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RESUMO

O aumento dos casos de resisténcia microbiana, ocorrida principalmente nos ultimos 20 anos,
juntamente com a reducgdo no langamento de novos antibidticos alertam a uma era pos-antibidtica
eminente. Os fungos sdo fontes de metabdlitos secundarios com propriedades bioativas, inclusive
propriedades antimicrobianas. Logo, é de fundamental importancia o estudo dos metabdlitos de
fungos brasileiros para a avaliacdo de sua atividade antimicrobiana. Neste contexto, o objetivo deste
trabalho foi selecionar, cultivar e identificar fungos isolados dos biomas Mata Atlantica e
Amazoénico com potencial antimicrobiano frente a leveduras e bactérias de interesse biomédico e
alimentar, e, posteriormente realizar cultivos submersos para a producdo de metabdlitos que
apresentem antibiose contra os microrganismos avaliados. Ap6s o screening, os fungos que
apresentaram potencial antimicrobiano foram submetidos a cultivos submersos, tanto em frascos
sob agitacdo (EF) como em biorreator (EB). Os caldos de cultivo foram filtrados, concentrados por
liofilizagdo e ressuspendidos (100 mg.mL™) em &gua destilada estéril, para a realizagdo dos ensaios
de atividade antimicrobiana. Foram selecionados trés fungos que apresentaram atividade
antimicrobiana dentre os 134 fungos avaliados. Estes foram identificados como Fusarium
oxysporum, Cyclocybe cylindracea e Fomitopsis sp. Os compostos presentes nos extratos
preparados com os metabdlitos de F. oxysporum, demonstraram acdo antimicrobiana de amplo
espectro com inibicdo entre 60% e 80%, dependendo do microrganismo alvo. Os compostos
majoritarios destes extratos foram identificados como acido fusarinolico e seu isdbmero (56,9% EF
e 59,2% EB), acido desidrofusarico (35,7% EF e 31,6% EB) e acido fusarico (6,5% EF e 1,1% EB).
Para os extratos derivados de C. cylindracea, atividades antimicrobianas superiores ao controle
amoxicilina foram observadas nos ensaios com E. coli OP50, enquanto para as leveduras a inibigdo
foi similar ao fluconazol. Os compostos do extrato de Fomitopsis sp. inibiram o crescimento de
todos os microrganismos testados e mostraram maior atividade antimicrobiana que o controle
amoxicilina contra Escherichia coli OP50, Bacillus cereus, Staphylococcus epidermidis e
Acinetobacter baumannii. Os compostos produzidos pelos macrofungos ndo puderam ser
identificados devido a grande quantidade de metabdlitos nas amostras e a limitacdo de informacdes
sobre estas moléculas nos bancos de dados. Embora os extratos demonstraram amplo espectro de
acao contra os microrganismos testados, também demonstraram efeitos toxicos nas células
humanas, em ensaios de MTT, nas maiores concentragdes testadas. Os dados obtidos neste trabalho
indicam o potencial dos metabdlitos secundarios, produzidos em cultivos submersos dos fungos
F. oxysporum, C. cylindracea e Fomitopsis sp. visando o desenvolvimento de produtos que
possam ser empregados na industria alimenticia como conservantes alimentares alternativos, ou

mesmo, que possam vir a ser estudados como farmacos.
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ABSTRACT

The increase in cases of microbial resistance, occurring mainly in the last 20 years, coupled
with the reduction in the release of new antibiotics warn of an imminent post-antibiotic era.. In
this context, the aim of this work was to select and identify isolated fungi of the Atlantic forest
and Amazonian biomes that present antimicrobial potential against yeasts and bacteria of
biomedical and alimentary interest, as well as to perform submerged cultures for production of
metabolites that present antibiosis against the evaluated microorganisms. After the screening,
fungi with antimicrobial potential were submitted to submerged cultures in both flasks (EF) and
bioreactor (EB). The culture broths were filtered, concentrated by lyophilization and
ressuspended (100 mg.mL™?) in sterile distilled water, to carry out the antimicrobial activity
tests. Three fungi were selected that showed antimicrobial activity among 134 evaluated fungi.
These were identified as Fusarium oxysporum, Cyclocybe cylindracea and Fomitopsis sp. The
extracts prepared with the metabolites of F. oxysporum demonstrated broad-spectrum
antimicrobial action with inhibition between 60% and 80%, depending on the target
microorganism. The majority compounds of these extracts were identified as fusarinolic acid
and its isomer (56.9% EF and 59.2% EB), dehydrofusaric acid (35.7% EF and 31.6% EB), and
fusaric acid (6.5% EF and 1.1% EB). For extracts derived from C. cylindracea, antimicrobial
activities superior to the amoxicillin control were observed in the assays against E. coli OP50,
while for yeast the inhibition was similar to fluconazole. Fomitopsis sp. extract inhibited the
growth of all microorganisms tested and showed superior antimicrobial activity to amoxicillin
control against Escherichia coli OP50, Bacillus cereus, Staphylococcus epidermidis and
Acinetobacter baumannii. The compounds produced by macrofungi could not be identified due
to the large amount of metabolites in the samples and the limitation of information about these
molecules in the databases. Although the extracts showed broad spectrum of action against the
tested microorganisms, they also demonstrated toxic effects on human cells in the highest
concentrations tested. The data obtained in this work indicate the potential of submerged
cultures of fungi Fusarium oxysporum, Cyclocybe cylindracea and Fomitopsis sp. for the
generation of metabolites and extracts, aiming the development of products that may be used

in the food industry as alternative food preservatives, or even that may be studied as drugs.
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1. INTRODUCAO

