado a muitos anos
como uma ciéncia viavel, a aplicacdo da abordagem metabolémica em PN aconteceu
apenas recentemente devido a combinagdo de fatores tecnologicos, dentre os quais
podemos destacar: 0s avangos na miniaturizacdo e analises em high-throughput tanto em
separacdo quanto deteccdo, o desenvolvimento computacional (processadores e
memorias capazes de alocar e calcular grandes volumes de dados) e a adequacdo de
métodos estatisticos e de reconhecimento de padrdes, incialmente desenvolvidos para o
campo da economia e, posteriormente adaptados para a aquisi¢do, analise e tratamento de
conjuntos de dados em sistemas biologicos (HONG et al., 2016; JORGE et al., 2016).

Para o melhor entendimento da metabolémica dentro da quimica de produtos naturais,
uma revisdo extensa foi escrita pela doutoranda e estd em processo de submissdo. O
proposito deste trabalho foi incentivar e auxiliar a pesquisa em metabolémica de plantas
no Brasil e em outras comunidades cientificas. Para tanto, delineamos sistematicamente
um tutorial incluindo todas as etapas que envolvem a aplicacdo de um estudo
metabolémico em plantas, destacando os beneficios e ao mesmo tempo apontando 0s
principais desafios relativos a escolha no processo de planejamento, coleta, aquisicao,
analise e tratamento de dados.

Complementarmente as abordagens holisticas desenvolvidas para analise dos perfis
quimicos, estudos recentes tém focado a busca de compostos bioativos em fontes
exoéticas, como a rizosfera e seus micro-organismos associados, micro-organismos
endofiticos e organismos marinhos, visando a bioprospeccao de rotas biosintéticas pouco
exploradas. Atualmente, mesmo com os obstaculos relacionados a genes silenciados e
cepas incultivaveis, metabolitos derivados de micro-organismos sdo considerados o
futuro dos programas de bioprospeccdo, produzindo uma alta diversidade estrutural e
biologica (BERTRAND et al, 2014a; NEWMAN; CRAGG, 2016). Ademais,
sequenciamento do genoma de fungos e bactérias vém mostrando que o potencial de
matrizes microbianas para produzir compostos bioativos € consideravelmente
subestimado, o que significa que uma gama muito mais ampla de metabdlitos poderia ser
produzida se os genes silenciosos fossem induzidos por quaisquer métodos (BERTRAND
et al., 2013a; CHIANG et al., 2008; GALAGAN et al., 2005; MOODY, 2014,
SCHROECKH et al., 2009).



Convencionalmente, a triagem de metabdlitos de micro-organismos é realizada em
monoculturas, na auséncia de interacdes bidtica e abiotica comumente encontradas na
natureza. Entretanto, a falta de interagdes limita a diversidade quimica que pode ser obtida
por uma Unica cepa e resulta no constante re-isolamento de metabolitos secundarios ja
conhecidos e na diminuicdo do isolamento de novos compostos (MARMANN et al.,
2014; PETTIT, 2009). Durante a ultima década, varios métodos foram desenvolvidos com
0 objetivo de entender e otimizar as condigdes sob as quais 0s genes cripticos que
codificam rotas biosintéticas sdo ativados, visando maximizar a diversidade quimica
obtida a partir de espécies microbianas (SCHROECKH et al., 2009; WAKEFIELD et al.,
2017).

Dentre as abordagens para expansdo do metaboloma microbiano, os métodos
genéticos, como a engenharia metabodlica, epigenética e mutasintese, sdo 0s mais
utilizados para ativacdo de genes em estudos de monocultura. No entanto, seus protocolos
normalmente requerem instrumentacdes de alto custo para a otimizacdo da producgéo de
metabolitos com potencial biologico, além de um conhecimento prévio do genoma
microbiano (AGHCHEH; KUBICEK, 2015; BERGMANN et al., 2007).

Mais recentemente, o aumento da resisténcia de micro-organismos patogénicos
impulsionou a busca de métodos réapidos e baratos para a indugdo de compostos ativos
em matrizes microbianas. Nesse sentido, estratégias pds-gendmicas (do inglés post-
genomic strategies) surgiram como uma alternativa para o aprimoramento da diversidade
quimica, regulando de maneira abrangente os metabdlitos secundarios (BERTRAND et
al., 2014a; HERTWECK, 2009; WAKEFIELD et al., 2017). Esses métodos incluem One
Strain, Many Compounds (OSMAC) (BODE et al., 2002; WEI et al., 2010), co-cultura
(MARMANN et al., 2014; PETTIT, 2009), biotransformacdo (HEGAZY et al., 2015;
VENISETTY; CIDDI, 2003) e alimentacdo metabdlica (AHMAD et al., 2014,
BAYDOUN et al., 2013; HEGAZY et al., 2015) e modificam diferentes niveis da
maquinaria celular para a modulagédo da biossintese de fungos e bactérias.

Em monoculturas, OSMAC e alimentacdo de metabolicos no meio sdo duas das
estratégias pos-gendmicas mais usadas para a ativacao de rotas biosintéticas e envolvem
a variacdo de parametros de crescimento microbiano, como a introducdo de metabdlitos
exogenos (metabolic feeding) (AHMAD et al., 2014; BAYDOUN et al., 2013; HEGAZY
et al., 2015) ou composi¢cdo do meio de cultura (temperatura, agitagdo e luminosidade)
(BODE et al., 2002; WEI et al., 2010), na tentativa de estimular, em quantidade e
diversidade, a producdo de metabdlitos a partir de uma Gnica fonte microbiana. Em geral,



OSMAC usa o design de experimentos (DoE) para avaliar sistematicamente o efeito das
diferentes variaveis, otimizando as condi¢des para a melhor producdo dos metabdlitos
alvo (BRACARENSE; TAKAHASHI, 2014; OOIJKAAS et al., 1999; PIMENTA et al.,
2010).

Jaa co-cultura envolve o cultivo de dois ou mais microrganismos no mesmo ambiente
e é considerada uma das maneiras mais eficientes de induzir rotas biosintéticas cripticas.
Na fermentagdo mista, 0s microrganismos metabolizam o substrato do meio de cultura
juntos, imitando o ambiente microbiano competitivo da natureza para a producédo e
regulacdo de metabolitos secundarios (RATEB et al., 2013; WAKEFIELD et al., 2017).
Em experimentos de co-cultura, a comunica¢do microbiana ocorre através de compostos
volateis ou por sinalizacdo fisica e leva a secrecdo de metabdlitos secundarios como um
resultado direto da ativacdo de genes biosintéticos silenciados, embora seu mecanismo de
inducdo, no contexto genético, bioldgico e ecoldgico, permaneca amplamente
desconhecido (PETTIT, 2011a; RATEB et al., 2013; SCHROECKH et al., 2009). Em
termos préaticos, a co-cultura ndo requer nenhum conhecimento prévio do mecanismo de
sinalizacdo, nem qualquer instrumentacgéo especial para o cultivo e interpretacao de dados
(MOODY, 2014), diminuindo consideravelmente o custo do experimento. No Capitulo
04 desta tese, discutimos em detalhes todo o fluxo experimental de co-cultura, avaliando
como o0s parametros bidticos podem ser otimizados para aumentar a diversidade quimica.
Particularmente, nds interpretamos todas as principais publica¢fes de fermentacdo mista
de 1978 a 2019, mostrando os diferentes tipos de inducGes metabdlicas, comunicagédo
microbiana e como essas interacfes alteram o resultado biol6gico na analise metabolica
direcionada e néo direcionada.

O presente trabalho visa o desenvolvimento de métodos para 0 aumento da producao
e deteccdo de metabdlitos secundarios microbianos. Para tanto, diferentes estratégias pos-
gendmicas foram integradas com ferramentas computacionais visando aumentar a
diversidade do metaboloma, a interpretacdo quimica e a correlacdo biologica desses
dados. Através da metabolémica, esta tese visa a aplicacdo de métodos para superacédo
dos principais desafios analiticos e microbioldgicos na identificacdo de metabdlitos
microbianos diretamente em matrizes complexas, garantindo uma exploracdo racional e
abrangente dos perfis quimicos de fungos associados a plantas.

Este trabalho esta dividido em seis capitulos para melhor compreensdo do conteudo
(Fluxograma 1). Os trés primeiros detalham o desenvolvimento e aplicagéo de
ferramentas computacionais em desreplicacdo para superacdo dos desafios analiticos da



metabolémica microbiana, enquanto os trés ultimos descrevem o uso de métodos pos-
gendmicos para 0 aumento da diversidade quimica destes fungos.

Para superagdo dos desafios analiticos, o primeiro capitulo descreve o
desenvolvimento de um algoritmo de desreplicacdo baseado em Ressonancia Magnética
Nuclear (RMN) de hidrogénio para facilitar a identificacdo dos metabo6litos majoritarios
em matrizes fangicas. J& o segundo capitulo traz a anélise exploratdria dessas mesma
matrizes por espectrometria de massas, realizadas para confirmar os metabolitos
previamente identificados por RMN, bem como identificar diversas outras classes
metabolicas destas fontes organica. Por fim, no terceiro capitulo, os extratos das espécies
selecionadas sdo submetidos a microfracionamento, ensaios bioldgicos e analise pela rede
de interacbes moleculares permitindo a avaliacdo da distribuicdo metabdlica dessas
amostras e a elucidacdo de metabdlitos com potencial terapéutico promissor.

Ja para a ativacdo dos genes silenciados e expansdo do metaboloma, os trés ultimos
capitulos mostram a integracao de estratégias pos-gendmicas com ferramentas aplicadas
a metabol6mica para maximizar a producdo, identificacdo e deteccdo de metabdlitos, bem
como gerar uma abordagem racional para o estudo da coexisténcia quimica entre
microrganismos e seu meio ambiente. No capitulo 04, iniciamos o estudo das estratégias
p6s-gendbmicas com uma revisdo em co-cultura. Em seguida, no capitulo 05, nés
apresentamos uma estratégia em co-cultura para a selecdo e avaliagdo de cultivos mistos
com potencial antimicrobiano. Por fim, o capitulo 06 descreve uma estratégia integrativa
entre OSMAC e um método de deconvolucdo e quantificacio por HNMR para
otimizagdo e monitoramento de compostos bioativos em fungos endofiticos e

rizosféricos.



Fluxograma 1. Descricdo dos capitulos deste trabalho, divididos em seis tdpicos para melhor compreenséao do contetdo.

Desafios Analiticos

MICRO-ORGANISMOS ASSOCIADOS A PLANTAS

(Superagao de complexidade de matriz, convolucao de
sinais e identificagdo de metabolitos minoritarios)
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(NMR)

Fusarium oxysporum
Fusarium solani
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4. Elucidacdo Molecular
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Experimental
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4. ldentificacdo de
metabdlitos bioativos
induzidos.
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No primeiro capitulo desta tese, nds objetivamos a identificacdo de metabolitos
majoritarios pela desreplicacdo em RMN através da criagcdo de um novo método para a
selecdo e extracdo de deslocamentos quimicos de interesse em dados de Fusarium solani
e F. oxysporum isolados da rizosfera de Senna spectabilis. O algoritmo desenvolvido
utiliza os valores de loading da componente principal que melhor separou as espécies de
Fusarium na Andlise de Componentes Principais (PCA) para extracdo de sinais
importantes que distinguem ambas as espécies. Esses deslocamentos quimicos foram
elucidados pela analise uni e bidimensionais de RMN e confirmados pela comparagéo
destes dados experimentais com informac6es de um banco de dados desenvolvidos para
metabdlitos de Fusarium. Em F. oxysporum, a metodologia identificou o &cido fusarico
() e o depsipeptideo da familia eniantina denominada beauvericina (11) enquanto para F.
solani, o metabolito identificado foi depsipeptideo HA23 (111). De maneira geral, 0 uso
dessa estratégia mostrou-se capaz de desreplicar diferentes micotoxinas produzidas em
alta abundéncia por ambos os fungos, permitindo a identificacdo de metabdlitos
secundarios, mesmo em perfis altamente semelhantes.

No segundo capitulo, os mesmos extratos em monocultura de F. oxysporum e
F. solani foram submetidos a desreplicacdo por espectrometria de massas, visando
identificar outros quimiotipos majoritarios que nao foram elucidados por RMN. Para
tanto, os extratos foram analisados por cromatografia liquida (LC-DAD-ESI(+)-EMAR e
LC-DAD-ESI-EM/EM) e gasosa (CG-EI-EM) hifenadas a espectrometria de massas,
seguida da comparacdo desses dados experimentais com aqueles de moléculas conhecidas
presentes em bancos de dados consolidados na literatura. Os resultados mostram que a
desreplicacdo por EM, associada a diferentes técnicas de separa¢do, garantiu uma visao
abrangente da producdo metabdlica, identificando 16 diferentes metabdlitos. A
desreplicagcdo por LC-EM identificou sete compostos, incluindo a beauvericina, para
ambas as espécies de Fusarium, alcaldides da familia da camptotecina, para F. solani, e
analogos do é&cido picolinico para F. oxysporum. J& a analise por CG-EM utilizou
amostras derivatizadas e foi capaz de identificar dez compostos diferentes, destacando o
acido fusarico e analogos para F. oxysporum, além de metabdlitos priméarios de ambas as
espécies, como alcoois e acidos organicos.

No terceiro capitulo, 0s mesmos extratos fungicos de F. oxysporum e F. solani
foram submetidos a fracionamento em micro-escala seguido da avaliacdo da atividade
bioldgica, visando a identificacdo de metabdlitos secundarios bioativos. Estes testes

bioldgicos incluiram ensaios antifingicos, antibacterianos, antibiofilme e de inibigdo da



enzima acetilcolinesterase. A elucidacdo dos metabolitos das fragdes promissoras foi
realizada inicialmente pela avaliacdo da rede de interagdes moleculares de dados de
massas sequenciais (do inglés MS/MS Molecular Networking), em que dados de
fragmentacdo sdo agrupados de acordo com a similaridade quimica. Em seguida, os
metabolitos propostos pela analise de fragmentacao foram confirmados pela avaliacdo do
erro da massa de alta resolugéo, bem como proposicéo dos fragmentos e seus mecanismos
de fragmentagdo. A rede de interacbes moleculares contribuiu para a analise
quimiotaxonémica dessas espécies e revelou que, para cada grupo formado, havia pelo
menos um nddulo de cada espécie de Fusarium, sugerindo um denominador genético
comum. Além disso, os resultados mostraram que o fracionamento reduziu a
complexidade da matriz e permitiu a selecdo de fragcbes que possuem bioativas
promissoras. Todas as amostras bioativas pertencem exclusivamente a F. oxysporum. As
fracdes polares de ambas as variedades de F. oxysporum (CSP-19b e R18) apresentaram
atividade antifangica contra Cladosporium, atividade antibiofilme contra Staphylococcus
epidermidis, atividade bacteriostatica frente a Enterococcus faecalis e forte inibicdo da
enzima acetilcolinesterase. Ja as fracGes apolares da cepa CSP-19b também foram
selecionadas como biopromissoras e exibiram alta erradicacdo do biofilme e forte
potencial antibacteriano. A desreplicacdo dos compostos das fracOes bioativas foi
realizada separadamente de acordo com a polaridade da fracdo. A analise das fracdes
apolares levou a identificacdo da beauvericina e 6 analogos nunca relatados para esta
espécie: 0s compostos conhecidos beauvericinas A, G1 e G2, e 0s compostos inéditos
denominados FOxy 01, 02 e 03. Estes compostos pertencem a familia da eniantina e
exibem forte atividade antimicrobiana e antitumoral. J& a analise das fragdes polares
revelou a presenca de acido fusarico e desidrofusarico, previamente elucidados no
Capitulo 2, juntamente com dois andlogos minoritarios que nunca foram relatados para
esta espécie. No geral, a combinacédo de atividade biologica, fracionamento e rede de
interacdes moleculares foi uma estratégia eficiente para a identificacdo de compostos e
permitiu a elucidagcdo de diferentes micotoxinas bioativas, superando desafios da
complexidade de matriz e da identificacdo de compostos minoritarias diretamente em
matrizes complexas.

Apds a aplicacdo de diferentes estratégias de desreplicacdo para superar 0S
principais problemas analiticos na metabol6mica microbiana, a segunda parte desta tese
foi a expansdo do metaboloma microbiano por estratégias pds-genémicas. Dentre as

estratégias empregadas, a co-cultura tém sido uma metodologia de sucesso para a ativagao



de genes cripticos e ndo requer conhecimento prévio do genoma e das vias biossintéticas,
nem equipamentos especiais para o cultivo e interpretacdo de dados. Na literatura,
diversas revisdes mostraram o potencial do co-cultivo para a inducao de metabo6litos com
potencial bioldgico. No entanto, estas revisdes sdo limitadas para a descricdo de
resultados quimicos relevantes relatados na literatura. No capitulo quatro, para a melhor
conducdo desses experimentos, realizamos uma revisdo que contém todo o fluxo
experimental de co-cultura, contribuindo para o desenvolvimento de métodos
padronizados e compativeis com procedimentos analiticos de alto rendimento (do inglés
high-throughput analytical procedures). Particularmente, interpretamos todas as
principais publicacdes de cultivo misto de 1978 a 2019, mostrando o que foi relatado até
0 momento sobre os diferentes tipos de co-cultura, inducdes metabdlicas, interacdes
microbianas, e como estas interacdes podem ser otimizadas para aumentar a diversidade
quimica e bioldgica de fungos e bactérias.

Apos a revisdo de co-cultura, no capitulo cinco, mostramos o desenvolvimento
de uma estratégia para aumentar a diversidade quimica e o potencial antimicrobiano
usando co-cultura em meio sélido. Especificamente, nos cultivamos os fungos associados
a plantas das espécies de Diaporthe eres, Fusarium oxysporum, Alternaria alternata,
Colletotrichum acutatum e Xylaria cubensis, em pares, para selecionar co-culturas que
apresentam interacOes antagbnicas e inducGes metabdlicas promissoras. As co-culturas
selecionadas foram avaliadas frente a diferentes aspectos biéticos da inducéo quimica por
analise por cromatografia de camada fina de alto performace (HPTLC), que inclui a
determinacdo da variedade fungica indutora e o melhor periodo de incubagdo. Além disso,
analises quimiométricas utilizando dados de HPTLC e RMN foram realizadas para a
identificacdo desses compostos induzidos e a correlacdo destes com a atividade
antimicrobiana. Os resultados mostram que cada espécie fangica apresentou diferentes
respostas morfoldgicas, quimicas e bioldgicas na presenca de linhagens competidoras. A
avaliagdo das co-culturas selecionadas no seu ambiente bidtico 6timo de indugédo
metabolica mostrou um aumento ndo apenas na diversidade quimica, mas também na
atividade antimicrobiana. A analise multivariada dos dados revelou que o potencial
antimicrobiano foi correlacionado aos metabdlitos secundarios de F. oxysporum e D. eres.
De um lado, co-cultura de F. oxysporum aumentou a producdo de beauvericina em 3
vezes, um depsipeptideo que apresenta forte atividade antifingica contra C. acutatum,
além de forte atividade antibacteriana contra S. aureus, P. fluorences e E. coli. Por outro
lado, co-culturas de Diaporthe revelaram a inducéo de um metabdlito inédito da familia



da bisantraquinona, um composto ndo produzido em culturas axénicas que exibe atividade
antifungica moderada contra F. oxysporum, atividade antibacteriana forte contra Bacillus
cereus e atividade antibacteriana moderada contra S. aureus.

Por ultimo, no capitulo final desta tese, apresentamos uma estratégia para a
otimizacao e monitoramento de compostos bioativos em fontes microbianas usando uma
estratégia integrativa por OSMAC-Design de Experimentos (DoE) e quantificagdo por
RMN de hidrogénio através de valores de area deconvoluidos por algoritimo GSD
(MestreNova). Para tanto, monitoramos e quantificamos 0s compostos bioativos acido
fusarico, citocalasina D e acido 3-nitropropidnico, produzidos respectivamente, por F.
oxysporum, X. cubensis e Diaporthe anacardii, seguindo uma estratégia OSMAC-DoE
para a avaliacdo sistematica da agitacdo, temperatura e luminosidade. O planejamento
OSMAC-DoE foi realizado visando verificar em quais parametros abidticos a producéo
dos metabdlitos alvo era maior e foi calculado usando duas respostas diferentes. A
primeira utilizou os valores de massa total dos extratos brutos obtidos em cada
experimento OSMAC e continha informac@es sobre o crescimento fungico e a regulacéo
da producdo metabdlica global. Ja a segunda resposta empregou os valores do percentual
de pureza (teor) dos metabolitos bioativos alvo de cada experimento OSMAC e continha
informac0des sobre a regulacao desses compostos, independentemente do crescimento dos
fungos. Para a segunda resposta, todos os deslocamentos quimicos dos metabdlitos alvo
nos spectros de hidrogénio foram submetidos a deconvolucao por GSD e os valores de
area deste algoritmo foram utilizados para quantificacdo por RMN, em comparacao com
um padréo interno. Os resultados mostraram que o planejamento OSMAC-DoE aumentou
a producdo dos metabolitos alvo em até 33% usando apenas 8 experimentos. Além disso,
o uso de GSD foi capaz de extrair automaticamente valores de area precisos nos espectros
de hidrogénio, mesmo quando os deslocamentos quimicos estavam altamente
convoluidos com outras ressonancias. Além disso, a quantificagdo por tHNMR usando
valores de area do GSD foi reprodutivel para todas as espécies e apresentou resultados de
validagdo que foram muitas vezes mais seletivos e precisos do que métodos comparativos,
garantindo uma quantificacdo robusta diretamente em matrizes complexas.

No geral, os metabolitos secundarios microbiano mostraram-se ser o futuro para
0 descobrimento de novos medicamentos. Mesmo com o0s problemas relacionados a
genomas silenciados e linhagens inculturaveis, os micro-organismos foram capazes de

produzir estruturas quimicas extremamente diversas encontradas em populagdes



microbianas ainda pouco exploradas, tornando-se uma fonte quase ilimitada de estruturas
complexas e biologicamente ativas.

Apesar de vantajosas, algumas dificuldades analiticas e microbioldgicas
dificultaram a interpretacdo quimica e biologica dos dados. Para superacdo desses
desafios, esta tese mostrou a combinacdo de estratégias pds-gendmicas, técnicas
analiticas e o uso de ferramentas computacionais e estatisticas para uma andlise
abrangente do metaboloma microbiano. A sele¢éo destas metodologias deve sempre ser
baseada em uma avaliacdo cuidadosa do perfil quimico, além de uma pesquisa
bibliografica sobre as informacdes quimicas, genémicas e bioldgicas disponiveis para
espécies selecionadas. Muitas vezes, somente através da combinagdo de quimica
organica, quimica analitica, microbiologia e analises estatisticas, os resultados foram
suficientemente abrangentes, sendo usadas quase sem distin¢do de uma maneira Unica e

integrada.



INTRODUCTION

Microbial secondary metabolites, resulted from several million years of
evolutionary biosynthetic optimization, have tremendous potential to provide new
therapeutic agents (PETTIT, 2009). In a recent review, Newman and Cragg have shown
that, even with the challenges related to unlocked genomes and unculturable strains,
microbial bioactive compounds are the future for drug discovery programs (NEWMAN;
CRAGG, 2016), accounting for over 42 thousand natural compounds already reported
from different microbial families (LAATSCH, 2012).

The potential of these microbial secondary metabolites comes not only from an
extremely diverse chemical structures but also from an extensive and still little studied
microbial population. Indeed, recent whole-genome sequencing of several fungi and
bacteria shows that the potential of microbial matrices to produce secondary metabolites
is fairly underestimated, meaning that a much broader range of compounds could be
produced if the silent genes are induced by whatever methods (BERGMANN et al., 2007;
CHIANG et al., 2008; GALAGAN et al., 2005; HIBBING et al., 2010; SCHROECKH et
al., 2009).

Conventionally, in the fields of microbiology, single-strain cultivation has been the
standard method for the screening of secondary metabolites. However, owing to the
absence of biotic and abiotic interactions, the growth conditions in monocultures are
significantly different from those encountered in the natural environment (ONAKA et al.,
2011; PETTIT, 2009). In nature, microbial metabolic pathways are often regulated by
complex cascades, in which their chemical profiles are controlled by genes and influenced
by biotic communication with external factors. For example, on competitive
environments, microbial species engage in constant interactions with their neighbors,
competitors and hosts, resulting in ecological effects that ensures survival and shapes the
community (MOODY, 2014).

The absence of biotic and abiotic incentive is the biggest limitation of axenic cultures
and limits the chemical diversity that can be obtained by one single strain. In fact,
monoculture screening often provides a still increasing rate of redundancy, resulting in
chemically poorer profiles and the frequent re-isolation of known secondary metabolites
(HONG et al., 2009; MARMANN et al., 2014). In the last decade, several methods have
been developed to eventually embody the physiological conditions under which cryptic

genes are activated, in an attempt to stimulate their biosynthetic pathways and elicit the
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production of hitherto unexpressed chemical diversity (SCHROECKH et al., 2009;
WAKEFIELD et al., 2017). Overall, these strategies have been successfully applied for
the genomic activation, simultaneously modifying different levels of the cellular
machinery to regulate the production of different classes of secondary metabolites
(BERTRAND et al., 2014a; HERTWECK, 2009; WAKEFIELD et al., 2017).

Among those, genetic-dependent approaches, such as mutasynthesis, heterologous
expression and metabolic engineering (BERGMANN et al., 2007), have been used as one
of the most effective methodologies for gene activation. However, these procedures are
mostly applied for known structures and require both expensive instrumentation and a
previous knowledge of the microbial genome.

More recently, the increase in microbial resistance to conventional therapy has urged
the development of fast and cheap methodologies to enhance the microbial diversity. In
this sense, the cultivation-dependent methodologies (or post-genomic strategies) have
emerged as a viable alternative, modifying different levels of the cellular machinery for
a more holistic regulation of secondary metabolites. These strategies includes substrate
feeding (DE BOER; SCHMIDT-DANNERT, 2003), co-culture and One Strain, Many
Compounds (OSMAC) (BODE et al., 2002; RATEB et al., 2011; ROMANO et al., 2018;
WEI et al., 2010) and do not require any prior knowledge of the genome and biosynthetic
pathways, nor any special equipment for the cultivation and data interpretation.

Microbial co-culture involves the cultivation of two or more microorganisms in the
same confined environment and has been considered to be a golden strategy to induce
cryptic pathways. In mixed fermentation, microorganisms metabolize the media substrate
together, mimicking the competitive microbial environment for the production and
regulation of constitutively molecules (RATEB et al., 2013; WAKEFIELD et al., 2017).
On these experiments, microbial communication occurs either by volatiles or in-loco
signaling and leads to the regulation of secondary metabolites, even if the detailed
inducing mechanism, in the biological and ecological context, remain largely unknown
(PETTIT, 2011a; RATEB et al., 2013; SCHROECKH et al., 2009).

One Strain, Many Compounds (OSMAC) is one of the most used post-genomic
strategies and involves the manipulation of culture parameters, such as media
composition, temperature, agitation and luminosity, in an attempt to stimulate, in quantity
and diversity, the production of secondary metabolites from a single microbial source
(BODE et al., 2002; HUSSAIN et al., 2017; ROMANO et al., 2018; WEI et al., 2010).
Usually, OSMAC uses Design of Experiments (DoE) to systematically evaluate the effect
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of different growth parameters, estimating the optimized conditions for the production of
new metabolites, as well as the regulation of known compounds (BRACARENSE;
TAKAHASHI, 2014; OOIJKAAS et al., 1999; PIMENTA et al., 2010).

Although post-genomic strategies represent successful methodological advances in
the expansion of the microbial metabolome, analytical issues related to the identification
and quantification of metabolites in complex matrices remain a cornerstone in microbial
natural products research. Some examples of difficulties encountered in microbial
metabolic analysis include the constant re-isolation of inactive or known chemotypes, the
polarity-related structural complexity and the wide metabolic dynamics, requiring highly
sensitive and robust analytical methods (ITO; MASUBUCHI, 2014). Moreover,
combined with state-of-the-art analytical techniques, recent studies have also
incorporated the use of computational tools that perform deconvolution, pattern
recognition and multivariate data analysis, facilitating the statistical, chemical and

biological interpretation of these complex natural matrices.

OBJETIVES

In this sense, the main goal of this work is to present an integrative strategy for the
enhancement of identification and detection of secondary metabolites in microbial
matrices, overcoming the major analytical and microbiological challenges in microbial
metabolomics. In this context, we aim to:

1. Overcome analytical challenges in microbial metabolomics, such as matrix
complexity, signal convolution and the identification of minor metabolites, by:

o Exploration of the chemical fingerprinting of plan-associated fungi by

untargeted and multi-technique dereplication approaches.

o Generation of a rational strategy to identify, quantify and monitor the production

of secondary metabolites in complex matrices.

o Integration of computational tools and multivariate data analysis to facilitate

metabolite identification, quantification and correlation to biological activity.

2. Overcome microbiological challenges in microbial metabolomics by the application
of different post-genomic strategies:
o Expansion of the microbial metabolome by the activation of silent genes coded

for known and novel secondary metabolites.
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Justification:

This chapter aimed to identify the major secondary metabolites produced by the
fungi isolated from the rhizosphere of S. spectabilis by incorporating chemometric
analysis into proton NMR data from the crude extracts of Fusarium species. Specifically,
this work showed the selection of fungi, their genetic identification and all stages of the
new computational method developed for the analysis of HNMR data, enabling the
selection and extraction of important metabolic signals, later elucidated by one and two-
dimensional NMR. All the content described in this chapter was published in the Journal
of the Brazilian Chemical Society, in 2016, in an article entitled “New Dereplication
Method Applied to NMR-Based Metabolomics on Different Fusarium Species Isolated

from Rhizosphere of Senna Spectabilis ™.
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Abstract

The search for new bioactive natural products steadily increased the use of bioinformatic
tools that enabled efficient analysis of complex matrices. In this context, dereplication
methods has emerged as a fast way of identifying known compounds, accelerating sample
selection and the identification of interesting chemotypes. Conventionally, for a
comprehensiveview of the chemical profile, dereplication is performed by a multitude of
analytical techniques, including mass spectrometry and nuclear magnetic resonance.
However, *HNMR still presents high spectral complexity, due to the difficulty to be
hyphenated with chromatographic introductory systems and low-sensitivity, hindering
both biological assesment and metabolite identification. This work aimed to create a new
computational method that analyses ‘HNMR data from F. solani and F. oxysporum
isolated from S. spectabilis’s rizhosphere by combining multivariate data analysis and
bioinformatics. The developped algorithm uses Principal Component Analysis (PCA)
loading values to select and extract important chemical shifts that distingish both species,
allowing the identification of important biomarkers even in highly similar profiles. As a
result, the method, associated with other NMR experiments and information from an in-
house Fusarium’s metabolite library, was able to dereplicate different mycotoxins
produced in high abundance by both fungi, identifying fusaric acid (1) and beauvericin
(1) for F. oxysporum and the depsipeptide HA 23 (I11) from F. solani.

Keywords: Dereplication method, Fusarium, PCA, NMR-based metabolomics, Senna

spectabilis
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1. Introduction

The holistic view of natural product (NP) chemistry has a key role in the discovery of
novel bioactive metabolites. Using state of the art analytical techniques, a broader view
of the chemical composition allows a fast evaluation of the complex matrices and further
understanding of both synergistic and antagonistic relationships in natural sources
(NEWMAN; CRAGG, 2016).

Recently, in order to achieve an accurate chemical response, the development of
computational tools has become of fundamental importance in the current dereplication
programs, aiming mainly to decrease complexity and facilitate the identification of new
potential compounds (NG et al., 2009; WOLFENDER et al., 2009). In this context,
dereplication has emerged as a rapid way of identifying known compounds in crude
extracts, facilitating the detection of bioactive chemotypes and decreasing the redundant
isolation of known compounds (NEWMAN; CRAGG, 2016; WOLFENDER et al., 2015).
When compared to the univariate approaches, dereplication has been considered a fast
and cheaper alternative, decreasing the cost and the use of organic solvents (NG et al.,
2009; WOLFENDER et al., 2009).

Classically, dereplication methods combine biological screening with data
obtained by hyphenated protocols, such as LC-DAD/HRMS and LC-DAD/RMN, LC-
DAD/MS/MS (GAUDENCIO; PEREIRA, 2015; JARUSSOPHON et al., 2009;
NIELSEN et al., 2011; WILLIAMS et al., 2015; WOLFENDER et al., 2015). In those
experiments, data interpretation and molecule identification are commonly achieved by
comparison with robust databases containing spectroscopic and spectrometric data of
previously reported compounds. More recently, several other tools have been developed
to achieve efficient and more factual paths for metabolite elucidation (GAUDENCIO;
PEREIRA, 2015). Among the enhancements in the dereplication process, we highlight
the use of 2D/"*CNMR, signal deconvolution (BLAISE et al., 2010; COBAS; SEOANE;
SYKORA, 2008), bioinformatics, molecular networking applied to the omics sciences
(genomics, proteomics, metabolomics) (WANG et al., 2016; YANG et al., 2013), the use
of taxonomic filters and unsupervised multivariate data analysis (FUNARI et al., 2012;
GAUDENCIO; PEREIRA, 2015; NIELSEN; LARSEN, 2015; WILLIAMS et al., 2015;
WOLFENDER; QUEIROZ; HOSTETTMANN, 2006).

In parallel to the development of new dereplication tools, microorganisms,

especially those isolated from unstudied NP matrices, such as plant’s rhizosphere and
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marine organisms, have emerged as an interesting source of new active compounds,
mainly due to their high molecular complexity and potential to produce heterogeneous
secondary metabolites. Furthermore, recent whole genome evaluation has shown that
their potential to produced secondary metabolites is fairly underestimated due to the
presence of silent genes, enabling the production of different active metabolites in a single
strain (ALY et al., 2010; ALY; DEBBAB; PROKSCH, 2011; VANDERMOLEN et al.,
2013).

In order to rationally explore the chemical composition of the selected
microorganisms, in this work, we have analyzed complex fungi extracts isolated from S.
spectabilis, aiming to dereplicate important chemical shifts in 'THNMR data that
differentiate Fusarium species. For this, we have developed an algorithm that uses PCA
loading values to rapidly extract chemical shifts that distinguished the fungi metabolic
profiles, enabling the selection and extraction of important signals directly from the
complex data. Further, through comparison with an in house *HNMR library and online
databases, this work showed the elucidation of these selected chemical shifts even in
highly overlapped data, providing metabolite identification in crude extracts and the
determination of the most abundant secondary metabolites and possible biomarkers for

these species.

2. Materials and Methods
2.1. Selection of Filamentous Fungi Isolated from S. spectabilis

The fungi selection was based on the preliminary studies of Senna spectabilis’s
rhizosphere reported by Dr. Patricia Cardoso, a researcher associated with NUuBBE, in
which 180 microorganisms were isolated, including 127 fungi and 53 bacteria
(CARDOSO, 2015). The fungi were isolated from a healthy rizhospheric region
according to reported isolation methods (CARDOSO, 2015; PARKINSON; THOMAS,
1965).

In order to avoid the random selection of these filamentous fungi, these microbes
were chosen by both biological and chemical screening. For that, all 127 fungi were
inoculated in Czapek and incubated for 10 days, at room temperature and in the absence
of light. The viable cultures (i.e. the cultures that grew well on this selected media) had
their metabolites extracted and submitted to biological assay and metabolic

fingerprinting. The biological analysis included antifungal against Cladosporium species,

38



acetylcholinesterase inhibition and colorectal antitumor assays and aimed the selection of
extracts with promising therapeutic potential (protocols described in Chapter 3).
Moreover, the chemical analysis of the bioactive fungi was performed by metabolic
footprinting (i.e. metabolic profile of the culture medium supernatant) by tHNMR for the
selection of species that displayed different chemotypes.

For all the Chapters of this thesis, Czapek was established as the standard culture
medium due to its low nutrient compostition. This restriction not only decreases the signal
convolution in HNMR anaysis but also mimics the competitive rhizospheric
environment, maximizing microbial stress for the induction of silenced secondary
metabolites (BERTRAND et al., 2014b).

Microbial screening results allowed the selection of three fungi isolated from the
rhizosphere, encoded as CSP-19b, CSP-R18 and CSP-5b. CSP-5b showed strong
antifungal activity against C. cladosporioides and C. sphaerospermum and an expressive
inhibition of the acetylcholinesterase enzyme, while CSP-R18 and CSP-19b displayed
also promising antitumor potential in addition to high antifungal and anti-
acetylcholinesterase activities. Furthermore, Principal Component Analysis (PCA) of
'HNMR data showed that CSP-5b, CPS-R18 and CSP-19b are placed three opposite
coordinates in the score plot, evidencing also a different metabolic production. All results
of the biological assays are available in Table SM1 and Figure SM1 of the Supplementary

Material.

2.2. Genetic Identification of Filamentous Fungi Isolated from S. spectabilis

Genetic identification of all three selected fungi was carried out in the Laboratory
of Clinical Mycology and Proteomic Nucleus at the Faculty of Pharmaceutical Sciences,
UNESP, Araraquara, in collaboration with Profa. Dr. Ana Marisa Fusco Almeida and Dr.
Haroldo César de Oliveira.

Genetic analysis was done through Internal Transcribed Spacer region (ITS) using
primers ITS1 (5-CTTGGTCATTTAGAGGAAGTAA-3) and ITS4 (5-
TCCTCCGCTTATTGATATGC-3"). The DNA-ITS region consists of interspecifically
highly conserved sequences that are slightly variable among different species. Thus,
nucleotide sequencing of the 1TS1-5.8S-1TS2 region of isolated fungi rRNA allows the
identification of phylogenetic relationships beyond species distinction.

DNA extraction, ITS amplification by polymerase chain reaction (PCR) and PCR
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products sequencing protocols were based on Sanger method (SANGER; NICKLEN;
COULSON, 1977), and the sequences obtained by sequencing PCR were analysed by
Basic Local Alignment Search Tool (BLASTNn) (ALTSCHUL et al., 1997), available on
http://blast.ncbi.nlm.nih.gov/Blast.cgi and deposited at GenBank under access humber
JX435189.1 (CSP-5b), KP230811.1 (CSP-R18) and LC055797.1 (CSP-19b).

2.3.Fermentation and Extraction

The selected fungi were initially preserved by inoculation of the pre-culture plugs in
Czapek-agar at neutral pH (NaNOs, 1.5 g L; KH,POq4, 0.5 g Lt MgSOs4, 0.25 g LY,
FeSOs. 7H20, 0.025 g LY; KCI, 2.5 g L'%; D-glucose, 30.0 g L and agar 20.0 g L) and
incubation for 12 days at room temperature and in the dark. After incubation, 0.5 cm?
plugs of these starting cultures were added to vials containing 1000 ul of 50% glycerol,
previously sterilized in a vertical autoclave for 20 minutes at 121 °C, and stored at -80
°C. The preserved fungi were used in all the chapters of these thesis to avoid random
mutagenesis along time.

For the analysis of the chemical profiles and genetic identification, the preserved
fungi were activated in Czapek-agar and incubated for 10 days at 25 °C and the absence
of light. Following, the plugs of active filamentous fungi were inoculated into 3.2 L of
Czapek-broth and incubated for 28 days at room temperature and in static mode. After
the growing period, the cultures were vacuum filtered and divided into two parts: (1) the
mycelium, which was frozen in liquid nitrogen and submitted to genetic identification
and (2) the supernatant, which was extracted for the metabolomic analysis. All
cultivations were performed in triplicates, in which the same inoculated petri dish was
used for all three erlenmeyer sets.

The aqueous solution obtained after filtration of the liquid culture was extracted
with three portions of ethyl acetate (EtOAc ACS 99.5%, Sigma-Aldrich). The organic
extract was then dehydrated with 30g of anhydrous sodium sulfate (NaSQO4, 99%, Sigma-
Aldrich) and dried on a rotary evaporator under vacuum at 40°C and 240 mbar to remove
the extractive solvent. For the removal of polar interferents and suspended particles, the
organic extracts were resolubilized in methanol-HPLC, filtered with a 0.22 um membrane
filtration, to remove suspended particles and subjected to solid-phase extraction (SPE).
to remove highly non-polar compounds. For this clean-up procedure, the C18 SPE-

columns were first activated with 10 volumes of column of methanol HPLC-grade
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(Sigma-Aldrich) and the ethyl-acetate extracts were eluted using 10 volumes of column

of the same methanolic solution.

2.4. NMR Analysis

Each sample triplicate was prepared in instrumental duplicate using 3 mg = 0.1 of
extract (after clean-up) re-suspended in 750 uL of deuterated methanol, using volumetric
pipette. All samples were solubilized in an ultrasonic bath for 3 minutes (temperature of
25°C and 35,000 oscillations per second), centrifuged for 15 minutes at 6000 rpm, to
remove any suspended particles, and transferred to a5 mm-NMR tube. NMR spectra were
recorded on Bruker Ascend (14.1 T) Cryoprobe spectrometer (Billerica, Massachusetts,
USA) using non-deuterated residual signal as reference.

For 'HNMR acquisition (600 MHz), analysis parameters were: number of points
(TD) 65k; number of scans (NS) 64; relaxation delay (d1) 1.00 s, spectral width (SW) 13
ppm, temperature 295.2 K and acquisition time of 2 minutes and 38 seconds. Saturation
on the residual water signal, at 64.90, was performed by presaturation pulse sequence
using composite pulse (Bruker sequence, zgcppr).

For molecule confirmation after dereplication algorithm, two-dimensional
experiments gradient-selected Heteronuclear Single Quantum Coherence (HSQC) and
gradient-selected Heteronuclear Multiple Bond Correlation (HMBC), as well as
unidimensional Total Correlation Spectroscopy (1D-TOCSY) and Nuclear Overhauser
Effect spectroscopy (1D-NOESY) were performed on all extracts of F. oxysporum and F.
solani. Pulse sequences used on 2D NMR analysis were (a) **CHSQC: phase-sensitive
ge-2D multiplicity-edited HSQC using PEP and adiabatic pulses with gradients in back-
inept (hsgcedetgpsisp2.4, Bruker) and (b) *CHMBC: phase-sensitive ge-2D HMBC
using a two-fold low-pass J-filter (hmbcetgpl3nd 2D, Bruker). 1D-NOESY was
performed using selnogpzs, which minimizes artifacts in NOESY spectra arising from to
the evolution of zero-quantum coherence of J-coupled spins during the mixing time. 1D-
TOCSY was obtained using seldigpzs, in which a selective echo refocuses the selected
spin and is then transferred down the spin system by the DIPSI-II isotropic mixing
sequence.

For HMBC and HSQC acquisition, analysis parameters were, respectively for *H
(f2) and BC (f1), spectrometer frequency 600.13/150.91 MHz, time domain (TD)
512/512, spectral width (SW) 13/230 ppm, number of scans (NS) 32; relaxation delay
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(d1) 1.50 s and temperature 295.2 K. For 1D-TOCSY and 1D-NOESY acquisition,
analysis parameters were time domain (TD) 65k, number of scans (NS) 512; relaxation
delay (d1) 1.00 s, spectral width (SW) 13 ppm and temperature 295.2 K.

2.5. 'HNMR Data Pre-processing

No preprocessing functions were applied on the Free Induction Decays (FIDs).
After Fourier Transformation (FT), spectra were referenced, phased and exported in
American Standard Code for Information Interchange (ASCII) format files using
MestReNova 10.0.2 software (MestreLab Research SL, Santiago de Compostela, Spain)
(WILLCOTT, 2009). The text files were inserted as tables on MATLAB R2015a software
(Infometrix, Mathworks, Natick, Massachusetts, USA) for further matrix pre-processing,
chemometric and computational analysis.

Only NMR information from 6-0.5 to 11.0 was selected for pre-processing
treatments. Additionally, NMR information from 63.00 to 4.17, which comprises sugars
components from Czapek-broth, was removed. The start and end points of each integral
region were forced to zero amplitude using airPLS baseline correction algorithm
(ZHANG; CHEN; LIANG, 2010) and then normalized to total area. Alignment was
performed using ICOSHIFT algorithm (SAVORANI; TOMASI; ENGELSEN, 2010) and

no data reduction by bucketing or binning was performed.

2.6. 'HNMR Multivariate Data Analysis and Dereplication algorithm

Unsupervised chemometric analysis was acquired using MATLAB R2015a software
(Infometrix, Mathworks, Natick, Massachusetts, USA). Hierarchical Clustering Analysis
(HCA) was calculated using Euclidean distance as the pairwise distance and ward as
linkage. For mean-centered PCA, NIPALS algorithm (Nonlinear lterative Partial Least
Squares) was applied at a 95% of confidence interval (ANDRECUT, 2008). The
dereplication algorithm was entirely written in MATLAB R2018a language and the input
data was the loading values of principal component 2 (PC2) obtained by PCA of F.

oxysporum and F. solani tHNMR data.