Os microrganismos constituem a forma de vida mais abundante do planeta,
sendo a maioria benéfica ou incapaz de desencadear doencas e intoxica¢des. No entanto,
ha microrganismos potencialmente patogénicos para outros seres vivos. Para estes,
representados principalmente por bactérias e fungos, muitas vezes, se faz necessario o
controle da proliferacdo, a qual é realizada por meio da utilizacdo de antimicrobianos.
Todavia, 0s microrganismos tém se tornado cada vez mais resistentes aos antimicrobianos
atualmente utilizados.

A preocupacao com a resisténcia aos antibidticos aumentou ainda mais nos
ultimos vinte anos devido ao surgimento de linhagens multiresistentes. O aumento da
resisténcia microbiana e a reducdo da disponibilidade de novos antibidticos levaram a
uma era pds-antibidtica eminente. Neste contexto, os fungos sdo recursos alternativos
para produzir novos compostos bioativos afim de controlar o desenvolvimento de
microrganismos resistentes.

Os fungos sdo seres eucariontes e heterotroficos, representados por micro e
macro-organismos, por possuirem formas micro e macroscépicas, respectivamente.
Apresentam grande diversidade ecoldgica e de formas de nutricdo, além de adaptarem-se
em diferentes ambientes. Estes organismos desempenham um papel importante na
decomposicdo de residuos dos ecossistemas terrestres. Além disso, sdo capazes de
produzir uma série de metabdlitos secundarios, e, assim, degradar uma ampla variedade
de substratos.

Os metabolitos secundarios sdo compostos extracelulares secretados no meio de
cultura durante o crescimento do microrganismo e que podem ser isolados e
caracterizados para fins industriais. Entre os metabdlitos secundarios, destacam-se 0s
agentes antimicrobianos, que auxiliam na sobrevivéncia de fungos nos ambientes.
Portanto, a grande diversidade brasileira de fungos oferece fontes promissoras de
compostos com propriedades antimicrobianas.

As doengas de veiculagdo alimentar representam problemas de ordem global,
entre 0s microrganismos que sdo frequentemente identificados em contaminagdes
alimentares no Brasil, estdo Salmonella sp., Escherichia coli e Bacillus cereus. Quando
analisadas infec¢Ges nosocomiais, 0s microrganismos que estao frequentemente presentes

sdo as espécies bacterianas Escherichia coli, Acinetobacter baumannii, Pseudomonas
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aeruginosa, Klebsiella pneumoniae, Proteus mirabilis, Enterococcus faecalis, e as
leveduras Candida albicans e Candida tropicalis. A lista de “agentes patogé€nicos
prioritarios” resistentes aos antibioticos divulgados pela Organizagao Mundial da Satde
(OMS) em 2017, inclui como o grupo mais critico as bactérias multirresistentes, que sao
particularmente perigosas em hospitais, casas de repouso e entre 0s pacientes, cujos
cuidados exigem dispositivos como ventiladores e cateteres intravenosos. Entre elas,
estdo Acinetobacter, Pseudomonas e varias Enterobacteriaceae (incluindo Klebsiella
spp., E. coli, Enterococcus spp., Serratia spp. e Proteus spp.). Estas bactérias podem
causar infecgdes graves e frequentemente mortais, como infeccGes da corrente sanguinea
e pneumonia. As consequéncias de infeccbes causadas por estas bactérias sao
responsaveis por 700 mil mortes todos os anos, podendo atingir 10 milhdes até 2050
(OMS, 2017; Zaidi & Weier, 2019).

Adicionalmente, infeccdes por leveduras do género Candida séo cada vez mais
frequentes e representam um problema de ordem global. A crescente importancia clinica
atribuida as doencas causadas por fungos, aliada as dificuldades apresentadas pela
administracdo de drogas antifangicas como, por exemplo, o tempo prolongado do
tratamento, alto custo dos medicamentos e a alta toxicidade causada pelos mesmos, vém
despertando interesse na busca de novas substancias bioativas para o controle de micoses.

A busca por novos agentes antimicrobianos é de fundamental importancia, uma
vez que 0s microrganismos possuem alto potencial de recombinacdo genética, levando a
um aumento de linhagens resistentes aos farmacos e antimicrobianos existentes.