2.7. In house Metabolic database

In order to compare the selected chemical shifts from the dereplication algorithm,
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a in-house database was compiled with chemical shifts reported for the major metabolites
found in all three selected species. The database included HNMR data of 47 secondary
metabolites from F. oxysporum and 32 secondary metabolites from F. solani; including
jasmonates, tricothecenes, enniatins, naphthoquinones, and others. The structures were
drawn using ChemDraw Ultra 12.0 (PerkinElmer Informatics, Massachusetts, USA) and
HNMR prediction in CDCl; was made using MestReNova 10.0.2 (Metrelab Research
SL, Santiago de Compostela, Spain).

2.8. Confirmatory LC-DAD-ESI-HRMS/MS Analysis

High-resolution mass spectra were measured for all replicates on a LC-DAD-
HRMS-QTOF Micromass spectrometer using electrospray ionization (ESI) in the positive
mode and Quadrupole-time of flight (g-TOF) analyzer. For the LC analysis, we have used
UV SPD detector system and Kinetex C18 100R column (5 um particles size, dimensions
150 x 4.60 mm). For MS analysis, the parameters were: cone voltage 4500 kV,
desolvation temperature 450 °C, nebulizing gas 10 psi and collision energy 25 eV.

For tandem MS in the automated mode, a MS (MS1) was acquired, selecting the
major ions of each retention times followed by a real time fragmentation experiment. All
LC-MS/AutoMS experiments were done in AmaZon speed (Bruker Corporation,
Massachusetts, EUA), using electrospray ionization (ESI) in the positive mode and ion
trap analyzer at the following parameters: nebulizer pressure 70 psi, drying gas flow 12

L min't and drying gas temperature of 350 °C.

3. Results and Discussion

3.1. Fungi genetic identification and metabolite extraction

Senna spectabilis bellows to the Fabaceae family and refers to a plant widely used in
folk herbal medicine and extensively studied towards their chemical diversity. The
selection of this plant as the object of study comes from the well-known cytotoxic activity
of its rhizosphere, attributed mainly to the biotic and abiotic interactions between the plant
and the microbes that inhabit this competitive environment (CARDOSO, 2015). In 2017,
a major revision has been published by this author with an updated of all chemical and
biological data of this species, which includes the presence of bioactive piperidine
alkaloids, pentacyclic triterpenes and anthraquinones (SELEGATO et al., 2017).
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Genetic identification of the selected fungi from the rhizosphere showed that all
three strains belong to Fusarium, the major genus found in this region of S. spectabilis
(Figure 1.1). DNA extraction of F. solani yielded 21.8 ng uL* at a 1.8 purity and 98 %
identity, while F. oxysporum yielded doble (50.6 ng pL™?) at a 1.9 purity and 99 %
identity. These filamentous fungi are commonly found in soil and live both symbiotically
and as a pathogen in several Leguminosae, producing a variety of bioactive secondary
metabolites, including jasmonates and mycotoxins such as picolinic acid derivatives,
depsipeptides and naphthoquinones (MICHIELSE; REP, 2009).

(A)

(B)
© : :

Figure 1.1. Petri dishes of selected fungi after growth on solid media (Czapek) for 9, 10
and 13 days; (A) F. solani CSP-5b, (B) F. oxysporum CSP-19b and (C) F. oxysporum
CSP-R18.

After metabolite extraction and clean-up process, each sample replicate was
weighted, showing that the higher DNA density in F. oxysporum led to an extraction 6
times higher than F. solani. Once F. oxysporum produced 112.61 mg (replicate a), 128.45
mg (replicate b) and 136 mg (replicate c) of EtOAc extract, F. solani only displayed 16.18
mg (replicate a), 22.76 mg (replicate b) and 26.43 mg (replicate c).

3.2.Chemical Profile of Analysis of F. solani and F. oxysporum

The preprocessed *HNMR spectra of F. oxysporum (CSP-19b and CSP-R18) and
F. solani (CSP-5b) revealed the high complexicity of both metabolic profiles (Figure 1.2).
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Spectra of both species present high overall similary, with small differences only in the
aromatic and aliphatic regions, highlighting the necessity of an algorithm that recognizes
important chemical shifts from complex data.
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Figure 1.2. 'THNMR spectra of fungal replicates before preprocessing treatment. For the

Intensity

multivariate data analysis, region from 3 to 4 ppm was removed. (A) Overlap of 7 spectra
from F. solani’s replicates. (B) Overlap of 6 spectra from F. oxysporum’s replicates.

Primarily, hierarchical clustering was applied as the first unsupervised
chemometric analysis, employed to check the similarity on the chemical data and to
assure that the *HNMR replicates of both fungi were similar among themselves and
reliable for comparison among each other. HCA results, abridged as a dendrogram
(Figure 1.3), shows two major clusters, each related to one Fusarium species, illustrating
the statistical difference between them, further explored on PCA. Moreover, all sample
and instrumental replicates presented very high similarity among themselves, indicating

low standard deviation and, consequently, little difference on metabolite production.
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Figure 1.3. HCA dendrogram of tHNMR spectra of F. solani and F. oxysporum extracts.
Samples replicates are represented by letters (a, b and c¢) and experimental replicates are

represented by numbers (1 and 2).

Following the HCA analysis, tHNMR data was submitted to Principal Component
Analysis (PCA). When conducting PCA without binning the data, it is possible to observe
the projection of a real NMR peak shape, expressed on the loading values of the respected
principal component (PC). On this unsupervised analysis, chemical composition from
metabolic profiles influences the PCs, enabling the separation of samples in a
multidimensional space, observed on the PCA score plots. In general, different PCs
comprise different loading values, which means that each loading component could have
one or more chemical substances that are responsible to organize the samples in a
multidimensional space (BRO; SMILDE, 2014; CANDES et al.,, 2011; JOLLIFFE,
2002).

The grouping pattern observed on HCA was repeated on PCA, with two
distinguished groups easily observed on the score plot for PC1 and PC2 values (total
variance of 93%). Principal component 2 was the PC that best chemically differentiates
both fungi, with F. oxysporum samples arranged in the positive values and F. solani
samples placed in the negative PC2 values (Figure 1.4 A). Analysis of the PC2 loading
plot clearly revealed that the positive values were highly similar to the original 'HNMR
spectra of F. oxysporum, while the negative values were remarkably close to F. solani’s
(Figure 1.4 B). Hence, at the end of the chemometric analysis, PCA was a reliable tool
for species discrimination and the selection of important chemical shifts that will be

further analyzed by the dereplication algorithm.
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Figure 1.4. (A) PCA score plots of tHNMR spectra of F. solani and F. oxysporum

extracts (PC1 x PC2, Total variance of 93%); 95% of confidence interval. (B) PCA C2
loadings plot of *H NMR spectra of F. solani and F. oxysporum matrices (total variance
of 28%), in black; 'HNMR spectra of replicates from F. oxysporum (blue, both strains
CSP-R18 and CSP-19b) and F. solani (red and inverted, strain CSP-5b) after

preprocessing treatment.

3.3. Dereplication Algorithm Description

The dereplication method can use as input data the loading values of PCA or PLS-
DA analysis. For this particular example, loading values of PC2 best separated both

Fusarium species and were used for further computational analysis.

a7



(1) The first step of the algorithm is to make a cut on the positive and negative loading
values of the selected PC based on the threshold cut. This threshold cut is made
to avoid the selection of noise and minor signals, targeting only possible chemical
shifts from compounds that best chemically separate the samples at a particular
PC. The pre-selected threshold can be optimized for each analysis according to
the purpose of study and the number of spectral regions you wish to select. Since
the threshold could be any value between the minimum and the maximum
intensity of the respective loadings, different tests can be performed to obtain an
optimum cut that comprises the most intense signals. For PC2 loading, threshold
cuts were performed at 20% of the maximum, for positive values, and 8% of the
minimum, for negative ones (Figure 1.5).

(2) The second step was to identify the maximum and minimum values in the selected
regions after the threshold cut, which are used in the algorithm to create ppm
blocks (binning). The maximum values determine the number of peaks (signal
multiplicity) in the selected region, while the minimum values identify the starting
and the ending point of each ppm block. Figure 1.5 shows the selected chemical
shits from the positive (green diamond) and negative (pink circle) PC2 loading
values and the threshold cut (red dashed line) used for both parts. The maximum
difference between peaks to create the signal blocks was 0.05 ppm, totaling six
regions from positive values and 12 regions from negative numbers, which are
evaluated on step 3.

(3) The third step is crucial for the dereplication analysis and consists in extracting,
from the entire 'THNMR spectra, the exact chemical shift region of each ppm block
identified on the previous step. For this, the intensities of these extracted blocks
are individually correlated with the fungi *HNMR spectra that have the same
chemical shift values. As expected, all six regions from the positive loading values
were highly correlated to F. oxysporum *HNMR spectra (Figure 1.6 a-f), while all
12 regions from the negative PC2 loading values were highly correlate to F. solani
'HNMR spectra (Figure 1.6 g-r). Only four of the twelve regions selected from
the negative values were used for further evaluation, since regions that
corresponds to signals from Czapek-broth (identified by comparison with Czapek

blank spectrum) were excluded from the analysis.
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Figure 1.5. PCA loading plot for principal component 2 (PC2); Threshold cut for
positive and negative are shown as red dashed line. The peaks that were used to create
the chemical shift blocks are shown in green diamond, for the positive part, and

magenta circle, for the negative part.

(4) Lastly, once the correlations values between loadings and *HNMR spectra are
established, the ppm blocks are separated in two groups: highly and poorly
correlated to the loading regions. The correlation to stipulate highly and poorly
correlated groups is set in the algorithm input and can be optimized according to
the matrix complexity. The correlation threshold between the PC2 loadings
blocks and the samples blocks was 75% and 71% to the positive and negatives
loading values, respectively. Highly correlated from positive and negative loading

analysis can be observed in Figure 1.7 (a —f) and Figure 1.7 (g-j), respectively.
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Figure 1.7. (A) Positive Loading Values: regions isolated from the positive part of the
PC2 loadings overlapped with the tHNMR-spectra. The two statically relevant groups are
shown in the first (peaks with high correlation >71%) and second (peaks with low
correlation <71%) rows. (B) Negative Loading Values: region for the negative part of the
PC2 loadings overlapped with the tHNMR-spectra. The two statically relevant groups are
shown in the first (peaks with high correlation >75%) and second (peaks with low

correlation <75%) rows.
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At the end of the method, and as a direct result of PCA separation, ten important
'HNMR regions were extracted from positive and negative loading values, which were
submitted to molecule elucidation. An optional and sequential step for the algorithm is to
set the intensity of the highly correlated 'THNMR signals to the noise intensity (near zero)
and then re-calculate the algorithm, enabling the dereplication of additional molecules on
the sample. Figure 1.8 shows the results of the algorithm at the end of the first run. a) and
d) are the isolated *HNMR peaks with high PC2 correlations; b) and c) are the matrices
for both fungi species after the peak’s subtractions. The peaks are selectively removed
from each fungi matrix showing how the algorithm can successfully dereplicate a
complex mixture. In fact, this whole procedure, from the PCA calculation to signal
isolation can continue automatically until most of the signals are identified and grouped,

providing a reliable and statistical dereplicate procedure.
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Figure 1.8. (A) 'HNMR signals extracted by the correlation with the positive part of PC2
loadings and are related to the F. oxysporum. (B) Overlapped *HNMR spectra of F.
oxysporum crude extracts after extraction of the selected peaks. (C) Overlapped *HNMR
spectra of F. solani crude extracts after extraction of the selected peaks. (D) *HNMR
signals extracted from the correlation with the positive part of PC2 loadings and are

related to the F. solani.
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3.4. Molecule elucidation

Peaks selected on the dereplication method were submitted to one-dimensional
TOCSY, enabling the identification of spin systems from the corresponding molecule.
Those spin system were then compared to the in-house Fusarium database for molecule
elucidation and confirmed through 2D NMR experiments, high resolution MS and tandem
MS.

3.4.1. Positive loading values

Six peaks were selected from the positive loading values (F. oxysporum) and
submitted to 1D-TOCSY: 6 0.16 (d, 3H, J 7 Hz),  0.76 (d, 3H, J 6.6 Hz), 5 0.86 (t, 3H J
7.0 Hz), 61.29 (m, 2H), 6 1.56 (m, 2H) and & 7.16 (m, 5H). 1D-TOCSY experiments
revealed that all six chemical shifts belong to three spin systems, showed in Table 1.1.
These spin systems were then manually compared to the in-house Fusarium database,
suggesting the presence of two secondary metabolites commonly found in F. oxysporum.
Spin systems | and Il indicated the presence of beauvericin, a hexadepsipeptide from the
enniatin family formed altering hydroxy-iso-valeryl (spin system 1) and
methylphenylalanyl (spin system | — aromatic portion), while spin system Il was
compatible to the saturated long chain substituent of fusaric acid, a picolinic acid

derivative mycotoxin (Figure 1.9 A).

Spin system Chemical shifts Molecule
I 1D TOCSY: 6 7.17 —7.05 (d, 5H) Beauvericin
1D TOCSY: 6 0.15 (d, 3H, J 6.9 Hz);
1 6 0.75 (d, 3H, J 6.6 Hz); 6 1.7 (m, 1H), Beauvericin

§ 4.7 (d, 1H, J 8.9 Hz)

1D TOCSY: 60.86 (t, 3H J 7.0 Hz), 51.29
11 Fusaric Acid
(tq, 2H), 01.56 (tt, 2H), 2.66 (t, 2H)

Table 1.1. 1D-TOCSY of selected peaks from dereplication method. Evaluation of the

positive PC2 loading values correlated to F. oxysporum.
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For confirmatory analysis, the presence of additional molecule signals and their
spin-spin interactions were evaluated using HSQC, HMBC, 1D-TOCSY and 1D-NOESY
from crude extract. Beauvericin showed additional spin systems from alanyl group, which
correlates to system | on HMBC and it is formed by two diastereotopic hydrogens at
62.94 (dd, 1H, J 14.7, 12.8 Hz) and & 3.29 (dd, 1H, J 14.7 and 4.6 Hz) as well as one
hydrogen bonded to a tertiary carbon at 6 5.70 (dd, 1H, J 12.7 and 4.5 Hz). 1D-NOESY
showed the correlation between the singlet at 6 3.05 (s, 3H) and spin system Il. Fusaric
acid also revealed an additional spin system from the pyridine ring correlated with system
I on HMBC, which comprises in both aromatic signals 6 7.80 (d, J 8.2 Hz, 1H) and & 8.01
(d, J 8.2 Hz, 1H), suggesting a para-substituted pyridine ring.

Confirmatory LC-DAD-ESI-HRMS/MS of F. oxysporum extract was performed
according to the seven golden rules by Kind and Fiehn (KIND; FIEHN, 2007) and showed
that fusaric acid appears at 12.3 minutes of an exploratory 50-minute gradient run,
displaying two intense peaks [M+H]" m/z 180.0959 (error of < 1 ppm) and [M+Na]* m/z
202.0770 and two neutral loss fragmentation m/z 162.0860 and m/z 134.0921 related to a
loss of water [M-H2O+H]" and carboxyl group [M-COOH+H]", respectively. ESI-
MS/MS analysis of fusaric acid revealed a dominant fragment of m/z 152.05, agreeing
with data previously described in literature (BROWN et al., 2012; HU; RYCHLIK, 2012).
Beauvericin appeared at 35.8 minutes with intense peaks [M+H]" m/z 784.3895 (error of
< 3 ppm) and [M+Na]™ m/z 806.3698. Tandem MS showed three main fragments m/z
541.29, m/z 523.27 and m/z 262.10, related to [Dimer+H+H>0]*, [Dimer+H]" and
[Monomer+H]*, respectively (BROWN et al., 2012; HU; RYCHLIK, 2012).

3.4.2. Negative loading values

Since the growth of F. solani in Czapek-Broth is slower than F. oxysporum, easily
observable by the difference in mycelium size and density, it was expected that crude
extracts from F. solani showed a higher concentration of free sugars from liquid medium
and fatty acid esthers derivate from fungus primary metabolites that could interfere on
the PCA analysis. In fact, out of the twelve peaks selected by the dereplication method,
only four were secondary metabolites signals. Table 2 shows the molecules elucidated
from the eigth excluded regions by comparison with NMR-data from Human
Metabolome Database (WISHART et al., 2007), following procedure described by Bubbs

(BUBB, 2003). Furthermore, detailed evaluation of the chemical data also revealed the

54



stereoisomers alpha-glucose by the irradiation of the anomeric proton at &5.01,
correlating the chemical shifts 6 5.01 (d, 1H, J 3.8 Hz) & 3.67 (m), 3.57 (m, 1H), 5 3.25
(dd, 1H, J 3.8 Hz) and & 3.19 (m, 1H) to the same spin system.

Chemical shifts Molecule

§1.24 (m, 16H), 5 1.50 (m, 5H), 5 2.15 (m, 18H), 5 0.88 (M), & 2.45 (s, 4H) Fatty Acid Esther
§3.02 (dd, 4H, J 9.2 and 7.8Hz), 5 4.37 (d, 4H, J 7.8Hz), 5 3.75 (dd, J 11.3
Hz, 4H), § 3.55 (m, 4H), & 3.18-3.24 (m)
§5.29 (d, 1H, J 3.8Hz), § 3.67 (M, 1H), 8 3.57 (m, 1H), 5 3.25 (m, 1H),
§3.19 (m, 1H)

B -glucose

fructose

Table 1.2. Chemical shifts of primary metabolites found in F. solani AcOEt extract.

1D-TOCSY proved to be greatly challeging, due to the very small intensity of the
of the four remaining peaks. HMBC suggested the presence of a 1,4-disubstituted phenyl
ring system through the correlation of 6 6.59 (d, J 6.8Hz, 2H) with & 6.93 (d, J 6.8Hz,
2H). Additionally, & 6.93 also correlated with the diastereotopic hydrogen at & 2.61 (m,
1H). Comparison with tHNMR-data from the in house Fusarium database suggested the
depsipeptide HA 23 (Figure 1.9 B), isolated by Feng et al (FENG et al., 2002). This
unusual peptide is formed by a pipecolinic acid and O-prenyl-substituted tyrosine
residues and a polyketide chain. Confirmatory LC-DAD-ESI-HRMS of F. solani extract
showed HA23 depsipeptide at 43.0 minutes on an exploratory 50-minute gradient, with
three intense peaks [M+H]" m/z 601.3465 (error of < 4 ppm), [M+Na]* m/z 623.3262 and
[M+K]* m/z 639.2986. No fragmentation pattern has ever been reported for this molecule,

thus, for molecular confirmation, purification and isolation procedure are necessary.
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(A) E oxysporum (B) F. solani

beauvericin fusaric acid HA23

Figure 1.9. (A) Chemical structure of secondary metabolites from F. oxysporum
beauvericin and fusaric acid. (B) Chemical structure of secondary metabolite HA23 from

F. solani.

4. Conclusions

PCA was sucessifully chosen for the discrimination of Fusarium species, allowing
separation of F. oxysporum and F. solani, even in highly similar matrices. Using the
loading values for the PC that best separated F. solani and F. oxysporum, the algorithm
automatically identified and extracted THNMR shifts from a complex chemical profile,
enabling the identification of known secondary metabolites, including (a)
hexadepsipeptide beauvericin and (b) fusaric acid, found in F. oxysporum, and (c)
depsipeptide HA23, found in F. solani. Aditionally, the algorithm was also able to
identify free sugars from Czapek-Broth (d) B-glucose and (e) fructose, as well as esther
fatty acid from primary fungi metabolim.

The development of an in house Fusarium database was a crucial step for molecule
elucidation, enabling the comparison of known spin system and the 1D-NMR-data
obtained from a complexe matrix. Furthermore, the identification of three mycotoxin as
major metabolites from fungi isolated from a healthy rizhosphere show the region
competitivity and the importance of future studies regarding the discovery of new
bioactive compounds.

Aditionally, as a result of PCA separation, the chemical shifts that best contributed
to the Fusarium species chemical differences are related to compounds that are majorly
found in one particular species, being an excellent methodology for chemotaxonomy and

biomarkers search.
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CHAPTER 2. DEREPLICATION OF MAJOR SECONDARY BY MASS
SPECTROMETRY (MS)
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Justification:

In metabolomics, some analytical issues related to the identification and
quantification of metabolites in complex matrices remain a cornerstone in natural
products research. Some examples of difficulties encountered in metabolic analysis
include the constant re-isolation of inactive or known chemotypes, the polarity-related
structural complexity and the wide metabolic dynamics, hampering chemical
identification and biological correlation of these complex data.

To overcome these limitations, dereplication strategies often use more than one
analytical technique, targeting to provide a comprehensive and precise response of the
metabolome. Among the most common techniques in metabolomics, the integration of
liquid and gas chromatography coupled with mass spectrometry (LC-MS and GC-MS)
has shown to minimize the individual technical limitations and increase separation,
detection, stability, sensitivity and amplitude of the detection range. Moreover, the
identification of secondary metabolites in complex natural matrices by MS presents
advantages to the univariate approaches of purification and isolation due to its versatility,
speed and use of smaller amounts of sample, providing molecular information and

composition of these metabolites.
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Abstract

In metabolomic studies applied to natural products, dereplication has recently become of
fundamental importance to achieve an accurate chemical response, aiming mainly to
decrease complexity of crude extracts and facilitate the identification of biologically
active compounds. In a dereplication study, experimental data is conventionally
compared with spectroscopic and spectrometric data from known molecules, avoiding the
re-isolation of known substances and ensuring rapid prioritization of promising extracts.
Notwithstanding these advantages, to this date, no analytical technique has been able to
dereplicate the entire chemical composition of the metabolome and, most of the times,
requires the use of complementary, highly sensitive and robust analytical methods. In this
chapter, the monoculture extracts of F. oxysporum and F. solani were submitted to mass
spectrometry dereplication methods, aiming to identify their major chemotypes. For this,
crude extracts were analyzed by liquid (LC-DAD-ESI(+)-HRMS) and LC-DAD-ESI-
MS/MS) and gas chromatography (GC-EI-MS), followed by comparison of these data
with those of known molecules from the literature. Results show that MS dereplication
ensured a comprehensive view of metabolic production, identifying 16 different
metabolites. The LC-MS dereplication identified seven major compounds for three
Fusarium strains (F. oxysporum strains CSP-19b and CSP-R18 and F. solani strain CSP-
5b), including alkaloids, picolinic acid analogues and the metabolites previously
identified by NMR. Moreover, GC-MS analysis was able to identify ten different
compounds, highlighting picolinic acid derivatives and primary metabolites, such as

organic and secondary alcohols and acids.

Keywords: dereplication, mass spectrometry, LC-MS, GC-MS, Fusarium, metabolomics
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1. Introduction

Metabolomics can be described as the study of quantitative and qualitative metabolic
responses of an organism subject to different life routines, environmental stimuli or
genetic modulations (NICHOLSON; LINDON, 2008; OLIVER et al., 1998; WAGNER;
SEFKOW; KOPKA, 2003). Although recently described in the late 1990s, metabolomics
conceptual basis is embedded in systems biology - an approach that treats organisms as
integrated systems, measured through multifactorial quantitative responses.

In chemistry, the application of metabolomics has become a golden strategy for
chemical fingerprinting and has emerged by the combination of different technological
factors, including advances in high throughput analysis in both separation and detection;
computational development (processors and memories capable of allocating and
calculating large volumes of data) and the adequacy of statistical methods and pattern
recognition, initially developed for the field of economics and later adapted for the
acquisition, analysis and treatment of sets of data in biological systems (AKSENOV et
al., 2017; DA SILVA et al., 2018; HONG et al., 2016; JORGE et al., 2016).

Specifically, in metabolomic applied to natural products, the development of
computational tools has recently become of fundamental importance to achieve an
accurate chemical response, aiming mainly to decrease complexity of crude extracts and
facilitate the selection of promising samples or potential bioactive compounds (NG et al.,
2009; WOLFENDER et al., 2009).

Among these strategies, dereplication has emerged as a rapid way of identifying
known compounds, facilitating the detection of bioactive chemotypes and decreasing the
redundant isolation of known secondary metabolites found in crude extracts. When
compared to univariate approaches, dereplication can be considered a faster, greener, less
expensive and less destructive alternative, decreasing the cost and the use of organic
solvents to provide a better and more accurate procedure for bioactive sample selection
(NG et al., 2009; WOLFENDER et al., 2009).

Conventionally, dereplication studies are based on the comparison of
experimental data with robust databases, which contains spectroscopic, spectrometric and
physico-chemical properties of isolated or predicted molecules. However, due to
technical limitations, no analytical methods has been able to analyze the entire chemical
composition of the metabolome, requiring the use of complementary, highly sensitive and

robust analytical methods (ZHANG et al., 2012). For example, the integration of liquid
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and gas chromatography coupled with mass spectrometry (LC-MS and GC-MS) have
shown to minimize their individual technical limitations and increase separation,
detection, stability, sensitivity and amplitude in the detection range. Moreover, for the
identification of secondary metabolites in complex matrices, mass spectrometry (MS)
coupled with separation techniques also presents advantages to the univariate approaches
due to the speed and use of smaller amounts of sample, avoiding the re-isolation of known
substances and ensuring rapid prioritization of extracts. Given MS is a highly sensitive
technique, its use can provide molecular information through high resolution mass,
fragmentation profiles and isotopic patterns.

After the selection of the fungi from the rhizosphere of S. spectabilis and the
identification of the major compounds by NMR, the same extracts obtained in Chapter 1
from the monocultures of F. oxysporum (strains CSP-19b and CSP-R18) and F. solani
(CSP-5b) were submitted to mass spectrometry dereplication, aiming to identify other
major chemotypes produced by these Fusarium strain. For this analysis, crude extracts
were submitted to liquid (LC-DAD-ESI(+)-HRMS) and LC-DAD-ESI-MS/MS) and gas
chromatography (GC-EI-MS). Metabolite identification was conducted by comparison of
these experimental data with those of known molecules from the literature. All the
analysis of LC-MS was carried out at the Faculty of Pharmaceutical Sciences of the
University of Sdo Paulo (USP), campus of Ribeirdo Preto, in collaboration with Prof. Dr.
Norberto Peporine Lopes, while the CG-MS analysis was conducted at the Institute of

Chemistry of Araraquara, Séo Paulo State University (UNESP).

2. Materials and Methods
2.1. Dereplication by LC-DAD-ESI-HRMS and LC-DAD-ESI-MS/MS
2.1.1. LC-DAD Method Optimazation

The extracts used for this chapter were prepared according to the method described in
chapter 1 (topic 2.3). For the initial analysis of the chemical profile (footprinting), the
extracts were submitted to chromatographic run on Shimadzo Class-LC 10 and Diodes
Array Detectors (DAD) with wavelength from 190 to 800 nm. The method optimization
was performed by a systematic variation of chromatographic parameters, in which
exploratory runs were performed according to a complete factorial planning (Table 2.1).
In this Design of Experiments (DoE), three variables were evaluated in two different

levels (2° = 8 experiments): (v1) mobile phase flow rate (0.8 e 1.0 mL min?), (v2)
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presence of acid additives (formic acid in concentrations of 0.1% and 0.05%) and (v3)
organic solvent gradient time (40 and 50 minutes).

The best system was selected based on the highest number of detected peaks, as well
as the best chromatographic resolution, evaluated by individual analysis of peak shape
(efficiency), peak separation (selectivity) and column retention in every individual
experiment. The changes in organic solvent gradient provides major change in retention
(k) and moderate selectivity (o). The pH of the mobile phase ensures adjustment in both
retention (k) and selectivity (o), as well as a moderate effect on efficiency (number of
theoretical plates or N). Lastly, the flow rate of the mobile phase, while not important for

retention or selectivity, promotes a moderate adjustment of efficiency.

Variables Description Low Level (-1) High Level (+1)
V1 Mobile Phase Flow Rate 0.8 mL min*! 1.0 mL mint
V2 Acid additives 0.05% 0.1%

V3 Gradient Time 40 minutes 50 minutes
EXxp. vl V2 v3

1 1 1 -1

2 -1 1 1

3 1 1 1

4 -1 1 -1

5 1 -1 -1

6 -1 -1 1

7 1 -1 1

8 -1 -1 -1

Table 2.1. Description of the variables and experimental arrangement for the complete
factorial planning of the fungal extracts, performed to optimize the chromatographic
method.

All samples were prepared using 1.00 mg mL™ of fungal extracts using the following
acquisition parameters: mobile phase was ultra-pure Mili-Q (pump A, aqueous solvent)
and MeOH (pump B, organic solvent); stationary phase was Kinetex C18 100R
(Phenomenex), 150 x 4.60 mm and injection volume of 20 pl. For the 40-minutes
exploratory gradient, the elution ramp was: 5% to 100% B in 40 minutes, 40-50 minutes
in 100%, 50-55 minutes 100-5% and 55-75 minutes remaining in 5 % for the rebalancing

of the column. Similarly, for the 50-minutes exploratory gradient, the organic solvent
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gradient was 5% to 100% B in 50 minutes, 50-60 minutes in 100%, 60-65 minutes 100-
5% and 65-75 minutes remaining in 5% for the reconditioning of the column.

For the LC data processing, all the chromatograms were exported in ASCII and
preprocessed in MATLAB R2014a software. The processing steps comprised on baseline
correction by airPLS algorithm (ZHANG; CHEN; LIANG, 2010), CCOW alignment
(constrained correlation optimized warping) (TOMASI; VAN DEN BERG;
ANDERSSON, 2004) and normalization by total area.

2.1.2. LC-DAD-ESI-HRMS and LC-DAD-ESI-MS/MS Acquisition

The high-resolution analysis (LC-DAD-ESI-HRMS) used the optimized
chromatographic method in a Shimadzu LC-20 ternary analytical chromatograph. The
column eluent was divided using a 5:1 splitter, with the largest flow being directed to the
DAD detector and the remainder to the mass spectrometer at a flow rate of 150 uL min
1 MS detection was performed in UltrOToF (Bruker) with positive ionization mode and
Q-ToF analyzer at the following parameter: 3 kV capillary probe, 25 V cone; N2 gas for
nebulization, flow rate at 345 L h* and 27 L h*! and temperature of 180 °C. Calibration
was performed through addition of trifluoroacetic acid solution (Na-TFA, 10 mg mL™) at
the beginning and end of each chromatographic analysis.

For the fragmentation analysis, LC-DAD-ESI-MS/AutoMS data were acquired in a
Bruker AmaZon Speed using electrospray ionization (ESI) in the positive mode and ion
trap analyzer at the following parameters: nebulizer pressure 70 psi, drying gas flow 12.0
L mint, drying gas temperature 350 °C. The MS/AutoMS mode was carried out with
cycles for positive MS1 acquisition, followed by fragmentation of the two most intense

ions (above > 1000 counts).

2.2. Dereplication by CG-EI-MS
2.2.1. Sample Derivatization

Derivatization was conducted by methylation and silylation reactions. Methylation
was performed to form oximes targeting to block the interconversion between the cyclic
and acyclic structures of reducing sugars and, hence, avoid the formation of two different
chromatographic peaks related to the same metabolite. Chemically, the conversion of

aldehydes and ketones to oximes using methoxamine limits interconversion of C-N

62



bonding and protects the molecules from decarboxylation. Similarly, silylation reaction
IS a process that comprises hundreds of non-spontaneous, parallel and competing
reactions between molecules of various chemical classes and the derivative agent. In this,
the reactive hydrogen atoms are replaced by TMS groups, reducing the polarity of specific
functional groups (-COOH, -OH, -NH2, -NH, CO) (FIEHN, 2017; FRIAS;
GRAMACHO; PINEIRO, 2014).

For the methylation reaction, 80 pL of methoxamine hydrochloride (20 mg mL™*
solution in pyridine) was added in 5.00 + 0.1 mg of crude extract solubilized in 100 uL
of pyridine. The solution was left for 90 minutes in a water-bath at 30 °C. Following,
silylation was conducted by adding 200 pL of MSTFA (N-methyl-N- (trimethylsilyl) -
trifluoroacetamide) and heating for 30 minutes at 37 ° C. Before acquisition, the resulting

solution was filtrated using 0.22 um filter and refrigeration at 5 °C for 24 hours.

2.2.2. GC-EI-MS Data Acquisition

GC-MS analysis was performed on a QP-2010 Shimadzu gas chromatograph
equipped with AOC-5000 automatic injector (Shimadzu) and coupled with a mass
spectrometer. lonization was performed by electron ionization and mass analysis and
detection was conducted by a single-quadrupole. Helium was used as a carrier gas and
EN5SMS (30 m x 0.25 um x 0.25 mm) was used as a column. For the analysis, 1.00 uL of
the derivatized samples were injected using 1:20 slip. The method was previously
optimized at a GC-FID and used the following parameters: injector and detector
temperatures at 270 °C and 320 °C, respectively and flow rate of 0.7 mL min™. The
gradient used was: 3 minutes at 90 °C (isothermal); increase of 3 °C min* to 280 °C and
5 minutes at 280 °C (isothermal), totaling 71.33 minutes of running. MS detector
parameters were: ionization energy at 70 eV; detection range of m/z 40-600; acquisition
of 2 spectra/s and initial acquisition time at 4.0 minutes to avoid detector saturation with
by-products. For calibration and tuning, autotune FC43 (perfluorotributylamine) was

used according to the equipment specifications.

3. Results and Discussion
3.1. Dereplication by LC-DAD-ESI-HRMS and LC-ESI-MS/MS

High Performance Liquid Chromatography (HPLC or LC) is the most used analytical
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technique for the acquisition of chromatographic profiles (fingerprinting or footprinting)
(ERNST et al.,, 2014a). In this process, metabolic separation proceeds through the
different states of equilibrium between analyte, the mobile phase (organic and aqueous
solvents) and the stationary phase (chromatographic column), providing a compresenhive
view of the chemical composition (ERNST et al., 2014b).

The first stage for the dereplication of Fusarium extracts by mass spectrometry
coupled to liquid chromatography was the optimization of the chromatographic method.
In literature, this process is commonly performed by modifying the run parameters, such
as mobile phase flow, temperature, organic solvent gradient and concentration of
additives.

For a more comprehensive evaluation of this process, in this study, each fungal extract
was optimized by a complete factorial planning in which three variables were tested at
two levels. This systematic variation occurred by modifying the percentage of acid
additives, the gradient time of the organic solvent and the mobile phase flow rate. The
system response was the number of detected peaks at 254 nm, in which the best
parameters gave us the highest number of peaks. Moreover, in addition to the
experimental design response, for each run, the chromatograms were individually
evaluated for their signal resolution (selectivity, efficiency and retention), guaranteeing
the selection of a system that has high peak detection and a good dispersion of the analyte,
separation between peaks and retention capacity.

The chromatograms at 254 nm of F. oxysporum CSP-R18, F. oxysporum CSP-19b
and F. solani CSP-5b are displayed in Figure 2.1-2.3, revealing a pronounced chemical
diversity of the extracts. In general, the percentage of acid additives was not relevant for
the optimization of any fungal extract. However, the analysis of the other parameters
revealed that each fungal extract displayed a different response during the systematic
evaluation, allowing individual optimization of the methods.

In F. oxysporum (CSP-R18), exploratory run revealed abundant presence of polar
compounds, with signals of non-polar molecules almost undetectable at 254 and 366 nm.
Complete factorial planning showed that the mobile phase flow rate and gradient time are
the only significant variables for optimization of the method, with detection the highest
number of peaks in a 40-minute gradient and flow of 0.8 mL min™! (Table 2) . Individual
evaluation of the experiments showed that, regardless of the variables tested, there was a
pronounced tailing of the major signal, which was only minimized with the use of basic
additives (triethylamine, Supplementary Material, Figure SM3). In addition, although the
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presence of additives did not influence the higher detection of peaks, the presence of
0.05% of formic acid in the mobile phase resulted in a better resolution of the signals than
in 0.1%, promoting an efficient and selective elution of molecules with low, medium high

polarity (Figure 2.1).
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Figure 2.1. Chromatogram at 254 nm from the experiments of the Complete Factorial

Planning (Exp 1-8) acquired for the method optimization of F. oxysporum CSP-R18.

For F. oxysporum (CSP-19b), the chromatograms also showed predominant presence
of polar molecules. However, unlike F. oxysporum CSP-R18, the extract from CSP-19b
strain also revealed other non-polar compounds as most intense signals (Figure 2.2). The
experimental design revealed that the only significant variable was the mobile phase flow
rate (1 mL min™). Therefore, the percentage of additives and the gradient time were non-
significant parameters for the increase in the number of peaks (Table 2.2). Individual
evaluation of the experiments revealed that a 40-minute gradient and 0.1% acid additives
ensured the best separation of the peaks, also demonstrating better efficiency and
resolution in the chromatographic run.

Finally, evaluation of F. solani (CSP-5b) revealed that this extract shows the
highest number of peaks, with signals of high intensity throughout the entire
chromatogram (Figure 2.3). For this experimental design, the gradient time and the
interaction between gradient time and mobile phase flow (Table 2.2) were the most
significant effects for system optimization. The best chromatographic method for this

extract was obtained by a 50-minute gradient and flow at 1 mL min™. The concentration
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of the acid additives did not interfere in the peak detection and neither in the

improvements of the signal’s resolution (Figure 2.3).
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Figure 2.2. Chromatogram at 254 nm from the experiments of the Complete Factorial
Planning (Exp 1-8) acquired for the method optimization of F. oxysporum CSP-19b.
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Figure 2.3. Chromatogram at 254 nm from the experiments of the Complete Factorial
Planning (Exp 1-8) acquired for the method optimization of F. solani CSP-5b.
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CSP-R18 CSP-19b CSP-5b

Experimental Variance 13.00 15.38 10.75
Experimental Error 3.61 3.92 3.28
Effect VVariance 6.50 3.84 2.69
Effect Error 2.55 1.96 1.64
Critical t valueo 7.08 5.44 4.55
Significant effects V1(-), V3(-) V1(+) V3(+), V1-3(+)

Table 2.2. Statistical results from the complete factorial planning for chromatographic
method optimization of Fusarium extract. T value at a 95% confidence level and 4 degrees

of freedom was 2.78.

The identification of secondary metabolites by LC-DAD-ESI-HRMS and LC-DAD-
ESI-MS/MS was performed after the method optimization for the three fungal extracts.
In metabolomics, MS detection by electrospray ionization (ESI) is the method of choice
in most microbial studies, offering a greater extent of ionization and detection of polar
compounds and molecules with higher molecular weight when compared to other
methods (CROTTI et al., 2006; GUARATINI et al., 2005; VESSECCHI et al., 2008;
ZHOU et al., 2012).

For the elucidation procedure, the UV, high resolution mass and the fragmentation
patterns of experimental data were compared to spectrometric information of known
metabolites. Chemical data of known compounds were obtained by consolidated libraries,
such as Metlin (RAFIEI; SLENO, 2014), MassBank (HORAI et al., 2010) and MassBank
of North America (MoNA), as well as an in-house compilation of all major Fusarium
metabolites, totaling 41 molecules reported for the species of F. solani and F. oxysporum
(taxonomic filter). The search for Fusarium metabolites were performed by a
bibliographical survey of the main sources of research, including SciFinder, Science
Direct, Pubmed and Web of Science. The database was built in .xml format and contains
IUPAC, trivial name, CAS-Number, monoisotopic mass, protonated and sodiated ions
and molecular formula.

The metabolic identification protocol was performed according to the seven rules
proposed by Kind and Fiehn (2007) (KIND; FIEHN, 2007) and included 7 steps: (a)
correction of the mass values with NaTFA calibration, (b) removal of possible impurities
and contaminants, (c) proposition of the molecular formulas for relevant m/z using

SmartFormula XR function (Data Analysis, Bruker), (d) evaluation of the error, in ppm,
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between observed ions and high resolution masses described in literature, (e) evaluation
of sigma values (relative to the isotope standard), (f) confirmation of the molecules by
comparison of fragments present in the databases, and (g) proposition of fragmentation
mechanisms. Only the detection of substances whose error between the observed and
calculated high resolution mass did not exceed 10 ppm (FUNARI et al., 2013) was
considered (KIND; FIEHN, 2010).

In the LC-MS dereplication, database comparison allowed the identification of seven
major compounds identified for the three Fusarium strains, including compounds
previously elucidated by NMR (Table 2.3). The depsipeptide beauvericin was the only
secondary metabolite found in both species (Table 3), with major production found in F.
oxysporum CSP-19b. Fusaric acid (5-butyl-picolinic acid) and its analogous 5-(3-
butenyl)-picolinic acid were identified only for the F. oxysporum (CSP-R18 and 19b),
both of which were already known and previously elucidated for this species
(AMALFITANO et al., 2002). In addition to beauvericin and picolinic acid derivatives,
LC-MS also identified the alkaloid camptothecin and one analogue 9-
methoxycamptothecin, both compounds only detected for F. solani. The optimized
chromatograms with the respective elucidated molecules are displayed in Figure 2.4. In
addition, the mass spectra and the proposed fragmentation mechanisms for the molecules
identified are arranged in Figures 2.5.

3)
4)
)] (6)
o | @ k JlLJl., N
|r‘ \, I _”_/_AVMM__,A,,n,,,,l‘\a..n -
A A ] ko NS e |
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A M‘”‘“N%;:::;::_:t:‘“:;"_J‘:;ﬂ;J_:':_:";_":’_";';'_;f:_,,v,_,,ﬁso
COPRIS : Z;gi_i_z(i)_ii 15 20 25 30 35 40 45

Retention time (min)
Figure 2.4. Optimized chromatograms for the three fungal extracts, F. solani (CSP-5b)

and F. oxysporum (CSP-R18 and CSP-19b), and their respective molecule signals
elucidated by LC-DAD-ESI-MS/MS.
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Theoretical Experimental

Molecular  Monoisotopic Error  Fragments RT )
Molecule m/z m/z ) Species
Formula mass (ppm) (m/z) (min)
[M+H]* [M+H]*
365.0728 203 [glucose
1 sacarose C12H22011 342.1162 343.1235 -3.31 1.7 Czapek
[M+Na]* + Na]*
5-(3-butenyl)-picolinic
2 C10H11NO> 177.0789 178.0862 178.0795 -0.67 160, 132 9.3 F. oxysporum
acid
3 5-butyl-picolinic acid ~ C1oH13NO> 179.0946 180.1019 180.0959 -0.59 162, 134 9.9 F. oxysporum
4 9-methoxycamptothecin  C21H1sN2Os 378.1215 379.1288 379.2458 1.69 335 21.7 F. solani
5 camptothecin C20H16N204 348.1110 349.1183 349.1963 7.80 331,305,287 29.6 F. solani
806, 623, F. solani and
6 beauvericin C45H57N309 783.4094 784.4168 784.3895 -2.72 43.4
523, 366, 266 F. oxysporum

Table 2.3. Molecules identified by LC-DAD-ESI-MS/MS from the fungal extracts of F. solani (CSP-5b) and F. oxysporum (CSP-R18 and CSP-
19Db).
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Figure 2.5. (A) Proposed fragmentation mechanism for dehydrofusaric acid. (a) MS
spectrum of LC-DAD-ESI-MS run; m/z in red () corresponds to the ion selected for
fragmentation. b) MS2 spectrum for selected ion. Mechanism proposed by the author. MS
Fragments in positive mode: m/z 150 [M-C2H4+H]*, m/z 160 [M-HO+H]*, 132 [M-
COOH+H]".
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Figure 2.5. (B) Proposed fragmentation mechanism for fusaric acid. (a) MS spectrum of
LC-DAD-ESI-MS run; m/z in red () corresponds to the ion selected for fragmentation.
b) MS2 spectrum for selected ion. Mechanism proposed by the author. MS Fragments in
positive mode: m/z 152 [M-CzH4+H]", m/z 162 [M-H20+H]", 134 [M-COOH+H]".
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Figure 2.5. (D) Proposed fragmentation mechanism for camptothecin. (a) MS spectrum
of LC-DAD-ESI-MS run; m/z in red (e) corresponds to the ion selected for
fragmentation. b) MS2 spectrum for selected ion. Mechanism proposed by the author. MS
Fragments in positive mode: Fragments in positive mode: m/z 331 [M-H2O+H]*, 305 [M-
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Figure 2.5. (E) Proposed fragmentation mechanism for beauvericin. (a) MS spectrum of

LC-DAD-ESI-MS run; m/z in red () corresponds to the ion selected for fragmentation.
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3.2. Dereplication by CG-EI-MS

Gas chromatography coupled to MS is one of the oldest analytical technique and has
been established as a golden technique for the detection and quantification of volatile and
semi-volatile compounds (<650 Da) (GRIFFITHS, 2008). One of the greatest advantages
of CG-EM is the molecular identification process based on the combination of orthogonal
information, i.e. the use of compound retention times combined with mass spectral
information obtained under a standardized ionization energy (usually 70 eV) (FIEHN,
2017; KIND et al., 2009). This combination provides a highly sensitive and reproducible
analysis, as well as the development of large compound libraries (patterns) for structural
identification of chromatographic peaks. For example, the NIST14 (Mass Spectral
Library collection of the U.S. National Institute of Standards and Technology) is
composed of more than 240000 molecular structures, one third of which has retention
time values and spectral information.

In this CG-EI-MS evaluation, the identification of Fusarium metabolite was
performed through the comparison of the Linear Retention Indices (LRI) and the
fragmentation profile obtained experimentally with those of metabolites present in the
literature. The library used for this procedure was NIST 14 Mass Spec and we have only
considered substances that displayed similarity greater than 95% similarity and an LRI
error (between the observed and calculated LRI) of less 5%.

To calculate the LRI of the metabolites, we have applied a linear regression
equation that uses the retention times of a hydrocarbon mixture (external reference
standard C8-C40), whose LRI values are tabulated and described in literature (VAN DEN
DOOL; KRATZ, 1963) (Figure SM7, Supplementary Material). The hydrocarbon
mixture was composed of fatty acids (C8-C40) dissolved in chloroform in the
concentrations of 0.8 mg mL™* (C8-C16) and 0.4 mg mL™ (C18-C40) (KIND et al., 2009).

The dereplicated compounds are displayed in Table 2.4, most of which being
primary metabolites, such as organic acids and alcohols. In addition, some picolinic acid
derivatives were also identified only for F. oxysporum, including the known fusaric acid

and 2-acetyl-6-methylpiridine.
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RT Similarity  Similarity

Molecule Species (min) LRlcac LRt (%)
Latic acid F. solani 5.8 915 922.14 0.77 96
benzeneacetic  F. oxysporum, 6.27 1263  1259.25  -0.29 97
acid F. solani
Benzoicacid - OYSPOUM o5 1970 116111 -0.76 96
F. solani
n-decanoic acid F. solani 15.99 1382  1366.16 -1.15 97
2-
hydroxidecanoic F. solani 23.55 1534  1586.43 3.30 99
acid
2-acetyl-6- F. oxysporum 6.15 110855 1107 -0.14 96
methylpiridine
Fusaric acid F. oxysporum 22.32 1555  1554.16 -0.05 97
1-hexanol F. solani 4.45 862 858.45 -0.41 95
2,3-dihydro-3,5-
dihydroxi-6- i
F. solani 735 1130 1138.60 0.75 95
methyl-4H-
piran-4-one
Z-19- .
F. solani 27.12 1610 1673.21 3.77 94

hexadecadiene

Table 2.4. Metabolites dereplicated by CG-EM-IE data of the fungal derivatized extracts
of F. oxysporum e F. solani. Molecule elucidation was performed by comparison of the
experimental data with spectroscopic data from NIST 14 library. The sugars from the

Czapek media were detected, however, those were not displayed in the Table.

4. Conclusion

The dereplication of mass spectrometry data was emerged as an important strategy
for the structural elucidation of known compounds and allowed the identification of the
main classes present in the extracts of the rhizosphere fungi F. solani and F. oxysporum.
By comparison with consolidated databases, this dereplication methodology ensured a
complete view of metabolic production and the discriminant analysis of chemical profiles,
identifying 16 different metabolites.

The dereplication of LC-MS data allowed the elucidation of seven major compounds
for the three Fusarium strains, including the metabolites previously identified by NMR
(Chapter 1). The most abundant peak of both strains of F. oxysporum (CSP-19b and CSP-
R18) was observed in the polar region of the chromatogram and was elucidated as fusaric
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acid. Nonetheless, F. oxysporum CSP-19b also exhibited abundant compounds in the non-
polar region, in which the depsipeptide beauvericin was the major compound. For F.
solani, LC-MS data enabled the elucidation of camptothecin and one analogue 9-
methoxycamptothecin as the most intense metabolites, both of which were found only for
this species. These alkaloids are noteworthy not only for their predominant abundance in
this strain, but also because of their important antineoplastic activity, which occurs due
to the inhibition of the enzyme topoisomerase-l, necessary for DNA replication and
transcription (SHWETA et al., 2010).

The dereplication of GC-MS data also allowed the identification of different
compounds, including primary metabolites such as organic and secondary alcohols and
acids. Moreover, analysis of GC-MS data also identified fusaric acid and derivatives for
F. oxysporum, confirming once again the high abundance of picolinic acid derivatives for
this specie. Figure 2.6 shows all the chemical structures described in this Chapter for both
species.

The main obstacles in the dereplication of LC-MS and GC-MS data is signal
coalescence, which still hinder the elucidation of minor metabolites and a holistic
assessment of the chemical data. Moreover, the lack of robust and comprehensive
libraries for metabolites of microbial origin still hampers the identification of the majority
of metabolites. In this sense, the compilation of a database of metabolites produced by

Fusarium was essential for the metabolic elucidation and dereplication.
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CHAPTER 3. DEREPLICATION BY MS/MS MOLECULAR NETWORING -
SELECTION OF BIOLOGICALLY PROMISING FRACTIONS AND
IDENTIFICATION OF MAJOR AND MINOR SECONDARY METABOLITES

Article title: MS/MS Molecular Networking Analysis of Fusarium species — evaluation
of metabolic dynamics and dereplication of bioactive secondary metabolites

Authors: Denise M. Selegato?, lan Castro-Gamboa®*

Journal: Planta Medica.

Status: Unpublished.

Affiliations:
2 Nuclei of Bioassays, Ecophysiology and Biosynthesis of Natural Products (NuBBE),
Sédo Paulo State University (UNESP) — Araraquara, SP, Brazil.

Justification:

Following the elucidation of the main secondary metabolites of both Fusarium strains,
the fungal extracts were submitted to fractionation and biological activity in order to
reduce complexity, guaranteeing a more detailed chemical response and the selection of
fractions and metabolites with promising biological activity.

Fractionation was performed on a microscale using solid phase extraction (SPE),
which reduces the solvent usage, analysis time and cost when compared to conventional
biofractionation tests. Moreover, the selection of biologically promising fractions was
evaluated by preliminary antifungal, antibacterial, antibiofilm and acetylcholinesterase
inhibition assays. Fungal raw extracts were used for comparison.

Metabolite evaluation of these samples was performed by MS/MS Molecular
Networking and targeted to (1) analyze the Fusarium metabolic dynamics (using data
from both fractions and raw extracts) and identify major chemical differences between
strains and (2) dereplicate major metabolites and their minor analogues in bioactive

fractions.
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Abstract

Microbial biosynthetic pathways elicits the production of a diversity of biologically
promising secondary metabolites. Nonetheless, the large dynamic range and chemical
complexity still hamper their identification and biological correlation, requiring the use
of tools that provides fast and accurate evaluation of the microbial potential. Recently,
MS/MS Molecular Networking has emerged as an important dereplication tool and
explores the fact that chemically similar molecules have similar physical and
spectroscopic properties. This approach, applied to sequential mass spectroscopy,
organizes fragmentation data according to their chemical similarity, creating a network
for the evaluation of the large chemical dynamics. In the current study, we generated a
network of MS/MS data from Fusarium oxysporum and F. solani targeting to dereplicate
biologically promising microbial secondary metabolites and analyze the metabolic
dynamics in this fungi species. First, to overcome data complexity, the fungal extracts
were submitted to micro-fractionation and biological activity evaluation. Following,
Molecular Networking was performed for metabolite analysis and elucidation. Results
show that fractionation reduced signal overlap and allowed the selection of promising
bioactive fractions. Moreover, Molecular Networking contributed to the
chemotaxonomical analysis of these species and revealed that for every cluster, there was
at least one node from each Fusarium species, indicating some genetic denominator. The
most bioactive samples were from F. oxysporum. The polar fractions displayed
antifungal, antibiofilm and bacteriostatic activities and strong acetylcholinesterase
inhibition, whereas the apolar were less active but exhibited strong biofilm eradication.
Dereplication was performed separately according to the polarity. Analysis of the non-
polar fractions led to the identification of beauvericin and 6 analogues never reported for
this species: the known beauvericin A, G1 and G2 and the firstly described FOxy 01, 02
and 03. Similarly, analysis of the highly polar fractions revealed the presence of fusaric
acid and dehydrofusaric acid along with 2 minor analogues never been reported for this
species. In conclusion, MS/MS Molecular Networking was an efficient tool for
metabolite identification and allowed the elucidation of different mycotoxins, among

known and novel bioactive secondary metabolites.

Keywords: MS/MS Molecular Networking, dereplication, Fusarium, beauvericin

analogues, picolinic acid analogues
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1. Introduction

Microbial biosynthetic pathways are a result of several million years of evolutionary
optimization and elicit the production of a diversity of secondary metabolites (BODE et
al., 2002; HORINOUCHI, 2007). Nonetheless, the large dynamic range and chemical
complexity still hamper their identification and biological correlation, requiring the
development of techniques for a fast and accurate evaluation of the microbial
therapeutical potential.

In the past, different purification techniques were applied as bio-guided
fractionation to overcome complexity in a mixture. However, these reductionist
procedures often lead to an laborious, time-consuming, non-comprehensive and
expensive process of isolation and purification of the active compounds (CHEN et al.,
2015; PEZZUTO, 1997). In the last decade, several methods have been developed for
faster and more holist correlation between chemical and biological data, minimizing time,
effort, and cost. This strategies include bioactivity fingerprinting, the use of supervised
chemometric analysis and the use of liquid chromatography/mass spectrometry-guided
bioassays (BITTENCOURT et al., 2015; CARDOSO et al., 2017; CHAGAS-PAULA et
al., 2015; DEMBOGURSKI et al., 2018; WEGH et al., 2017).

More recently, dereplication has emerged as a multivariate strategies for the
chemical and biological uncovering of microbial-matrices, being used as a fast alternative
for the screening of promising species (YULIANA et al., 2011). The common
denominator of these strategies is the attempt to exploit the fact that structurally similar
or identical molecules share similar physical characteristics, such as UV-vis profiles,
chromatographic retention times, MS, NMR chemical shifts, or biological properties. In
an untargeted analysis, dereplication allows a broad range of chemical comparison
between samples (QUEIROZ; WOLFENDER; HOSTETTMANN, 2009), prioritizing the
identification of active molecules and, consequently, improving the process of chemotype
and sample selection (ABREU et al., 2017; KUMAR et al., 2014; STERMITZ et al.,
2000).

Specifically, mass spectrometry (MS)-based dereplication is critical to modern
dereplication pipelines, given MS data contains a definitive characteristics of a molecule
(e.g. structural architecture, chemical stability and functional groups) that can be used as
proxies for chemical identification (DE OLIVEIRA et al., 2017; YANG et al., 2013). In

comparison with reductionist approaches, metabolite dereplication by MS coupled with
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separation techniques is more versatility, faster and uses smaller amounts of sample,
avoiding the re-isolation of known substances and ensuring rapid prioritization of
extracts.

Notwithstanding the analytical advantages of MS-dereplication, in practice, it is often
difficult to reliably identify a given compound when solely using precursor because of
the sheer number of results returned when searching databases. In the last decade, new
strategies using MS patterns have been created to discriminate samples combining other
spectrometric properties more than parent mass alone. Because natural product
workflows typically incorporate LC-MS/MS analysis, the MS/MS data can be
simultaneously acquired on most mass spectrometers, allowing data interpretation based
on chemical similarity of their fragmentation data (DE OLIVEIRA et al., 2017; YANG
etal., 2013).

Among the strategies to explore MS/MS data as a dereplication tool, MS/MS
Molecular Networking has emerged as an important dereplication strategy and explores
the fact that chemically similar molecules have similar physical and spectroscopic
properties (WATROUS et al., 2012; YANG et al., 2013). This approach, applied to
sequential mass spectroscopy, organizes fragmentation data according to their chemical
similarity, allowing the creation of a networking for the evaluation of the large chemical
dynamics, as well as the identification of known molecules and their minor analogues
(WANG et al., 2016; YANG et al., 2013).

In a molecular networking analysis, close-related natural products share similar
MS/MS fragmentation patterns and are grouped according to the their biosynthetic origin.
The resulting clusters allow the exploration of the molecular dynamics and the
identification of analogue molecules in complex data, accelerating the dereplication of
metabolites. The molecular elucidation is usually performed by comparison with
databases, followed by individual fragmentation studies of the proposed analogues
(ALLARD etal., 2016; YANG et al., 2013).

In the current study, we generated a network of MS/MS data from Fusarium
oxysporum (strains CSP-19b and CSP-R18) and F. solani (strain CSP-5b) to dereplicate
biologically promising microbial secondary metabolites. As a final strategy for
overcoming analytical challenges in metabolomics, the fungal extracts were first
submitted to micro-fractionation, followed by biological activity. This procedure reduces
signal overlap and allowed the selection of fractions with promising biological activity.
Following, MS/MS Molecular Networking of these samples (MS/MS data from fractions

82



and raw extracts) was performed for metabolite evaluation, targeting to interpret the
fungal metabolic dynamics and correlate the bioactivity to major molecules and their
minor analogues in bioactive fractions. Fractionation was performed on a microscale
using solid phase extraction (SPE), which reduces the solvent usage, analysis time and
cost when compared to conventional biofractionation tests. Moreover, the selection of
biologically promising fractions was evaluated by preliminary antifungal, antibacterial
antibiofilm and acetylcholinesterase inhibition assays.

2. Materiais e Methods
2.1. Fractionation

Fungal extracts (100 mg), prepared according to protocol on Chapter 1, were
fractionated by solid phase extraction (SPE) using cartridges filled with C18 silica. For
activation, the columns were previously eluted with 10 volumes of Mili-Q water and 10
volumes of HPLC grade methanol, respectively. The column conditioning was carried
out with 10 volumes of a 20%-MeOH.

Each column was injected with 20 mg of the extracts dissolved in the same starter-
mobile phase. The elution of the mobile phases occurred with the aid of Multi Valve
Manifold equipment, in which six column-volume of the mobile phases with 20, 40, 60,
80 and 100% of Methanol Grade-HPLC were respectively applied (Figure 3.1).

1. Column activation: 10 volumes of Mili-Q water and 10 volumes of HPLC grade
methanol, respectively. 2. Column conditioning: 10 volumes of a 20%-MeOH solution

20 mg of crude extracts
(100 mg mL* dissolved in
20%-MeOH)

Elution: 6 volumes of the mobile phases at 20, 40, 60, 80 and 100% of Methanol
Grade-HPLC, respectively.

| [ | | |

20% MeOH
Fraction

Figure 3.1. Fractioning procedure of microbial extracts by C18-Solid Phase Extraction.

Following, in order to guarantee the efficiency of the fractionation procedure, all

fractions from the three Fusarium strains were also analysed by LC-MS (both LC-DAD-
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ESI-HRMS and LC-DAD-ESI-MS/MS) using the optimized method described in Chapter
2. The chromatographic profile was obtained in a Shimadzu LC- 20, while the MS
detection was acquired at a UltrOToF (Bruker) with electrospray ionization in positive
mode and QToF (sequential-time and quadrupole-type analyser) type analyser for the
acquisition of the high resolution mass and electrospray ionization in positive mode and
ion trap type analyzer for the sequential mass data. For comparison, the LC-MS data of

the raw-extracts of all Fusarium species were also acquired in the same method.

2.2. Biological Assays of the Fractions
2.2.1. Mobile phase optimization for the TLC Biological assay

Acetylcholinesterase inhibition and preliminary antifungal assays were performed on
TLC chromatoplates. Hence, prior to the biological experiments, all fractions and extracts
were tested in different mobile systems in order to verify in which proportion of solvents
occurred the greatest separation of the metabolite spots.

Six types of eluent system were tested: (a) CHCI3-MeOH (98:2 v/v), (b) CHClIz-
MeOH (97:3 v/v), (c) CHCI3-MeOH (95:5 v/v), (d) Ethyl acetate-Hexane (70:30 v/v), (e)
Ethyl acetate-Hexane (80:20 v/v) and (f) Ethyl acetate-Hexane (90:10 v/v). The best
elution systems were selected based on the revelation of the plates in white light, short
UV (254 nm) and long UV (366 nm).

2.2.2. Preliminary Antifungal Analysis - Bioautography of Cladosporium

cladosporioides and C. sphaerospermum

For the evaluation of the antifungal activity, fractions (200 ng) were firstly applied in

a stationary phase of silica gel (TLC plates, 20 x 10 cm, F254) from Merck. For each

plate development, the chamber saturation time was 20 minutes and the solvent migration

distance was 90 mm from the application point. A total of 25 puL of solution were spotted.

On each plate, samples were applied with a 10 mm distance from the bottom and 20 mm
from the left and right border of the plate.

After development, the plates were dried and sprinkled with spore suspension of

C. cladosporioides (Fresen) de Vries (CCIBt 140) and C. sphaerospermum Penzig

(CCIBt 491), according to the method of Homans and Fuch (HOMANS; FUCHS, 1970).

The antifungal nystatin (5 ng) was used as a positive control. Fractions exhibiting
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antifungal activity showed clear zones of fungal inhibition in the bioactive spots. For
those bands, the Rf values were calculated and the results were described as (1) inactive
(1), if no inhibition zone was observed, (2) weak activity (w), if the inhibition spots were
smaller than the positive control, (3) moderate activity (s), if the inhibition zones were
equal to the positive control or (4) strong activity (s), if the inhibition zone was superior

than the nystatin control.

2.2.3. Acetylcholinesterase Inhibition Assay - Qualitative Bioautography Analysis
(CCDA)

For the acetylcholinesterase inhibition assay, the fungal fractions (200 pg) were also
analyzed by using silica gel 60 F254 (Merck), following the same TLC methodology
described in Topic 2.2.2. (Chapter 3). Physostigmine (0.05 pg) was used as a positive
control. This alkaloid displays activity in the parasympathomimetic nervous system of
indirect action in the inhibition of acetylcholinesterase.

After the development of the TLC, the plates were sprinkled with an
acetylcholinesterase enzyme solution and, after incubation, developed with a mixture of
ethanolic acetate, 1-naphthyl and aqueous solution of Fast Blue B salt, according to
Marston et al. protocol (MARSTON; KISSLING; HOSTETTMANN, 2002). The
appearance of a white spot on the purple background indicates inhibition of the
acetylcholinesterase activity. The Rf values of active spots were calculated and the results
were described as (1) inactive (i), if no inhibition zone was observed, (2) weak activity
(w), if the inhibition spots were smaller than the positive control, (3) moderate activity
(s), if the inhibition zones were equal to the positive control or (4) strong activity (s), if

the inhibition zone was superior than the physostigmine control.

2.2.4. Antibiofilm Assay

The fractions of all three Fusarium species were evaluated towards their capacity
of eradicating Staphylococcus epidermidis biofilms. These fractions were tested against
both S. epidermidis (strain ATCC 12228), a poor biofilm producer, and S. epidermidis
(strain ATCC 35984), a good biofilm builder. The eradication assay was conducted at the
Institute of Physics of USP of S&o Carlos, in collaborations with Dr. Rafaela Fernandes,
Bsc. Gabriela Righetto and Profa. Dr. llana L. B. C. Camargo. This partnership was
established by the CIBFar project (CEPID process FAPESP n. 2011/51313-3).
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Initially, good and bad biofilm forming bacteria were inoculated into BHI 0.75%
glucose broth, in several replicates, in a 96-well microplate, followed by incubation at
37°C for 24 hours. After the incubation period, the culture medium with planktonic
bacteria was filtered and the wells washed with physiological solution 0.85%, remaining
in the microplate only the newly formed biofilm. Following, the fractions were
solubilized in fresh BHI medium with 0.75% glucose and added to S. epidermidis ATCC
34984 biofilm wells, with the eradication quantified after 24 hours.

For the eradication analysis, the wells were previously washed and stained with
violet crystal, and the excess was removed with a solution of Ethanol-Acetone (8:2 v/v).
The absorption was measured at 595 nm based on the comparison of the absorbances
means between the good and bad biofilm builders, both without the fractions. Similarly,
analysis of the fungal fractions was performed using the same comparison of the
absorbance mean values between biofilm production of S. epidermidis ATCC 34984 and
S. epidermidis ATCC 34984, both after the addition of the solubilized fractions. The
comparison of the means was carried out by the Student T-Test, in which P value <0.05
indicates the significant difference between two means of two different samples (QIN et

al., 2014). The standard deviation was used to evaluate coherence between replicates.

2.2.5. Antibacterial Assay — Determination of Minimum Inhibitory Concentration
(MIC) and Minimal Bactericidal Concentration (MBC)

Antimicrobial activity was also evaluated for all fraction of the three Fusarium strains
according to the Clinical and Laboratory Standards Institute (CLSI Guidelines 2013).
These assays were conducted in collaboration with Dr. Rafaela Fernandes, Bsc. Gabriela
Righetto and Profa. Dr. Ilana L. B. C. Camargo from the Institute of Physics of USP of
Séo Carlos.

For this procedure, samples were first diluted and storage in stock solution 100x
concentrated in DMSO. Previous to the tests, these stocks were diluted 1:100 in Mueller
Hinton Cement Adjusted (MHCA) broth (BD Lot 3322206) and measured in duplicate at
a final concentration of 512 ug mL-1 at 1% DMSO.

Negative and positive controls were prepared with Mueller Hinton Cation broth
adjusted at 1% DMSO. The positive control was inoculated with the bacteria and without
the presence of the samples (PANKEY; SABATH, 2004). Incubation was performed at

37 ° C for 24 hours, followed by visual reading of the results. The screening was defined
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as the presence or absence of activity at the concentration tested based on the minimal
inhibitory concentration (MIC). The samples that showed activity at 512 ng mL™ had the
minimum inhibitory concentration (MIC) and minimal bactericidal concentration (MBC)

evaluated by the broth microdilution method.

2.3.MS/MS Molecular Networking

Typically, molecular networking is implemented in three fundamental steps: (1)
acquisition of MS/MS spectra, (2) comparison of MS/MS data by a similarity cosine score
and (3) visualization of the resulting network on Cytoscape, a tool designed to visualize

correlations of large data sets which measure relatedness in MS/MS spectra.

2.3.1. LC-DAD-ESI-MS/AutoMS Data Acquisition

Automated MS/AutoMS mode is commonly prioritized in the analysis of molecular
networking since it provides the simultaneous fragmentation of several ions in an extract.
In practice, this process ensures that most of the metabolites in an extract are detected and
fragmented in one single injection, decreasing the use of solvent and the analysis time.

LC-MS analysis was performed for all fractions (20, 40, 60, 80 and 100% MeOH)
and raw extracts of all three Fusarium strains. LC analysis was carried out in a Shimadzu
Class-LC 10 and Diodes Array Detectors (DAD) with wavelength from 190 to 800 nm
using the optimized method described in Chapter 2. The column eluent was divided using
a 5:1 splitter, with the largest flow being directed to the DAD detector and the remainder
to the mass spectrometer. The MS/AutoMS mode was acquired in a Bruker AmaZon
Speed at the following parameters: nebulizer pressure 70 psi, drying gas flow 12.0 L min
-1, drying gas temperature 350 °C. The automatic mode was carried out with cycles for
positive MS1 acquisition, followed by fragmentation of the two most intense ions (above
> 1000 counts). Calibration was performed through addition of trifluoroacetic acid
solution (NaTFA, 10 mg mL™) at the beginning and end of each chromatographic

analysis.

2.3.2. MS/MS Molecular Networking Analysis

Once all the data was acquired and processed using MzMine software
(KATAJAMAA; ORESIC, 2005), the spectra were exported in a text format (mgf) and
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inserted in to the Global Natural Products Social Molecular Networking (GNPS) platform
to calculate the cosine similarity score. In theory, the spectra are converted into unit
vectors which are paired and compared by a dot product calculation. The cosine similarity
score assigned to each pair of vectors ranges from 0 to 1, where 0 represent completely
different and 1 represents identical spectra.

The algorithm parameters included: mass tolerance for fragment peaks (0.3 Da),
parent mass tolerance (1.0 Da), the minimum percentage of overlapping masses between
two spectra (set at 45%) and the minimum percentage of matched peaks in a spectral
alignment (40%). Moreover, to reduce complexity, identical MS/MS spectra were
gathered in to the same consensus spectra, cosine scores below 0.5 were discarded and
only relevant scores (top 10 cosine scores in K parameter) were connect.

After MS-Clustering, the text files with attributes were imported into Cytoscape 2.8.3
for visualization of nodes and edges as a network. For these analysis, the network also
included selected MS/MS data of know molecules from the libraries HMDB (WISHART
et al., 2007), LipidMaps (SUD et al., 2012), MassBank (HORAI et al., 2010), NIST and
other.

On the Cytoscape software, the background nodes from solvent, interferers and
contaminants, that were not directly connected to an ion node from the sample, were
removed from the network. Moreover, the nodes were colored based on the fungal species
and the edge thickness attributed to the cosine similarity scores (thickness according to
cosine from 0.7 to 1). Thicker lines indicate higher similarity. Subnetworks were
generated in Cytoscape from isolated portions of the larger network in order to improve
the analysis of the metabolic dynamics, provide further molecule elucidation and better

visibility of edge thickness and node connectivity.

3. Results and Discussion

3.1. Evaluation of the Metabolic Dynamics of F. solani and F. oxysporum by
MS/MS Molecular Networking

Initial LC-MS/AutoMS experiments were carried out on individual fractions and
extracts, in triplicate, resulting in a wide range of well characterized signals. MS/AutoMS
mode shown to be very sensitive to detect and fragment most of the ions present in the
samples, which included the ions (mostly protonated or sodiated) of all the molecules

identified in the previous Chapters.
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GNPS platform calculated the similarity of 1424 ions and generated a total of 378
clusters. In Cytoscape software, these networks allowed for the simultaneous exploration
of known molecules and compound classes within this Fusarium data, contributing for
the chemotaxonomical analysis of these species.

A subset with the major cluster of the molecular network generated for Fusarium is
displayed in Figure 3.2. It shows that the clusters range in number of nodes, origin if the
ion and similarity range. In almost every group, it was possible to detect at least one node
that was present inf both Fusarium species (colored in purple), which indicated that
although F. solani and F. oxysporum have different chemical profiles, these strains still
share a genetic denominator for the production of the same biosynthesis pathways.

Moreover, although both strains share the same biosynthetic background, the
production of secondary metabolites vary vastly (Figure 3.2). Overall, most nodes of the
networking belong only to F. oxysporum, which indicate the bigger chemical diversity of
this species.

Few clusters were grouped almost exclusively by ions from one single strain (Figure
3.2). In nature, these drastic and singular changes in the chemical behavior are most likely
attributed to confer some environmental advantage to these strains under a given
condition. For example, F. oxysporum CSP-R18 was isolated from rizotron cultures of S.
spectabilis and produces almost all picolinic acid derivatives exclusively, while F.
oxysporum CSP-19b was isolated from the hydroponic cultures of S. spectabilis and
produces all major beauvericin analogues (Figure 3.3).

Lastly, because structurally similar chemical structures share similar MS/MS
fragmentation patterns, molecular classes are grouped together within a network. As a
result, some structurally and functionally diverse analogues were identified by
comparison with MS/MS databases, which included beauvericin analogues, picolinic acid
derivates and isochromenes (Figure 3.3). Furthermore, it is intriguing to note that a large
number of tightly clustered nodes were not annotated, highlighting once again the lack of
databases with sufficient mass fragmentation library for the unique metabolites produced

by fungi and bacteria.

89



@ F oxysporum CSP-19b
o oxysporum CSP-R18

€ F. oxysporum
M F. solani
I Both species

-

=
- -
- 3
-
- =
® .|
-I": -‘E-‘\m-%--- -:-{--- ; E:..go‘ =

!
e E T e T T T T

R
- -

NIISIIIIIISIICIZ I IS ITIC I

Figure 3.2. Molecular networks of MS/AutoMS data obtained from the fractions and raw extracts of F. oxysporum (strains CSP-19b and CSP-
R18) and F. solani (strain CSP-5b). The nodes were colored based on the fungal species and the edge thickness were attributed to the cosine

similarity scores (thickness range is based on similarity from 70 to 100%). Thicker lines indicate higher similarity.
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Figure 3.3. Subnetworks of MS/AutoMS data of Fusarium strains. Each node represents a protonated molecular ion. (A) Clusters found almost
exclusively for F. oxysporum CSP-R18. (B) Clusters found almost exclusively for F. oxysporum CSP-19b. (C) Network of ions produced by both
Fusarium species. (D) Clusters found almost exclusively for F. solani. (E) Clusters found almost exclusively for F. oxysporum (both CSP-19b and

CSP-R18).
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3.2. MS/MS Molecular Networking as a Dereplication tool — Identification of

Bioactive Metabolites in Promising Fractions
3.2.1. Selection of fungal fractions with biological potential

The first step for the identification of bioactive metabolites by MS/MS Molecular
Networking dereplication was the fractionation of extracts, performed in microscale for
all Fusarium species. This procedure was carried out not only to select biologically
promising fractions, but also to reduce the complexity of the data, enabling a more
detailed and holistic interpretation of the metabolome.

After fractioning, all samples were dried and weighted, with their respective
masses displayed in Figure 3.4. As already observed in the chromatographic analysis of
Chapter 2, F. oxysporum CSP-R18 revealed an abundant production of polar metabolites,
with 94% of the extract content present in the 20 and 40% methanolic fractions. Similarly,
F. oxysporum CSP-19b also exhibited a high production of polar metabolites, however,
for this case, there was a prominent detection of non-polar compounds, indicating the
highly diverse chemical profile of this strain. Lastly, F. solani CSP-5b displayed
significant metabolite production in fractions of all polarities. Nonetheless, fractions with
medium and high polarity (60 and 80% MeOH) shows the most abundant mass, eluting

72% of the extract composition.
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Figure 3.4. Weight of the 20, 40, 60, 80 and 100% methanolic fractions of fungi F. solani
CSP-5b (red) e F. oxysporum CSP-19b (royal blue) e CSP-R18 (light blue).

LC-MS of the fractions, displayed on the Supplementary Material as Figure SM5,
was conducted to ensure the efficiency of the fractioning. This analysis revealed that the
fractionation procedure resulted in chromatograms of distinct micromolecular profile, as

a function of its polarity, for almost every Fusarium species, with the exception of F.
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oxysporum CSP-R18. For that strain, the prevalence of a very intense signal in 12.2
minutes, attributed to fusaric acid, caused column saturation and low efficiency of the
process, eluting the same polar signal in high abundance at the 20, 40 and 60% MeOH
fractions. Furthermore, in comparison with the chromatograms from the crude extracts, it
was also possible to detect a higher number of signals, illustrating how this simples and
microscale procedure could help in the prioritization of samples and the selection of
biologically promising fractions.

After evaluation of the fractionation efficiency, all samples were submitted to
bioactivity tests, for the selection of promising fractions. Prior to these assays, TLC
mobile phase optimization was conducted for a more accurate response of the samples on
the autobiography antifungal and the acetylcholinesterase inhibition assays. The results
established the system Ethyl acetate-Hexane (90:10 v/v) as the best mobile mixture for F.
oxysporum CSP-19b samples and Chloroform-Methanol (95:5 v/v) as the best elution
system for samples F. solani CSP-5b and F. oxysporum CSP-R18.

Results of the bioassays, displayed on Table 3.1 and in Figures SM6 and SM7 of the
Supplementary Material, show that the biological activities obtained during the screening
of the fungal crude extracts (Chapter 1) belong, in fact, to specific fractions.

The most bioactive samples were from F. oxysporum strains. The polar fractions
(20% and 40% MeOH) displayed (1) high antifungal action against C. cladosporioides
and C. sphaerospermum, (2) bacteriostatic antimicrobial action against E. faecalis
VRES0 and V583 ATCC700802 (CIM ratio of 512 and 128 pg mL™* and CBM of 256
and 128 ug mLY), (3) strong inhibition of the enzyme acetylcholinesterase and (4) high
percentage of biofilm eradication of S. epidermidis ATCC 35984 (94.4 and 94.3%
inhibition for 20% and 40% CSP-R18 MeOH, respectively). In all biological results, the
CSP-R18 strains was slightly more active than CSP-19b, probably due to the higher
concentration of their major compound in 12.2 minutes.

Furthermore, although both F. oxysporum strains are very similar in the composition
of polar compounds, the non-polar fractions showed significant chemical and biological
differences. For example, the apolar fractions (80 and 100%) of the CSP-19b variety
showed higher metabolic abundance and strong biofilm eradication (inhibition of ~ 80%
and 28%, respectively), whereas for CSP-R18 this inhibition was significantly lower (41
and 22%, respectively).

The biological results of the fractions of F. solani were all less active than F.

oxysporum. For this species, only samples of medium polarity (40 and 60% MeOH)

93



showed moderate antifungal inhibition against

C. cladosporioides and C.

sphaerospermum, both bioactive at the Rf 0.5 cm band from the TLC plate.

CSP-19b CSP-19b  CSP-19b CSP-19b CSP-19b
20% 40% 60% 80% 100%
. s(Rf0.12- m (Rf0.12- .
Antifungal 0.25 cm) 0.25 cm) i i
Antibacterial i Bactericidal* i i I
Acetylcholinesterase s s i i
Inhibtion
Lo
Antibiofilm (%6 935 84.38 6053  79.66  27.89
inhibition)
CSP-R18 CSP-R18 CSP-R18 CSP-R18 CSP-R18
20% 40% 60% 80% 100%
. s (Rf0.12- s (Rf0.12- . . i
Antifungal 0.25¢cm)  0.25cm) ' ' !
Antibacterial i Bactericidal* i i I
Acetylcholinesterase . W i i
Inhibtion
Antibiofilm (% Not soluble in
inhibition) DMSO 94.4 94.3 40.90 22.12
CSP-5b CSP-5b CSP-5b CSP-5b  CSP-5b
20% 40% 60% 80% 100%
m m
Antifungal i (RF 0.50 cm) (RI n(1).)50 i i

Antibacterial [ i
Acetylcholinesterase
Inhibtion
Antibiofilm (%
inhibition)

Table 3.1. Biological assays of the fractions of F. oxysporum (strains CSP-19b and CSP-

R18) and F. solani (CSP-5b). Legend (i) inactive, (w) weak, (m) moderate, (s) strong.
*Bactericidal against E. faecalis VRE80 and V583 (ATCC700802).
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3.2.2. Elucidation of Molecules from Promising Fractions by MS/MS Molecular

Networking

The fractions that displayed the highest bioactivity were from F. oxysporum: 20 and
40% MeOH fractions, for both CSP-19b and CSP-R18, and 80 and 100% MeOH for CSP-
19b. F. solani’s fractions only showed moderate activity at medium polarity fractions (40
and 60% MeOH) and was not selected for targeted dereplication.

All the selected fractions were submitted to a targeted analysis by M/MS Molecular
Networking for the elucidation of promising metabolites. Network analysis was done
separately for (1) polar fractions of F. oxysporum (20 and 40% MeOH) and (2) non-polar
fractions of F. oxysporum CSP-19b (80 and 100% MeOH). For this process, the
fragmentation of all possible analogues were individually evaluated based on the
fragmentation pattern of the known metabolite for both polar and non-polar fraction and
the confirmation was performed by analysis of the error, in ppm, of the high resolution
mass. All the mass data obtained from the clusters on Cytoscape were also assessed by
the Data Analysis software (Bruker) to confirm the protonated molecular ion and the
possible adducts.

Total lon Chromatogram (TIC) of the selected fractions are displayed at Figure 3.5.
Polar fractions of F. oxysporum display an intense signal at 12 minutes, attributed to
fusaric acid, and some other few signals of minor intensity. There was a narrow m/z range
among the most abundant metabolites, displaying precurssor ion in between m/z 100-200.
On the other hand, non-polar fractions were more diverse, exhibiting signals of different
intensities and m/z range (m/z 300-850). The most abundant metabolite displayed
precurssor ion of m/z 806, 788, 772, 629 and 569. The ion m/z 806 was elucidated as the

hexadepsipeptide beauvericin, which eluted at 35.4 minutes in both CSP-19b fractions.
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Figure 3.5. Total ion chromatogram (TIC) of the bioactive fractions selected from F.

oxysporum (strain CSP-19b) for dereplication by MS/MS Molecular Networking.

3.2.2.1. Elucidation of metabolites from the polar fractions of F. oxysporum —

Fusaric acid and analogues

The first active search was performed for the polar bioactive fractions of F.
oxysporum and was based on the two most abundant metabolites in these samples: fusaric
and dehydrofusaric acids. These mycotoxins are picolinic acid derivatives with
fragmentation pattern that consisted on the loss of water at the carboxylic substituents at
position 2, followed by a cleavage in the saturated aliphatic chain at position 5. Both ions
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from the protonated molecules (m/z 180 and 178, respectively) were cluster together on

Cytoscape, along with 2 other nodes, all present exclusively in F. oxysporum (Figure 3.6).

F. oxysporum
F solani

Both Species

F. oxysporum CSP-19b

‘ F. oxysporum CSP-R18

Figure 3.6. Fusaric acid cluster from MS/MS data of extracts and fractions of F. solani e

F. oxysporum.

Molecule elucidation was conducted by comparative analysis with the known
analogues according to Figure 3.7. The unknown nodes clustered with fusaric acid and
dehydrofusaric acids were elucidated as 5-butyl-6-oxo-1,6-dihydropyridine-2-carboxylic
acid (m/z 196) and 5-(but-9-enyl)-6-ox0-1,6-dihydropyridine-2-carboxylic acid (m/z
194), both metabolites never identified in any Fusarium species that are the formed by
the oxidation of both fusaric acid and dehydrofusaric acid on the position 6 of the
pyridinic ring (Table. 3.2). These compounds were also never reported as naturally
occurring and have only been isolated from Chen et al (2013) by epigenetic modifier-
induced biosynthesis in the endophytic F. oxysporum isolated from Datura stramonium
(CHEN etal., 2013a). According to Chen and co-workers, neither compounds shows any
antibacterial activity, while fusaric acid is active (MIC 25 pug mL™), indicating that the
oxidation of the pyridine ring significantly diminished the antibacterial activity. The
molecules were confirmed by high resolution MS and the fragmentation mechanism was

proposed by the author and described in Figure 3.7.

97



X X
= 0&?-12 | P OH(?
(o) N N
(o] o)
N/ N/
° N N
m/z 178 m/z 162
X X
_ oty ‘ _ oty
m/z 168 © m/z 152 °
m/z 194 m/z 178
= X = X
= o) | = o@ﬁz
o;2 o
. M@Q
= =
(o) N %o@ N %o&)
m/z 176 m/z 160
= N 7 | N
@
o N/ ° N/ ore
m/z 166 o m/z 150 ¢

Figure 3.7. Elucidation of fusaric acid and analogues. (—) Loss of water [M-C2Hs+H]"
at the carboxyl substituent at position 2. (—) Loss of 28 [M-CoHs+H]*. The

fragmentation mechanism of fusaric acid was detailed on Chapter 2 (topic 3.1).
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) Molecular Theoretical Experimental Error RT MS/MS Fragments )
Metabolite M _ Intensity
Formula m/z [M+H]*  m/z[M+H]* (ppm) (min) target (m/z)*

5-(but-9-enyl)-6-
0Xx0-1,6- 194, 176,
1 _ o C10H1:NO3 193.074 194.082 194.111 -2.89 5.82 194 3.01E+08
dihydropyridine-2- 166
carboxylic acid

5-butyl-6-oxo0-1,6-
196, 178,

) dihydropyridine-2-  C1oH13NO3 195.089 196.097 196.09 0.75  6.29 196 168. 108 9.82E+08
carboxylic acid '
dehydrofusaric acid
178, 160,
3 (5-(3-butenyl)- C1oH11NO2  177.079 178.087 178.08 0.64 9.9 178 150. 108 1.07E+09
picolinic acid) ,
fusaric acid (5- 180, 162,
4 o C10H13NO2 179.097 180.105 180.096 095 1157 180 3.09E+09
butyl)-picolinic acid) 152

Table 3.2. Fusaric acid analogues identified by MS/MS Molecular Networking Dereplication of F. oxysporum (CSP-19b and CSP-R18) and F.
solani. Fragments were obtained using the GNPS platform (Proteosafe link) and were confirmed by manual inspection.
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3.2.2.2. Elucidation of metabolites from the non-polar fractions of F. oxysporum -

Beauvericin and analogues

Evaluation of the non-polar fractions of F. oxysporum revealed the presence of
beauvericin as the most abundant metabolite. This mycotoxin had already been identified
for F. oxysporum by previous MS and NMR-dereplication analysis (Chapters 1 and 2), as
well as on literature for several Fusarium species.

The analysis of the bioactive fractions was based on the fragmentation pattern of this
cyclic hexadepsipeptide, which occurs predominantly around the peptide bonds of its
monomers. The two major fragments observed are caused by the peptide bond cleavages,
resulting in one carboxyl (b fragment) and one amine-terminal fragment (y fragment,
Figure 3.8). Moreover, we have also evaluated unusual fragments in every monomer, such
as, the breakdown of tertiary carbon that precedes or proceeds the peptide bond (a/x or
c/z), cleavage of CO, NHz and H2O groups or the loss of the acidic Asp and Glu residues,

when present.
Depsipeptide
® Ry
0.

ﬁ‘* — 7N

Acillium ion
(b fragment) (v fragment)

Acillium ion
(b fragment) (v fragment)

Figure 3.8. Fragmentation mechanism of peptides and depsipeptides. Alpha cleavage of

the peptide bond to form b/y fragments.

The active search of beauvericin sodiated adduct at m/z 806.73 [M + Na]" resulted a
cluster formed by this depsipeptide and 9 other minor ions, all with cosine similarity
values between 73 and 91% (Figure 3.9). Most of the compounds belong exclusively to

F. oxysporum CSP-19b, which explains the bioactivity on non-polar fractions for this
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strain. With the exception of beauvericin, already elucidated for both Fusarium species
by MS dereplication (Chapter 2), none of these nodes were detected in F. oxysporum
CSP-R18 and only the ions of m/z 806.67 was detected in F. solani.

F. oxysporum
F solani

Both Species

F. oxysporum CSP-19b

F. oxysporum CSP-R18

0 nEn

Figure 3.9. Beauvericin cluster from MS/MS data of extracts and fractions of F. solani e

F. oxysporum.

Metabolite elucidation was carried out as shown in Figure 3.10. First, the
depsipeptides were constructed according to the fragmentation of their six monomers
found on the MS/MS spectra, allowing the proposition of chemical structures and the
possible isomers (Figure 3.11). Following, metabolite confirmation was conducted by
comparing the UV information and high-resolution mass data with spectrometric
information of predicted metabolites. Only the detection of substances whose error
between the observed and calculated high resolution mass did not exceed 5 ppm
(FUNARI et al., 2013) was considered (KIND; FIEHN, 2010).
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Figure 3.10. Elucidation of beauvericin analogues. Construction of depsipeptides based on the fragmentation of its monomers.
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Figure 3.11. Chemical structures proposed after identification of monomers by fragmentation studies. Process for the identification of beauvericin

analogues found on the same cluster at the MS/MS Molecular Networking.
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For the ions that resulted in more than one possible isomers, the proposed molecules
were confirmed by DOSY-NMR analysis of CPS-19b 80%. In this technique, the
chemical shifts appear as a function of the diffusion coefficient, allowing the
identification of similar compounds in a mixture. From the 9 minor ions, 6 were identified
based on the comparative fragmentation of their monomers: the known analogues
beauvericin A, beauvericin G1 and beauvericin G2 and the firstly described depsipeptides
named FOxy 01, 02 and 03. Beauvericin A has already been reported in the fungal species
Beauveria bassiana (ARBOLEDA; DELGADO; VALENCIA, 2004), however, no
reports have been made regarding their biological potential. On the other hand,
beauvericin G1 and G2 have only been found by a synthesis based on precursors, and
thus, never natural occurring (XU et al., 2007). Beauvericin G1 and G2 have a known
range of bioactivity, including anti-haptotactic and cytotoxic in human cells (XU et al.,
2007). Haptotaxis is a directional cell motility that plays a critical role in cancer, acting
in the formation of new blood vessels in tumors (angiogenesis), cell invasion and
metastasis (CARMELIET, 2003; XU et al.,, 2007). The fragments and complete
fragmentation mechanisms proposed for these metabolites are shown in the

Supplementary Material as Figure SM8.
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Metabolite Molecular M Theoretical Experimental Error RT MS2 Fragments Intensit
Formula m/z [M+Na]* m/z [M+Na]* (ppm)  (min) target (m/z)* y
2.25E+09
FOXy 0l  CusHs:NsOpo  799.4043  822.3942 822.3644 2975 406 = 822 6613'852613’0‘(1)00’
645, 627,527, 8.80E+08
FOxy02  CaHsoNsO1o 7654200  788.4098 788.3797 301 418 788 v
.. 1.50E+09
bea“é;”c'” CusHssNsOs 7553781  778.3679 778.3395 2844 424 778 78 63%32 517,
- 1.37E+09
bea“éi”c'” CuHssNsOs  769.3938  792.3836 792.3541 2049 427 792 9L 52%%3 384,
645, 611, 545, 2.16E+09
FOxy03  CaHsoN3Oe  749.4251  772.4149 772.3859 2899 431 772 511,384, 350,
262
» 623,523 441,  8-ATE+09
beauvericin  CusHs7N3Os  783.4094  806.3992 806.3705 2874 432 806 goi v
- 1.11E+09
bea“‘f”c'” CaHsoNsOg  797.42513  820.4149 820.3754 3.949 442 820 99 525696 398,

Table 3.3. Beauvericin analogues identified by MS/MS Molecular Networking Dereplication of F. oxysporum (CSP-19b and CSP-R18) and F.

solani. Fragments were obtained using the GNPS platform (Proteosafe link) and were confirmed by manual inspection.
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4. Conclusion

MS/MS Molecular Networking allowed for the simultaneous exploration of known
molecules and compound classes within this Fusarium data, contributing for the
chemotaxonomical analysis of these species. In almost every cluster, there was at least one
node present inf both Fusarium species, which indicated that although F. solani and F.
oxysporum have different chemical profiles, these strains still share a genetic denominator for
the production of the same biosynthesis pathways.

Microfraction was an excellent strategy for the separation of secondary metabolites in
function of their polarity. The fractions allowed the identification of previously undetected
bands on the crude extracts and increased the detection of minor compounds. Results of the
bioassays after fractionation showed that the biological activities obtained during the fungal
screening belong, in fact, to specific fractions.

The most bioactive samples were from F. oxysporum strains. The polar fractions displayed
high antifungal activity against Cladosporium, bacteriostatic antimicrobial potential against E.
faecalis, strong inhibition of the enzyme acetylcholinesterase and high percentage of S.
epidermidis biofilm eradication. In all biological results, the CSP-R18 strains was slightly more
active than CSP-19b. The apolar fractions only displayed activity in CSP-19b strain, which
showed a high metabolic diversity and strong biofilm eradication.

Molecular Networking, combined with an individual evaluation of high resolution and
fragmentation data, allowed not only the elucidation of different mycotoxins, but also the
understanding of fungal biosynthetic pathways. This dereplication analysis supported the
elucidation of 4 picolinic acid derivates and 7 beauvericin analogues. The benefit of such an
approach was that spectra are organized based on fragmentation similarity, facilitating the
identification of analogues directly in complex matrices

Detection, characterization and identification of the observed signals are still a
challenge in MS-based metabolomics. In microbial studies, identification of a molecule is
usually carried out by tandem mass fragmentation, in which the experimental patterns are
compared with consolidated databases. However, as most molecules involved in microbial
metabolic exchange are unique to these organisms, there are no comprehensive databases that
has a searchable library sufficient to cover these unique molecules. In this sense, manual

interpretation of fragmentation data is still required and recommended.
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Abstract

Microbial metabolites have tremendous potential to provide new therapeutic agents since
extremely diverse chemical structures are found in an extensive and still little studied microbial
population. Conventionally, these natural products are screened by single-strain cultures.
However, owing to the absence of biotic and abiotic interactions in monocultures, the growth
conditions are significantly different from those encountered in the natural environment,
providing poorer profiles and the frequent re-isolation of known metabolites. In the last decade,
several methods have been developed to eventually understand the physiological conditions
under which microbial cryptic genes are activated, in an attempt to stimulate their biosynthesis
and elicit the production of hitherto unexpressed chemical diversity. Among those, co-
cultivation is considered to be one of the most efficient ways to induce silenced pathways,
mimicking the competitive microbial environment for the production and comprehensive
regulation of metabolites. Over the years, co-culture has become a golden genome-independent
methodology for metabolome expansion and requires no prior knowledge of the signaling
mechanism and fungal genome nor any special equipments for cultivation and data
interpretation. Several reviews have shown the potential of co-cultivation for the production of
new biological leads. However, these were mainly limited to describe relevant chemical
outcomes reported in literature. Only few articles have detailed experimental, analytical and
microbiological strategies for efficiently inducing bioactive molecules by co-culture. In this
review paper, we have continued to shed light on the co-culture experimental workflow and
contribute to the development of detailed and standardized co-cultivation methods compatible
with high-throughput analytical procedures. Particularly, we have interpreted all major mixed-
fermentation publications from 1978 to 2019, displaying what we know regarding different
types of co-culture set-ups, metabolic inductions and interaction effects, and how these can be

optimized to enhance chemical and biological diversity.

Keywords: co-culture, activation of cryptic genes, enhanced of chemical diversity.
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1. Introduction

Microbial secondary metabolites, resulted from several million years of evolutionary
biosynthetic optimization, have tremendous potential to provide new therapeutic agents
(PETTIT, 2009). In a recent review, Newman and Cragg have shown that, even with the
challenges related to unlocked genomes and unculturable strains, microbial bioactive
compounds are the future for drug discovery programs (NEWMAN; CRAGG, 2016),
accounting for over 42 thousand natural compounds already reported from different microbial
families (LAATSCH, 2012).

The potential of these microbial secondary metabolites comes not only from an extremely
diverse chemical structures but also from an extensive and still little studied microbial
population. Indeed, recent whole-genome sequencing of several fungi and bacteria shows that
the potential of microbial matrices to produce secondary metabolites is fairly underestimated,
meaning that a much broader range of compounds could be produced if the silent genes are
induced by whatever methods (BERGMANN et al., 2007; CHIANG et al., 2008; GALAGAN
et al., 2005; HIBBING et al., 2010; SCHROECKH et al., 2009).

Conventionally, in the fields of microbiology, single-strain cultivation has been the
standard method for the screening of secondary metabolites. However, owing to the absence
of biotic and abiotic interactions, the growth conditions in monocultures are significantly
different from those encountered in the natural environment (ONAKA et al., 2011; PETTIT,
2009). In nature, microbial metabolic pathways are often regulated by complex cascades, in
which their chemical profiles are controlled by genes and influenced by biotic communication
with external factors. For example, on competitive environments, microbial species engage in
constant interactions with their neighbors, competitors and hosts, resulting in ecological effects
that ensures survival and shapes the community (MOODY, 2014).

The absence of biotic and abiotic incentive is the biggest limitation of axenic cultures and
limits the chemical diversity that can be obtained by one single strain. In fact, monoculture
screening often provides a still increasing rate of redundancy, resulting in chemically poorer
profiles and the frequent re-isolation of known secondary metabolites (HONG et al., 2009;
MARMANN et al., 2014). In the last decade, several methods have been developed to
eventually embody the physiological conditions under which cryptic genes are activated, in an
attempt to stimulate their biosynthetic pathways and elicit the production of hitherto
unexpressed chemical diversity (SCHROECKH et al.,, 2009; WAKEFIELD et al., 2017).

Overall, these strategies have been successfully applied for the genomic activation,
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simultaneously modifying different levels of the cellular machinery to regulate the production
of different classes of secondary metabolites (BERTRAND et al., 2014a; HERTWECK, 2009;
WAKEFIELD et al., 2017).

Among those, genetic-dependent approaches, such as mutasynthesis, heterologous
expression and metabolic engineering (BERGMANN et al., 2007), have been used as one of
the most effective methodologies for gene activation. However, these procedures are mostly
applied for known structures and require both expensive instrumentation and a previous
knowledge of the microbial genome. Contrarily, cultivation-dependent methodologies, that
includes substrate feeding (DE BOER; SCHMIDT-DANNERT, 2003), small molecules
modifier feeding (PETTIT, 2011b), co-culture and One Strain, Many Compounds (OSMAC)
(BODE et al., 2002; RATEB et al., 2011; ROMANO et al., 2018; WEI et al., 2010), have
provided a broader regulation of the metabolome, increasing chemical diversity in a more
comprehensive and unsupervised manner.

Microbial co-culture involves the cultivation of two or more microorganisms in the same
confined environment and has been considered to be a golden strategy to induce cryptic
pathways. In mixed fermentation, microorganisms metabolize the media substrate together,
mimicking the competitive microbial environment for the production and regulation of
constitutively molecules (RATEB et al.,, 2013; WAKEFIELD et al.,, 2017). On these
experiments, microbial communication occurs either by volatiles or in-loco signaling and leads
to the regulation of secondary metabolites, even if the detailed inducing mechanism, in the
biological and ecological context, remain largely unknown (PETTIT, 2011a; RATEB et al.,
2013; SCHROECKH et al., 2009). In practical terms, co-culture is a key genome-independent
method for metabolite enhancement in microbial systems given it does not require any prior
knowledge of the signaling mechanism and genome, nor any special equipment for the
cultivation and data interpretation (MOODY, 2014).

Based on the current research, it is accepted that mixed culture might be successfully
applied to (1) overcome limiting steps of a desired biosynthetic pathway (ZHANG;
STEPHANOPOULOQS, 2016), (2) prevent enzymes from producing byproducts, (3) increase
single cell protein production (TESFAW; ASSEFA, 2014), (4) induce or increase bioactivity
through co-culturing with challenge organisms (CHANOS; MYGIND, 2016; SUNG,;
GROMEK; BALUNAS, 2017), (5) suppress virulence of challenge microbe (MINERDI et al.,
2009) and (6) improve the bioactive metabolite production by auxiliary microorganism
(ARIANA; HAMEDI, 2017; LIU et al., 2006; SHIMIZU et al., 1999).
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For the last decades, co-culture has already been established technically for the
understanding of natural or synthetic interactions between cell populations of human
microbiota and pathogens, as well as to improve biochemical processes in the food (ISLAM et
al., 2017), solvent and oil industries (KUMARI; NARAIAN, 2016; TAO et al., 2017).
Successful examples of industrially applied co-cultures can be found in wastewater treatment,
soil remediation, and food and gas production (CHAUDHRY; CHAPALAMADUGU, 1991),
such as dairy products (KARILUOTO et al., 2006; MARTIN et al., 2001; NARVHUS;
GADAGA, 2003; SODINI; LATRILLE; CORRIEU, 2000), salami (DICKS; MELLETT,
HOFFMAN, 2004) and alcoholic beverages (BEEK; PRIEST; PRIEST, 2002; CLEMENTE-
JIMENEZ et al., 2005; CORT; KUMARA; VERACHTERT, 1994; FLEET, 2003; RENOUF
et al., 2006).
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Figure 4.1. Evolution of the field of microorganism co-culture; Number of publications per
year in the field of microorganism co-culture (blue), microorganism co-culture and activity
( ) and microbial co-culture and secondary metabolites (green), as indicated by the
number of publications per year from 1994 to 2019 (Web of Science/Science Direct).

Co-cultivation research that targets the enhancement of chemical diversity are still at its
infancy when compared to human health and industrial processes, with even fewer reports
regarding the genetic, biosynthetic and biological use of these induced compounds (Figure 4.1).
In most cases, antagonistic communications, in which microbes compete for space and
nutrients, are the most studied type of co-culture interaction and has been performed focusing
on the induction of antinfective and anticancer metabolites as an alternative to overcome
pathogen multidrug resistance (DASHTI et al., 2014; UEDA,; BEPPU, 2017). Nonetheless,

other types of neglected microbial interaction, other than antibiosis, has also resulted in
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sporulation, biofilm formation and bioactive metabolomic variation, including amensalism,
commensalism, cooperation and mutualism (UEDA; BEPPU, 2017).

Several reviews have shown the potential of co-cultivation for the production of new
biological leads, however, these studies were mainly limited to describe relevant chemical
outcomes reported in literature (Burgess et al. 1999; Konig et al. 2006; Pettit 2009; Shank and
Kolter 2009; Tarkka et al. 2009; Bader et al. 2010; Pettit 2011; Goers et al. 2014; Marmann et
al. 2014; Moody 2014; Netzker et al. 2015; Abdalla et al. 2017; Ueda and Beppu 2017; Onaka
2017; Stasulli and Shank 2016; Rutledge and Challis 2015). Over the last decade, only few
articles have detailed experimental, analytical and microbiological strategies for efficiently
inducing bioactive molecules by co-culture (AZZOLLINI et al., 2018; BERTRAND et al.,
2014a, 2014b).

In this review paper, we have continued to shed light on the co-culture experimental
workflow and contribute to the development of detailed and standardized co-cultivation
methods compatible with high-throughput analytical procedures. Particularly, we have
interpreted all major mixed-fermentation publications from 1978 to 2019, displaying what we
know regarding different types of co-culture set-ups, metabolic inductions and interaction
effects, and how these can be optimized to enhance chemical and biological diversity. Figure
4.2 represents a schematic workflow of the content of this review, which include (1) the basics
for the experimental set-up, exhibiting all critical abiotic, biotic and analytical parameters for
a successful metabolic induction and data interpretation, (2) the types of metabolic outcomes
and some examples of their biosynthetic origin, (3) the microorganisms most used for co-
cultivation and their chemical and biological potential, (4) the biological and ecological
outcomes obtained so far on co-culture experiments, and (5) a brief description of the few
induction trigger reported in literature. The references of all the articles reviewed from 1978 to

2019 are displayed in the Supplementary Material.
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2. Setting up a Co-culture Experiment

2.1. Biotic and abiotic parameters

It is well known and repeatedly reported in literature that the choice of the growth
conditions can immensely affect the chemical profile in axenic cultures, resulting in changes
in the amount and diversity of secondary metabolite production (BODE et al., 2002;
SCHERLACH; HERTWECK, 2009). In co-culture experiments, apart from these cultivation
variables, the biotic parameters and the degree of cell-cell communication between strains also
need careful consideration to define the best variables for the metabolic induction (Figure 4.3)
(GOERS; FREEMONT; POLIZZI, 2014).

Overall, when starting an experimental design for co-culturing, several factors should be
properly assessed for the optimization of the research purpose, including (1) the selection of
the co-culture system, which is detailed in the section bellow; (2) the selection of the induced
and challenge microbe, based on the desired type of microbe interaction (e.g. antibiosis,
symbiosis, mutualistic and others), taxonomic criteria or biological/ecological data, (3) amount
of inoculum from each strain, considering the growth rate evaluation of selected microbes, (4)
age of pre-inoculum, i.e. the incubation period of each strain prior to co-cultivation; (5)
incubation time, (6) degree of contact between the cell and (7) abiotic factors, such as
temperature, pH, agitation luminosity, liquid or solid media and nutrient/water availability.

The optimization of the factors that influence a co-culture experiments can be performed
by individual assessment of the variables or by systematic analysis in a Design of Experiment
(DoE). Any subtle change greatly affects the production of individual metabolites, meaning
that each parameter could regulate the activation of specific metabolic pathways. For example,
Slattery and colleagues have demonstrated that 24-hour pre-inoculation of the inducer bacteria
Streptomyces tenjimariensis was essential to enhance the production of the aminoglycoside
antibiotics, istamycins A—B, when in co-culture with challenge marine bacterias. Simultaneous
co-inoculation or pre-establishment of challenge microbes without pre-inoculation resulted in
a significant decrease in the production of istamycins compared with that in S. tenjimariensis
single culture (SLATTERY; RAJBHANDARI; WESSON, 2001). Similarly, other studies have
shown that Lactococcus lactis increased the production of nissin, a polycyclic peptide, only in
co-culture with specific bacteria that consume lactic acid as carbon source, such as Yarrowia
lipolytica (ARIANA; HAMEDI, 2017), Saccharomyces cerevisiae (LIU et al., 2006) and
Kluyveromyces marxianus (SHIMIZU et al., 1999), providing a successful increase in
production in up to 85% in comparison to the control.
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If the research targets to evaluate the ecological response rather than an increase in chemical
diversity, it is critical to perform a detailed evaluation of all biotic and abiotic variables present
in the natural biological system in order to mimic the physiological conditions that elicit the
same complex reactions in nature (HOGAN, 2006). One good example is the study of
mutualistic microbe Candida albicans and Pseudomonas aeruginosa, commonly encountered
together in the sputum of cystic-fibrosis (CF) patient. In this CF isolates, C. albicans produces
farnesol, a sesquiterpene that acts to inhibit both the filamentation of its producer and the
swarming motility and the release of secondary metabolites in P. aeruginosa, demonstrating
how the microbial interactions contribute to disease in polymicrobial infections (CUGINI et
al., 2007; MCALESTER; O’GARA; MORRISSEY, 2008).

2.2.Types of co-cultures experiments

The selection of the type of co-culture is a critical step in the experimental workflow and
should be based on purpose of study and the analytical techniques available for the evaluation
of the chemical profiles. For example, if the work targets to evaluate only the chemical
responses of volatiles molecules by gas chromatography and mass spectrometry, it is important
to select a co-culture experimental set-up that enables volatile extraction and prevents cell-to-
cell contact. Figure 4.3 shows the two most common set-ups for co-culture evaluation,
considering the degree of contact between the cells and the type of induction evaluated in the

study. Their applications, advantages and disadvantages are described in sections bellow.

2.2.1. Experiments without Microbial Barriers (with cell-cell contact)

In most co-culture systems, the activation of cryptic genes is achieved by the inoculation
of the inducer microbe in the presence of a competing strain, without any physical barriers
between them. In these systems, metabolic induction can happen either by agar-diffused
signaling molecules, during direct physical contact, or by the release of volatiles in the
environment, resulting in an often complex and multivariate chemical responses (BADER et
al., 2010). Among these traditional cultures, the growth of both microorganisms freely in the
medium elicits nature’s most similar response (Figure 4.3A), providing a comprehensive
evaluation and interpretation of the microbial interactions.

Notwithstanding these advantages, in nearly all studies that uses these experimental set up,
the evaluation of the chemical dynamics is only carried out by agar-diffused molecules, without

considering the presence and importance of volatile organic compounds (VOC) in the
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microbial system (KONIG et al., 2006; NONAKA et al., 2011; OLA et al., 2013). So far, only
very few studies report the simultaneous analysis of both chemical outcomes, increasing the
concern over the proper chemical interpretation of these microbial interactions.

Generally, solid media is the standard method for the screening of bioactive metabolites
since colony growth in a petri dish enables evaluation of the microbial morphological changes
and individual assessment of each microbial contribution for the metabolic induction
(BERTRAND et al., 2013a; YAO et al.,, 2016). In this experimental set-up, antagonistic
interactions are readily visible in just a few days of inoculation, facilitating the target analysis
of antimicrobials compounds from the confrontational zone (Moree et al. 2013; Akone et al.
2016; Serrano et al. 2017).

In 2014, Bertrand and co-workers reported that fungal co-culture in solid media could result
in four major interaction types. Morphologically, the interaction between two fungi are very
changeable, even within one single strain and could result in different metabolic outcomes
(Figure 4.4). The first type of morphological change, named distance-inhibition, is usually a
result of antibiosis and happens when fungal growth stops at a distance from the competing
culture, possible due to release of antimicrobial secondary metabolites into the media. The
second type is also a result of microbial antagonism and the release of antimicrobial
metabolites, in which the fungal colonies grow until contact and form a dark precipitate in the
confrontation zone, denominated zone lines. In the third group, both fungi grow until contact
but do not produce any evidence of metabolite release or confrontation, respecting each other
place in a contact-inhibition response. Lastly, the fourth type of interaction occurs when fungi
grow until contact with partial or complete invasion of one fungus by the other, in a so-called
overgrowth. Although there is no clear evidence of secondary metabolite production in this
type, this competitive interaction is a clear result of morphological and developmental changes
by microbial signaling (BERTRAND et al., 2013a, 2014a).
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different experimental conditions, considering the degree of contact between the cells and the

type of induction evaluated on the study.

So far, only very few articles indicated the exact type of colony morphology and its
corresponding biological outcome in solid media experiments. Most of co-culture reports
indicate only chemical induction without any standardized description of morphological
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interactions. Good examples of morphological descriptions include Glauser et al. 2009 and
Bertrand et al. 2013b. Glauser and co-workers evaluated the zone line of two grapevine fungal
pathogens Eutypa lata and Botryosphaeria obtuse and were able to elucidate the fungitoxic
poliketides  O-methylmellein,  4-hydroxy-8-O-methylmellein  and  5-hydroxy-8-O-
methylmellein only from this confrontation zone (GLAUSER et al., 2009). Similarly, Bertrand
and co-workers isolated the secondary metabolite responsible for the distance-inhibition zone
between Trichophyton rubrum and Bionectria ochroleuca as the polyketide 4"-
hydroxysulfoxy-2,2"-dimethylthielavin, produced up-regulated in the confrontation zone
between these fungi in solid culture (BERTRAND et al., 2013b).

Other than the release of interspecies secondary metabolites, the morphological changes in
the presence of a challenge strain can also be a results of metabolites produced primarily to act
as intraspecies signaling (BADER et al., 2010; CRESPI, 2001). In the early days, the release
of these small molecules, named diffusible signal factor (DSF), was only focused on the
intraspecies response of these signals in opportunistic pathogens. However, although not the
focus of the review, there are increasing evidences that these molecules can promote regulation
in other microbes, highlighting the important role of these molecules to disease in
polymicrobial environment and infection mechanism (MCALESTER; O’GARA;
MORRISSEY, 2008). Research to date shows that DSF can modulates both inducer and
challenged strain by a variety of mechanism, inflecting antagonistic to mutualistic responses,
morphological transitions, virulence control and release of important secondary metabolites.

For example, Xanthomonas campestris and Stenotrophomonas maltophilia produce the
fatty acid cis-11-methyl-2-dodecenoic acid to control intraspecies biofilm formation and
virulence capacities of its producers (DOW et al., 2003; HE; ZHANG, 2008; TORRES et al.,
2007). However, studies have shown that, when in co-culture, this molecules can also promote
hyphae inhibition in Candida albincans (WANG et al., 2004) as well as influence biofilm
architecture, stress response and polymyxins tolerance of Pseudomonas aeruginosa (FOUHY
et al., 2007; RYAN et al., 2008). Similarly, the o,B—unsaturated fatty acid cis-2-dodecenoic
acid (BDSF), produced by Burkholderia cenocepacia has also been shown to produce
interspecies response, being responsible for restoring biofilm and extracellular polysaccharide
production in X. campestris and inhibiting germ tube formation of C. albicans (BOON et al.,
2008).
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Figure 4.4. Morphological interactions in co-culture experiments with two fungi on solid
media. Bertrand and colleagues reported four major morphological outcomes in these co-
culture experiments in petri dish: distance inhibition, zone lines, contact inhibition and
overgrowth (BERTRAND et al., 2014a).

2.2.2. Experiments with Microbial Barriers (without cell-cell contact)

While some microbial interactions in co-culture experiments depend on cell-to-cell contact,
in some other circumstances, the release of induced secondary metabolites appears to be
triggered even without clear evidence of contact. For this particular case, metabolic variation
can be evaluated by (i) co-cultivation in petri dishes with some degree of isolation between the
microbes or (ii) cultivation of inducer strains without the presence of challenge strains, using
only the signaling metabolites, found as pure compounds, in extracts, cell debris or cell-free
supernatants (KONIG et al., 2013).

In most cases, cell contact is controlled by establishing physical barriers that prevents
physical contact between cells in the culture medium, which include the use of culture
membranes or segregated petri dishes (BOGDANOWICZ; LU, 2013). However, if the
experimental set up does not occur with two living cells, the only concern for the system is to
set an adequate concentration of the metabolite(s) or mixture added to the cultures.

Benitez and co-workers have demonstrated that Bacillus amyloliquefaciens LBM 5006
produces higher concentration of an antibiotic peptide when in liquid co-culture with
Escherichia coli ATCC 25922 and that this induction was not associated to the presence of
living cells, enhancing bacteriocin production even with thermally inactivated cells, and E. coli

cell debris after cellular fractionation (BENITEZ et al., 2011; CHANOS; MYGIND, 2016). On
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the other hand, Cueto and co-workers have shown that the antibiotic pestalone was only
induced by cell-to-cell contact between Pestalotia sp and an antibiotic-resistant marine a-
proteobacterium and that in neither organic extracts or cell-free culture supernatants the
chlorinated benzophenones were detected (CUETO et al., 2001).

2.3.Analytical Techniques

Regardless of the biotic and abiotic conditions, the chemical evaluation of the co-culture
experiment needs to assess both diffused metabolites and VOCs for a comprehensive analysis
of the microbial interaction. Only recently, efforts have been made to develop methodologies
that provide this holistic analysis of molecular dynamics. For instance, in 2018, Azzollini and
co-workers have shown a strategy for the concomitant analysis of volatile and non-volatile
metabolomes in co-culture systems, in which the fungi are directly grown in vials. In this
methodology, each vial is first submitted to head space solid phase microextraction gas
chromatography mass spectrometry (HS-SPME-GC-MS) for the analysis of VOCs. Following,
the corresponding solid culture is extracted with organic solvents and analyzed by liquid
chromatography and high-resolution mass spectrometry (LC-HRMS) for the evaluation of
diffused molecules (AZZOLLINI et al., 2018).

Generally, molecules released in the culture medium are extracted by routines extraction
protocols (ROSS et al., 2014; SERRANO et al., 2017). Nonetheless, these processes are not
specific for microbial analysis and still need improvement for a more rapid perspective of the
chemical profile. One example of successful methodological developments was proposed by
Bertrand and co-workers. In their approach, fast and simultaneous assessment of the
metabolites were performed by down-scaled co-culture using multi-well plates, strongly
stimulating fungal growth. Moreover, the use of a 12 well-plate ensured rapid and efficient
generation of a large number of replicates and had a reliably up-scale using a large-scale 15 cm
for metabolite purification and isolation. These results partially overcome the difficulties of 9
cm plates regarding growth rate of different fungi, metabolic changes based on the duration of
growth and lack of sufficient material for isolation, providing a rational way to highlight the
metabolic induction (BERTRAND et al., 2014b).

The chemical interpretation of diffused molecules in co-cultures is usually carried out by
mass spectrometry and successful results were achieved using both LC-MS (BERTRAND et
al., 2014b; HOSHINO et al., 2015a) and MS-imaging methodologies (MOREE et al., 2012,

2013). Moreover, due to the complexity of the isolated compounds, identification of the
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induced metabolites often requires the use of complementary analytical tools, such as 1D and
2D Nuclear Magnetic Resonance (ANGELL et al., 2006; WANG et al., 2013).

Opposingly, VOC profiles are obtained by headspace trapping using static and dynamic
techniques and chemical analysis is always conducted by gas chromatography—mass
spectrometry analysis. Recently, Brasch and co-workers have demonstrated the isolation of
stereochemically pure in co-culture experiments using enantioselective GC-MS. In this study,
these induced metabolites were trapped using solid-phase-micro-extraction (SPME) fibres that
were inserted into the dishes through a small hole and left in place for 2 hours to allow VOC
adsorption. Some practical approaches to volatile analysis using solid phase microextraction
(SPME)-GC-MS can be found at Tholl and co-workers (THOLL et al., 2006).

3. Metabolite induction in mixed cultures

The activation of cryptic genes coded for unexplored secondary metabolites makes co-
cultivation a golden genome-independent method for chemical enhancement in microbial
system. The presence of a biotic trigger usually leads to an increase in metabolite detection
either by regulation of previously known compounds (SUNG; GROMEK; BALUNAS, 2017)
or by the synthesis of new de novo metabolites (KUROSAWA et al., 2008; PETTIT, 2009)
(Figure 4.5).

Recent data has suggested that metabolic induction can happens either by the activation of
pathways from only one strain or by a combined effort between the competing species.
However, so far, only few studies have reported the detailed biosynthetic pathway of induced
compounds in co-cultures and were mainly limited to describe the chemical and biological
properties of these secondary metabolites. Single culture gene activation is genetically simpler
and usually leads to regulation (up or down-regulated) of major bioactive secondary
metabolites and the production of analogues from these known chemotypes (ZHU; LIN, 2006).
Multispecies activation, on the other hand, is much more complex and provides metabolite
enhancement by multistep strategies, such as biotransformation (HOEFLER et al., 2012;
MOREE et al., 2012), horizontal gene transfer (KUROSAWA et al., 2008) and the production

of metabolites from combined pathways.
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Figure 4.5. Co-culture metabolite induction reported for the 141 articles reviewed between the
years of 1978 and 2019. Induction mechanisms is presented according to the microbial pair
used in the study. “Up-regulation” (gray) is reported when the compound is also found in the
axenic cultures, but in lower concentration. “De novo biosynthesis metabolites™ (black) are
metabolites that are not detected on axenic cultures. “Other” includes co-cultures that used

other micro-organisms, such as oomycetes and algae.

One excellent example of biotransformation was provided by Moree and co-workers, which
studied the production and regulation of phenazines in the bacteria P. aeruginosa. Phenazines
play an important role on bacteria defense, acting on electron shuttling, biofilm development
and the production of toxic superoxides. When in co-culture with the fungus A. fumigatus, P.
aeruginosa produced higher amounts of these secondary metabolites. Using MALDI-TOF and
imaging mass spectrometry (MALDI-IMS), combined with MS/MS networking, Moree have
shown that, even though there was an up-regulation of phenazine compounds on the
confrontation zone, A. fumigatus is able to rapidly converts these compounds into other
chemical derivatives with lower antifungal activity, enhanced bacterial toxicity and the ability
to induce fungal siderophores. This is particularly interesting for an ecological perspective
because, although phenazines have been studied for decades, few detailed the bioconversion or
sequestering of these metabolites in multispecies environment (MOREE et al., 2012).

Kurosawa and co-workers have also revealed an unusual co-culture induction, in which
actinomycin genes from a highly stable antibiotic producer Streptomyces padanus were
transferred to a multi-antibiotic resistant mutant of Rhodococcus fascians that does not produce
antibiotics. In a liquid co-culture experiment, they have confirmed that a horizontal gene
transfer from S. padanus to R. fascians led to the production of two aminoglycosides antibiotics
by Rhodococcus, named rhodostreptomycin A and B. These compounds strongly act against S.
padanus until complete bacteria elimination. Moreover, genomic analysis revealed that, in

mixed cultures, Rhodococcus harbors a large DNA segment of Streptomyces strain, illustrating
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the underreported microbial capability to produce newly described and potent antibiotics
(KUROSAWA et al., 2008).

The absolute majority of experiments that reports up-regulated metabolites are focused on
the evaluation of known antibiotics (e.g. bacteriocins, aminoglycosides, quinolines and other)
and enzymes involved in ecological and industrial processes to improve their understanding
for biotechnological and pharmaceutical purposes (Figure 4.6). For de novo biosynthesis, the
most common metabolite classes reported are alkaloids (PARK et al., 2009; ZHU et al., 2013;
ZHU; LIN, 2006; ZUCK; SHIPLEY; NEWMAN, 2011) and polyketides (CHAGAS; DIAS;
PUPO, 2013; ONAKA et al., 2011; ROSS et al.,, 2014; SCHROECKH et al., 2009;
WATANABE; IZAKI; TAKAHASHI, 1982), indicating that fungi and bacteria could produce
both classes as a defense strategy in antibiosis interaction (Figure 4.6). For example, Chagas,
Dias and Pupo have shown that the interactions between the endophytic fungi Alternaria
tenuissima and Nigrospora sphaerica have significantly increased the production of
polyketides alterperylenol and stemphyperylenol, the latter displaying antifungal and cytotoxic
effects against N. sphaerica. Moreover, these induced compounds were shown to act only
against endophytic fungi, with no reported phytotoxicity to the host plant Smallanthus
sonchifolius, even at high concentrations, indicating a selective antifungal activity and an
important ecological outcome between endophyte-endophyte and endophytes-host plants
(CHAGAS; DIAS; PUPO, 2013). Similarly, Zhu and co-workers have shown the production
of the new alkaloid aspergicin, together with neoaspergillic acid and ergosterol, during co-
culture of two marine-derived mangrove epiphytic Aspergillus sp, in which both aspergicin and
neoaspergillic acid show significant antibacterial activity against gram-positive bacteria S.
aureus, Staphylococcus epidermidis and B. subtilis, as well as three gram-negative bacteria
Bacillus dysenteriae, Bacillus proteus, and E. coli (ZHU et al., 2011).
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Figure 4.6. Metabolite classes produced on de novo biosynthesis and up-regulated co-culture

experiments.

It is important to state that one of the major difficulties of metabolite screening in microbial
co-culture is to find each micro-organism is responsible for the production of the induced
metabolite. Although most reports indicate the inducer microorganisms only based on
comparison with the axenic cultures or by evaluation of confrontation zone and isolated
myecelial parts, confirmation can only be achieved by a detailed genetic study combined with a
deep knowledge of the microbial biosynthetic pathway (BOGDANOWICZ; LU, 2013).

4. Microorganisms in mixed cultures

The great diversity of microbial species encountered in nature makes co-culture
experiments a standard choice for the evaluation of unexplored secondary metabolites. In fact,
scaling law predicts that Earth is home to upward of 1 trillion (10'%) microbial species
(LOCEY; LENNON, 2016), offering unlimited opportunities for combining an nearly infinite
number of interactions.

On early days, most co-cultures were performed using two fungi or two bacterias (Figure
4.7), majorly due to the difficulties over growth rate and reproducibility among eukaryotes and
prokaryotes experiments. However, owing to the fact that microorganisms co-exist in close
associations to each other, alongside to the recent development in media culture and
microbiology techniques, the interactions of microbes from different phylogenetic orders have
been increasingly evaluated, including the study of fungi/bacteria, bacteria/fungi,
oomycete/oomycete (OJIKA et al., 2011) or the incubation of a fungus and a bacterium or more

than two microbes in the same system (PETTIT et al., 2010).
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Figure 4.7. Microorganisms pair-wise used in co-culture experiments since 1978.

Among the untraditional co-cultures, bacterial/fungi, in which the bacterium is the inducer
strain, or fungi/bacteria, in which the fungus produces the induced metabolites, have been the
most used for the discovery of new leads. For instance, in 2011, Dusane and co-workers have
demonstrated that the co-culture of four marine epibiotic bacteria (Bacillus sp. S3, Bacillus
pumilus S8, Bacillus licheniformis D1 and Serratia marcescens V1) with pathogenic or
biofouling fungi (C. albicans and Yarrowia lipolytica) and bacteria (P. aeruginosa and B.
pumilus) led to the enhancement of antifungal activity against Y. lipolytica, antibacterial
activity against P. aeruginosa and B. pumilus and biosurfactant activity, emphasizing the
ecological and biotechnological implications of interspecies interactions for the microbial
environment (DUSANE et al., 2011).

Furthermore, recent studies of microbial co-culture have also appraised the use of more
than two microorganism in one petri dish. Pettit and co-workers have simultaneously co-
cultured five fungi (Ovadendron sulphureoochraceum, Ascochyta pisi, Emericellopsis minima,
Cylindrocarpon destructans and Fusarium oxysporum) for the biosynthesis of potential
antineoplastic substances, resulting in a de novo production of lateritin, a N-methylated
depsipeptide that inhibits the growth of a mini-panel of human cancer cell lines, has
antibacterial activity against gram-positive bacteria Micrococcus luteus, S. aureus, E. faecalis

and S. pneumoniae) and antifungal potential against C. albicans (PETTIT et al., 2010).
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4.1. Bacterial Co-culture

Evaluation of the reported bacterial co-culture experiments from 1978 to 2019 revealed

that the majority of inducer strains were gram-positive from the genus Streptomyces, which is

the largest genus in the Actinomycetes order (NETZKER et al.,

Lactobacillus (Figure 4.8).
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Figure 4.8. Bacteria and fungi inducer strains in reported co-culture studies from 1978 to 2019.

Actinomycetes are the richest reported microbial source of bioactive secondary
metabolites, producing polyketides, phenazines, peptides, isoprenoids, indolocarbazoles and
sterols (NETT; IKEDA; MOORE, 2009). Because the genome of this family is much larger
than necessary for basic functioning (GALAGAN et al., 2005), most species dedicate a
substantial fraction of their genes for the production of natural products (KNIGHT et al., 2003),
eliciting metabolites with antibiotics, antifungals, anthelminthics and antitumor potential
(SUNG; GROMEK; BALUNAS, 2017; TRAXLER et al., 2013; VALLIAPPAN; SUN; LI,
2014). Over the years, several drug leads were produced by this family, featuring the
importance of co-culture for the biotechnological improvement in these targeted metabolites
(OMURA et al., 2001).

antituberculosis/antibiotic streptomycin, produced by Streptomyces griseus, the immune

The commercially available compounds include the
suppressant used for reducing transplant rejection tacrolimus, produced by S. Tsukubaensis,
and the pesticide and antifungal avermectin, a macrocyclic lactone derivative produced by S.

avermitilis (MOODY, 2014) .
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Among all Actinomycetes, Streptomyces is the most important genus, being extensively
studied in single and co-culture for the production of antibiotics. Mixed cultivation studies of
this species is often performed with pathogen or mycolic-acid containing bacteria for the
production of both new and up-regulated aminoglycosides (CARLSON et al., 2015;
SLATTERY; RAJBHANDARI; WESSON, 2001; TURPIN et al., 1992), diterpene (CHO;
KIM, 2012), indolocarbazole alkaloids (HOSHINO et al.,, 2015b; SHAH et al., 2008),
hydroxamic acid (TRAXLER et al., 2013), polycyclic polyketide (ONAKA et al., 2011),
pigments (ONAKA et al, 2011), polyenes (YAKOVLEVA; BULGAKOVA, 1978),
butanolide chojalactones (HOSHINO et al., 2015a), macrolactams (HOSHINO et al., 2015c),
enzymes (HOEFLER et al., 2012) and naphthoquinone (SUNG; GROMEK; BALUNAS,
2017), demonstration how little-explored the biosynthetic pathways of these gram-positive
bacterias are.

Lactobacillus are lactic acid gram-positive bacteria and are also known to produce
important antimicrobial compounds. This antibiotics, generally called bacteriocins, are
biologically active proteins commonly used as preservative in the food industry (TODOROQV,
2009), acting in a broad-inhibition spectrum against several bacterial contaminants. For the last
decades, multi-species antibiotic resistance has led to the urgent development of protocols to
improve the amount and diversity of bacteriocin production in Lactobacillus species, and, in
this sense, co-culture is, by far, the most used strategy (ARIANA; HAMEDI, 2017,
BAREFOOQOT et al., 1994; CHANOS; MYGIND, 2016; CHEIRSILP; SHIMIZU; SHIOYA,
2003; DI CAGNO et al., 2009; GE et al., 2014; KOS et al., 2011; LIU et al., 2006;
MALDONADO; RUIZ-BARBA; JIMENEZ-DIAZ, 2004; MAN; MENG; ZHAO, 2012;
ROJO-BEZARES et al., 2007; SHIMIZU et al., 1999; TABASCO et al., 2009). The most
general co-culture mechanism to up-regulate the biosynthesis of these compounds is the
presence of an auxiliary species, given bacteriocin production is higher in less acid
environment. In the same environment, the auxiliary microbes, that can be fungi
(Saccharomyces cerevisiae, Yarrowia lipolytica, Kluyveromyces marxianus) or bacteria
(Lactococcus, Bacillus, Streptomyces), consume lactic and acetic acids instead of the carbon
source from the culture media, which is used by the main microorganism, increasing yielding
and diversity of bacteriocin derivatives (ARIANA; HAMEDI, 2017; CHEIRSILP; SHIMIZU;
SHIOYA, 2003; LIU et al., 2006; SHIMIZU et al., 1999; TADA et al., 2007). More recently,
apart from metabolite consumption by auxiliary microbes, other factors have also been reported
to influence bacteriocin yielding in co-culture and include the presence of quorum sensing
messenger (BAREFOOT et al., 1994; CHANOS; MYGIND, 2016; TABASCO et al., 2009)
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and the selection of resistant strains as challenge microbes (MALDONADO; RUIZ-BARBA;
JIMENEZ-DIAZ, 2004; ROJO-BEZARES ¢t al., 2007).

Bacillus species, in particular B. subtilis, B. amyloliquefaciens, B. pumilus and B.
cereus, have been broadly studied over the last decade as an inducer strain in co-culture
experiments, eliciting metabolites that act as antimicrobials (AGHCHEH; KUBICEK, 2015;
BENITEZ et al., 2011; MOREE et al., 2013; PETERSON et al., 2006; SCHNEIDER et al.,
2012; STRAIGHT; WILLEY; KOLTER, 2006; TRISCHMAN et al., 2004), biosurfactants
(DUSANE et al., 2011) and quorum-sensing inhibitors against fungi and bacteria (DUSANE
et al., 2011). Bacillus species are known spore-forming soil bacteria, and, hence, rely on
antagonistic responses towards challenge strains as a competitive advantage during
colonization in this environment. In fact, antibiosis in soil microbiome ensures development
and resource availability of this species when in competition with other soil microbes,
including Cytophaga-Flavobacterium (PETERSON et al., 2006), Streptomyces griseus
(SCHNEIDER et al., 2012) and Streptomyces coelicolor (STRAIGHT; WILLEY; KOLTER,
2006). Berleman and co-workers have shown that the proteobacterium Myxococcus xanthus
responds to B. subtilis, E. coli and Saccharomyces cerevisiae by altering chemical and
developmental patterns. Specifically, the presence of bacteria induces M. xanthus rippling,
which is a undulatory movement utilized as a mechanism to efficiently consume nondiffusing
growth substrates, maximizing predation and the scavenge for nutrient (BERLEMAN et al.,
2006).

4.2. Fungal Co-culture

In co-culture in which fungi act as inducer microbes, there is a higher species diversity
reported in literature, displaying, by consequence, broader chemical and biological outcomes
(Figure 4.8). Among the most studied fungi species, pathogenic Fusarium and Aspergillus
represent the major genus, being cultivated with both fungi and bacteria to chemically and
ecologically evaluate the virulence factors responsible for these species’ pathogenicity.

Aspergillus has a well-known chemical diversity. During the ongoing search for novel
bioactive metabolites from microbes, co-culture of this specie with bacteria and fungi isolated
from different environment has led to the discovery of several newly described compounds, as
well as up-regulated compounds, being the most studied inducer fungus reported in mixed
fermentation. Research to date has shown that co-cultivation of Aspergillus species, mainly A.
fumigatus, has led to an increased production of alkaloids (RATEB et al., 2013; ZUCK;,
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SHIPLEY; NEWMAN, 2011), meroterpenes (KONIG et al., 2013) and archetypal polyketides
(SCHROECKH et al., 2009), which display strong cytotoxic (PARK et al., 2009; ZUCK;
SHIPLEY; NEWMAN, 2011), antimicrobial (EBRAHIM et al., 2016; KONIG et al., 2013;
MEYER; STAHL, 2003; MOREE et al., 2012; PARK et al., 2009; SCHROECKH et al., 2009),
antiprotozoal (RATEB et al., 2013) and antiosteoporosis activities (SCHROECKH et al.,
2009). For example, Konig and co-workers have evaluated the airborne-pathogenic fungus A.
fumigatus, which is the major cause of life-threatening invasive mycoses in
immunocompromised patients. When in co-culture with Streptomyces rapamycinicus isolated
from the same environment, there was an activation of previously silent polyketide synthase,
resulting in the production of fumicyclines A-B. These meroterpenes were not produced in
axenic cultures and display moderate activity against S. rapamycinicus, contributing to the
understanding of the pathobiology of this human pathogen (KONIG et al., 2013).

Fusarium is a filamentous fungus commonly found in the soil, being a normal constituent
of the rhizosphere communities of plants (GORDON; MARTYN, 1997). In nature, some
Fusarium strains are pathogenic to different plant species and are responsible for the
destruction of crops worldwide. Others, however, live symbiotically in the roots, being feed
out of the plant’s exudate without invading the vascular system or causing disease
(ALABOUVETTE etal., 2009). Fusarium infection in plants is a highly complex phenomenon,
requiring a cascade of regulated processes (BOHNI et al., 2016; NOTZ; MAURHOFER,;
DUBACH, 2002; SCHOUTEN et al., 2004; VAN R1J et al., 2005) and hence, a broad strategy
for the understanding of the disease and the development of control protocols. One of the
primary mechanisms of these wilt-inducing strains are the release of toxic secondary
metabolites, which are often regulated by biotic and environmental factors (ALABOUVETTE
et al., 2009). The existence of soils that naturally limit the incidence of Fusarium wilts has
emerged the use of co-culture for the evaluation of the physiological conditions that promotes
this inhibition, as well as the microbial communities that controls the expression of toxic
secondary metabolites (BAO; LAZAROVITS, 2001). Minerdi and co-workers have evaluated
the relationship between the non-pathogenic and wild Fusarium strains and a consortium of
bacteria found in a Fusarium-wilt suppressive soil from Serratia, Achromobacter, Bacillus and
Stenotrophomonas genus. In this study, they have demonstrated that sesquiterpenes volatiles,
mainly caryophyllenes, emitted from the non-pathogenic strain in mixed culture, are capable
of negatively influence mycelial growth and gene expression of virulence genes of pathogenic
strains. However, typing experiments have shown that these wild Fusarium strain, when

isolated from the soil bacteria, becomes pathogenic, causing the same wilt symptoms as the
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pathogenic strain (MINERDI et al., 2009). Other than the ecological role of Fusarium in soil,
co-cultures with this species with other microorganism revealed that the chemical and
biological outcome of are highly dependent on the challenged species. Co-cultivation with
Alternaria tenuissima, Sarocladium strictum, Saccharopolyspora erythraea and Bacillus
subtilis have led to an increased production of, respectively, trichothecenes (MULLER et al.,
2012), polyketides (BOHNI et al., 2016), decalin-type tetramic acid analogues (WHITT et al.,
2014), ennantins and coumarins (OLA et al., 2013), emphasizing the multifactorial capacity of
this genus.

5. Biological outcomes in mixed cultures

Microbial interactions are the result of a co-evolution process and leads to the adaptation
and specialization of the community (BRAGA; DOURADO; ARAUJO, 2016). In nature, the
specificity of these interactions according to the challenge microbe regulates the microbial
genome and enables the activation of different biosynthetic routes and the induction of different
chemical responses in one single strain. Vinale and co-workers have shown that co-culturing
the biocontrol agent Trichoderma harzianum M10 and the endophyte Talaromyces pinophilus
F36CF led to an increased accumulation of siderophores for both fungi and a decrease in the
production of 3-O-methylfunicone and herquline B by T. pinophilus F36CF. Moreover,
although there was not a significant change in the production of harzianic and iso-harzianic
acids by T. harzianum M10, co-culture with F36CF induced the production of the harziaphilic
acid, a novel siderophore that displays antifungal activity, promotes plant growth and
selectively reduces cancer cell proliferation without affecting viability of colorectal cancer and
healthy colonic epithelial cells (VINALE et al., 2009, 2017).

In co-cultures experiments, just like in nature, the microbial interactions (and the overall
chemical and biological outcomes) can be generally divided in positive, neutral or negative
effects (ALABOUVETTE et al., 2009; TARKKA; SARNIGUET; FREY-KLETT, 2009). For
example, the balance between pathogenic and non-pathogenic microorganisms governs the
dispersion of some plant diseases in soil (ALABOUVETTE et al., 2009), in which
nonpathogenic strains suppress the virulence of pathogenic ones in a antagonist manner. As a
result, the pathogenic strains had a negative effect in co-culture, while the plant and the
nonpathogenic strains displayed a positive outcome.

The biological outcome is also a direct result of microbial interactions and the activation
of cryptic genes. As different metabolites are induce depending on the challenge microbe, the
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biological response can also deeply vary. In 2013, Traxler and collaborators have demonstrated
the antibiotics, antifungals, and anticancer properties of Streptomyces coelicor are deeply
related to the microbials that inhabit their surroundings. When interacting with different species
of actinomycetes, S. coelicor creates an idiosyncratic social networking that is based on the
secretion of different desferrioxamines with acyl side chains of various lengths (TRAXLER et
al., 2013).

In terms of bioactivity in co-culture experiments, most reports target to enhance the
production and diversity of antimicrobial compounds by antibiosis interactions, biologically
evaluating the induced metabolites only for this purpose. Hence, it comes as no surprise that
the three major outcomes of the publications from 1978 to 2019 were antibacterial (~45%),
antifungal (~18%) and anticancer (~11%) (Figure 4.9). Furthermore, several reviews have
evaluated the antibiotic potential of co-cultures (ABDALLA; SULIEMAN; MCGAW, 2017;
BURGESS et al., 1999; UEDA; BEPPU, 2017) and a brief overview of the major antimicrobial

developments is described below.
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Figure 4.9. Main biological outcomes reported for co-culture experiments.

5.1.Antimicrobial compounds

The most well-known natural products from microbial sources are, undoubtedly, the
antibiotics (DEMAIN, 1999). The golden age of those secondary metabolites, that occurred
from the early 1940s to the late 1970s, was flared by the penicillin discovery, in 1928, by
Alexander Fleming, revolutionizing the treatment of bacterial infections and the control of
endemic diseases, such as gonorrhea, pneumonia, infected wounds and scarlet fever (BADER
etal., 2010; DEMAIN; ELANDER, 1999; KNIGHT et al., 2003).
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In the early years, although little understood, co-culture was already applied as a successful
strategy to increase microbial metabolite production, with enhanced yields of known antibiotics
penicillin, antimycin, tetracyclines, griseofulvin, bacitracin and levorine, mycoheptin, as well
as novel compounds from antimicrobial-inducer strains, such as Streptomyces, Penicillium and
Lactobacillus (YAKOVLEVA; BULGAKOVA, 1978). The continuous armamentarium of
new antibiotics was so overwhelming, that it was believed that infectious diseases would be
conquered and eradicated by the end of the 20" century (CONLY; JOHNSTON, 2005).

In reality, between 1970s and nowadays, the discovery of antimicrobial compound has been
dramatically reduced, with a decrease of 56% in the past 20 years. The reason for this decline
is multifactorial and can be mainly attributed to the lack of reproducibility of microbial
matrices, the identification and constant re-isolation of the main chemotypes, the introduction
of combinatorial chemistry, the need for high investments during clinical trials and the
increasing bureaucracy of Regulatory Barriers and the lack of interest of pharmaceutical
companies (CONLY; JOHNSTON, 2005).

Along with the decrease in the discovery rate, the constant inappropriate use and
prescribing, as well as the extensive agricultural application of these substances has driven to
a multidrug resistance and a global health emergency, urging the need to produce and discovery
new therapeutic agents (APPELBAUM, 2006). Strategies to induce antibiotic discovery often
apply genetic and metabolic engineering and are based on bioinformatic analysis,
overexpression of biosynthetic genes, cellular biochemistry and the expression and regulation
of targeted genes (DEMAIN; SANCHEZ, 2009; GAISSER et al., 2002; HAHN et al., 2006).
Moreover, post genomic approaches, such as One Strain Many Compounds (OSMAC) and co-
culture, have also been complementary implemented, increasing both metabolite diversity and
yielding (MOODY, 2014).

For co-culture, most experiments to enhance antibiosis cultures pathogenic communities
with known antibiotic inducer strains (MOODY, 2014). However, recent studies have
demonstrated that the induction of antibiotic metabolites could be as prevalent as when the
challenged strain comes from the same environment. Mearns-Spragg have shown that twelve
out of the 16 marine strains showed increased antimicrobial activity towards human pathogens
S. aureus, E. coli and P. aeruginosa following exposure (MEARNS-SPRAGG et al., 1998).
However, similarly, Oh and co-workers have demonstrated that co-culture of marine-derived
fungus Emericella sp and marine actinomycete Salinispora arenicola resulted on the enhanced

production of antimicrobials emericellamides A and B, which are fungi cyclic depsipeptide
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with moderate antimicrobial activity against MRSA and weak cytotoxicity against the HCT-
116 human colon carcinoma cell lines (OH et al., 2007).

The concentration of induced metabolite needed to culminate in antibiotic activity has also
generated some controversy, since there is growing evidence suggesting that antibiotic
molecules, found in smaller concentration in their own natural environment, can also act as
signaling molecules, mediating responses other than death (DAVIES, 2006; FAJARDO;
MARTINEZ, 2008; MOODY, 2014). In fact, it has been shown that subinhibitory levels of
various antibiotic metabolites can upregulate expression of SOS-response and methyl-
mismatch repair genes (MESAK; MIAO; DAVIES, 2008), alter virulence factor expression in
different bacteria (LINARES et al., 2006; SKINDERSOE et al., 2008), decrease biofilm mass
(STARNER et al., 2008), control colony morphology (DIETRICH et al., 2008) and alter
multiple gene promoters in clinically relevant species, such as S. aureus (GOH et al., 2002;
MESAK; MIAO; DAVIES, 2008; MOODY, 2014; SHANK; KOLTER, 2009). One excellent
example of antimicrobial signaling is provided by Amano and co-workers, which showed that
promomycin, a diffusible siderophore acts as an antibiotic, while at subinhibitory
concentrations, stimulates production of other antibiotics in S. griseorubiginosus and other
Streptomyces strains (AMANO et al., 2010).

The ever expanding volume of genomic sequencing data continues to facilitate
identification of new antibiotic biosynthetic pathways, allowing access to a vast and
unexplored reservoir of metabolic diversity (DEMAIN; SANCHEZ, 2009). However,
scientists do not yet know how to fully take advantage of the microbial abilities. For instance,
Ohnishi and co-workers have determined the complete genome sequence of streptomycin-
producer Streptomyces griseus IFO 13350, in which 34 gene clusters or genes were attributed
for the biosynthesis of secondary metabolites. Nonetheless, they have also observed that
secondary metabolism and morphogenesis was only partially activated by S. griseus A-factor
regulatory cascade, remaining unknow other possible mechanism for activation of these cryptic
genes (OHNISHI et al., 2008).

5.2.Negative outcomes

Microbes interact antagonistically by a multitude of mechanisms. These include (1)
direct toxicity against the competitive strain by the release of antimicrobials and lytic enzymes,
(2) degradation of virulence factors, (3) toxin biodegradation, (4) non-degradative detoxication
of toxins and (5) decrease of toxin production. Undoubtedly, during antibiosis, microbes tend
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to induce not one, but a plethora of metabolites, produced by different pathways to prevent the
development of pathogen resistance (TARKKA; SARNIGUET; FREY-KLETT, 2009).

The production and release of antimicrobial compounds by antagonistic relations in
mixed fermentation has been extensively reported in literature. Recently, Stierle and co-
workers have demonstrated that co-culture fermentation of Penicillium fuscum and P.
camembertii/clavigerum isolated from acidic and metal-rich waters of Berkeley Pit Lake
yielded eight new 16-membered-ring macrolides, as well as three known antibiotic, each of
them displaying a varied antimicrobial activity against MRSA, Bacillus anthracis,
Streptococcus pyogenes, C. albicans and Candida glabrata (STIERLE et al., 2017). In the
same sense, Sung, Groomek and Balunas have shown that Streptomyces sp. strain PTY08712,
when cultures with human pathogens Bacillus subtilis, methicillin-sensitive and methicillin-
resistant S. aureus (MSSA and MRSA, respectively) and P. aeruginosa enhanced the
production of naphthoquinone antibiotics granaticin, granatomycin D, and dihydrogranaticin
B, which strongly enhanced biological activity against the gram-positive human pathogens
used in these experiments (SUNG; GROMEK; BALUNAS, 2017).

Other than direct toxicity, antagonistic metabolites released in mixed culture could also
act as virulence suppressor, regulating morphological transition and antibiotic resistance. For
instance, P. aeruginosa and C. albicans co-colonize numerous human body niches. In a normal
healthy host, P. aeruginosa and C. albicans inhabits the gut without any significant
pathogenesis. However, in immunocompromised hosts, both strains can cause fatal sepsis. In
an attempt to determine the pathophysiological impact of these interactions, Lopez-Medina and
co-workers have cultured both pathogens in a murine model, and have demonstrated that the
fungus C. albicans inhibits the virulence of P. aeruginosa by inhibiting bacterium pyochelin
and pyoverdine gene expression, which plays a critical role in iron acquisition and virulence
(LOPEZ-MEDINA et al., 2015).

Although most of the metabolites released during antagonistic interspecific interactions
are non-enzymatic, some enzymes are also secreted as an antibiosis response to the presence
of another microorganism (SCORE; PALFREYMAN; WHITE, 1997). In these mixed
cultivation, enzymes are often used as a resistance mechanism, providing toxin degradation
into less toxic compounds or conversion of metabolites to more bioactive molecules (Freitag
and Morrell 1992; Score et al. 1997; Savoie and Mata 1999; lakovlev and Stenlid 2000;
Baldrian 2004; Ferreira Gregorio et al. 2006; Bergmann et al. 2007; Chi et al. 2007; Schouten
et al. 2008; Hiscox et al. 2010; Hoefler et al. 2012; Moree et al. 2012; Schneider et al. 2012;
Schouten et al. 2004; Schouten et al. 2008; White and Boddy 1992).
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Among the studies that focused on enzymatic variation, the basidiomycetes rot fungi
are of great interest due to their ability to degrade lignin and other xenobiotic, such as
pesticides, polyaromatic hydrocarbons, polychlorinated biphenyls nitro explosives, and other
toxic chemicals, being of biotechnological importance for treatment of industrial dye effluents,
biodegradation of organic pollutants and waste (GAO et al., 2010). In the comprehensive
investigation of rot fungi, co-culture have been repetitively used to enhance those abilities
(Freitag and Morrell 1992; Score et al. 1997; Savoie and Mata 1999; lakovlev and Stenlid
2000; Baldrian 2004; Ferreira Gregorio et al. 2006; Chi et al. 2007; Hiscox et al. 2010; White
and Boddy 1992). For example, Hiscox and co-workers showed that Trametes versicolor, a
wood decay fungi, when culture with Stereum gausapatum, Daldinia concentrica, Bjerkandera
adusta, Fomes fomentarius and Hypholoma fasciculare, resulted in increased production of
oxidizing enzymes, in which laccase and Mn-activities appeared up-regulated in all
confrontation zones (HISCOX et al., 2010). Overall, T. versicolor have also shown enhanced
enzyme activity against fungi, including Pleurotus ostreatus (BALDRIAN, 2004),
Trichoderma harzianum (FREITAG; MORRELL, 1992), Acremonium sphaerospermum,
Fusarium reticulatum, Humicola grisea, Penicillium rugulosum, Bacillus subtilis, Escherichia
coli, Endomyces magnusii and soil fungi (BALDRIAN, 2004), demonstrating how this species
can be of biotechnological use for enzymatic production.

Enzymatic production in antagonistic cultures usually happens only in the confrontation
zone as a defense mechanism. For example, in the search for metabolites exchanged between
Bacillus subtilis and Streptomyces sp. Mgl, Hoefler and co-workers have established that,
during early stages of interaction, B. subtilis produces surfactin, a cyclic lipopeptide that
inhibits the fungus aerial growth and spore development. However, imaging mass spectrometry
(IMS) showed that in the confrontation zone, there was an enhanced production of the enzyme
surfactin hydrolase, acting on this lipopeptide to produce a hydrolyzed molecule that was not
active to inhibits the fungus aerial growth (HOEFLER et al., 2012).

Alternative strategies can be concomitantly applied to fight antagonistic fungi. In 2008,
Schouten and collaborators have demonstrated that the resilient pathogenic fungi Botrytis
cinerea employs, other than phytotoxic metabolites, two different strategies against other
pathogenic fungi (SCHOUTEN et al., 2008). When in co-culture, B. cinerea resists the broad-
spectrum phenolic antibiotic 2,4-diacetylphloroglucinol (2,4- DAPG) by both degradative and
non-degradative defense mechanisms. Results showed that while the efflux pump BcAtrB

prevents antibiotic accumulation in the cell, up-regulation of extracellular laccase degrades the
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remaining antibiotic, creating a double resistance mechanisms against this exogenous toxic
compounds (SCHOUTEN et al., 2008; TARKKA; SARNIGUET; FREY-KLETT, 2009).

Fusarium species has also shown a multifactorial response against antagonist microbes.
The human and phytopathogenic F. oxysporum has been shown to interrupt 2,4-DAPG
antibiotic activity by deacetylation of this compound into the less toxic derivatives monoacetyl-
phloroglucinol and phloroglucinol (SCHOUTEN et al., 2004). However, non-degradative
mechanisms also act on their cross-domain signaling, forcing the antagonist microbe to
attenuate toxin production. For instance, fusaric acid is a polyketide produced by different
species of Fusarium. In mixed cultures, up-regulation of this compound acts to increase
antimicrobial activity (BOHNI et al., 2016), while also repressing the production of toxins
(DUFFY; SCHOUTEN; RAAIJIMAKERS, 2003; NOTZ; MAURHOFER; DUBACH, 2002;
VAN RUIJ et al., 2005). Indeed, studies that focused on the toxin suppression of picolinic acid
derivatives showed that, when in co-culture with biocontrol strains of Pseudomonas, Fusarium
increased fusaric acid production, enhancing the suppression of key virulence factor of the
biocontrol strains, such as phenazine-1-carboxamide, auto-inducer N-hexanoyl-L-homoserine
lactone (C6-HSL) (VAN RUJ et al., 2005) and 2,4-diacetylphloroglucinol (DAPG) (NOTZ;
MAURHOFER; DUBACH, 2002).

5.3. Positive outcomes

In general, positive interactions are overlooked during co-culture experiments for drug
discovery and only few reports have been made about the biological response in this
communication system. Nonetheless, Ueda and Beppu have studied the interaction between
different Streptomyces strain targeting to identify intra and interspecific signaling and revealed
that interspecific stimulation of antibiotic production occurs at a higher frequency in
mutualistic interaction rather than antagonistic (UEDA; BEPPU, 2017), demonstration the
potential of positive interaction for chemical induction.

In nature, interactions between microbes are often complex and multispecies. In fact, the
use of mechanisms to preserve beneficial microbes is a common component of host-microbe
mutualisms and shows how the natural microbiota synergistically confers benefits to hosts. For
example, Scott and co-workers have demonstrated how a bacterium could help protect the
symbiosis between a southern pine beetle Dendeoctonus frontalis and Entomocorticium sp., a
fungus that inhabits the beetle storage compartment and helps nourish the beetles’ larvae. Using
a co-cultivation approach, Scott and co-workers demonstrated that, in presence of antagonistic
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fungi Ophiostoma minus, actinomycete bacteria from the same storage compartment produce
a linear polyene peroxide that selectively suppress the antagonistic fungus, but only slightly
affects the beneficial fungus Entomocorticium sp (SCOTT et al., 2008; SHANK; KOLTER,
2009).

In plants, polymicrobial environments are also a common source of secondary metabolites
that have positive effects. For example, the plant rizhosphere contains a large microbiome, fed
by root exudates, that promotes plant growth and defense by a multitude of unknown
mechanism. Peterson have shown than the presence of Bacillus cereus UW85 in soybean root
exudate with Cytophaga-Flavobacterium group could enhance bacteria populations as a result
of the secretion of peptidoglycan from B. cereus. Indeed, these peptidoglycan fragments
stimulate the growth of bacteria, suggesting a commensal relationship among both microbes
(PETERSON et al., 2006). Similarly, Maier has also reported mutualistic relation between
gram-positive bacteria from the Actinomyces family and Amanita muscaria, both isolated from
the rhizosphere of a spruce stand. While all Actinomyces promoted growth of fungal hyphae,
others also acted inhibit growth of pathogenic fungi such as Heterobasidion annosum and
Armillaria obscura, demonstrating how microbes protect their host and environment against
unwanted pathogens (MAIER et al., 2004).

In the plant’s aerial parts, mutualistic relations between endophytic microbes has also
provided selective antibiosis against pathogens. Meyer and Stahl have shown that Aspergillus
giganteus produced an antifungal polyketide only in the presence of pathogenic strains of
filamentous fungi. In the presence of pathogenic F. oxysporum, there was an increase
expression of the polyketide encoding gene, whereas incubation with bacteria and yeast
resulted in gene suppression, indicating the selective and multifactorial way bacterias interacts
for defense mechanism (MEYER; STAHL, 2003).

In human health, opportunistic infections are also polymicrobial and the interactions these
microorganisms have been shown to shape the pathogenicity and prognostic of the diseases.
For instance, P. aeruginosa and S. aureus are two human opportunistic pathogens commonly
co-isolated from medical equipment, skin, eyes and respiratory tract of people with cystic
fibrosis (CF). Analysis of sputum of CF patients, conducted by Hoffman and collaborators, has
led to the identification of 4-hydroxy-2-heptylquinoline-N-oxide, a quinoline produced by P.
aeruginosa that suppress S. aureus respiration, protecting S. aureus from death by commonly
used aminoglycoside antibiotics. Furthermore, prolonged growth of both pathogenic bacteria
have also selected specific S. aureus strains, which are known for aminoglycoside resistance
and persistence in chronic infections (HOFFMAN et al., 2006).
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The beneficial interactions in nature is not limited to pathogen suppression, and, most of
the times, the exact mechanism of cooperation is not always fully understood. Bacillus
thuringiensis is a biological insecticide used since the 1950s to control insects that affect
natural landscapes, agriculture or transmit pathogens (HOFTE; WHITELEY, 1989). The
insecticidal mechanism of this opportunistic insect pathogen is based on the accumulation of
endotoxins crystalized inclusions during sporulation, which are inserted into the membranes of
the moth midgut cells, leading to cell lysis. Most reports of commercial B. thuringiensis sprays
attributes insect death to starvation or direct septicemia. However, Broderick and co-workers
have demonstrated that B. thuringiensis insecticidal activity is also dependent on the presence
of Enterobacter sp., a bacterium commonly found on the gypsy moth midgut. Co-culture of
both microorganisms shows that the midgut bacteria enhances B. thuringiensis septicemia,
increasing, by consequence, the insecticidal activity. Furthermore, elimination of these bacteria
from the moth’s midgut abolishes B. thuringiensis insecticidal activity, evidencing how closely
the bacteria contributes to B. Thuringiensis mortality (BRODERICK; RAFFA;
HANDELSMAN, 2006; SHANK; KOLTER, 2009).

6. Induction triggers

So far, we have discussed the basic parameters of a co-culture experiment, the mechanisms
of metabolite induction, the microorganisms most used in these experiments and the outcomes
reported in literature. However, no evaluation has been made of the precise trigger factors
responsible for gene activation. The induction triggers, just like the biological outcome, are
multifactorial and directly related to the inducer and challenge microbes. In co-culture
experiments, the most important trigger factors is cell-to-cell contact, in which in loco
communication, molecule signaling and physical contact are mandatory for the chemical
outcome (BENITEZ et al., 2011; BERLEMAN et al., 2006). However, other mechanism for
induction have also been reported in literature, and include signaling chemicals, the presence
of auxiliary microorganisms and chromatin remodeling (GACEK; STRAUSS, 2012)

We have repeatedly stated that the presence of signaling molecules shape the microbial
interactions, playing an important regulatory role in the onset of cryptic metabolite production.
Indeed, small molecules provide inter and intraspecies gene expression and increase the
knowledge and biotechnological application of promising co-cultivation. Research to date has
reported that the presence of y-butyrolactone autoregulators (HORINOUCHI, 2007),
goadsporin (ONAKA et al., 2001), siderophores (TRAXLER et al., 2013; YAMANAKA et al.,
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2005), ionophores (AMANO et al., 2011), promomycin (AMANO et al., 2010), ATP synthesis
inhibitors (FUJIMOTO et al., 2016) and mycolic acid (ADNANI et al., 2015; HOSHINO et
al., 2015b, 2015c, 2015a; ONAKA et al., 2011) are key factors for the chemical induction in
different co-culture experiments. For instance, Sonnenbichler and co-workers have
demonstrated that the stimulation of the metabolite synthesis is not induced by cell-to-cell
contact nor by the presence of cell-wall constituents, such as polypeptides and polysaccharides,
and that signaling molecules were exclusively related to compounds enhancement
(SONNENBICHLER; DIETRICH; PEIPP, 1994). On this study, they have shown that mixed
culture of the Basidiomycetes Heterobasidion annosum and Gloeophyllum abietinum resulted
in an enhanced production of the antimicrobial metabolites oosponol and oospoglycol by G.
abietinum and that, in H. Annosum, this latter polyketide acted as a signaling for the induced
synthesis of fomajorin S (H35a) and fomannosin, two unspecific defense sesquiterpenes
(SONNENBICHLER; DIETRICH; PEIPP, 1994; UEDA; BEPPU, 2017).

Mycolic-acid containing bacteria have also been shown to induce chemical diversity.
However, in this case, the trigger factors have been attributed not only to the molecule
signaling, but also by a simultaneous cell-to-cell contact. In previous studies, mycolic acid-
containing bacteria have been reported to enhance the chemical diversity of several species
(HOSHINO et al., 2015b, 2015c, 2015a) (ADNANI et al., 2015) and provide novel secondary
metabolites from different biosynthetic pathways, including newly antibiotic polyketide
(ONAKA et al., 2011) and cytotoxic indolocarbazole alkaloid, butanolide chojalactones and
tricyclic macrolactams (HOSHINO et al., 2015b, 2015c, 2015a). However, only in 2011,
Onaka and co-workers have demonstrated that neither the mycolic acid nor the living cells
alone were capable of stimulating metabolite enhancement, requiring the direct interaction
between the mycolic acid-present in the cell-wall of the living bacteria and strains of
Streptomyces. Further, they also reported that the induction mechanism during mixed
cultivation is completely independent from substance-mediated induction, the latter being
described as a completely separate event (ONAKA et al., 2011).

The presence of auxiliary microorganism is commonly applied in co-culture when one
microbe can improve the bioactive metabolite production of other by consuming inhibiting-
metabolites in the media. As discussed previously, examples of auxiliary microbes include the
enhancement of nisin and kefiran production in Lactobacillus species by mixed cultivation
with lactic acid consuming strains (ARIANA; HAMEDI, 2017; CHEIRSILP; SHIMIZU;
SHIOYA, 2003; LIU et al., 2006; SHIMIZU et al., 1999; TADA et al., 2007). In nature, this

auxiliary interaction is even more complex, as reported by Cheirsilp and co-workers
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(CHEIRSILP; SHIMIZU; SHIOYA, 2003). In this study, they have demonstrated that kefiran
production in kefir grains happens by a complex microflora consisting of homo and
heterofermentative lactic acid bacteria, lactose-assimilating yeast, and non-lactose-assimilating
yeast. While bacteriocin production is increased by lactic acid consuming bacteria, the non-
lactose-assimilating yeast survive by consuming galactose, which is a product of the lactose-
assimilating microorganisms, ensuring balance in the environment (CHEIRSILP; SHIMIZU;
SHIOYA, 2003).

Genetic approaches have provided more insight into the precise induction trigger during
interspecies interaction. In this sense, the impact of chromatin remodeling by specific modifiers
during microbial communication has gained increased attention in the last years (NETZKER
et al., 2015). Particularly, a variety of chromatin modifiers have been stated to regulate
secondary metabolite biosynthesis in filamentous fungi (Roze et al. 2007; Soukup et al. 2012;
Netzker et al. 2015), being fairly detailed in previous reviews (GACEK; STRAUSS, 2012;
NETZKER et al., 2015). For instance, Roze and co-workers have shown that acetylation of
histone H4 by chromatin modifier acetyltransferases (HATS) in Aspergillus parasiticus led to
the stimulation of the aflatoxin biosynthetic gene cluster (ROZE et al., 2007), which encode
several bioactive mycotoxins synthesized by a small number of Aspergilli on susceptible food
and crops (ROZE et al., 2007).

7. Conclusion and Perspectives

Microbes play a pivotal role in drug discovery program and exploitation of the metabolic
potential via mixed fermentation is proven to be an effective way to enhance natural product
diversity. However, to satisfy the constant need for new biological lead, and to overcome the
continuous multidrug resistance in pathogenic strains, it is fundamental to understand the
physiological and genetic circumstances for the induction of these promising compounds. So
far, these regulatory mechanisms of silenced genes remain poorly reported and understood.

The unlimited microbial combinations and the vast biological and chemical responses,
combined with increasingly sophisticated analytical techniques for chemical detection and
quantification, illustrate the potential of mixed fermentation in activating genes cluster that
encode promising and unexplored secondary metabolites. Accumulating evidence indicates
that co-cultivation is dependent on both biotic and abiotic parameters, including growth
variables (media, temperature, pH, agitation, luminosity, incubation period), the selection of
the co-culture system, the selection of the inducer and challenge microbes, amount and age of
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inoculum from each strain and degree of contact between the cells. Therefore, for each
experimental culture, it is highly recommended a detailed optimization of all parameters.
Furthermore, a greater understanding of the underlying molecular mechanisms is also critical
for deriving general mechanisms. For example, if the research targets to evaluate ecological or
pathogenic response within a system, secondary metabolism should be studied in the context
of its native ecosystem, properly mimicking the natural physiological conditions to elicit the
same (or similar) complex pathways as seen in nature.

On most reported experiments, antagonistic interactions are the driving force that promotes
biosynthesis of biologically active compounds. However, the evaluation of mutualistic and the
multifactorial relations in nature has also resulted in a significant variation of the metabolic
profile, remaining a neglected approach on most reported studies. Changing our view of
microbial intercellular signaling can enable the use of the right conditions for cells to
communicate and, hence, generate new bioactive molecules.

There is an urgent need to standardize the detailed experimental procedures regarding the
type of interaction, the selection of challenge microbes and the possible trigger factors during
communication, since this information could shed a light on the intimate process involving the
metabolite production. Unravelling the production conditions and signal transduction include
understanding not only of abiotic factors interferences, but also global regulators and modifiers,
providing a systematic investigation of the microbial metabolome profiles. Specifically, to
induce silent secondary metabolite biosynthesis, the growing assessment of microbial
genomics has provided valuable insights into the biosynthesis pathways, offering a cheaper
alternative for the discovery and engineering of these untapped bioactive structures. Only by a
deeper knowledge of species identification and gene regulation, aligned with robust analytical
development, these combined metabolic pathways can be optimized, offering a
biotechnological potential and, hence, several opportunities for industry and science.

The methodological advancements made in analytical protocols for microbial sources and
the development of methods for the simultaneous analysis of metabolite variations represent
the greatest advances in the field. To overcome some of the challenges overmentioned on this
review, multidisciplinary collaborations are fundamental for a careful analysis and validation
of the collected data, assuring a holistic understanding of the ecological, biological, chemical
and genetic information, helping the scientific community in the constant race between the new

drug discovery and the continuous emergence of resistance mechanisms.

141



CHAPTER 5. EXPANSION OF THE MICROBIAL METABOLOME - INDUCING
CRYPTIC ANTIMICROBIAL SECONDARY METABOLITES BY CO-CULTURE

Article title: Enhancement of microbial chemical diversity — Inducing cryptic antimicrobial

secondary metabolites by co-culture.

Journal: RSC Advances.

Status: Unpublished.

Authors: Denise Medeiros Selegato’?, Ozlem Erol', Rafael Teixeira Freire®, lan Castro-

Gamboa?, Young Hae Choi*

Affiliations:

! Natural Products Laboratory, Institute of Biology, Leiden University, Leiden, The
Netherlands.

2 Nucleus of Bioassays, Biosynthesis and Ecophysiology of natural products (NuBBE),
Institute of Chemistry, S&o Paulo State University, Araraquara, Brazil.

3 Medway Metabonomics Research Group, University of Greenwich, Chatham Maritime, Kent,
UK.

142



Abstract

Microbial metabolites have great potential to provide new pharmaceutical leads given a high
diversity of chemical structures are found in an unexplored and extensive microbial population.
Conventionally, metabolite screening in microorganisms is performed in monocultures, in the
absence of biotic and abiotic interaction found in nature, seriously limiting the chemical
diversity that can be obtained by one single strain. Over the last decade, several methods have
been developed aiming to understand the conditions under which biosynthetic cryptic genes
are activated. Among those, co-culture have revealed widespread potential for the production
of bioactive metabolites and are mainly focused on the induction of unexplored antimicrobial
compounds, as an alternative to drug resistance. In co-cultivation, the microbial selection still
remains a challenge due to the extreme outcomes of one single species in a high-throughput
system. Here, we show the development of a strategy to enhance chemical diversity using co-
culture in solid media. Specifically, we have cultured Diaporthe eres, Fusarium oxysporum,
Alternaria alternata, Colletotrichum acutatum and Xylaria cubensis in pairs to select co-
cultures that show antagonistic interactions and promising metabolic induction. The selected
co-cultures were evaluated by different biotic aspects of the chemical induction by fast analysis
by High-performance thin-layer chromatography (HPTLC), including the identification of the
inducer strain and best incubation period. Moreover, HPTLC and NMR-based metabolomics
were used for the identification of the induced compounds and correlation of those to
antibacterial and antifungal activities. Results show that each fungi species displayed different
responses in the presence of challenge strains, in both morphological patterns and chemical
responses. Furthermore, evaluation of the selected co-culture in their optimum biotic
environment showed an increase not only in chemical diversity, but also in the antimicrobial
activity. Multivariate data analysis revealed that this antimicrobial potential was correlated to
secondary metabolites from F. oxysporum and D. eres. On one hand, when in co-culture with
C. acutatum, F. oxysporum increased the production of the beauvericin in up to 3-fold, a
depsipeptide that displayed strong antifungal and antibacterial activity. On the other, co-culture
of Diaporthe revealed the induction of a de novo metabolite from the bisanthraquinone class,
a secondary metabolite not produced in axenic cultures that exhibits a moderate antibacterial

and antifungal activities.

Keywords: co-culture, enhancing chemical diversity, activation of cryptic secondary

metabolites, antimicrobial induction
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1. Introduction

Natural products continue to play a pivotal role in modern drug-based therapy of various
diseases. Among those, microbial secondary metabolites have shown great potential to provide
new pharmaceutical leads (NEWMAN; CRAGG, 2016; PETTIT, 2009) given a high diversity
of chemical structures are found in a little studied and extensive microbial population
(BERGMANN et al., 2007; CHIANG et al., 2008; GALAGAN et al., 2005; HIBBING et al.,
2010; SCHROECKH et al., 2009). Indeed, recent whole-genome sequencing of several fungi
and bacteria has shown that the potential of microbial matrices to produce bioactive compounds
is fairly underestimated, meaning that a much broader range of metabolites could be produced
if the silent genes are induced by whatever methods (BERGMANN et al., 2007; CHIANG et
al., 2008; GALAGAN et al., 2005; HIBBING et al., 2010; SCHROECKH et al., 2009).

Conventionally, metabolite screening in microbial bioprospection is performed in
monocultures, in the absence of biotic and abiotic interaction common placed in nature.
However, the lack of these interaction seriously limits the chemical diversity that can be
obtained by one single strain and results in the a decrease in the frequency of isolation of new
compounds and redundant re-isolation of known secondary metabolites (MARMANN et al.,
2014; PETTIT, 2009).

Over the last decade, several methods have been developed aiming to understand and
optimize the conditions under which biosynthetic cryptic genes are activated, targeting to
maximize the chemical diversity obtained from microbial species (SCHROECKH et al., 2009;
WAKEFIELD etal., 2017). Amid those, genetic-dependent approaches are extensively applied
for gene activation in monoculture studies have been shown to regulate the production of
known important metabolites (AGHCHEH; KUBICEK, 2015; BERGMANN et al., 2007).

More recently, the increasing resistant of pathogenic microbe has propelled the urgent
search for faster methodologies for the screening of antimicrobial compounds in microbial
matrices. In this sense, post-genomic strategies have emerged as an inexpensive alternative for
the enhancement of chemical diversity, regulating known secondary metabolites as well as
stimulating the production of previously unexpressed chemical diversity (BERTRAND et al.,
2014a; HERTWECK, 2009; WAKEFIELD et al., 2017). These methodologies include One
Strain, Many Compounds (OSMAC) (BODE et al., 2002; WEI et al., 2010), substrate feeding
(DE BOER; SCHMIDT-DANNERT, 2003), co-culture (BERTRAND et al., 2014a; PETTIT,
2009) and biotransformation (HEGAZY et al., 2015; VENISETTY; CIDDI, 2003) and
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successfully modify different levels of the cellular machinery for the modulation of fungi
biosynthesis.

The production and regulation of induced secondary metabolites highly depends on both
biotic interactions and overall growth conditions. Particularly, in co-cultures experiments,
microorganisms metabolize the media substrate together, mimicking the natural and
competitive microbial environment for the encryption of silenced genes coded for novel
compounds. Research to date indicates that co-culture could overcome limiting steps of a
desired biosynthetic pathway, prevent enzymes activity, increase bioactivity or suppress the
virulence of pathogens, ensuring survival and shaping the community. In practice, the capacity
to react to biotic interactions is unique, meaning that one single microbial strain could activate
different biosynthetic pathways and, hence, produce completely different chemical profile,
depending on the biotic stimuli, resulting in unlimited possibilities for pairwise experiments
(NETZKER et al., 2015; PETTIT, 2009).

Antagonistic communications, in which microbes compete for space and nutrients, are the
most studied type of co-cultures (DAVIES, 2006; FAJARDO; MARTINEZ, 2008; MOODY,
2014) and are mainly focused on the induction of unexplored antinfective and anticancer
metabolites, as an alternative to overcome resistance (UEDA; BEPPU, 2017). In solid media,
four fungi morphology changes have been reported based on the microbial interaction, in which
two show clear sign of antagonistic outcome. The first, named distance-inhibition (1), happens
when fungal growth stops at a distance from the competing culture due to release of
antimicrobial secondary metabolites into the media. The second type, zone lines (2), fungal
colonies antagonistically stops at a distance, producing a dark precipitate in the confrontation
zone. Furthermore, in contact-inhibition (3) and overgrowth (4), both morphological outcomes
are a result of signaling triggered by microbial interaction and, although there is no clear
evidence of antimicrobial metabolite production, these outcomes can also lead to enhanced
chemical diversity. In contact-inhibition (3), both fungi grow until contact and respect each
other place. In overgrowth (4), however, the fungi grow until contact, followed by partial or
complete invasion of one fungus by the other (BERTRAND et al., 2013b, 2014a).

In microbial metabolomics, the large dynamic range and diversity of metabolites in the
microbial matrices still hamper the selection of samples with biological potential. In addition,
the huge metabolic variation of one single strain based on the environmental conditions (both
biotic and abiotic) creates reproducibility issues during antimicrobial screening, requiring
highly sensitive and robust analytical methods. Thin-layer chromatography (TLC) is a golden
technique for the analysis of natural products and has several advantages for fingerprinting

145



analysis such as low cost, short measuring time, samples parallel analysis, low use of solvent,
no interference from previous analysis and fast extraction of bands for further assessment or
bioactivity tests (AUDOIN et al., 2014; MILOJKOVIC-OPSENICA et al., 2013; MORLOCK:
RISTIVOJEVIC; CHERNETSOVA, 2014). Prior to the application of TLC as a metabolomics
tool, the low resolution and signal reproducibility were limiting drawbacks of this technique.
However, in the last decade, high-performance thin-layer chromatography (HPTLC) has
provided increased resolution and high signal robustness for this chromatographic system,
allowing detection of many metabolites groups and robust multivariate data analysis of
different natural matrices (AUDOIN et al., 2014; LIU et al., 2018). For chemical fingerprinting,
HPTLC has been increasingly used as an informative analytical technique in chemotaxonomy
and routine study of complex matrices, emerging as a fast alternative to gas chromatography
(GC) or high performance liquid chromatography (HPLC) for both targeted and untargeted
analysis (AUDOIN et al., 2014).

The development of a new methodologies in microbial metabolomics can facilitate the
identification of new antimicrobial natural products. In this sense, this works aimed to develop
a strategy to enhance the chemical and biological diversity using co-culture in solid media.
Specifically, we have culture Diaporthe eres, Fusarium oxysporum, Alternaria alternata,
Colletotrichum acutatum and Xylaria cubensis in pairs to select co-cultures that show
antagonistic interactions and promising metabolic induction. The selected co-cultures were
evaluated by different biotic aspects of the chemical induction by fast analysis by High-
performance thin-layer chromatography (HPTLC), including the identification of the inducer
strain and best incubation period. Moreover, HPTLC and NMR-based metabolomics were used
for the identification of the induced compounds and correlation of those to antibacterial and

antifungal activities.

2. Materials And Methods

2.1. Fungi strains

The selection of the fungi strains was based on three main criteria: (i) the genus should be
found in nature as both plant-associated and pathogenic microbes (CHEN et al., 2013b; FAN
et al., 2014; GOMES et al., 2013; IMAZAKI; KADOTA, 2015; LIMA et al., 2012; MANICI,
CAPUTO; SACCA, 2017; WANG et al., 2014); (ii) the species should have been isolated in
highly competitive environments and (iii) the microbes should have at least one bioactive

secondary metabolite reported in the literature.
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Based on these criteria, we have targeted five species of filamentous fungi from five
different fungi families named Fusarium oxysporum (Nectriaceae), Diaporthe eres
(Diaporthaceae), Colletotrichum acutatum (Glomerellaceae), Xylaria cubensis (Xylariaceae)
and Alternaria alternata (Pleosporaceae).Fusarium oxysporum was isolated from the
rhizosphere of Senna spectabilis, in July of 2012, in the Southeast region of Brazil, one of the
most comprehensively studied sites in Latin America, with a microbial community dominated
by Fusarium. The genetic identification was done by analysis of the Internal Transcribed
Spacer (ITS) sequence and deposited at GenBank under access number LC055797.1.
Diaporthe eres, Colletotrichum acutatum, Xylaria cubensis and Alternaria alternata were
purchased from Westerdijk Fungal Biodiversity Institute and deposited in the reference
collection of the CBS-KNAW Westerdijk Fungal Biodiversity Institute, Utrecht, Netherlands
under access number CBS 110.85, CBS 112760, CBS 116.85 and CBS 102.47, respectively.

2.2. Incubation parameters and metabolite extraction in solid media

Plugs of the selected fungi were grown in petri dishes containing 20.0 mL of Czapek-Agar
(Sigma Aldrich) (NaNOs, 1.5g L™}; KH2PO4, 0.5 g L; MgSO4, 0.25 g Lt; FeSOa. 7H20, 0.025
gL KCI, 2.5g L D-glucose, 30.0 g L™ and agar 20.0 g L™2). For the evaluation of co-culture
experiments, same-sized 10 mm plugs of each fungus were placed 3 cm from the border. For
the monoculture control, a 10 mm agar plug of a fungal pre-culture was inoculated in the centre
of a 9 cm petri dish. Czapek was selected as the solid media given there is growing evidence
that shows that the use of media with reduction of nutriments increases the competition
between two microorganisms and leads to an increased number of de novo induced metabolites
(BERTRAND et al., 2014b; RIGALI et al., 2008). All inoculated plates were incubated at 25
°C for 12 days in the dark in a microbiological incubator with temperature control.

For the metabolite extraction, the fungal cultures were excised from the petri dish with a
razor blade in 3 cm x 1 cm pieces, transferred to a mortar, frozen with liquid nitrogen and
grinded. The grained material was then resuspended in 200 mL of water, sonicated in an
ultrasonic bath for 45 minutes (temperature of 25°C and 35,000 oscillations per second) and
vacuum filtered to remove agar and mycelium. Following, the agueous supernatant was
extracted with three portions of ethyl acetate (3x of 100 mL) and the resulting organic solutions
were dehydrated with anhydrous sodium sulfate (20 g of > 99% NaSQOa, Sigma Aldrich),

vacuum filtrated and evaporated to dryness.
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2.3. High-performance thin-layer chromatography (HPTLC) - Data Acquisition and

Processing

The first step of the HPTL analysis was the optimazation of the mobile phase, in which two
mobile phases with different polarities were tested, polar mobile phase ethyl acetate-formic
acid-acetic acid-water (100:11:11:27, w/w/w/w) and a non-polar mobile phase toluene-ethyl
acetate (Tol-EtOAc 8:2, v/v ). The selection of the best mobile phase was based on the number
of detected spots under UV light (254 and 366 nm) before and after anisaldehyde derivatization
in sulfuric acid and heating.

For the HPTLC analysis, samples were applied at a final concentration of 3.0 mg mLt in a
stationary phase of silica gel (HPTLC plates, 20 x 10 cm, F254) from Merck. The procedure
was conducted at a CAMAG HPTLC operational system equipped with an automatic TLC
sampler (version 4), derivatizer device (version 1.0 AT), TLC plate heater (version IlI), and
TLC visualizer (CAMAG, Switzerland).

For each plate development, the chamber saturation time was 20 minutes and the solvent
migration distance was 90 mm from the application point. After development, HPTLC plates
were sprayed with 2 mL of anisaldehyde-H2SO4 solution (Sigma Aldrich) using an automatic
derivatizer, followed by heating on a TLC plate heater at 100°C for 3 minutes. Plates images
at white light, 254 nm and 366 nm, before and after derivatization, were acquired usinga TLC
visualizer.

A total of 25 pL of solution were spotted in 8§ mm bands. On each plate, samples were
applied with a 10 mm distance from the bottom and 20 mm from the left and right border of
the plate. The distance amongst the bands was 10.5 mm. A pool of all of the samples was
applied in each plate as the Quality Control (QC).

Chemical data was extracted from the HPTLC plate images by rTLC software (version 2.0,
available at http://shinyapps.ernaehrung.uni-giessen.de/rtlc/) according to the method
developed by Fichou et al. (2016). Dimensions used for image extraction were the same as
those used for the sample application onto the plates. For data integration, 128 units were used
as the pixel width (FICHOU; RISTIVOJEVIC; MORLOCK, 2016). The rTLC software
produces integrated data from red (R), green (G) and blue (B) channels and creates individual
converted chromatograms for each corresponding color (RGB channels). Moreover, rTLC also
provides the gray channel (mean value of the RGB channels), which was used for the chemical
analysis after normalization with QC, UV Scaling, warping and baseline correction (FICHOU;
RISTIVOJEVIC; MORLOCK, 2016).
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2.4. 'HNMR Analysis - Data Acquisition and Processing

'H NMR spectra of the blank and fungal cultures were acquired on a Bruker 600 MHz
Advance Il spectrometer (Bruker, Germany) equipped with a 5 mm triple resonance inverse
cryoprobe and a z-gradient system. Prior to data acquisition, automatic tuning and matching of
the probe was performed, as well as manual shimming and automatic proton pulse calibration
(pulsecal, Bruker). *H NMR analysis was performed in 3mm tubes and acquired by water 1D-
water presaturation pulse sequence with composite pulses at the following parameters time
domain (TD) 32 k; number of scans (NS) 64; spectral width (SW) 20 ppm; water signal
irradiation point (01) 4.84 ppm; temperature 298 K and relaxation delay (d1) 1.5s.

After acquisition, the 'H NMR spectra were automatically reduced to ASCII files. Spectral
intensities were scaled to internal standard, aligned using ICOSHIFT algorithm. The regions
of & 1.2-1.4 were excluded from the analysis because of the residual signals. The final
processed data was exported in Comma-separated values (.csv) and imported to MATLAB for

multivariate analysis.

2.5. Multivariate Data Analysis

MVDA was performed using Matlab (v. r2017a, Matworks, Natick, Massachusetts, EUA).
Principal component analysis (PCA) was carried out by NIPALS algorithm (ANDRECUT,
2008) using HPTLC-Data. Partial Least Squares Discriminant Analysis (PLS-DA) was applied
for the processed *HNMR data according to the antibacterial response, in which 1: moderate
antibacterial activity and 2: high antibacterial activity.

2.6. Molecule Elucidation

For metabolite elucidation, STOCSY was applied to all targeted bioactive chemical shifts
selected from the PLS-DA loadings (CLOAREC et al., 2005). Chemical connectivity of the
targeted bucket (driver peak) was analyzed by STOCSY correlation and covariance algorithm
using MATLAB R2017a software (Mathworks, Natick, MA, USA). For confirmation and
individual compound assessment, 2D NMR experiments were acquired and interpreted using
MestreNova 12.0.3 softwarel7 (MestreLab Research SL, Santiago de Compostela, Spain).

For two dimensional-NMR acquisition, (1) gradient-selected heteronuclear single quantum
coherence (HSQC) was performed by phase-sensitive ge-2D multiplicity edited HSQC using
PEP and adiabatic pulses with gradients in back-inept, (2) gradient-selected heteronuclear
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multiple bond correlation (HMBC) was acquired by phase-sensitive ge-2D HMBC using a two-
fold low-pass J-filter; and (3) J-resolved measurement was performed using a standard pulse
sequence with 25 Hz CW-based water signal suppression. For HMBC and HSQC acquisition,
each parameter of 1H (f2) and 13C (f1) were as follows: frequency 600.13 and 150.92 MHz,
time domain (TD) 2 k and 512 increments, spectral width (SW) 10 and 230 ppm, number of
scans (NS) 64, relaxation delay (d1) 1.00 s and measuring temperature 298 K. The long-range
coupling constant used for HMBC was 8.0 Hz.

2.7. Biological assays

2.7.1. Antifungal assay — Disc diffusion assay

Disc diffusion assay was used to determine which fungus was the inducer strain, by
application of the extract from the confrontation zone on both strains from the pairwise culture.
For the fungi sporulation, spore solution of F. oxysporum and A. alternata were obtained by
growing 10 mm agar plug of the selected fungi in 20.0 ml of Potato Dextrose Agar (Sigma
Aldrich), while C. acutatum and D. eres were obtained by inoculation on 20.0 ml Oatmeal-
Agar (Difco - Oatmeal 60 g L; Bacto Agar 12.5 g L.

All fungal pre-culture were inoculated in the centre of a 9 cm petri dish and plates were
incubated at 25 °C for 10 days in the dark. After incubation, 10.0 ml of sterile distilled water
was added to the fungal cultures, scraped with a plastic smear loop and transferred to another
petri dish. This procedure was repeated a total of 3 times and the final solution was vortexed
for one minute and left to rest for 15 minutes to allow the particles to settle down. To determine
the number of cells in the resulting spore solution, an automatic cell counter was used according
to the manufacturer's instructions. 10 ul of the upper supernatant of the spore solution was
loaded onto the TC20 system (Bio-Rad, Hercules, CA, USA) counting slides and the number
of cells was determined with a TC20 automated cell counter (Bio-Rad, Hercules, CA, USA).
All solutions were diluted with sterile water until final concentration of 1.10 cell mL* and the
remaining were stored at -80 °C.

Preparation of the solid media for the disc diffusion assay was conducted by the
addition of 20 mL of Czapek-Agar (Sigma Aldrich, Netherlands) and 500 uL the fungus spore
solution at a cell concentration of 1.10° cells mL™*. After solidification of the solid media with
the spores, 4 wells of 7 mm were pierced in each plate and tested solution was added in

triplicates with concentrations of 500, 200, and100 pg mL™. All the solutions were prepared in
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ethyl acetate and the fourth well of each plate was used as a negative blank (only containing

ethyl acetate).

2.7.2. Antibacterial assay

Anti-microbial activity was examined against two Gram positive strains (Bacillus cereus
and Staphylococcus aureus) and two gram negative strains (Pseudomonas fluorescens and
Escherichia coli) purchased from The Netherlands Culture Collection of Bacteria.
Antimicrobial assay was performed according to Clinical and Laboratory Standards Institute
(CLSI) guidelines. Spectinomycin was used as a positive control at a concentration of 100 mg
mL™.

Bacteria were incubated at 37 °C in growth medium Mueller-Hinton Broth medium (MHB)
(Sigma-Aldrich) until an optical density (OD) of 0.1. Following, the cells were diluted to 10°
CFU mL? before inoculation in 96-well plate. Stock solutions of the extracts and isolated
compounds were prepared in 100% dimethyl sulfoxide (DMSQO), in a concentration of
approximately 25 mg mL™, and stored at -20 °C until use. Each stock solution was diluted with
broth medium in serial dilutions of factor 2 in the range of 512 to 64 ug mL* before use. A
volume of 100 uL of the broth containing the test bacteria was aliquoted to each well of the
96-well microtiter plate and the minimum inhibitory concentration (MIC) was determined after
incubation at 30 °C overnight. The MIC was recorded as the highest dilution concentration of

the plant extract resulting in growth inhibition (absence of turbidity) of the bacteria.

3. Results and Discussion
3.1. Selection of promising pairwise strains — Evaluation of Chemical Induction from

Antagonistic Interactions

The first step of the strategy for the enhancement of the chemical profile was the selection
of promising pairwise strains, which was based on the antagonistic morphological response of
the colonies in solid media co-culture and the de novo metabolite induction. Analysis of solid
agar was preferred as opposed to liquid culture-based growth given some microbial behavior,
including many developmental processes and production of certain secreted factors, have only
been observed when the microbes were grown on agar (WATROUS et al., 2012). Furthermore,
soft-agar culturing is very common in microbiology laboratories. For this procedure, plugs of
the five selected fungi F. oxysporum, D. eres, A. alternata, X. cubensis and C. acutatum were

inoculated in solid media both as single and co-cultures and their morphological behavior was
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monitored daily. Co-culture plates were inoculated on opposite sides of a single 9 cm petri dish,
while monocultures of individual filamentous fungi were inoculated in the center of the petri
dishes. All plates were incubated for 12 days, at 25 °C, in the dark. Pairwise strains that display
antagonistic interactions (i.e. distance-inhibition and zone line) had their metabolites extracted
and the chemical data was assessed by HPTLC.

Bertrand and co-workers reported, in 2014, that fungi co-culture in solid media resulted in
four major morphological outcomes distance-inhibition (1), zone lines (2), contact-inhibition
(3) and overgrowth (4). Indeed, our fungal screening revealed that all four interactions have
also been observed for the co-culture of the five selected fungi, with unique morphological
response observed against each specific challenge microbe (Table 5.1). Overall, X. cubensis
displayed majorly overgrowth responses, regardless of the challenge strains, with the exception
of X. cubensis/F. oxysporum, that grew to a contact-inhibition (Fig. 5.1 A). Similarly, C.
acutatum exhibited a significant distance-inhibition zone with all other challenge microbes,
with the exception of X. cubensis, that overgrew C. acutatum colony. The morphological
responses of F. oxysporum, D. eres and A. alternata were broader and showed completely
different outcomes for each single species. For example, F. oxysporum displayed distance-
inhibition, zone line, contact inhibition and Fusarium overgrowth with C. acutatum, D. eres,
X. cubensis and A. alternata, respectively. Moreover, in F. oxysporum co-culture experiments
with D. eres and A. alternata, the initial morphological response were zone line and distance-
inhibition, respectively. However, after 12 days of inoculation, we observed that F. oxysporum
overcame the inhibition barrier, growing over the challenge fungi in an overgrowth interaction

(Supplementary Material, Fig. SM9).
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Metabolite detection

Co-culture Type of interaction
(Rf on HPTLC)

F. oxysporum and X.

_ Contact inhibition N/A
cubensis
F. oxysporum and D. eres Zone line/Fusarium overgrowth 0.08 and 0.57
F. oxysporum and A. Distance-inhibition/Fusarium N/D
alternata overgrowth
F. oxysporum and C. ) S
Distance-inhibition 0.08 and 0.35
acutatum
X. cubensis and D. eres Xylaria Overgrowth N/A
A. alternata and X. _
_ Xylaria Overgrowth N/A
cubensis
A. alternata and D. eres Distance-inhibition 018, 0.42 and 0.57
C. acutatum and A. ) o
Distance-inhibition N/D
alternata
C. acutatum and D. eres Distance-inhibition 0.57
C. acutatum and X. _
Xylaria Overgrowth N/A

cubensis

Table 5.1. Morphological outcomes between co-culture of the selected fungi in solid media.
N/A — co-cultures that did not display clear sign of antibiosis and, hence, were not selected for
chemical analysis. N/D — co-cultures that did not display any differences in comparison with
single-culture of their respective fungi.

Out of the ten co-cultures performed with the five selected strain, we have observed that
six of them showed clear antagonistic responses, i.e. pairwise strains with distance-inhibition
and zone line interactions (F. oxysporum/D. eres; F. oxysporum/A. alternata; F. oxysporum/C.
acutatum; A. alternate/D. eres; C. acutatum/A. alternata; and C. acutatum/D. eres). The
chemical profiles of these co-cultures were systematically evaluated for each set of samples
based on the HPTLC data (Fig. 5.1 B) and compared to those obtained from monocultures. The
mobile phase used for these HPTLC analysis was the non-polar mixture of Toluene-Ethyl
acetate (8:2).
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Diaporthe and  Colletotrichum and  Diaporthe and Diaporthe and Colletotrichum and
Fusarium Fusarium Alternaria Colletotrichum Alternaria

| ~ -
Alternar 1a and Xylaria and Xylaria and Xylaria and Xylaria and
Fusarium Diaporthe Fusarium Alternaria Colletotrichum

F D A C D+F A+F C+F D+A D+C A+C

Figure 5.1. (A) Co-cultures of selected fungus strains. Selection of promising co-culture that
display antagonistic communication on the confrontation zone. (B) HPTLC data of single
culture and co-culture from antagonistic interactions. The induced metabolites in co-cultures
are numbered. Labels: F. oxysporum/D. eres (F+D); F. oxysporum/C. acutatum (F+C); D.
eres/A. alternata (D+A); D. eres/C. acutatum (D+C), A. alternata (A), C. acutatum (C); D.
eres (D); F. oxysporum (F).
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HPTLC plates were interpreted using both UV light (254 and 366 nm) and anisaldehyde in
sulfuric acid and heating, providing a universal perspective of the samples. Evaluation of the
chemical data revealed that only four co-cultures F. oxysporum/D. eres (D+F), F.
oxysporum/C. acutatum (C+F), A. alternata/D. eres (D+A) and C. acutatum/D. eres (D+C)
exhibited a strong metabolite induction and displayed induced spots on the co-culture
experiments that were not detected on monoculture of the respective fungi (Fig. 5.1 B). In
addition, both F oxysporum/A. alternata and C. acutatum/A. alternata have not demonstrated
any significant differences from the single-culture, most likely due to the weak induction of
metabolites, that were not detected by HPTLC and, therefore, were not selected for further

biological and chemical assessment.

3.2. Optimization of biotic parameters - Evaluation of inducer strain and incubation

period for the induction of secondary metabolites in selected co-culture

It is well known and repeatedly reported in literature that the choice of the biotic and abiotic
parameters immensely affects the chemical profile in co-cultures, resulting in changes in the
amount and diversity of secondary metabolite production (BODE et al., 2002; SCHERLACH,;
HERTWECK, 2009). In co-culture experiments, these variables are often neglected, resulting
in issues related to sampling and reproducibility. In this study, to optimize the antimicrobial
induction of the selected co-cultures, as well as address the analytical issues of microbial data,
two strategies were applied to determine each strain is inducing the chemical enhancement and
the best incubation period for the production of these induced metabolites. The first consisted
on the evaluation of the metabolic induction in different extraction points, targeting to select
the best incubation period for metabolite induction. The second was performed to determine
which strain was responsible for the chemical outcome and was evaluated by (1) metabolite
extraction of the confrontation zone and adjacent mycelial part and (2) disc diffusion assay of
the extract from the confrontation zone against both isolated strains. Moreover, to guarantee
reproducibility, all abiotic parameters (temperature, luminosity, type and volume of solid
media) were carefully monitored, with incubation at 25 °C, in the dark, in plates containing

20.0 mL of Czapek-agar.

3.2.1. Determination of inducer strain in co-culture experiments

In drug discovery program, one of the major difficulties of microbial co-culture is to find
which microorganism is producing the metabolic outcome (i.e. inducer strain). The knowledge
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of the biosynthetic pathway of the inducer strain can help the optimization of biotechnological
processes and the molecule elucidation of the often-complex induced compounds. Most reports
only suggest the inducer microorganisms based on bias comparison with the axenic cultures
and some knowledge of the microbial biosynthetic pathway, however, very few reports perform
chemical and/or genetical analysis for confirmation.

To evaluate the individual contribution of each strain for the induction of de novo
metabolites and, by consequence, determine the strain that induces the metabolic production,
two different strategies were applied. The first targeted to evaluate the confrontation zone and
adjacent mycelial parts by separately extracting their metabolites for comparison by HPTLC.
For that, all three agar regions were separately excised with a razor blade as 1 cm x1 cm piece
and compared with single cultures of F. oxysporum, D. eres, A. alternata and C. acutatum. The
second strategy was only applied when HPTLC comparison was not conclusive and consisted
in an antifungal assay of the extract from the confrontation zone (CZ) on both strains from the
pairwise strains. This procedure was conducted by individual inoculation of the spore solution
of the selected fungi in solid media, followed by assessment of the CZ extract by disc diffusion
assay at concentration of 500 ug mL™.

Evaluation of HPTLC data from the confrontation zone and adjacent mycelial parts showed
that all three parts extracted from the plate were significantly different from the single-culture
control, evidencing the potential of co-culture to diversify the chemical profile. Chemical data
of co-cultures D. eres/A. alternata and D. eres/C. acutatum showed that their induced
secondary metabolites were produce in both the confrontation zone and the isolated fungus
region (Fig. 5.2 A), indicating that the induction signaling happens by both agar-diffused
metabolites and volatiles organic compounds (VOC). Moreover, other than the previously
reported induced metabolite, individual analysis of the three isolated regions allowed the
detection of other low abundance induced compounds at Rf 0.21 and 0.08, produced by D. eres
in co-cultures with both A. alternata and C. acutatum, illustrating the excellent combination of
solid media individual extraction with simultaneous comparative analysis by HPTLC. The co-
culture of D. eres/A. alternata initially displayed three induced compounds, two of which were
produced by D. eres (Rf 0.18 and 0.57), one that is produced by A. alternata (Rf 0.42).
Similarly, D. eres/C. acutatum induced metabolite was also produced by D. eres at Rf 0.57,
indicating that this metabolite could be produced as a general defense response.

Separately analysis of co-cultures F. oxysporum/D. eres and F. oxysporum/C. acutatum

were more challenging, given most induced metabolites were only detected in the confrontation
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zone. For these particular cases, disc diffusion assay was an excellent alternative, determining
not only which fungus was the inducer strain, but also the antifungal potential of the de novo
secondary metabolites. For example, HPTLC data of F. oxysporum/C. acutatum was
inconclusive to determine the induced strain of both induced metabolites at Rf 0.08 and 0.35,
however, disc diffusion assay of the extract from the confrontation zone showed a strong
antifungal activity against C. acutatum and an absence of activity in F. oxysporum, suggesting
that the latter is the one responsible for the induction (Fig. 5.2 B). On the other hand, HPTLC
data of F. oxysporum/D. eres showed that the induced metabolite at Rf 0.08 is produced in both
the confrontation zone and F. oxysporum isolated region, while the spot at Rf 0.51 was only
produced by in the confrontation zone as a major metabolite. Disc diffusion assay of the
confrontation zone extract in both isolated spore solutions revealed a small antifungal potential
against F. oxysporum and an absence of antifungal activity against D. eres, indicating that, for
this pairwise, the induced metabolite at Rf 0.57 is, in fact, produced by D. eres (Fig. 5.2 C).
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(A)  Diaporthe and Alternaria Diaporthe and Colletotrichum

Ds Dec CZ Cc Cs

(B)  Fusarium and Colletotrichum
Disc diffusion assay

Colletotrichum Fusarium

Fe¢c Fs CZ Cc Cs
(C) Diaporthe and Fusarium
Disc diffusion assay

Diaporthe Fusarium

Fs Fe¢ CZ Dc D
Figure 5.2. Evaluation of biotic parameters for the induction of secondary metabolites in

selected co-culture. The induced metabolites are numbered. (A) HPTLC data of confrontation
zone and adjacent mycelial parts of selected co-cultures D. eres/A. alternata and D. eres/C.
acutatum. HPTLC data of confrontation zone and adjacent mycelial parts of selected co-
cultures and disc diffusion assay with 500 ug mL™ of the confrontation zone extract of (B) D.

eres/F. oxysporum and (C) C. acutatum/ F. oxysporum.
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3.2.2. Evaluation of induced metabolites in different extraction points

The best incubation period of the selected co-cultures was evaluated to determine at each
day of the fungal growth there was the highest metabolite induction. For that purpose, all
inoculated plates were incubated at 25 °C, in the dark, and their metabolites were extracted in
four different days (4, 6, 9 and 12 days), which comprises one point of the exponential phase

(day 4) and three different points of the stationary phase of the fungi growth (days 6, 9 and 12).

1) Diaporthe and Alternaria 2) Diaporthe and Colletotrichum

D A dd dé6 d9 di12 D C d4 d6 d9 di12
3) Diaporthe and Fusarium 4) Fusarium and Colletotrichum

F D d4 dé6 d9 d12

Figure 5.3. Evaluation of biotic parameters for the induction of secondary metabolites in
selected co-culture. The induced metabolites in co-culture are numbered. Evaluation of
induced metabolite variation in different extraction points (4, 6, 9 and 12 days).
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To evaluate the de novo induction of metabolites during fungal growth, the chemical profile
of the selected co-cultures were analyzed by HPTLC and single cultures of F. oxysporum, D.
eres, A. alternata and C. acutatum were used as control. Co-culture extracts revealed that the
chemical enhancement of the induced metabolites occurs majorly in the stationary phase, after
the fungi start to compete for space and nutrients, with higher production of induced
compounds at day 12. Moreover, each induced compound was produced in different time points
of the stationary phase, with spots of all targeted induced metabolites only completely
detectable at day 12 (Fig. 5.3).

3.3. Metabolic profiling of selected co-cultures by HPTLC

Metabolomics analysis of the fungal co-cultures were performed by culturing all of the four
selected pairs in triplicates (10 petri dishes per replicate). Incubation was performed at 25 °C,
in the absence of light and in plates containing 20.0 mL of Czapek-agar. To highlight the
metabolite modifications that are caused by fungal interactions, an HPTLC-fingerprinting
method was adapted to the analysis of metabolites extracted in the agar solid media after 12
days of growth. The development of this method included the optimization of the mobile phase,
revelation solution and injection volume to detect the largest possible number of metabolites
over a specific range of polarities. The repeatability of the fingerprinting method, as well as
the metabolite profiles of replicates was evaluated to ensure that satisfactory statistical results
were obtained even when screening a large number of samples.

HPTLC metabolic fingerprinting was applied to detect the induced metabolites of the
selected co-culture experiments. Figure 5.4 A illustrates the HPTLC data of all triplicates in
a non-polar mobile phase. Overall, single cultures produces much less non-polar metabolites
than co-culture and the major metabolic differences of co-culture experiments consisted in
the presence of blue induced bands (at 366 nm, after anisaldehyde derivatization and heating
at 100°C), detected at a broad range of polarity (Rf from 0.08 to 0.57) after elution with
Toluene-Ethyl Acetate. Moreover, in the region of Rf 0.35 in the co-culture of F.
oxysporum/C. acutatum, there was an abundant production of a red-like band, which was,

by far, the most prominent induction.
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Figure 5.4. (A) HPTLC data of all triplicates in a non-polar mobile phase (Toluene-Ethyl
acetate 8:2 v/v). (B) PCA analysis using the mean of all RGB channels. PCA score plot from
PC1-2 displays a total variance of 89.72%. (C) PCA analysis of the sum of all RGB channels.
PCA score plot from PC1-2 displays a total variance of 95.17%. Labels: F. oxysporum/D. eres
(F/D); F. oxysporum/C. acutatum (F/C); D. eres/A. alternata (A/D); D. eres/C. acutatum
(C/D), A. alternata (A), C. acutatum (C); D. eres (D); F. oxysporum (F); Czapek blank (B) and
Quality control (mixture of all samples) (QC).
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To overview the metabolites of both co-culture and single-culture control, a unsupervised
Principal Component Analysis (PCA) was applied to the processed HPTLC data. For a better
evaluation of the chemical data, two different datasets were tested using the HPTLC data after
conversion by the rTLC software (FICHOU; RISTIVOJEVIC; MORLOCK, 2016): (1) the
grey channel that consists on the mean value of all the other RGB channels and a (2) grey
channel that represents the sum of all other RGB colors. These datasets were selected based on
the distinct chemical information each one best brings to the multivariate data analysis and
both matrices were preprocessed using the same experimental protocol.

Score plots revealed that PCA using the mean RGB values separated the samples into single
and co-culture over PC2, while PCA using the sum RGB values grouped all the single culture
in null-variance and only discriminated the co-cultures over PC2 (Figure 5.4 B and C).
Although both display a PC2 explained variances of ~ 9%, analysis of the loading values
revealed that the mean RGB values contains the differences between all co-culture and mono-
cultivation and correlated co-cultures to the bands at RFs 0.08, 0.18, 0.35, 0.42, 0.57 and 0.72.
On the other hand, the sum RGB values gave us a more detailed information about these
induced metabolites and correlated Diaporthe/Colletotrichum and Diaporthe/Fusarium with
the RFs at 0.42, 0.57 and the Fusarium/Colletotrichum and Diaporthe/Alternaria with the RFs
at 0.08, 0.18, 0.35 and 0.72. Moreover, only by using the sum RGB values, it was possible to
discrimination the bands at 0.35 (from the co-culture F. oxysporum and C. acutatum) and Rf
0.42 (from the co-culture of D. eres and A. alternata), which were convoluted and

undistinguished in the other unsupervised analysis.

3.4. Antimicrobial bioactivity of co-culture samples and correlation with
metabolomics data by PLS-DA

Although the metabolic influence of single and co-culture was successfully detected in PCA
from the HPTLC data, the unsupervised analysis alone did not provide any information about
the biological response of these induced compounds. Therefore, to investigate in detail the
antimicrobial effect of these co-cultural matrices, antibacterial assays against two Gram-
positive strains (B. cereus and S. aureus) and two Gram-negative strains (P. fluorescens and E.
coli) were performed according to CLSI guidelines.

All single cultures of F. oxysporum, D. eres, A. alternata and C. acutatum displayed an
absence of antibacterial activity, while the selected co-cultures displayed an increased

antimicrobial response and a broad range of MIC values against the tested bacterial strains
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(Table 5.2). Co-cultures of F. oxysporum/D. eres (1) and F. oxysporum/C. acutatum (II) showed
high antibacterial against P. fluorescens, S. aureus and E. coli and an absence of activity against
B. cereus. On the other hand, the co-cultures 4. alternata/D. eres (111) and C. acutatum/D. eres
(IV) showed moderate activity against S. aureus and a high activity against B cereus, being

inactive against all tested gram-negative strains.

MIC values on Gram-positive MIC values on Gram-negative
B. cereus S. aureus P. fluorescens E. coli
F+C I 256 256 256
F+D | 256 256 256
D+A 256 512 I |
D+C 256 512 | |
A | | | |
C I I I I
D I I I I
F | | | |

Table 5.2. Antibacterial activity of selected co-culture and their respective isolated fungi
against two Gram-positive strains (B. cereus and S. aureus) and two gram-negative strains (P.
fluorescens and E. coli). Antibacterial was evaluated by the MIC values and spectinomycin
was used as a positive control at a concentration of 100 mg mL™. Labels: F. oxysporum/D. eres
(F+D); F. oxysporum/C. acutatum (F+C); D. eres/A. alternata (D+A); D. eres/C. acutatum
(D+C), A. alternata (A), C. acutatum (C); D. eres (D); F. oxysporum (F). Activity: inactive (1),
moderate antibacterial activity (512 ug mL™) and high antibacterial activity (256 pg mL™).

The induced secondary metabolites of the selected co-culture were accurately determined
by unsupervised HPTLC-metabolomics. However, for the correlation of their production with
the antimicrobial activity, we used *HNMR data, given this technique has more information
about the chemical structure of the induced metabolites and was the only analytical matrix

validated for the supervised chemometric analysis. For this correlation, a supervised PLS-DA
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was applied using the antibacterial response (1: moderate antibacterial activity and 2: high
antibacterial activity), with a well-validated model obtained by permutation test using 100
permutations (Q2 value of 0.78 and R2 value of 0.94).

Score plot of PLS-DA showed a very clear discrimination between samples with moderate
and high antibacterial activities (Fig. 5.5 A). Both Diaporthe/Alternaria and
Diaporthe/Colletotrichum co-cultures show moderate antimicrobial activity and appeared
close on the negative portion of PC1, indicating that both systems induces the bioactive
metabolites in similar amounts. For Fusarium/Colletotrichum and Fusarium/Diaporthe,
however, the production of the bioactive induced compound varies abundantly, displaying an
significant up-regulation in the co-culture Fusarium/Colletotrichum.

The distribution of the samples on the PLS-DA score plot also suggests the origin of the
bioactive metabolites. The co-cultures that shows moderate bioactivity have Diaporthe as the
common strain, while the ones with high antibacterial results have Fusarium. Moreover,
although Fusarium/Diaporthe displayed strong antibacterial results, the replicates appeared
close to null on the x-axis, which suggests a tendency towards the co-cultures with moderate
bioactivity, explained by the presence of Diaporthe as the challenged strain.

PLS-DA loading plot revealed the major chemical shifts correlated to the antibacterial
activity (Table 5.3). The selection of these signals was based on a threshold cut, displayed on
Figure 5.5B, which was optimized separately for the positive and negative loading values to
select only the most intense and important signals.

Chemical shifts Loading Correlation
87.25 (s), 87.24 (d, J 1.7 Hz), 85.37 (m), 83.14 (s), 52.27 (t,
J 7.4 Hz), 61.52 (d), 60.93 (d, J 6.5 Hz), 560.85 (d, J 6.9

(+) High Antibacterial

Activity
Hz), 50.24 (d, J 6.9 Hz)
87.45 (dd, J 5.2 and 3.1 Hz, 1H), 87.21 (dd, J 9.6 and 3.7
Hz, 1H), 66.95 (s), 65.80 (ddt, J 17, 10.2 and 6.7 Hz), (-) Moderate Antibacterial
34.02 (t, J 6.6 Hz), 83.93 (s, 3H), 82.81 (t, J 7.4 Hz), 82.56 Activity

(t, J 7.4 Hz), 52.04 (m)

Table 5.3. Chemical shifts correlated to the high and moderate antimicrobial activity by the
PLS-DA loading plot.
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Figure 5.5. (A) PLS-DA score plot from PC1-2 (total variance of 96.4%) of the processed

'HNMR data of co-culture experiments based on antibacterial activity (1: moderate

antibacterial activity and 2: high antibacterial activity). (B) PLS-DA loading plot from PC1

(total variance of 81.24%).

3.5. Elucidation of Bioactive Induced Secondary Metabolite — Chemical Identification

and biological activity

For molecule assessment, first, all the chemical shifts correlated to the moderate and

high antimicrobial activity by PLS-DA were submitted to Statistical Total Correlation

Spectroscopy (STOCSY). STOCSY analysis enables digital separation of these signals, it is
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not limited to the usual connectivities of two-dimensional NMR methods and takes advantage
of the multicollinearity of the signals intensity in a tHNMR spectra (CLOAREC et al., 2005).

Following, for molecule confirmation, these connectivities found on the STOCSY were
evaluated by 1D and 2D NMR (HSQC, HMBC, 1D-TOCSY and 1D-NOESY). Lastly, for
definitive metabolite correlation, the only induced band from the co-culture
Fusarium/Colletotrichum (at RF 0.35) and both induced bands from Diaporthe/Colletotrichum
(at RFs 0.57 and 0.72), found by the PCA analysis of HPTLC data, were scrapped of the plate
and submitted to *HNMR, targeting to compare the chemical information and confirm both the

induction and biological activity.

3.5.1. Fusarium metabolites

STOCSY experiments were performed for all signals extracted from the PC1 positive
loading plot of the PLS-DA analysis and revealed two sets of chemical data, displayed in Table
5.4. Comparison of these data with spectroscopic information from an in-house Fusarium
database suggested the presence of one secondary metabolites from F. oxysporum (Figure
5.6A) and one fatty acid derived from the Czapek medium (Figure 5.7A), present in all the co-
culture and monoculture samples.

The induced secondary metabolite from F. oxysporum was beauvericin, a hexadepsipeptide
from the enniatin family that has been already extensively discussed in this thesis (SELEGATO
et al., 2016a). This cyclic peptide was produced on both Fusarium co-cultures, exhibiting
significant up-regulation in Fusarium/Colletotrichum. Evaluation of the *HNMR from the
scrapped HPTLC band and the PLS-DA results showed the same chemical shifts found on the
PC1 loading plot correlated to high antibacterial activity were also detected at the Rf 0.35 from
the co-culture of F. oxysporum/C. acutatum, confirming that these compound was indeed the
most induced metabolite in co-culture. Although the resolution between the bands was
insufficient to be separated in a pure state, the semi-purified bands were successfully analyzed
and confirmed based on comparison of reference metabolites from available databases.

Comparison with the monoculture of F. oxysporum showed that this fungus produces the
cyclic peptide in axenic cultures, however, in co-culture with C. acutatum, this metabolite
appeared up-regulated in more than 3-fold, indicating that this increase was a direct result of
the presence of this challenge microbes. In co-culture with Diaporthe, we have also detected

the presence of beauvericin, however, for this system, the production of the mycotoxin fusaric
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acid appeared to be more significant, illustrating the specific regulation of the metabolome
according to the environmental biotic conditions (Supplementary Materials, Figure SM10A).
Beauvericin have already revealed strong antimicrobial potential against several gram-
positive bacteria, gram-negative bacteria and fungi, which explains the increase in the
antimicrobial activity of the mixed culture (CASTLEBURY et al., 1999; DZOYEM et al.,
2017; MECA et al., 2010; SONDERGAARD et al., 2016; ZHANG et al., 2016). For instance,
studies have demonstrated that this compound is active against Candida albicans, E. coli, S.
aureus. B. pumilus, B. cereus, B. mycoides, B. sphaericus, Paenibacillus alvei, P. azotofixans,
P. macquariensis, P. pulvifaciens , P. validus, Eubacterium biforme, Peptostreptococcus
anaerobius, P. productus, Bifidobacterium adolescentis and Clostridium perfringens
(CASTLEBURY et al., 1999; DZOYEM et al., 2017; MECA et al., 2010; SONDERGAARD
etal., 2016; ZHANG et al., 2016). Although reports have shown sensitivity against B. cereus,
beauvericin did not show any activity against the B. cereus strain tested in our study, which

could suggest resistance of this bacteria to the cyclic compound.

Driver peak Correlated chemical shifts Angg::\c/irtc;/ bial Metabolite
87.24 (d, J 1.7 Hz), 5.80 (m),
63.80 (dd, 1H, J 11.5, 3.0 Hz),
83.39 (dd, 1H, J 14.7, 4.6 Hz),
87.25 (s) 83.14 (s), 63.03 (dd, 1H, J 14.7, High Beauvericin
12.8 Hz), 61.52 (d, J 6.5 Hz),
50.93 (d, J 6.9 Hz), 60.85 (d, J
6.5 Hz), 60.24 (d, J 6.9 Hz)

82,27 (t, 7.4  85.37 (m), 52.02 (d, J5.8 Hz),  None: present in all Fécz’;“ g;(e
Hz) 51.60 (dt, J 14.5 and 7.2 Hz) samples g

Table 5.4. STOCY correlation of the chemical shifts found on the PLS-DA loading values for

high antimicrobial activity. Molecules were elucidated in F. oxysporum samples.
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Figure 5.6. STOCY correlation and covariance of the signals from the induced metabolites
found on the PLS-DA loading values. (A) Signals correlated to 57.25 (s) were elucidated as
beauvericin, identified in F. oxysporum samples; these chemical shifts were found on the PLS-
DA loading values attributed to high antimicrobial activity. (B) Signals correlated to 67.31 (d,
J 2.1 Hz, 1H) were elucidated as the bisanthraquinone, identified in D. eres samples; these

chemical shifts were found on the PLS-DA loading values attributed to moderate antimicrobial
activity.
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Figure 5.7. STOCY correlation and covariance of the signals from the Czapek metabolites
found on the PLS-DA loading values. Signals correlated to (A) 62.27 (t, J 7.4 Hz) and (B)

87.45 (dd, J 8.2 and 2.2 Hz) were attributed to metabolites from the Czapek Broth. (C) tHNMR

spectra of Czapek medium. Comparison between HNMR spectra of Czapek and fungal
cultures are displayed at the Supplementary Material as Figure SM11.
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3.5.2. Diaporthe Metabolites

STOCSY experiments were performed for all signals extracted from the PC1 negative
loading plot of the PLS-DA analysis and revealed two sets of chemical data, displayed in Table
5.5. The first chemical dataset was attributed to a metabolite derived from the Czapek medium
(Figure 5.7B), present in all the co-culture and monoculture samples. For the second dataset,
on the other hand, comparison between the STOCSY data and spectroscopic information from
consolidated literature on Diaporthe metabolites did not suggested the presence of a known
secondary metabolites, which indicate that this metabolite could be attributed to a compounds

that is not produced under standard conditions.

Antimicrobial

o Metabolite
activity

Driver peak Correlated chemical shifts

87.21 (d, J 2.4 Hz, 1H), 66.95 (s)
85.80 (ddt, J 17.0, and 3.3 Hz)
87.45 (dd, J 8.2 64.99 (dd, J 3.7 and 1.8 Hz)
and 2.2 Hz) 84.96 (dd, J 3.7 and 1.8 Hz)
34.02 (¢, J 6.6 Hz), 62.81 (t,J 7.4
Hz), 62.56 (t,J 7.4 Hz), 62.04 (d,
J 7.4 Hz), 50.89 (t, J 6.9 Hz)
67.09 (dd, J 9.7 and 5.5 Hz, 1H)
86.89 (m)
86.72 (d,J 2.7 Hz, 1H)
86.63 (d,J 2.7 Hz, 1H) Moderate
86.57 (d, J 2.2 Hz, 1H)
86.22 (d,J 9.7 Hz, 2H)
83.93 (s, 3H)

None: present  From the Czapek
in all samples medium

§7.31(d, J 2.1
Hz, 1H)

Bisanthraquinone
1

Table 5.5. STOCY correlation of the chemical shifts found on the PLS-DA loading values for
moderate antimicrobial activity. Molecules were elucidated in D. eres samples.

Evaluation of the tHNMR from the scrapped HPTLC band and the PLS-DA results showed
the same chemical shifts found on the PC1 loading plot, correlated to moderate antibacterial
activity, were also detected at the Rf 0.57 from the co-culture of D. eres/C. acutatum and D.
eres/A. alternata, confirming that this compound was indeed only induced in co-cultures
(Supplementary Material, Figure SM10B). Although the resolution between the bands was
insufficient to be separated in a pure state, the semi-purified bands were successful elucidated
by evaluation of 1D and 2D NMR data.
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Uni and bidimensional NMR attributed the induced signals to a metabolite from the
bisanthraquinone family. The chemical shits, their respective multiplicity and connectivities
are shown in Table 5.6 and the proposed molecule is displayed in Figure 5.6B. Moreover, LC-
MS analysis indicated an intense ion on Diaporthe co-cultures with experimental m/z 523.3232

[M+H]*, which corroborated further with the proposed molecule.

N. H (ppm) 13C (ppm) 13C-HMBC
1 _ ) ;
2 86.89 (m, 2H) 141 -
3 86.28 (m, 1H) - -
4 - 117
5”(OCH3) 53.93 (s, 3H) - 166
6 86.57 (d, J 2.2 Hz, 1H) -
7”(CH20H) 51.80 (s, 3H) - -
8 87.31 (d, J 2.1 Hz, 1H) 123 22,98
9 - 54 -
10 - ; _
1’ - - -
2’ 86.63 (d, J 2.7 Hz, 1H) - -
3’ _ _ ]
4 86.72 (d, J 2.7 Hz, 1H) - 81
5 86.89 (m, 1H) - -
6’ _ ] ]
7 87.09 (dd, J 9.7 and 5.5 Hz, 1H) - 132, 146, 156
8’ 86.22 (d, J 9.7 Hz, 2H) - 151, 91
9’ _ ] ]
10’ _ ] _

Table 5.6. Molecule elucidation of newly induced secondary metabolite from D. eres.

Bisanthraquinones are produced in several species of Diaporthe and represent one of the
major metabolic classes in this species (AGUSTA; OHASHI; SHIBUYA, 2006; BRADY et
al., 2000; TIAN etal., 2018). Metabolites such as cytoskyrin A have been reported as anticancer
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agents (BRADY et al., 2000), however, this induced compound has never been reported in
nature nor has been biologically assessed. Evaluation of the antifungal and antimicrobial
activity of this newly induced metabolite showed an moderate antibacterial activity against S.
aureus, a strong antibacterial activity against B. cereus and a moderate antifungal activity

against F. oxysporum, illustrating their selective bioactivity according to challenged microbe.

4. Conclusion

Solid cultivation was selected over liquid media for the screening of metabolite induction
in fungal co-cultures for the following reasons: (i) provides a faster fungi growth and cheaper
analysis than liquid media, (ii) allows visualization of the fungi morphological response (iii)
facilitates excision of a part of the agar media for further chemical and biological analysis, (iv)
enables selective analysis of the confrontation zone and adjacent mycelial parts (v) provides
visual analysis of the fungus growth rate.

The first part of the co-culture strategy aimed to select promising pairwise culture by the
metabolite extraction of antagonistic interactions. For that, the five selected fungi species were
culture in pairs and the chemical profiles of the ones that displayed distance-inhibition and
zone line interactions were evaluate by HPTLC. After the selection of promising co-cultures,
the second step of the co-culture strategy was to evaluate the biotic parameters that affect the
metabolite induction. In the last decade, it has been extensively reported that these biotic factors
immensely affect the chemical profile in co-cultures and results in changes in the amount and
diversity of secondary metabolite. In co-culture experiments, these variables are often
neglected, resulting in issues related to sampling and reproducibility. In this study, to optimize
the antimicrobial induction of the selected co-cultures, as well as address the analytical issues
of microbial data, two strategies were applied to determine each strain is inducing the chemical
enhancement and the best incubation period for the production of these induced metabolites.

Limitations in the analytical techniques encourages integration of methodologies. In this
sense, HPTLC and NMR-metabolomics were an excellent alternative for the multivariate
analysis of the microbial chemical profile. For instance, HPTLC presents several advantages,
such as short measuring time, relatively low cost for equipment, high signal robustness and fast
isolation directly from the plate. Supervised chemometric analysis of the co-cultures by PLS-
DA led to the identification of (1) the up-regulated depsipeptide beauvericin in Fusarium co-
cultures, a mycotoxin that displays high antibacterial activity against S. aureus, P. fluorescens,
E. coli and strong antifunal activity agasint C. acutatum; and (2) the newly described
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bisanthranquinone 1, produced by D. eres as a de novo bioshynthetized compound that displays
high antibacterial against B. cereus, a moderate antibacterial activity against S. aureus and a
moderate antifungal activity agasint F. oxysporum.

Although some features of our experimental system limit extrapolation of our results to the
experience of wild fungi, our study has revealed some properties of these microbial interaction
that likely have ecological relevance. First, each fungi species display fundamentally different
responses in the presence of challenge strains, both in morphological patterns and specific
chemical responses. These differences could influence the connectivity of these two strains
within the microbial network in the wild. Second, the co-culture methodology provided an
increase in the chemical diversity, as well as a selective increase in the antimicrobial activity.
While co-culture with F. oxysporum increased the production of beauvericin in up to 3-fold,
co-culture with D. eres induced the production of the bisanthraquinone 1, a induced metabolite

not produced in monoculture.
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Abstract

Traditionally, the screening of metabolites in microbial matrices is performed by
monocultures. Nonetheless, the absence of biotic and abiotic interactions, generally
observed in nature, may limit the chemical diversity produced by a strain, leading to
“poorer” chemical profiles. During the last decade, several methods have been developed
to understand the physiological conditions under which cryptic genes are activated in an
attempt to induce the production of previously unexpressed metabolites. Among those,
the One Strain Many Compounds (OSMAC) strategy has been successfully applied to
increase metabolic production through a systematic variation of growth parameters. The
complexity of the chemical profiles resulted from OSMAC application has required
increasingly robust and accurate techniques for the quali- and quantitative evaluation of
microbial matrices. In this sense, deconvolution-based *HNMR quantification strategies
have emerged as a promising approach to decrease metabolic complexity, providing a
comprehensive perspective for metabolomics studies. Our present work shows an
integrated strategy for the rapid production and quantification of compounds from
microbial sources. Specifically, the OSMAC-Design of Experiments (DoE) approach was
used to optimize the production of bioactive compounds fusaric acid, cytochalasin D and
3-nitropropionic acid in microbial matrices and a deconvolution-based *HNMR
quantification tool for their quantifications. The results showed that OSMAC-DoE
increased the production of the target metabolites by up to 33% and that Global Spectral
Deconvolution (GSD, MestreNova) was able to automatically extract accurate NMR
integrals, even when the targeted chemical shifts were heavily coalescence with other
resonances. Moreover, the GSD-based *HNMR quantification was not only reproducible
for all species, but also exhibited validated results that were often more selective and
accurate than comparative methods, allowing robust quantification directly in complex
matrices, In general, this strategy proved to be useful for the up-regulation of metabolites
using a reduced number of experiments and fast quantification of compounds directly in

complex matrices.

Keywords: NMR, 'H, *THNMR quantification, Global Spectral Deconvolution, post-
genomic strategy, One Strain Many Compounds, secondary metabolite enhancement.
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1. Introduction

Micro-organisms have shown a great potential to provide pharmaceutical leads
(NEWMAN; CRAGG, 2016; PETTIT, 2009) given a high diversity of chemical
structures are found in a little studied and extensive microbial population (BERGMANN
et al.,, 2007; CHIANG et al., 2008; GALAGAN et al., 2005; HIBBING et al., 2010;
SCHROECKH et al., 2009). In their most recent review, Newman and Cragg have shown
that, even with the challenges related to unlocked genomes and unculturable strains,
microbial bioactive compounds are the future for drug discovery programs (NEWMAN;
CRAGG, 2016), accounting for over 42 thousand natural compounds already reported
from different microbial families (LAATSCH, 2012).

Conventionally, the screening of these microbial metabolites has been performed
in monocultures, in the absence of biotic and abiotic interactions commonly observed in
nature. However, the lack of these interactions seriously limits the chemical diversity that
can be obtained by one single strain, consequently decreasing the rate of discovery of new
compounds (MARMANN et al., 2014; PETTIT, 2009). In fact, recent whole-genome
sequencing of various fungi and bacteria have shown that the potential of microorganisms
to produce bioactive compounds in monocultures is fairly underestimated, meaning that
a much larger range of metabolites could be produced if the silent genes - not expressed
in standard laboratory conditions - were induced (BERGMANN et al., 2007; CHIANG et
al., 2008; GALAGAN et al., 2005; HIBBING et al., 2010; SCHROECKH et al., 2009).

Specifically, the interactions between the strains and the environment determine
individual viability and community plasticity and are directly associated with the
activation of a myriad of biosynthetic pathways, including those related to the expression
of cryptic genes [6-9]. In the studies that evaluate these interactions, changes in the
abiotic factors are mainly based in mimicking the environmental conditions in the
succession of events that determine gene expression and, ultimately, affect the phenotypic
response of organisms.

Among those, One Strain, Many Compounds (OSMAC) is one of the most used
post-genomic strategies and involves the manipulation of culture parameters, such as
media composition, temperature, agitation and luminosity, in an attempt to stimulate, in
quantity and diversity, the production of secondary metabolites from a single microbial
source (BODE et al., 2002; HUSSAIN et al., 2017; ROMANO et al., 2018; WElI et al.,
2010). Usually, OSMAC uses Design of Experiments (DoE) to systematically evaluate
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the effect of different growth parameters, estimating the optimized conditions for the
production of new metabolites, as well as the regulation of known compounds
(BRACARENSE; TAKAHASHI, 2014; OOINKAAS et al., 1999; PIMENTA et al.,
2010).

Although post-genomic strategies represent successful methodological advances in
the expansion of the microbial metabolome, analytical issues related to the identification
and quantification of metabolites in complex matrices remain a cornerstone in microbial
natural products research. Some examples of difficulties encountered in microbial
metabolic analysis include the constant re-isolation of inactive or known chemotypes, the
polarity-related structural complexity and the wide metabolic dynamics, requiring highly
sensitive and robust analytical methods (ITO; MASUBUCHI, 2014).

In microbial metabolomics, proton nuclear magnetic resonance (*HNMR) is one of
the most used analytical techniques for metabolic fingerprinting, providing a
comprehensive and near-universal solution for metabolite detection and highly
reproducible chemical data with minimal sample preparation (MARKLEY et al., 2017;
PAULI et al., 2012). Quantitatively, NMR experiments also offer an unbiased view of the
chemical composition, allowing rapid and non-destructive compound quantification and
purity assessment (DAGNINO; SCHRIPSEMA, 2005; HOLZGRABE et al., 2005;
LARIVE; JAYAWICKRAMA; ORFI, 1997).

Traditionally, the analysis and quantification of metabolites by HNMR
experiments are performed by direct comparison of the signal integrals values and the
corresponding number of protons (for a given known chemical shift) between the samples
and a standard reference. Over the past decade, challenges regarding the integration, area
selection, baseline distortion and lack of appropriate shimming were successfully
overcome by the development of technological advances, such as increased frequency
and homogeneity of magnetic fields (up to 1 GHz), selective and robust pulse sequences
for solvent suppression and sensitive cryoprobes, allowing metabolic quantification in
standard solutions or simple mixtures, even without the presence of reference compounds
(HOLZGRABE et al., 2005; R1ZZO; PINCIROLI, 2005).

Currently, the problems related to chemical shift coalescence commonly found in
microbial samples have further hindered the direct application of this technique in the
metabolomics field (AKOKA; BARANTIN; TRIERWEILER, 1999; DAGNINO;
SCHRIPSEMA, 2005; LARIVE; JAYAWICKRAMA; ORFI, 1997; SIMMLER et al.,
2014; WATANABE; SUZUKI; OSHIMA, 2010; WIDER; DREIER, 2006). In this sense,
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the incorporation of deconvolution algorithms have assisted with the detection and
quantification of metabolites in complex mixtures, without the need for chromatographic
separation and even in the presence of highly overlapping signals (PHANSALKAR et al.,
2017; SIMMLER et al., 2014). Examples of efficient automatic spectra deconvolution
tools are the Bayesian Automated Metabolite Analyzer for NMR (BATMAN) and Global
Spectrum Deconvolution (GSD), although BATMAN requires some knowledge in the R
package language (HAO et al., 2014), while GSD was conceptually not developed for
quantification (COBAS; SEOANE; SYKORA, 2008; COBAS; SYKORA, 2009).

Our present work shows an integrated strategy for the rapid optimization and
monitoring of bioactive compounds in microbial sources. Specifically, we have selected
important secondary metabolites from three fungal families (Nectriaceae, Xylariaceae
and Diaporthaceae) aiming to up-regulate and quantify their production in these complex
matrices. For the regulation of the microbial metabolome, we have systematically varied
temperature, agitation and luminosity by a OSMAC-Design of experiment. Following,
metabolite monitor was conducted by a deconvolution-based *HNMR quantification
methodology using Global Spectral Deconvolution (GSD) algorithm. The OSMAC-DoE
response was carried out using two different chemical responses. The first used the mean
value of the raw extract and contained information relative to the untargeted metabolic
production. The second used the content of each targeted bioactive metabolites (purity,
%), aiming to show in each abiotic condition occurs the highest up-regulation of these

bioactive compounds, regardless of the fungal growth rate.

2. Material and Methods

2.1. Fungi Isolation and Identification

Fungi from the Nectriaceae, Xylariaceae and Diaporthaceae families were cultured
in Czapek-Broth (NaNOs, 1.5 g L™, KH2PO4, 0.5 g L; MgS0a, 0.25 g LY; FeS04.7H20,
0.025 g L't KCI, 2.5 g L'; and D-glucose, 30.0 g L) and their mycelia were filtered and
freeze-dried with liquid nitrogen for genetic identification. Fusarium oxysporum was
isolated from the rhizosphere of Senna spectabilis cultured on sand hydroponics
(CARDOSO, 2015), while Xylaria cubensis and Diaporthe anacardii were isolated from
the leaves of Eugenia brasiliensis according to previously reported isolation methods
(BIASETTO, 2016).
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Molecular identification was done by analysis of the Internal Transcribed Spacer
(ITS) sequence. After isolation, the DNA was amplified by polymerase chain reaction
(PCR) using the primers ITS1 (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and ITS4
(5>-TCCTCCGCTTATTGATATGC-3’). Following, the PCR products were sequenced
using fluorescent dideoxynucleotides based on the a modified Sanger method (SANGER;
NICKLEN; COULSON, 1977) in an automated sequencer ABI Prism 3130 (Applied
Biosystems, USA) and BigDye® Terminator v3.1 Cycle sequencing kit (Applied
Biosystems, USA). The sequences were compared with others available in GenBank
using the Basic Local Alignment Search Tool (BLASTnN) algorithm (ALTSCHUL et al.,
1997). The identification results available at the Supplementary Material as Table SM3.

2.2. Fungal growth — One Strain, Many Compounds (OSMAC)-based Design of
Experiment (DoE)

Strains of the selected fungi were inoculated separately following a complete
factorial design, in which temperature, agitation and luminosity were evaluated in two
different levels, totaling 8 experiments (3 variables tested in 2 levels, 23 = 8 experiments).
The systematic variation of the growth parameters is described in Table 6.1 and all the
variables were controlled by a microbiological incubator with an orbital shaker (Solab,
Brazil). The OSMAC-DoE experiments were performed in biological triplicate to ensure
experimental reproducibly, in which the same fungal pre-culture was used to inoculate all

erlenmeyer sets.

Microbial Levels
Variable n.  Variable description

species Low (-1) High (1)
1 Luminosity Absent 24hrs

F. oxysporum 2 Agitation Absent 110 rpm
3 Temperature 14°C 25°C

1 Agitation Absent 110 rpm
X. cubensis 2 Luminosity Absent 24hrs
3 Temperature 25°C 35°C

1 Agitation Absent 110 rpm
D. anacardii 2 Luminosity Absent 24hrs
3 Temperature 25°C 35°C
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Experiments V1 V2 V3

1 -1 -1 1
2 -1 1 1
3 1 -1 1
4 1 1 1
5 1 -1 -1
6 -1 1 -1
7 1 1 -1
8 -1 -1 -1

Table 6.1. Variables and experimental display of OSMAC complete factorial planning
for each selected fungi F. oxysporum, X. cubensis and D. anacardii. Each OSMAC-

experiment was performed in triplicate.

First, the fungal pre-cultures for F. oxysporum and D. anacardii were plated using
a high cell number (1.10° cells mI') in 20 mL of Czapek-agar (Sigma Aldrich, Brazil).
For X. cubensis, the same account of pre-inoculum was added in 20 mL of Potato
Dextrose Agar (PDA, Sigma Aldrich, Brazil).

Liquid Incubation o
) ) Description Ref.
Media Period (days)
F. (BACON et al., 1996;
oXYSDOFUM Czapek 28 - BURMEISTER et al., 1985;
ysp SELEGATO et al., 2016b)
« - carbon-rich (AMARAL et al., 2014;
cubensis ) _ al., 2011; KLAIKLAY et al.,
acid media. 2012; WElI et al., 2015)
- glucose, as
> PDB at source of carbon, (CHOMCHEON et al., 2005;
_ neutral pH or 8 yeast extract FLORES etal., 2013; LU et
anacardii i al., 2015; POLONIO et al.,
Czapek nitrogen and a 2016; PRINCE et al., 2012)
neutral pH.

Table 6.2. Determination of best abiotic conditions for growth of each selected fungus.
Selection was based on previous optimization studies in liquid media. Description
contains the best media conditions found on literature for the production of the targeted

metabolites.
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Following, for each DoE replicate, a 7 mm agar plug of this selected fungus was
inoculated in three erlenmeyer flasks containing 300 mL of culture medium each (Sigma
Aldrich, Brazil). In this procedure, F. oxysporum and D. anacardi were inoculated in
Czapek-broth (Sigma Aldrich, Brazil), whereas X. cubensis was added to Potato Dextrose
Broth (PDB, Sigma Aldrich, Brazil). Prior to inoculation, the medium was autoclaved at
121°C for 20 minutes. Incubation time was also specfic for each strain and was
determined based on previous optimization studies, displayed in Table 6.2. For the

metabolite extraction, we used the same protocol describied in Chapter 1 (topic 2.3).

2.3. Bioactive Metabolite Quantification

2.3.1 'HNMR Parameters Optimization and Acquisition

All OSMAC-DoE organic extracts (after extraction and clean-up treatment) were
submitted to 'HNMR acquisition for the quantification of the selected bioactive
compounds. The spectra were acquired on a Bruker Ascend Il HD of 14.09 Tesla
spectrometer (Bruker, Germany) using a triple resonance cryoprobe (*H, $3C and *N) and
gradient generator coils at the Z coordinate. F. oxysporum samples were prepared by
dissolving 3.00 + 0.1 mg of each extract and 4.50 mM of benzyl benzoate in 750 pL of
dimethyl sulfoxide-ds (DMSO 99.9% D, Sigma-Aldrich, USA). Similarly, D. anacardii
and X. cubensis samples were prepared solubilizing 3.00 + 0.1mg from each OSMAC
experiment and 3.00 mM of benzyl benzoate in 700 pL of deuterated methanol-ds (MeOD
99.9% D, Sigma-Aldrich, USA).

The optimization of tHNMR parameters was performed according to the reported
methods (HONG et al., 2013; PAULI; JAKI; LANKIN, 2005; SIMMLER et al., 2014).
Before acquisition, the probe tuning, matching and shimming were manually setup. Then,
the pulse was calibrated using the pulsecal sequence (Bruker). A 90° pulse sequence (zg,
Bruker) was applied to determine the spectral width (SW, Bruker) and chemical shift
value for the suppression of the remaining water signal (O1, Bruker). The amount of
internal standard (IS) included was evaluated using a range of concentrations (1, 2, 4, 6,
8 and 10 mM) for each individual sample. Longitudinal relaxation (T1) was estimated by
inversion-recovery pulse sequences at incremented delay times (D7, Bruker) and final
selective pulse (zg, zgesgp, or zgcppr) was applied for quantification acquisition after

receiver gain (RG, Bruker) and number of scans optimization (NS, Bruker).
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The inversion-recovery method was performed with a calibrated pulse and initiated
with a single acquisition using a null time between the 180° and 90° pulses (d7 Os and NS
1). Simultaneous spectra were acquired with incremented values of d7 up to intensity
reach values close to zero for all signals of interest. Depending on signal of the analytes
and IS (negative or positive), d7 was increased or decreased. For every spectrum, we
considered at least (7.2s d7) between acquisitions. T1 was estimated according to
Equation 1, in which tnull represents the minimum time required for the longitudinal

magnetization to reach thermal equilibrium (pass in the x-y planes during its recovery).

Thul _ 1-44Tnull

L= In 2

Equation 1. T1 Estimation.

Relaxation delay (d1) was set based on the T1 estimated value and the acquisition
time (AQ), according to Equation 2. The FID repetitions (number of scans) was optimized
manually until all the targeted chemical shifts exhibited a suitable signal-to-noise ratio
(S/N > 250), assuring with 99% certain that the measured integral falls within + 1% of
the true values (at least 5T1).

dl = 5T1- AQ
Equation 2. Estimation of relaxation delay (d1).

For F. oxysporum samples, water suppression was performed by gradient-based 1D
excitation sculpting using a 180° water-selective pulse (zgesgp, Bruker) at the following
parameters tnull 1.0 s; T1 1.443 s; pulse duration (P1) 6.88 us; time domain (TD) 64 k;
NS 16; SW 13 ppm; 01 6 4.88; temperature 296.2 K; relaxation delay (d1) 2 s, inter-pulse
delay (d2) 24 us; and dummy scans (DS) 4. Excitation sculpting water suppression used
a double pulse-field gradient spin echo methodology, producing excellent suppression
(square of the single method) during tHNMR acquisition.

For X. cubensis samples, water suppression was performed by 1D-water pre-
saturation using composite pulses (zgcppr, Bruker) at the following parameters tnull 4 s;
T15.772; P1 6.59 us; TD 64 k; NS 32; SW 10 ppm; temperature 296.2 K; d1 2 s; inter-
pulse delay (d2) 24 us; 01 6 4.88 (s), DS 4. In this case, water presaturation was performed

by a composite pulse instead of excitation sculpting pulse to prevent the broader notch
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bandwidth near the water peak caused by the latter, hampering proper quantification of
cytochalasin D chemical shifts at 6 5.18 (d, J 2.5 Hz, 1H, H-19), 65.12 (s, 1H, H-12p) and
§5.23 (m).

For the quantification of nitropropionic acid on D. anacardii samples, zg pulse
sequence (Bruker) was performed at the following parameters tnull 2 s; T1 2.882; P1
6.46 us; TD 64 k; NS 32; SW 10 ppm; temperature 296.2 K; 01 6 4.88 (s); d1 2s; d2 24
us; DS 4. A simple 30° pulse was used for D. anacardii tHNMR acquisition because the
3-NPA chemical shift at 6 4.67 (t, J 6.0 Hz, 2H, H-3) could not be quantified after water

suppression, given the closeness to the water signal at 6 4.88 (s).

2.3.2.'HNMR Deconvolution — Global Spectral Deconvolution (GSD)

Initially all tHNMR data are referenced by the solvent signal and phase corrected
manually. Then, proton NMR deconvolution was performed by Global Spectral
Deconvolution (GSD) algorithm, available at MestreNova software (MestreLab, Spain)
(COBAS; SEOANE; SYKORA, 2008; COBAS; SYKORA, 2009). GSD is a fully
automatic peak picking tool that filters relevant information and deconvolutes metabolite
signals while discarding undesirable interferences of the HNMR spectrum. This
algorithm automatically reduces the frequency domain spectrum to shape Lorentzian lines
without any baseline drift and noise interference.

In this procedure, GSD first recognizes, by a peak picking recognition algorithm,
the set of signals, eliminating baseline distortions, spikes, environmental radiofrequency
(RF) and receiver noise. Then, the recognized signals are corrected in relation to
inhomogeneity of magnetic field, molecular dynamics, theoretical transitions, peaks
overlapping and artifacts (rotational sidebands).

The output of GSD is a final numerical peak table that contains spectral parameters
for Lorentzian lines, including frequency, line width, amplitude, area and, phase, which
are plotted as a ““peak list’’ created by a synthetic deconvoluted spectrum (BERNSTEIN
et al., 2013; COBAS; SEOANE; SYKORA, 2008; COBAS; SYKORA, 2009). In this
study the GSD algorithm was optimized using 10 fitting cycles (refinement level 3) and
high resolution. These parameters were individually optimized based on noise, baseline

and resolution of each spectrum.
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2.3.3.'HNMR Quantification

The quantification was performed by comparing the integrals of the bioactive
secondary metabolite with the internal reference added to the samples. For this procedure,
an optimized amount of internal standard benzyl benzoate TraceCERT > 99% (Fluka
Analytical, Sigma-Aldrich) was used in all OSMAC-DoE experiments. The selection of
this IS was based on requirements, such as (i) stability in the deuterated solvent, (ii) not
to be reactive, hygroscopic, volatile, toxic, carcinogenic or mutagenic (iii) not to have any
residual water marks and (iv) appear in a region of the spectrum deconvoluted from other
signals.

Quantification was measured using the GSD-deconvoluted area values of all the
targeted secondary metabolites according to Equation 3, where mQtarget, PAtarget and
MEtarget represent the analyte’s mass, peak area and equivalent mass (molecular mass
divided by the number of nuclei associated with the quantified signal), respectively, while
MQinternal std., PAinternal std. aNd MEinternal std. represent the internal standard’s mass, peak area
and equivalent mass (PAULI et al., 2014).

PAtarget X MEtarget X MY internal std.

MYtarget =
MEinternal std. X PAinternal std.

Equation 3. tHNMR quantification using known concentration of internal standard.

2.3.4.Validation of GSD-based *HNMR Quantification Methodology

The 'HNMR quantification protocol was validated by evaluation of selectivity,
metabolite stability, precision, accuracy and linearity response, according to previously
described tHNMR validation protocols (MALZ; JANCKE, 2005).

The selectivity was evaluated for all quantified signals on a *3CHSQC spectrum.
The pulse sequence used for two dimensional NMR analysis was phase-sensitive ge-2D
multiplicity edited 3 CHSQC using PEP and adiabatic pulses with gradients in back-inept
(hsqcedetgpsisp2.4, Bruker) at the following parameters for *H (f2) and *C (f1),
respectively: spectrometer frequency 600.13 and 150.91 MHz; TD 512 and 512; SW 14
and 230 ppm; NS 32; d1 1.50 s and temperature 295.2 K.

Metabolite short term stability was evaluated over a 48-hour period by multiple

'HNMR acquisition of the lowest concentration sample, every 2 hours, to determine loss
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by degradation. Similarly, precision was determined by six measurements of *HNMR in
a short period of time, systematically changing specific parameters such as operator,
automation and time.

Accuracy was evaluated by the measurement of the internal standard concentration
by GSD-based *HNMR quantification, as well as three other validated methodologies (1)
gravimetric, (2) classical approach of internal standard-based quantification using area
values from manual integration (IS-‘HgNMR) (RUNDLOF et al., 2010) and (3)
Electronic Reference To access In vivo Concentrations 2 (ERETIC2) tool from Bruker
(ERETIC2-'HgNMR). ERETIC2 is a commercial PULCON (Pulse Length—based
Concentration determination) methodology that digitally adds reference signals by an
electronic device, enabling determination of absolute concentrations (AKOKA;
BARANTIN; TRIERWEILER, 1999; HONG et al., 2013; WATANABE et al., 2016). In
this study, the ERETIC2 reference signal was based on sucrose standard from Bruker (2
mM) prepared in 10% D20 and 90% H:O solvent are was digitally added in the spectra
using TopSpin software (Bruker).

The linearity of the calibration curve was assessed using a calibration curve of
different concentrations of IS benzyl benzoate. This metabolite was selected after careful
consideration on reactivity, miscibility and peak convolution and the calculation was
based on the singlet area at 65.32 (s, 2H, CHz, H-8). Calibration standard solutions of five
concentration levels were prepared in deuterated organic solvent at concentrations of 1,
2,4,10 and 20 mM.

2.4. OSMAC-DoE response

All the extracts from the OSMAC-experiments were weighted and submitted to
'HNMR quantification analysis. The OSMAC-DOoE response was carried out using two
different datasets. The first used the mean value (in mg) of the raw extract obtained from
each DoE experiment, which contains information relative to the fungal growth and
overall metabolic production. The second used the purity of each targeted bioactive
metabolites in the OSMAC-crude extract, calculated according to Equation 4, aiming to
demonstrate the effect of the abiotic conditions (variables) on the up-regulation of the
targeted compounds, regardless of the fungal growth rate. Statistically compelling effects
were calculated at 95% confidence level, and only effects above the critical t values were

considered significant for the system response.
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P (%) Targeted metabolite concentration 100
0) = x
Raw — extract mass

Equation 4. Determination of the purity (P, in %) of the targeted analytes.

3. Results and Discussion

In order to facilitate the visualization of the proposed strategy for the optimization
and quantification of microbial bioactive compounds, we have delineated a graphical
scheme, shown in Figure 6.1. In the following sections, we describe in detail the workflow
of this methodology, which includes the selection of the microbial strains and the
bioactive compounds (step 1), fungal growth and production of target compounds by a
OSMAC-DOE strategy, and metabolite quantification by GSD-based HNMR
quantification (step 2) and the selection of optimized parameters for the metabolic
production by OSMAC-DoE (step 3).
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SELECTION OF STRAINS AND TARGETED METABOLITES

X. cubensis F. oxysporum D. anacardii

0 0
Z oM Oy Aoy
N o

cytochalasin D fusaric acid 3-NPA
FUNGAL GROWTH — ONE STRAIN, MANY COMPOUNDS (OSMAC)
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METABOLITE QUANTIFICATION BY GSD-BASED 'HNMR STRATEGY
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OPTIMIZATION OF METABOLITE PRODUCTION BY OSMAC-DOE
1) DoE Response: mean value (in mg) of the raw extract
o Contains information relative to the fungal growth and overall
metabolic production
2) DoE Response: purity of each targeted bioactive metaholites

P (%) _ Mtargeted metabolite
Mraw extract
o Contains information regarding the up-regulation of these targeted

compounds, regardless of the fungal growth rate.

Figure 6.1. Graphical visualization of the integrated OSMAC-DoE with GSD-based
'HNMR quantification strategy. In the first step were selected strains based on the most
relevant bioactive compounds previously described in literature (X. cubensis -
cytochalasin D, F. oxysporum - fusaric acid and D. anacardii - 3-NPA). The second step
consisted on the fungal growth by a OSMAC-DoE strategy, followed by metabolite
extraction and quantification by deconvolution-based *HNMR quantification. The third
step was the selection of optimized parameters for the metabolic production using
different datasets as OSMAC response.
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1%t Step - Selection of Fungal Strains and Bioactive Compounds

The first step of this strategy was the selection of bioactive compounds from
microbial sources. The selection was based on the most common plant-associated fungi
that produced biologically important bioactive metabolites. In this study, we have
selected fusaric acid, cytochalasin D and 3-nitropropionic acid (NPA), produced by F.
oxysporum, X. cubensis and D. anacardii, respectively. These metabolite are abundantly
produced by these strain and display and different chemical properties and biosynthetic
pathways.

F. oxysporum is a filamentous fungus that produces several pathogenic mycotoxins
including trichothecenes, enniantins and fumosinin. Among these, fusaric acid (5-
butylpyridine-2-carboxylic acid) is a polyketide and picolinic acid derivative abundantly
produced under different growth conditions, displaying a variety of bioactivity, including
antifungal, antioomycete, antimicrobial and herbicidal activities (HAN et al., 2014; SON
et al., 2008; SONG; YEE, 2001). Economically, this metabolite has been directly
associated with Fusarium wilt, a trans-boundary disease which affects different crops
world-wide, such as sugarcane, potatoes, bananas and tomatoes, causing cracks in the tree
stalk, leaf breakage, leaf yellowing, necrosis and death, summing hundreds of millions of
dollars in production losses (MICHIELSE; REP, 2009).

Likewise, X. cubensis has been reported to produce a variety of bioactive
compounds, such as cytochalasins, xanthones, cyclopeptides, a-pyrones and terpenes, in
which cytochalasin D, also known as zygosporin A and lygosporin A, is a bactericidal,
antitumoral, antifungal and phytotoxic agent that has been extensively studied with regard
to its ecological and biological significance (CAFEU et al., 2005; CHAPLA; BIASETTO;
ARAUJO, 2013; WAGENAAR et al., 2000; WEI et al., 2015).

Lastly, the endophytic D. anacardii, also known as Phomopsis anacardii in its
asexual form, is a filamentous fungus that produces 3-nitropropionic acid as major
metabolite. This compound, although a small molecule, displays a large range of
biological activities including nematicidal action, antibacterial activity against
Mycobacterium tuberculosis and neurotoxicity (BROWNELL et al., 2004,
CHOMCHEON et al., 2005; SCHWARZ et al., 2004).
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2nd Step - Quantification of Bioactive Compounds by GSD-based HNMR
guantification

Following the selection of the fungal strains and the bioactive compounds, an
OSMAC-DoE approach was applied for each fungus to systematically vary their growth
parameters and induce changes in the chemical outcome. The experimental design was
based on a complete factorial design, in which temperature, agitation and luminosity were
systematically varied in two different levels. After the incubation period, the same-sized
mycelia were vacuum filtered and the aqueous supernatant extracted with organic solvent
(ethyl acetate). The resulting organic extracts for all DOE experiments were evaporated
to dryness, weighted and submitted to *HNMR analysis according to the optimized
acquisition parameters.

The *HgNMR spectra for all three fungi revealed the high complexity of the
chemical data, as well as significant changes in the chemical profile according to the
OSMAC experimental conditions. Overall, F. oxysporum showed most characteristic
signals in the aliphatic (6 1-3) and highly deshielded aromatic (& 7-9) regions, while X.
cubensis and D. anacardii displayed high signal abundance on both the aromatic (5 6-7)
and olefinic spectral (5 4-6) regions.

After fingerprinting analysis, the targeted metabolites were evaluated in each
OSMAC-DoE experiment by an active search of their chemical shifts, signal multiplicity
and coupling constants. Moreover, for every experiment in which the chemical data
indicated the presence of the targeted metabolites, confirmation was performed by
2DNMR experiments, including connectivity studies by *CHSQC, **CHMBC, COSY
and TOCSY. For fusaric acid and cytochalasin D, found in F. oxysporum and X. cubensis,
respectively, the targeted chemical shifts were majorly isolated from the other signals,
whereas 3-NPA triplets from D. anacardii appeared completely convoluted. All tHNMR
spectra for the three fungi strains, assigned chemical shift tables of the bioactive
compounds and their connectivities are available at the Supplementary Materials as Table
SM4-SM6 and Figure SM12-SM15.

Following HNMR acquisition, GSD deconvolution algorithm were applied
providing the area of the signals related to the target metabolites. Manual integration was
also performed as a method comparison. For fusaric acid and cytochalasin D, the integrals
values between manual integration and GSD revealed no significant differences, given

that most of the chemical shifts were isolated or slightly convoluted (Figure 6.2).
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However, for 3-nitropropionic acid, the signals were completely convoluted and only with
GSD algorithm was possible to estimate the integral values (Figure 6.2). In this case, the
deconvolution was fundamental not only for the adjustment of areas values, but for
confirmation of metabolite, i.e., the assignment of multiplicity and coupling constants.
Figure 6.2 shows the results of both GSD algorithm (blue) and manual integration (red)
for all three strains. It is possible to observe that values obtained of GSD were similar
with manual integration data, in cases where the chemical shifts were isolated or partly,
and different in situation where presence of overlapped signals was prominent. All
individual GSD-deconvoluted peaks superimposed with the experimental spectrum are

available at the Supplementary Materials as Figures SM16-SM18.
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Figure 6.2. lllustration of the deconvolution protocol for the target chemical shifts of (A) cytochalasin D, (B) fusaric acid, (C) 3-nitropropionic
acid. The chemical shifts of the bioactive metabolites from the fungal *HNMR spectra are displayed in red. The deconvoluted GSD spectra are
shown in blue. The standard spectra for the targeted metabolites are demonstrated in black.

191



Quantification of the targeted metabolites was performed using the area values
provided by the GSD algorithm and was based on the comparison between the chemical
shifts from the analytes and the internal standard. We have also compared the GSD
method with two others consolidated *HNMR quantitative methodologies in order to
evaluate the improvements of the use of deconvolution-area values in the method’s
accuracy, selectivity and precision. The methodologies used for comparison were applied
for the three selected metabolites in every OSMAC-experiments and consisted on the
classical approach (1) using internal standard-based quantification and area values from
manual integration (IS-*HgNMR) (RUNDLOF et al., 2010) and (2) the Electronic
Reference To access In vivo Concentrations 2 (ERETIC2) tool available in Topspin
Bruker (ERETIC2-'HgNMR) (AKOKA; BARANTIN; TRIERWEILER, 1999; HONG
etal., 2013; WATANABE et al., 2016).

The quantification results using all tHNMR strategies have shown low standard
deviation between the replicates, which ensures the reproducibility between the sample
triplicates (Figure 6.3). However, for GSD-based *HNMR quantification, this high
reproducibility is particularly important given that all chemical shifts from the targeted
metabolites were deconvoluted and considered for quantification in every sample
replicate. Owing to the need for isolated signals for the manual integration quantification
method, the GSD deconvolution offers a greater benefit since that provides a larger
number of signals that can be used for quantification, which also increases the selectivity
of this strategy.

Chemical analysis of F. oxysporum and X. cubensis have shown that most chemical
shifts from the targeted analytes were isolated in the spectra, resulting in similar area
values by GSD and manual integration. Therefore, the results obtained by GSD-based
'HNMR quantification were similar to those obtained by IS-‘HgNMR and ERETIC2-
'HgNMR (Figure 6.3), often exhibiting the results that are the mean values of both
comparative methods. For D. anacardii, on the other hand, high signal coalescence
hampered accurate metabolite quantification by manual integration and ERETIC
approaches and only after GSD-deconvolution, the area values of 3-NPA were well-
adjusted for quantification (Figure 6.3). In this case, GSD-based *HNMR quantification
outperformed the others methods both in selectivity, due to the higher number of
quantified chemical shifts, accuracy and precision by the use of adjusted-area values,

allowing quantification of signals even in complex crude extracts.
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Figure 6.3. Quantified values of (a) fusaric acid in F. oxysporum, (b) cytochalasin D in

X. cubensis and (c) 3-nitropropionic acid in D. anacardii through the OSMAC-DoE

strategy. The results were divided according to the tTHNMR quantification methods: GSD-
based *HNMR quantification, 1S-'HgQNMR and ERETIC2-'HgNMR. The amount of

target metabolites was calculate as the mean value of the replicates (mg) + their standard
deviation. N/D (not detected) and N/A (not applied).
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The OSMAC-experiments of X. cubensis and D. anacardii have not displayed any
detected chemical shifts for the targeted metabolites in experiments conducted in high
temperature, indicating an absence of their production under this condition (Figure 6.3).
However, for D. anacardii, OSMAC-experiments carried out at 35°C displayed a small
production of cytochalasin D, which indicates the immense potential of these microbial
matrices to expand their metabolome according to the environmental conditions. The
GSD-based *HNMR quantification protocol was validated and the results of selectivity,
metabolite stability, precision, accuracy and linearity are showed in the Supplementary
Material, Figures SM19-SM21 and Table SM16. Moreover, quantification results of the
bioactive metabolites in all OSMAC experiments using different NMR methodologies
are detailed in the Supplementary Materials as Tables SM7-SM15.

31d Step - Optimization of Bioactive Compounds Production by OSMAC-DoE

After the application of the GSD-based *HNMR quantification, the last step of the
strategy was to use these results as a response in the OSMAC-DoE, aiming to evaluate in
which growth conditions occurs the highest up-regulation of the bioactive compounds.
For this procedure, a complete 23 factorial design were carried out using two different
responses (Table 6.3). The first used the mean value (in mg) of the crude extracts obtained
from each OSMAC-DoE experiment and contains information on the fungal growth, i.e.,
the overall up-regulation of “all compounds” in the same time. The second uses the purity
percentage value (metabolite content) of each target bioactive metabolites revealing in
each abiotic conditions their productions is optimized, regardless of the fungal growth
rate.

Statistical analysis of DoE strategies using both datasets revealed that the variables
contributed in different ways for the metabolic production and fungal growth, displaying
unique interactions to increase targeted and untargeted chemical production. For X.
cubensis, complete factorial planning revealed that only temperature was significant to
increase both fungal growth and cytochalasin D up-regulation (Table 6.4) and that neither
luminosity and agitation influenced the chemical response. The optimized condition for
the cytochalasin D production was set at 25°C, reaching 26% of total amount of the crude

extract.
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F. oxysporum X. cubensis D. anacardii

DoE 3 ¢ p
Exp Extract F A. Extract C D Extract NP_A purity
(mg) purity (%) (mg) purity (%) (mg) puor/cl);y %)
1 65.3 40.56 76.8 0 67.2 (0 2.23
2 130.5 27.09 50.1 0 53 0 5.92
3 98.43 15.69 111.8 0 16.3 0 0.77
4 159.3 26.64 44.8 0 24.9 0 0.88
5 32.2 7.43 159.2 20.05 62.7 3329 0
6 17.6 13.78 247.6 8.25 72 1992 0
7 15.8 26.47 307.2 17.28 17.2 1.66 0
8 454 7.67 328.4 26.01 6.7 3.10 0

Table 6.3. The results of the OSMAC-DoE experiments for F. oxysporum, X. cubensis
and D. anacardii. Each fungus presents a data set with mean value (in mg) of the crude
extracts and a percentage purity value (%) of the target bioactive metabolites obtained

from the crude extracts. F.A.: Fusaric acid; C. D: cytochalasin D;

For D. anacardii, DoE analysis revealed that only the presence of agitation was
significant to vary the comprehensive metabolite production and that temperature and
luminosity only slightly influenced the chemical outcome. Nonetheless, for the targeted
up-regulation of 3-NPA, the presence of agitation was not the only effect that increased
its induction and that temperature was also important for the metabolite enhancement.
The optimized condition for the production of this compound was 110 rpm and 25 °C,
increasing the bioactive metabolite production by up to 33% of amount of extract (critical
t values of 9.33 at 95% confidence level, Table 6.4).

For F. oxysporum, the OSMAC-DoE results were antagonistic between total
metabolic production and fusaric acid up-regulation because some effects that positively
influence untargeted metabolic production negatively influence fusaric acid up-
regulation. On one hand, the presence of agitation and higher levels of temperature
increased the overall metabolite production (Table 6.4). On the other, although higher
levels of temperature also contributes to fusaric acid production, the absence of agitation

and luminosity were important abiotic conditions for this compound regulation,
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increasing fusaric acid production in more than 30% at a dark and room temperature static

growth,
F. oxysporum X. cubensis D. anacardii
OSMAC-DoE Extracts F. A. Extracts C.D Extracts 3-NPA
(mg) purity (%) (mg) purity (%)  (mg) purity (%)
Exp. variance 263.06 87.58 1683.23 14.64 59.04 22.60
Exp. error 16.21 9.35 41.02 3.82 7.68 4.75
Effect variance 131.53 43.79 841.61 7.32 29.52 11.30
Effect error 11.46 6.17 29.01 2.70 5.43 3.36
Critical t value 31.84 18.3 80.54 7.51 15.08 9.33
Significant T(+), A- T(+), L-T(-), T(-), T-A(-),
T(-) T(-) A(+)
effects T(+) A-L (+) A(+)

Table 6.4. Statistical results of OSMAC-DoE. Critical values of Student's t distribution
at a 95% confidence level and 4 degrees of freedom is 2.776. Significant effects and their
respective level of low (-) or high (+) are displayed as temperature (T), agitation (A) and
luminosity (L). F.A.: Fusaric Acid; C. D: cytochalasin D.

The Figure 6.4 summarizes the influence of abiotic factors on global chemical
behavior of three strains. For OSMAC-DoE performed using the raw-extract, temperature
was the most important variable for the enhancement of global metabolic production for
X. cubensis and F. oxysporum, reaching an increase in 3 and 4-fold at 25°C, respectively
(Figure 6.4A). Similarly, agitation was particularly important for D. anacardii, playing
only a minor role in fungal growth for both X. cubensis and F. oxysporum. At 110 rpm,
Diaporthe increased its metabolite production in up to 3-fold. Overall, luminosity was
not a significant variable in none of the selected species, exhibiting similar chemical
outcomes in low and high levels.

Contrarily, the evaluation of DoE results using the percentage purity value of the
targeted metabolites as response (Figure 6.4B) showed that all abiotic parameters played
an significant role in all fungi. Temperature was still the most important abiotic parameter
in all species, inducing the highest metabolic production at room temperature. At 25 °C,
we observed a significant increase in production of all bioactive metabolites, in which
cytochalasin D, fusaric acid and 3-NPA exhibited 17, 27 and 14% of purity, respectively.
Agitation was also found to statistically increase bioactive metabolite production in F.

196



oxysporum and D. anacardii, displaying particularly important results for 3-NPA
production, increased by 13-fold at 110 rpm. Although cytochalasin D was not
statistically influenced by agitation, there was a tendency towards up-regulation of this
compound at static growth. Lastly, despite not statistically significant, luminosity also
revealed a tendency towards a higher metabolic induction in the lower level of luminosity
for all selected metabolites, displaying up-regulated purity of these compounds in the
absence of light.
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Figure 6.4. Effects analysis for the OSMAC-DoE 22 complete factorial design. (A) effect
of luminosity, temperature and agitation on amount of global metabolites (extracts in
mg); (B) effect of luminosity, temperature and agitation on production of target
metabolites, regardless of the fungal growth rate. The graphs show the variation in the
chemical response between the mean values of all the variable at low and high levels.
Steepness of the lines indicates the strength of the relationship.
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4. Conclusion

The combination of OSMAC and DoE increased the production of the targeted
metabolites in only 8 experiments, regulating both overall metabolic production and the
percentage of these bioactive compounds in raw extracts. The use of different datasets for
the DoE response was a key step to obtain a comprehensive enhancement of these
compounds and revealed that the abiotic parameters contributed in different ways for the
metabolic production, sometimes displaying different interactions to increase the fungal
growth and to up-regulate the targeted metabolites.

The OSMAC-Doe results show that the abiotic factors played a specific and
essential role on metabolite regulation. For the evaluation of the overall fungal metabolic
production (fungal growth), temperature was determinant for X. cubensis and F.
oxysporum, while for D. anacardii, agitation influenced the higher growth. On the other
hand, to increase the content of the targeted metabolites, all the variables influenced
equally in all three fungi, displaying unique interactions according to the biosynthetic
pathway of the bioactive compounds.

The use of Global Spectral Deconvolution (GSD) was fundamental as it allowed
for the selective suppression of undesirable signals and allowed the precise extraction of
the NMR integrals even in regions where the signals of the target compounds were
overlapped with other resonances. In addition, the GSD-based *HNMR quantification was
not only reproducible for all species, but also exhibited validated results that were often
more selective and accuracy than comparative methods. For highly coalesced chemical
shifts, GSD-based *HNMR quantification proved to be unique, allowing the robust and
rapid measurement of convoluted signals directly in complex natural matrices.

Although often used to increase fungal growth, to these date, only few reports
have indicated the use of OSMAC as a tool to optimize a particular biosynthetic pathway
(HEWAGE et al., 2014; LIU et al., 2016). Furthermore, this is the first time the integration
of OSMAC and deconvolution-based *HqNMR has been described and has proved to be
an excellent strategy to improve and monitor bioactive metabolic production in microbial
cultures and can be applied to any fungal and bacterial, as long as careful considerations
are given for the experimental procedure. For example, the selection of the microbial
species and target compounds, the growth variables for the OSMAC experimental design
and the *HNMR quantification parameters (deuterated solvent, internal standard and

acquisition method) are critical for a successful response.
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FINAL CONSIDERATIONS — DISCUSSION AND CONCLUSION

Microbial secondary metabolite can be described as the future for the drug
discovery programs. Even with the problems related to unlocked genomes and
unculturable strains, these plant-associated fungi were capable of producing extremely
diverse chemical structures found on extensive and still little explores microbial
populations, being an unlimited source of complex and biologically active structures.

However advantageous, some difficulties in both the analytical and
microbiological fronts still hampers chemical and biological interpretation. While the
metabolite screening in monocultures tend to produce chemically poorer profiles and the
identification of the same known metabolites, the analytical issues includes matrix
complexity and the difficulties in identifying minor metabolites directly in these complex
matrices.

To overcome the analytical difficulties in the identification and detection of
metabolites in microbial matrices, dereplication has shown to be a rapid strategy to
identify known secondary metabolites, minimizing time, effort, and cost. In these
methodology, the best way to obtain a comprehensive analysis of the metabolome is by
the combination of analytical platforms, such as mass spectrometry (LC- and GC-MS),
capillary electrophoresis (CE), infrared (IR), UV spectroscopy, and NMR spectroscopy.

Among the analytical techniques, HPTLC was a powerful tool for chemical
fingerprinting analysis and presents several advantages, such as short measuring time,
relatively low cost, high signal robustness, the use of different derivatization methods and
fast isolation directly from the plate. Although presenting some major limitations, such
as low sensibility and the absence of information over the chemical structures, the use of
high performance plates, automatic processes for application and development, and the
possibility of plate conversion by new software has increased the use of this technique,
providing reproducible results for exploratory and untargeted analysis.

Considering metabolites coverage, sensitivity and resolution, NMR and MS
methodologies are currently the most popular methods for both targeted and untargeted
metabolomics and are complementarily used to obtain detailed chemical information on
the biological system.

On one hand, NMR provides a highly reproducible and non-destructive analysis with
minimal sample preparation, enabling the detailed elucidation of wide range of metabolic

groups, including unknown compounds, isomers and compounds difficult to ionize or
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derivatize for MS. However, the difficulty of NMR to be hyphenated with
chromatographic introductory systems and relative low-sensitivity has made this
technique most used to the analysis of only most abundant secondary metabolites, which
can be confirmed by the application of bidimensional techniques and deconvolution tools.

On the other hand, mass spectrometry offers high sensitivity and resolution with
structure information deduced from accurate mass, fragmentation patterns or isotope
distribution. If combined to different separation techniques, such as liquid or gas
chromatography, this technique provides information over major and minor compounds
in complex matrices, enabling a comprehensive analysis of the metabolome.

Regardless of the methods, one common difficulty is the evaluation of microbial
profiles is the lack of robust databases that contains spectroscopic and spectrometric
information of the secondary metabolites produced by microorganism. In this sense, the
development of an in-house database was a crucial step for molecular elucidation by
comparison of experimental data with predicted or reference chemical data.

Other than the combination of analytical techniques for the screening of secondary
metabolites, other strategies could also be used to reduce complexity before and after the
chemical analysis. For instance, prior to the analytical evaluation, micro-fractionation
could be performed in microscale, in function of their polarity, allowing the identification
of minor compounds and metabolites previously undetected in raw extract. Moreover, the
evaluation of the fractions by preliminary biological activity can help the selection of
fractions that shows promising results.

After the application of the analytical techniques for the screening of compounds,
computational tools could also help the chemical interpretation. This strategies include
the use of deconvolution tools, such as Statistical Total Correlation Spectroscopy
(STOCSY) and Global Spectral Deconvolution (GSD), the application of statistical and
pattern recognition algorithms, such as design of experiments and MS/MS Molecular
Networking, and the use of both supervised and unsupervised chemometric analysis,
presenting an unbiased evaluation of the metabolome, as well as statistical correlation of
the chemical and biological data.

Although the application of analytical techniques and computational tools represent
successful methodologies to increase the detection and identification of secondary
metabolites, the issues related to cryptic genome can only be overcome by the use of
genomic and post-genomic strategies to increase the chemical diversity obtained by one
single microbial source. Over the last decade, these post-genomic strategies has been used
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to increase the production of known metabolites and induction of novel chemical
structures.

In co-culture experiments, studies have shown an increase in the production of
bioactive known structures, as well as the induction of novel compounds not produced in
axenic cultures. For each fungus species, different chemical and biological responses can
be obtained according to the competitive species, providing unlimited biosynthetic
possibilities. If the study targets the identification of antimicrobial compounds, the use
of solid media can help the selection of pairs that display antagonistic behavior, given
solid media allows rapid fungal growth, rapid visualization of morphological changes and
the separate extraction of important regions.

Contrarily to co-culture, One Strain, Many Compounds (OSMAC) strategy is more
extensively applied to increase the production of known compounds. In this strategy, the
combination with design of experiments can enhance the production of these targeted
compounds in few experiments statistically revealing the abiotic parameters that
contributed for the metabolic production.

Overall, it is necessary the combination of post-genomic strategies, state-of-the-art
analytical techniques and the use of computational and statistical tools for the
comprehensive analysis of the microbial metabolome. The selection of the best
methodologies needs to be based on a careful evaluation of the chemical profile, a
literature search over the available chemical, genomic and biological information of the
selected species, as well as the purpose of study and the expected outcomes. Often, only
by the combination of organic chemistry, analytical analysis, microbiology and statistics,
we can obtain the best and most comprehensive results, being fundamental that these

fields work without distinction in an integrative and unique manner.
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Figure SM1. Tumor cell cytotoxicity assay of fungal extracts; Evaluation of HCT116
colorectal cancer cells after 72 hours of incubation by the MTT test. Subtitles: (5) F.
solani CSP-5b, (10) F. oxysporum CSP-R18, (13) F. oxysporum CSP-19b.

Growth inhibition (%)

Table SM1. Preliminary Biological Assays of fungal extract of Fusarium species isolated
from the rhizosphere of S. spectabilis. Bioautography of Cladosporium cladosporioides
and C. Sphaerospermum and Acetylcholinesterase Inhibition assay.

Samples Antifungal Assay Acetylcholinesterase
P C. cladosporioides  C. sphaerospermum Inhibition
0.01-0.48*** - Origin-0.24***
CSP-R18-1 0.52-0.57** 060344?62473* 0.27-0.48*
0.67-0.74* ' ' 0.66-0.78*
- ek Origin-0.22** i ek
CSP-R18-2 Origin-0.48 0.99-0 33%** Origin-0.36
0.07-0.26*** 0.38-0.51***
. *kk
CSP-19b 060465_063709** 0.31%, 0.52-0.56***
' ' 0.43-0.54*** 0.61-0.69***
0.23-0.37*
0.13-0.61*** 0.06-0.30***
CSP-5b - 0.51-0.56*** e
0.71-0.80 0.57-0.62* 0.61-0.69
+ standard origin *** origin*** origin***

Legend: Samples F. solani CSP-5b and F. oxysporum CSP-R18 were eluted with
CHCI3:MeOH (90:5); Sample F. oxysporum CSP-19b was eluted with AcCOET:Hex
(90:10). Activities: *low, **moderate, *** high***,
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Table SM2. Genetic sequences of Fusarium species isolated from the rhizosphere of S.

spectabilis.

CSP

Sequence

Genetic

i 0,
identification Identity (%)

Access
number

5b

R18

19b

TCCCCCACTCCCACCACCACCCCAACGCCTCCACCCCTCTTCGCTT
CCAACCCTCCGGAGGTGACCTGCGGACGAATATGATCAGAGGAA
GATCTGTTTCTATAATGTTTTTTCTGAGTAAACAAGCAAATAAAT
CAAAACTTTCAACAACGGATCTCTTGGCTCTGGCATCGATGAAGA
ACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTG
AATCATCGAATCTTTGAACGCACATTGCGCCCGCCAGTATTCTGG
CGGGCATGCCTGTTCGAGCGTCATTACAACCCTCAGGCCCCCGGG
TCTGGCGTTGGGGATCGGCGGAAGCCCCCTGTGGGCACAACGCC
GTCCCCCAAATACAGTGGCGGTCCCGCCGCAGCTTCCATTGCGTA
GTAGCTAACACCTCGCAACTGGAGAGCGGCGCGGCCACGCCGTA
AAACACCCAACTTCTGAATGTTGACCTCGAATCAGGTAGGAATA
CCCGCTGAACTTAAGCATATCATGAGCGGGGAAAGAAAGTATAT
G
GAACCTCCATCAAACGGTAGGAGGTGACCTGCGGAGAATATCAA
TCAGCGGAGGACCCGTCCCGAGGAAAACGGGACGGCCCGCCAGA
GGACCCCTAAACTCTGTTTCTATATGTAACTTCTGAGTAAAACCA
TAAATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGGCAT
CGATGAAGAACGCAGCAAAATGCGATAAGTAATGTGAATTGCAG
AATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCGCCA
GTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCCTCAA
GCACAGCTTGGTGTTGGGACTCGCGTTAATTCGCGTTCCTCAAAT
TGATTGGCGGTCACGTCGAGCTTCCATAGCGTAGTAGTAAAACCC
TCGTTACTGGTAATCGTCGCGGCCACGCCGTTAAACCCCAACTTC
TGAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTTAA
GCATATCAATAAGGCGGAGGAA
GCCAATGCGGTAAGTTCGTCGTAGGTGACCTGCGGAGGACATAT
CAATAAGCGGAGGATCCGTCCGCGAGGTGACCTGACGGCCCCCC
AGAGGACCCCTAAACTCTGTTTCTATATGTAACTTCTGAGTAAAA
CCATAAATAAATCAAAACTTTCAACAACGGATCTCTTGGTTCTGG
CATCGATGAAGAACGCAGCAAAATGCGATAAGTAATGTGAATTG
CAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCG
CCAGTATTCTGGCGGGCATGCCTGTTCGAGCGTCATTTCAACCCT
CAAGCACAGCTTGGTGTTGGGACTCGCGTTAATTCGCGTTCCTCA
AATTGATTGGCGGTCACGTCGAGCTTCCATAGCGTAGTAGTAAAA
CCCTCGTTACTGGTAATCGTCGCGGCCACGCCGTTAAACCCCAAC
TTCTGAATGTTGACCTCGGATCAGGTAGGAATACCCGCTGAACTT
AAGCATATCAATAAGCGGAGGAA

Fusarium solani 99
F .
usarium 99
oxysporum
Fusarium
oxysporum f. sp. 99

melonis

JX435189.1

KP230811.1

LC055797.1
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Figure SM2. One-dimensional TOCSY of F. oxysporum crude extract: (A) aliphatic
fusaric acid chain, irradiation at 60.86 (t, 3H, J 7.0 Hz); (B) aromatic portion of the
methylphenylalanine residue of beauvericin, irradiation at 67.16 (m); (C) hydroxy-
isovalerate residue of beauvericin, irradiation at 60.15 (d, 3H, J 6.9 Hz); (D) aliphatic
portion of the methylphenylalanine of beauvericin, irradiation at & 5.70 (dd, 1H, J 12.7

and 4.5 Hz).
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Retention time (min)

Figure SM3. Chromatograms of F. oxysporum CSP-R18 at 254 nm. Experiments were
carried out with the use of a basic modifier (0.1% of triethylamine). For this four
experiments, we have varied the flow of the mobile phase and the organic solvent
gradient.
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Figure SM4. Linear Regression graph of (A) Carbon number x Retention time (min); (B)
Retention time (min) x Linear retention indices (LRI). Figure SM4 A shows the plot of
retention times for all injected hydrocarbons, while Figure SM4 B shows retention times
(TR) versus LRI. Both display a satisfactory linear response (R2 of 0.9851 and 0.9845,
respectively).

100 y = 2.6633x - 17.985 4500 y = 35.603x + 644.2
80 55 o
- 0
o Cud
60 ...“..,.99' = 2500 .5.."..6.1#
40 ‘.'g?-.- — 2000 ‘.......'b
.”' 1500 . ’._o-"
20 &7 1000 = o
i 500
0 0
10 20 30 40 50 0,00 20,00 40,00 60,00 80,00 100,00
N. of Carbons * Retention time (min)

234



CHAPTER 3. DEREPLICATION BY MS/MS MOLECULAR NETWORING -
SELECTION OF BIOLOGICALLY PROMISING FRACTIONS AND
IDENTIFICATION OF MAJOR AND MINOR SECONDARY METABOLITES

Article title: MS/MS Molecular Networking Analysis of Fusarium species — evaluation
of metabolic dynamics and dereplication of bioactive secondary metabolites

Authors: Denise M. Selegato?, lan Castro-Gamboa®*

Journal: Planta Medica.

Status: Unpublished.

Affiliations:

2 Nuclei of Bioassays, Ecophysiology and Biosynthesis of Natural Products (NuBBE),
Sédo Paulo State University (UNESP) — Araraquara, SP, Brazil.

b NPPNS, Faculdade de Ciéncias Farmacéuticas de Ribeirdo Preto, Universidade de Sdo
Paulo (USP), Ribeirdo Preto, Sao Preto, Brasil.

235



Figure SM5. Total lon Chromatogram of fungal fractions from (A) F. oxysporum CSP-
19b; (B) F. solani CSP-5b; (C) F. oxysporum CSP-R18.

IIEnt:E:LSJ] CSP19B_20_2_1-12 01 8%01.d
"1 (A) csP-19b
20%MeOH
10004
500

[i :lb ZIU 3:) 4ID 5;3 Gb Time [min]
Intens, CSP19B_40_2_1-13_01_8902.d

A1 (A) CSP-19b
0] 40%MeOH

1000
500
D-M”N
d '1'0_ ZIO 3b 4;0 Sb Sb Time [min]
Intens, CSP19E_60_1-14_01_8386.d
[mAL]
2000] (A) CSP-19b .
60%MeOH Contamjnantes do
15001 e(
1000
5004
i} i
[i L ZID 3b 41IJ Sb sb Time [min]
Intens. 4 CSP19B_80_1-15_01_8887.d
[maAL]
(A) CSP-19b

300 80%MeOH

200
1001
o
[i lb ZIU 3b 4IO 5;3 Gb Time [min]
Intens. 1 CSP19B_100_1-16_01_8888.d
[maAU]
] (R)CSP-19b
100%MeOH

0 10 20 0 10 50 60  Time [min]

236



Intens.
[mAL]
x105

(B) CSP-5b
20%MeOH

50 60 Time [min]

(B) CSP-5b
40%MeOH

10 20 30 40 50 60 Time [min]

Intens.
[mAL]
2500

1500

1000

500

(B) CSP-5b
60%MeOH

10 Y 30 P 50 6 Tme [min]

Intens.
[mAL]
300

600

400

200

CSPSE_80_1-5_01_8875.d
(B) CSP-5b
80%MeOH

10 0 D 0 50 60 Time [min]

Intens.
[maAL]

CSP5B_100_1-6_01_8876.d

(B) CSP-5b
100%MeOH

10 20 30 40 50 &0 Time [min]

237




Intens.
[mAU]

1500

1000

500

Intens.
%108

1.5

1.0

0.51

0.04,

Intens. |

[mAL]

600

CSPR18_20_2_1-7_01_8397.d
(C) CSP-R18
20%MeOH
7
0 10 20 30 40 50 50 Time [min]
CSPR18_40_2_16_01_8898.d
(C) CSP-R18
40%MeOH
W T,
0 10 20 30 20 50 &0 Time [min]
CSPR15_60_2_1-9_01_8899.d
(C) CSP-R18
60%MeOH

TN~

Sb Gb Time [min]

Intens.
[mAU]

1500

1000

500

Intens.

[mALT |

1504
1004

504

C5PR18_80_1-10_01_8881.d
(C) CSP-R18
80%MeOH
[i i ZIU 3iJ 4|0 Sb Gb Time [min]
C5PR18_100_1-11_01_sss2.d
(C) CSP-R18

100%MeOH

0 10 20 30 20 50 &0 Time [min]

238



Figure SM6. (A) TLC plate from fungal extracts after development in mobile phase
AcOEt:Hex (9:1); (B) TLC plate from fungal extracts after development in mobile phase
CHCI3:MeOH (95:5). Selected fungi were coded as 5, 10 and 13 for F. solani CSP-5b, F.
oxysporum CSP-R18 and F. oxysporum CSP-19b, respectively.
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Figure SM7. TLC nplate results for the bioautography of (A) Cladosporium
cladosporioides and (B) C. sphaerospermum; and the TLC plate for the
acetylcholinesterase inhibition assay. Fungal fractions are coded as (1) CSP-5b 20%, (2)
CSP-5b 40%, (3) CSP-5b 60%, (4) CSP-5b 80%, (5) CSP-5b 100%; (6) CSP-19b 20%,
(7) CSP-19b 40%, (8) CSP-19b 60%, (9) CSP-19b 80%, (10) CSP-19b 100%, (11) CSP-
19b 20%, (12) CSP-19b 40%, (13) CSP-19b 60%, (14) CSP-19b 80%, (15) CSP-19b
100%, (F) Fisostigmin, (N) Nistatin.
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Figura SM8. Fragmentation mechanisms of beauvericin analogs found by MS/MS
Molecular Networking; (A) MSL1 spectra; m/z in red corresponds the ions selected for
fragmentation; (B) Tandem mass spectra (MS2) of the selected ions. All the mechanisms

were proposed by the author.
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Figure SM9. Co-culture experiments of (A) A. alternata/F. oxysporum and (B) D.
eres/F. oxysporum on day 4 and day 12. On day 4, A. alternata/F. oxysporum displayed
a distance-inhibition while D. eres/F. oxysporum showed a zone line. On day 12,
however, F. oxysporum overcame the inhibition barrier, growing over the challenge fungi
in a overgrowth interaction.

(A)

(B)

LC-MS Analysis

Automated MS/AutoMS mode is commonly prioritized in the analysis of molecular
networking since it provides the simultaneous fragmentation of several ions in an extract.
In practice, this process ensures that most of the metabolites in a extract are detected and
fragmented in one single injection, decreasing the use of solvent and the analysis time.

LC-MS analysis was performed for all samples, including co-cultures, monocultures
and blank. LC analysis was carried out in a Shimadzo Class-LC 10 and Diodes Array
Detectors (DAD) with wavelength from 190 to 800 nm using the optimized method
described in Chapter 2. The column eluent was divided using a 5:1 splitter, with the
largest flow being directed to the DAD detector and the remainder to the mass
spectrometer. The MS/AutoMS mode was acquired in a Bruker AmaZon Speed at the
following parameters: nebulizer pressure 70 psi, drying gas flow 12.0 L min, drying gas
temperature 350 °C. The automatic mode was carried out with cycles for positive MS1
acquisition, followed by fragmentation of the two most intense ions (above > 1000
counts). Calibration was performed through addition of trifluoroacetic acid solution (Na-
TFA, 10 mg mL™) at the beginning and end of each chromatographic analysis.
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Figure SM10. (A) HPLC-DAD Data of single and monoculture of selected fungi.
Identification of induced secondary metabolites in Fusarium co-cultures. (B) HPLC-
DAD Data of single and monoculture of selected fungi. Identification of induced

secondary metabolites in Diaporthe co-cultures.
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Figure SM11. Stacked plot of *H Spectra of Czapek and fungal cultures. Signals from two compounds were identified from the Czapek medium:
Metabolite 1 at [85.37 (m), 62.27 (t, J 7.4 Hz), 562.02 (d, J 5.8 Hz), 51.60 (dt, J 14.5 and 7.2 Hz)] ; Metabolite 2 at [67.45 (dd, J 8.2 and 2.2 Hz),
87.22 (d,J 2.4 Hz, 1H), 86.95 (s), 65.80 (ddt, J 17.0, and 3.3 Hz), 84.99 (dd, J 3.7 and 1.8 Hz), 64.96 (dd, J 3.7 and 1.8 Hz) , 84.02 (¢, J 6.6 Hz),
82.81 (t,J 7.4 Hz), 82.56 (t,J 7.4 Hz), 62.04 (d, J 7.4 Hz), 50.89 (t, J 6.9 Hz).
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Fungi Genetic lIdentification

Table SM3. Gene sequence obtained from the genetic identification of endophytic and
rhizosphere fungi.

Samples

DNA Sequence

Access number

Fusarium
oxysporum

GAACCTCCATCAAACGGTAGGAGGTGACCTGCGG
AGAATATCAATCAGCGGAGGACCCGTCCCGAGGA
AAACGGGACGGCCCGCCAGAGGACCCCTAAACTC
TGTTTCTATATGTAACTTCTGAGTAAAACCATAAA
TAAATCAAAACTTTCAACAACGGATCTCTTGGTTC
TGGCATCGATGAAGAACGCAGCAAAATGCGATAA
GTAATGTGAATTGCAGAATTCAGTGAATCATCGA

ATCTTTGAACGCACATTGCGCCCGCCAGTATTCTG
GCGGGCATGCCTGTTCGAGCGTCATTTCAACCCTC
AAGCACAGCTTGGTGTTGGGACTCGCGTTAATTCG
CGTTCCTCAAATTGATTGGCGGTCACGTCGAGCTT
CCATAGCGTAGTAGTAAAACCCTCGTTACTGGTAA
TCGTCGCGGCCACGCCGTTAAACCCCAACTTCTGA
ATGTTGACCTCGGATCAGGTAGGAATACCCGCTG

AACTTAAGCATATCAATAAGGCGGAGGAA

KP230811.1

Diaporthe
anacardii

GAAGTAAAARTCGTAACAAGGTCTCCGTTGGTGA
ACCAGCGGAGGGATCATTGCTGGAACGCGCCCCT
GGCGCACCCAGAAACCCTTTGTGAACTTATACCTT
ACTGTTGCCTCGGCGCAGGCCGTCCCCTATGGGGT
CCCTTGGAGACAAGGAGCAGCCGGCCGGTGGCCA
AATTAACTCTGTTTTTACACTGTAACTCTGAGTAT
AAAACATAAATGAATCAAAACTTTCAACAACGGA
TCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGA
AATGCGATAAGTAATGTGAATTGCAGAATTCAGT
GAATCATCGAATCTTTGAACGCACATTGCGCCCTC
TGGTATTCCGGAGGGCATGCCTGTTCGAGCGTCAT
TTCAACCCTCAAGCCTGGCTTGGTGTTGGGGCACT
GCCTGTAAAAGGGCAGGCCCTGAAATATAGTGGC
GAGCTCGCCAGGACTCCGAGCGTAGTAGTTAAAC
CCTCGCTTTGGAAGGCCTGGCGGTGCCCTGCCGTT
AAACCCCAACTTTTGAAAATTTGACCTCGGATCAG
GTAGGAATACCCGCTGAACTTAAGCATATC

NR_111841.1

Xylaria cubensis

strain CML 2843

alpha-actin gene,
partial cds

ACGAGTCCTTCTGGCCCATACCGATCATGA
TACTGAGGGGCACAAGTTAATCGACGGGCG
CCCATGGTCGCAGAGATAGCGATCAATGCA
TGCAGCAGGCACAAACTTACCCATGATGAC
GGGGACGACCGACAATGGACGCTATGAGCA
AAGGTCAGAAGACAAGTTGATGACGATGCA
ACGAGCCGCATCTTGGCGAGGCACAAGCGG
GGCTATCCGTTGGGCAAGGCTAGGGAGATA
AGACTTACGGAAAACAGCTCGGGGAGCATC
ATCACCGGCGAAACCGG

KY006658
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Bioactive metabolite elucidation

The elucidation of the selected bioactive metabolites fusaric acid, cytochalasin D and
nitropropionic acid from, respectively, F. oxysporum, X. cubensis and D. anacardii were
conducted by one and two-dimensional NMR on a Bruker Ascend 11l of 14.09 Tesla
(600.12 MHz to hydrogen frequency) spectrometer with cryo-probe technology (Bruker,
USA).

For 'H NMR acquisition, analysis parameters were TD 65k, NS 20, d1 2.00 s, SW 13
ppm, DS 4; and temperature: 295.2K. Saturation on the residual deuterated water signal,
at 64.902 (s, 2H) was performed by pre-saturation pulse sequence using composite pulse
(zgcppr, Bruker).

For HMBC and HSQC acquisition, analysis parameters were, respectively for *H (f2)
and 13C (f1), spectrometer frequency 600.13 and 150.91 MHz; TD 512 and 512; SW 13
and 230 ppm; NS 32; d1 2.0 s and temperature 295.2K. The long-range coupling constant
used for HMBC was 8.0 Hz. Pulse sequences used on 2D NMR analysis were (i) phase-
sensitive ge-2D multiplicity edited HSQC using PEP and adiabatic pulses with gradients
in back-inept (hsqcedetgpsisp2.4, Bruker) for *H-13C HSQC and (ii) phase-sensitive ge-
2D HMBC using a two-fold low-pass J-filter (hmbcetgpl3nd 2D, Bruker) for *H-1*C
HMBC.
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Figure SM12. Proton NMR Spectra of all factorial planning experiments of (A) F.
oxysporum, (B) X. cubensis and (C) D. anacardii.
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Fusaric acid elucidation in F. oxysporum

'H-NMR spectrum of F. oxysporum (600MHz) suggested the presence of seven

peaks (Table S2), displayed in the aromatic and aliphatic region. 1D-TOCSY revealed a
linear alkyl chain from H7 to H10, as well as an aromatic spin system at H3-H4, indicating
para-substituents in a pyridine ring. *H-3C-HMBC showed correlation between H7 and
the aromatic carbons C4, C5 and C6, indicating the presence of the previously determined
alkyl group in C-4.

Figure SM13. 'HNMR Spectra of F. oxysporum extract in DMSO-ds. Chemical shift at
85.42 (s, 2H, CHa, H-8) refers to IS benzyl benzoate.
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Table SM4. 'H e 3C chemical shifts, 'H-*H-COSY and *H-3C HMBC correlation of
fusaric acid identified and quantified from F. oxysporum.

3'H (600 MHz, DMSO) 313C (150 MHz2) HMBC  COSY
2 : 5144.60 - .
58.01 (dd, J 8.1 21.9 Hz,
3 . or) §124.72 c5 H4
,  7.80(dd, 38123 Hz, 1H, 13878 o1 co ”
CH)
5 ] $143.07 ] ]
6 58.61 (s, 1H, CH) 5147.86 C1 C4 ]
C3. C4,
7 62.74 (¢, é:)l Hz, 2H, 577.38 C5, C8, H8
2) c9
g ~01:38(m2H J81147, 532.76 C9,C10  H7,H9
CH>),
o SL64(M IT.7147,2H, 2162 C8.C10 B H10
CH>),
10 §0.96 (t, J 7.7 Hz, 3H CHa) 512.92 C8. C9 Ho
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Nitropropionic acid elucidation in D. anacardii extract

Nitropropionic acid displays only two *H-NMR signals at 2,92 (t, J 6.0 Hz, 2H,
CH,) and 84.67 (t, J 6.0 Hz, 2H, CHy), that correlated among themselves and the sp?
carbon on C-1 (Table S3).

Figure SM14. D. anacardii extract in MeOD-d4. Chemical shift at 65.316 (s, 2H, CHo,
H-8) refers to IS benzyl benzoate.
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Table SM5. 'H e 3C chemical shifts, *H-!H-COSY and H-*C HMBC correlation of
nitropropionic acid identified and quantified from D. anacardii.

8'H (600 MHz, 8°C (150 MHz,
DMSO) DMSO) HMBC oSy
1 . 5174.31 - -
5 02.92 (t,J 6.0 Hz, 2H, $30.20 C1, C3 C3
CH>)
5 4.67 (t, J 6.0 Hz, :
3 ) 569.55 C1; C2 c2

Cytochalasin D elucidation in X. cubenses and D. anacardii extract

Cytochalasin D *H-NMR spectrum (600MHz) revealed peaks at the aromatic,
olefinic and aliphatic NMR regions, with several second order signals. HMBC correlation
showed a benzyl group correlated to H3 and H6 signals from olefinic hydrogens bonded
in a macrocycle, as well as several other correlations displayed at Table S4.
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Table SM6. H e 3C Chemical shifts, *H-'H-COSY and *H-3C HMBC correlation of
cytochalasin D identified and quantified from X. cubensis and D. anacardii.

313C (150
'H (600 MHz, MeOD) MHz, HMBC COSY
MeOD)
1 - 0176.6 - -
2 - - - -
3 53.28 (m) §55.2 Cl1; C5; C4; CI’ H4
4 52.17 (m) 549.6 cL C5;Ccélo; €% hams
5 52.61 (m) 533.4 C4; C11; C12 H4
6 - 6150.9 - -
7 63.70 (d; 10.4 Hz) 672.3 C5; C12; C13 H8
8 52.86 (m) 047.8 Cl1;C6; C7;C21 H7; H13
9 - 654.9 - -
100 82.71 (m) 544.9 C2’¢ 6”; C17; C4; H3
10p 52.88 (m) C3
11 50.50 (d: 6.8 Hz) 513.5 C5: C4; C6 H5
120 54.93 (s) . H5
125 3512 (9 5113.7 C5: C6; C7
13 85.49 (dd; 9.8; 15.7 Hz) 6131.8 C15; C8; C7 H8
14 85.23 (m) 0134.5 C15; C8 HI15pB
s C22; C16: C13;
15a 62.33 (dd; 5.0; 13.0 Hz) 539.4 C17 H14
158 62.37 (m) C16; C13; C17 H16; H14
16 52.82 (m) 543.4 C15; C17 H22; H15B
17 - 5211.7 - -
18 - 879.3 - -
19 55.18 (d; 2.5 Hz) 5128.9 C20; C21 *
20 65.92 (dd; 2.5; 5.9 Hz) 01334 C21; C18; C19 H19
_ C4; C3; C19; *
21 65.37 (t; 2.5 Hz) 678.2 C20: C24
22 61.26 (d; 6.8 Hz) 619.7 C15; C16; C17 H16
23 51.43 (3) 524.6 C19; C17 *
24 - 5171.8 - -
25 52.24 (s) 520.6 C21; C24 i
1° - 6138.4 - -
2 6," 57.14 (d; 8.1 Hz) 5130.9 C10; C4’ H3’/H5’
35,e §7.56 (t; 7.5 Hz, 1H, CH) 5129.6 cl’ H2’/H6’
4  §7.34(t; 7.5 Hz, 1H, CH) 5127.9 C2°/C6’ *
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Figure SM15. NMR Spectrum of X. cubensis extract in MeOD-ds. Chemical shift at
85.31(s, 2H, CHa, H-8) refers to IS benzyl benzoate.
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GSD Deconvolution of HgNMR data

Figure SM16. Individual GSD-deconvoluted peaks superimposed with the experimental spectrum of all factorial planning experiments from F.
oxysporum (Exp. 1-8).
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Figure SM17. Individual GSD-deconvoluted peaks superimposed with the experimental spectrum of all factorial planning experiments from X.

cubensis (Exp. 1-8).
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Figure SM18. Individual GSD-deconvoluted peaks superimposed with the experimental spectrum of all factorial planning experiments from D.

anacardii (Exp. 1-8).
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IHNMR Quantification

Table SM7. GSD-'HgNMR results of fusaric acid found in F. oxysporum extracts.

Fusaric acid per Average Purit Fusaric
Exp. ppm Area No. H tube (mg)ID (mg)g Sb %y acid/extract (mg)
8.613 2.130 1 1.184
5.421 2.153 2 -
1 1.644 3.412 2 0.948 1.069 0.195 40.560 26.486
1.377 3.108 2 0.863
0.976 6.909 3 1.280
8.613 2.115 1 1415
5.421 1.909 2 -
2 1.644 3.390 2 1.134 1.220 0.214 27.096 35.361
1.377 2.864 2 0.958
0.976 6.154 3 1.372
8.613 0.569 1 0.251
5.421 2.744 2 -
3 1.644 1.116 2 0.246 0.272 0.031 15.699 15.452
1.377 1.266 2 0.279
0.976 2.128 3 0.313
8.613 1.870 1 1.015
5.421 2.303 2
4 1.644 2.935 2 0.797 0.872 0.162 26.641 42.439
1.377 2.502 2 0.679
0.976 5.511 3 0.997
8.613 0.432 1 0.265
5.421 2.188 2 -
5 1.644 0.888 2 0.273 0.287 0.032 7.491 2.412
1.370 0.909 3 0.279
0.976 1.580 3 0.324
8.613 0.786 1 0.483
5.421 1.948 2
6 1.644 1.652 2 0.507 0.516 0.109 13.782 2.426
1.377 1.329 2 0.408
0.976 3.258 3 0.667
8.613 1.692 1 1.156
5.421 1.791 2 -
7 1.644 2.660 0.908 1.159 0.005 30.818 4.869
1.377 2.217 2 0.757
0.976 5.109 3 1.163
8.613 0.570 1 0.819
8 0.933 0.095 7.679 3.486
5.421 0.861 2
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1.644 1.262 2 0.906
1.377 1.337 2 0.960
0.976 2.183 3 1.045

* No. H. = number of hydrogen.

Table SM8. IS-'HqQNMR results of fusaric acid found in F. oxysporum extracts.

Fusaric acid per Average Purity Fusaric acid/extract

Exp. ppm Area N.H. tube (mg) (mg) SD % (mg)
096 5.630 3 1.213
1.38 3.882 2 1.254

1 164  3.83 2 1.228 1.266  0.071 48.084 31.399
542 1.852 2 -
8.61 2124 1 1.370
0.96 7.883 3 2.008

2 542 1.678 2 - 1.898 0.154 42.186 55.052
8.61 2.348 1 1.789
542  2.487 2 -

3 0.331 - 19.133 18.832
8.61 0.681 1 0.331
0.96 6.262 3 1.284
274 4144 2 1.274

4 1.257 0.038 38.424 23.879
542 2.036 2 -
8.61 1.976 1 1.213
542 1.982 2 -

5 0.400 - 10.446 3.363
8.61 0.595 1 0.400
096 3.442 3 0.788
164 2.033 2 0.697

6 274  1.793 2 0.615 0.697 0.070 18.614 3.276
542 1.740 2 -
8.61 1.000 1 0.687
164 3578 2 1.223
2.74 3.678 2 1.282

7 1282  0.059 34.094 5.386
542 1.759 2 -
8.61 1.926 1 1.341
542 0.746 2 -

8 1.487 - 12.247 5.560
8.61 0.898 1 1.487

* No. H. = number of hydrogen.
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Table SM9. ERETIC2-"HqQNMR results of fusaric acid found in F oxysporum extracts.

Fusaric acid  Average Purit Fusaric
Exp. ppm N.H per tube (mg) (mg)g SD %y acid/extract (mg)
8.612 1 0.770
2.754 2 0.732
1 1.643 2 0.675 0.730  0.050 27.705 18.092
1.382 2 0.685
0.959 3 0.787
8.613 1 1.081
2.740 2 1.143
2 1.647 2 1.056 1.131 0.068 25.136 32.802
1.378 2 1.231
0.972 3 1.147
8.548 1 0.242
3 2680 2 0.210 0.234 0.016 13.487 13.275
1.585 2 0.238
0.918 3 0.245
8.557 1 0.722
2.685 2 0.683
4 1.586 2 0.663 0.692 0.026 21.151 33.693
1.322 2 0.676
0.914 3 0.717
8.622 1 0.273
5 0.291 0.025 7.587 2.443
2.739 2 0.308
8.615 1 0.491
1.644 2 0.431
6 0.474 0.033 12.662 2.228
1.381 2 0.468
0.977 3 0.507
8.617 1 0.835
2.750 2 0.740
7 1.644 2 0.770 0.813 0.060 21.617 3.415
1.386 2 0.829
0.976 3 0.892
8 8.486 1 0.773 0.773 - 6.367 2.891

*No. H. = number of hydrogen.

276



Table SM10. GSD-"HqQNMR results of cytochalasin D found in X. cubensis extracts.

Cytochalasin

Cytochalasin

Exp. ppm Area N. H D per tube Average SD Purity D/experiment
mg ™ ) (mg)
1 5316  53.629 2 0.000 0.000 0.000 0.000
2 5316  56.262 2 0.000 0.000 0.000 0.000
3 5316  52.678 2 0.000 0.000 0.000 0.000
4 5316  55.689 2 0.000 0.000 0.000 0.000
0.500 72.786 3 0.816
5316  63.399 2 -
5 5360 25.775 1 0.867 0.900 0.087  20.051 31.921
5490  30.340 1 1.020
5920  26.628 1 0.895
0.500  25.453 3 0.285
5316  63.503 2 -
6 5.360 8.372 1 0.281 0.287 0.009 8.255 20.440
5.490 8.957 1 0.301
5.920 8.420 1 0.283
0.500  48.699 3 0.554
5316  62.444 2 -
7 5360  16.633 1 0.568 0.602 0.047 17.285 53.099
5490  18.730 1 0.639
5920  18.885 1 0.645
0.500 75.631 3 0.861
5316  62.444 2 -
8 5360 22.604 1 0.772 0.906 0.114  26.020 85.449
5490  30.261 1 1.033
5920  28.023 1 0.957

*No. H. = number of hydrogen.
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Table SM11. IS-'"HgNMR results of cytochalasin D found in X. cubensis extracts.

Cytochalasin Cytochalasin

Exp ppm Area N. H D per tube Average SD Purity D/experiment
(mg) %
(mg) (mg)
1 - - - - - - - -
2 - - - - - - - -
3 - - - - - - - -
4 - - - - - - - -
0.500 74.990 3 0.936
5.316 56.940 2 -
5 5.360 22.610 1 0.847 0.890 0.039 25.579 40.721
5.490 23.300 1 0.872
5.920 24.200 1 0.906
0.500 24.750 3 0.312
5.316 56.450 2 -
6 5.360 7.580 1 0.286 0.313 0.019 8.993 22.267
5.490 8.610 1 0.325
5.920 8.710 1 0.329
0.500 48.900 3 0.579
5.316 59.970 2 -
7 5.360 15.850 1 0.563 0.572 0.056 16.421 50.446
5.490 14.630 1 0.520
5.920 17.750 1 0.631
0.500 70.680 3 0.900
5.316 55.780 2 -
8 5.360 21.970 1 0.840 0.881 0.054 25.324 83.162
5.490 21.880 1 0.836
5.920 24.830 1 0.949

*No. H. = number of hydrogen.
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Table SM12. ERETIC2-"HqQNMR results of cytochalasin D found in X. cubensis extracts.

Exp. opm Cytochalasin N.of Average Cytochalasin D Purity CytthaIasin
D/tube (Mm) H (mM) D/tube (mg) %  D/experiment (mg)
1 - - - - - - - -
2 - - - - - - - -
3 - - - - - - - -
4 - - - - - - - -
0.500 1.390 3
5.316 1.621 2
5 5.360 1.331 1 1.301 0.462 0.074 13.279 21.140
5.490 1.223 1
5.920 1.264 1
0.500 1.155 3
5.316 1.815 2
6 5.360 1.067 1 1.109 0.394 0.036 11.324 28.038
5.490 1.108 1
5.920 1.123 1
0.500 1.794 3
5.316 2.252 2
7 5.360 1.745 1 1.814 0.645 0.202 18.521 56.897
5.490 1.873 1
5.920 1.843 1
0.500 2.866 3
5.316 3.646 2
8 5.360 2.632 1 4517 0.952 0.252 27.361 89.853
5.490 2.329 1
5.920 2.854 1

*No. H. = number of hydrogen.
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Table SM13. GSD-'HqNMR results of target metabolites found in D. anacardii extracts.
Exp. 1- 4 for cytochalasin D and Exp. 5-10 for nitropropionic acid.

Exp ppm Area N.of Metabolite  Average Purity /Z(E)Zarti)rc::atr?t
H /tube (mg) (mg) %
(mg)

5.367 1.060 1 0.078

1 5316 28.972 2 - 0.077 0.0005 2.231 1.499
0.5125 3.153 3 0.077
5.367 2.750 1 0.202

2 5316 28.990 2 - 0.206 0.005 5.923 3.139
0.5125 8.554 3 0.209
5.367 0.340 1 0.025

3 5316 28.729 2 - 0.026 0.001 0.770 0.125
0.5125 1.136 3 0.028
5367 0.412 1 0.030

4 5316 29.104 2 - 0.030 0.0009 0.885 0.220
0.5125 1.2904 3 0.031
5.316 28.201 2 -

> 2.901 126.724 2 1.194 1.158 0.049 33.296 20.877
4,627 134.65 2 1.123

6 5316 28.881 2 -
2901 80.213 2 0.692 0.693 0.001 19.925 14.346
4.627 80.000 2 0.694
5.316 27.459 2 -

! 2901 6.738 2 0.061 0.057 0.004 1.661 0.285
4.627 5.962 2 0.054
5316 28.396 2 -

8 2.901 11.057 2 0.097 0.108 0.015 3.109 0.208
4.627 13.519 2 0.119

*No. H. = number of hydrogen.
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Table SM14. IS-'HqNMR results of target metabolites found in D. anacardii extracts.
Exp. 1- 4 for cytochalasin D and Exp. 5-10 for nitropropionic acid.

Metabolite . Metabolite
N. Average Purity .
Exp. ppm Area per tube SD /experiment
H (mg) %
(mg) (mg)
5370 2964 3 0.089
1 5316 23782 2 - 0.086 0.003 2.480 1.666
0513 0937 1 0.084
5370 7.781 3 0.243
2 5316 22756 2 - 0.233 0.015 6.682 3.541
0513 2371 1 0.222
5370 0974 3 0.024
3 5316 28890 2 - 0.023 0.001 0.659 0.107
0513 0297 1 0.022
5370 1110 3 0.027
4 5316 29.164 2 - 0.026 0.002 0.745 0.186
0513 0340 1 0.025
5.316 180.851 2 -
5 3.539 - 101.690 63.759
2.901 28.669 2 3.539
5.316 106.028 2 -
6 2.451 70.425 50.706
2901 24270 2 2.451
5316 7.092 2 -
7 0.174 - 5.005 0.861
2901 22841 2 0.174
5316 14.193 2 -
8 0.336 - 9.668 0.648
2.901 23.665 2 0.336

*No. H. = number of hydrogen.
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Table SM15. ERETIC2-"HqQNMR results of target metabolites found in D. anacardii
extracts. Exp. 1- 4 for cytochalasin D and Exp. 5-10 for nitropropionic acid.

Exp. ppm N.H Metabolite Average SD Purity % Metabolite
per tube (mg) _ (mg) /experiment (mg)

1 B - - - - - -
2 B - - - - - -
3 B - - - - - -
4 B - - - - - -
5 5.316 2 -

2901 2 3539 3.539 - 77.347 48.497
6 5.316 2 -

2901 2 2 451 2.451 41.316 29.748
7 5.316 2 -

2901 2 0174 0.174 - 5.9476 1.023

316 2 -

° >319 0.336 - 6.283 0.421

2901 2 0.336
*No. H. = number of hydrogen.

IHgNMR Validation

Selectivity

All samples of F. oxysporum and X. cubensis showed at least one isolated signal on
the 3C-HSQC spectra, allowing the selective evaluation of compound concentration by
manual integration (IS-!HQNMR) and Electronic Reference To access In vivo
Concentrations 2 (ERETIC2) approaches. On the other hand, for D. eres, all quantified
signals were overlapped and did not present the required selectivity, exhibiting over-
adjusted quantification results on both comparative methods. Isolated peaks selected for
IS-'HgNMR and ERETIC2-'HgNMR analysis for fusaric acid and cytochalasin D were
0 8.61 (s, 1H, H-6) and & 5.92 (dd, J 2.5, 5.9 Hz, 1H, H-20), respectively.

For GSD-based 'HNMR quantification strategy, regardless of the species, all
metabolite signals were “selective” for quantification due to previous signal
deconvolution, emerging as a more advantageous and attractive methodology in analysis
of microbial complex matrices. All the samples of F. oxysporum, D. eres and X. cubensis
from the DoE-experiments were submitted to *C-HSQC analysis and Figure S8
illustrates the samples that shows the most convoluted chemical shifts.
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Figure SM19. 3C HSQC NMR spectra from raw extract of (A) F. oxysporum; (B) X.

cubensis; (C) D. anacardii.
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Stability

Stability measurements were performed by systematically repeating HNMR
acquisition every 2 hours, to determine loss by degradation. Acquisitions were
performed with the least concentrated sample for each fungi (F. oxysporum Exp. 4, X.
cubensis Exp. 6, D. anacardii Exp. 9) and the GSD-area values at ¢ 8.61 (s, 1H, H-6),
65.92 (dd, J 2.5, 5.9 Hz, 1H, H-20) and & 2.90 (t, J 6.0 Hz, 2H, H-2), attributed to of
fusaric acid, cytochalasin D and 3-NPA, were quantified by *HNMR.

Fusaric acid, cytochalasin D and 3-NPA were found to be stable for over 48
hours, demonstrating low differences in concentration (standard deviation of + 0.02,
0.01 and 0.01 in the concentration values, respectively). The area values for each
chemical shifts from the targeted metabolites in different times are displayed on Figure
S9 of the Supplementary Material.

Precision

Precision was assessed by repetitive tHNMR acquisition of fusaric acid,
cytochalasin D and nitropropionic acid in a short period of time, systematically
changing operator, automation and time of day. Acquisitions were performed with the
least concentrated sample for each fungi (F. oxysporum Exp. 4, X. cubensis Exp. 6, D.
anacardii Exp. 9) and the GSD-area values at ¢ 8.61 (s, 1H, H-6), 6 5.92 (dd, J 2.5,5.9
Hz, 1H, H-20) and 5 2.90 (t, J 6.0 Hz, 2H, H-2), attributed to of fusaric acid,
cytochalasin D and 3-NPA, were quantified by *HNMR.

The concentration for each targeted metabolites display small overall differences

and a standard deviation of + 0.02, 0.02 and 0.01 mg for fusaric acid, cytochalasin D and
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3-NPA, respectively. The area values for each chemical shifts from the targeted
metabolites of all precision measurements are displayed on Figure S9 of the
Supplementary Material

Figure SM20. Stability and precision measurements of target signals from tHNMR data
of bioactive secondary metabolites.
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Limit of Detection (LoD)

Determination of S/N was performed by comparing quantified chemical shifts
from the lowest concentration samples of each species with baseline intensity, targeting
to establish LoD. All quantified peaks showed a S/N > 250 and a response within the
quantification limits set on the calibration curve.

Accuracy

Accuracy was assessed by quantification of the chemical shift at 6 5.31 (s, 2H),
from the internal standard benzyl benzoate, by different quantification methodologies.
For this, we used standard samples of the IS (1, 2, 4, 10 and 20 m). The quantification
methodologies used for comparison were gravimetric, ERETIC2-'HgNMR, IS-
'HgNMR and GSD-based *HNMR quantification.

The strategies displayed low overall standard deviation (< £+ 0.2 mg) for the signal

area of benzyl benzoate at all quantified samples, as displayed on the Supplementary
Material as Table S14.
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Table SM16. Accuracy assay for internal standard *H-NMR peak; Comparison between
Gravimetric, ERETIC2-'HgNMR, classical 'HgNMR and GSD-based HNMR

quantification.

Sample I 1 . . ERETIC2-

Classical 'H-gNMR  GSD-'HgQNMR  Gravimetric IHGNMR SD

Standard 0.956 0.832 1.00 1.201 0.152
1mM

Standard 2 1.946 1.770 2.00 2.190 0.172
mM

Standard 3 4201 3.866 4.00 4.229 0.172
mM

Sta”r:";‘\;ld 10 10.966 10.353 10.00 10.692 0.418

olandar 20 20.466 20.040 20.00 20.384 0.237

Linearity of the calibration curves

A calibration curve was used to determine the linear response of the internal

standard in a specific concentration range (1, 2, 4, 10 and 20 mM). The IS benzyl
benzoate was prepared in triplicate for each selected concentration and acquired with

optimized parameters. The chosen concentrations covered the working range of the

method.

Linearity was evaluated by calculation of a regression line by the method of least
squares. A correlation coefficient (R?) of 0.9993 was determined, confirming highly
linear behavior between peak integral and concentration, which means reliable estimation
of the concentration across this range. The linear relation of the signal versus

concentration is displayed on the Supplementary Material as Figure S10.

Figure SM21. Calibration curve of internal standard peak at 65.316 (s, 2H).
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