Frente a diversidade brasileira de micro e macrofungos, € provavel que sejam
descritas novas fontes de antimicrobianos. Logo, torna-se necessario o estudo dos
metabdlitos dos fungos brasileiros para a avaliacdo da atividade antimicrobiana.Diante
disto, o objetivo geral deste trabalho foi selecionar e identificar fungos isolados dos
biomas Mata Atlantica e Amazonico, que apresentem em seu caldo de cultivo metabolitos
secundarios com propriedades antimicrobianas frente a leveduras e bactérias de interesse
biomédico e alimentar. Estas atividades visam ampliar os conhecimentos sobre as
substancias presentes, assim como contribuir para o desenvolvimento de extratos e/ou
substancias para a conservacgédo de alimentos e/ou producéo de antibioticos. Como forma
de atingir o objetivo geral, este trabalho teve os seguintes objetivos especificos:

e selecionar por meio de screening fungos com potencial antimicrobiano sobre as

bactérias e leveduras alvo;


https://www.wired.com/2014/12/oneill-rpt-amr/
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determinar o tempo e a forma de conducdo de cultivo, para producdo de
metabolitos com propriedades antimicrobianas em cultivos submersos
empregando os fungos selecionados na etapa de screening;

avaliar a atividade antimicrobiana de extratos produzidos em cultivos submersos
por fungos selecionados sobre as bactérias e leveduras alvo;

identificar taxonomicamente, por meio de sequenciamento de DNA das regifes
ITS1 e ITS4, os fungos que apresentaram atividade antimicrobiana;

determinar a concentragdo inibitéria minima dos extratos fungicos sobre as
bactérias e leveduras alvo;

identificar os metabdlitos presentes nos extratos fungicos;

avaliar o potencial citotoxico dos extratos produzidos sobre células humanas
HEK-293 (rim embrionario) e SH-SY5Y (neuroblastoma).
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2. REVISAO BIBLIOGRAFICA

2.1 HISTORICO SOBRE ANTIMICROBIANOS

Antimicrobianos sdo compostos que inibem o desenvolvimento de bactérias e
fungos importantes para a saude humana e animal (Grenni et al., 2018). O antibidtico que
se popularizou foi a penicilina, descoberta em 1928. Sua descoberta é atribuida a
Alexander Fleming (Pereira & Pita, 2005; Yang et al., 2018), mas o aprofundamento do
estudo de suas propriedades foi realizado no ano de 1939, por Howard Florey e Ernest
Chain (Pereira & Pita, 2005). No ano seguinte, 1940, a penicilina comecou a ser
comercializada com o uso restrito a militares. Apenas em 1944, ela se tornou disponivel
a populacdo. Embora a penicilina seja até hoje um dos antibidticos mais vendidos, novos
estudos sobre antimicrobianos tornaram-se necessarios diante da problematica da
resisténcia bacteriana, a fim de garantir a sobrevivéncia dos usuarios (Alharbi et al.,
2014).

Ainda em 1944, Waksman e Schatz, isolaram a estreptomicina, sendo a primeira
droga efetiva contra a tuberculose. Quatro anos depois, Waksman havia isolado a
neomicina e outros 16 antibidticos (Bezerra et al., 2017).

O grande avangco na pesquisa por antibiéticos extraidos de fontes naturais
ocorreu entre 1940 - 1960. Entre 1960 - 1980 foram introduzidos no mercado antibioticos
semi-sintéticos. Entre 1980 - 2000 a principal ferramenta utilizada foi a genémica e a
triagem de colecdo de compostos; essas descobertas ocorreram concomitante com o
aumento da incidéncia bacteriana. A partir dos anos 2000, poucos antibiéticos chegaram
ao mercado (Guimaraes et al., 2010). Atualmente, os antibioticos séo classificados de
acordo com sua estrutura quimica, modo de agdo e microrganismo alvo. Bezerra et al.
(2017) explicam que os antibidticos p-lactamicos sdo capazes de inibir a sintese da parede
celular. Bactérias Gram-negativas possuem menos sensibilidade a - lactdmicos, devido
a diminuicdo da permeabilidade celular causada pela complexidade de sua parede
(Hubschwerlen, 2007). A bacitracina e a polimixina B alteram a permeabilidade celular,
pela redugdo do numero e tamanho das porinas (Hubschwerlen, 2007). Os
aminoglicosideos inibem a sintese proteica, tendo efeito se injetado, portanto seu uso fica
restrito a ambientes hospitalares, comercialmente sua utilizagéo se faz de forma tdpica,

principalmente em colirios. As quinolonas impedem a replicacdo do DNA, podendo
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inclusive atingir o hospedeiro. A Figura 1 ilustra a linha do tempo da descoberta dos

principais antibidticos.

Linha do tempo dos principais antibioticos
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Figura 1. Linha do tempo da descoberta dos principais antibioticos.
Fonte:http://blog.brasilacademico.com/2015/01/primeira-classe-de-antibiotico.html

A producdo anual de antibidticos gira em torno de 100.000 toneladas de
antibidticos:  penicilinas  (60.000 toneladas), tetraciclinas (5.500 toneladas),
cefalosporinas (2.500 toneladas). Antibidticos naturais ou derivados de produtos naturais
incluem antibidticos B-lactdmicos, como ampicilinas (5.000 toneladas), cefalexinas
(4.000 toneladas), amoxicilina (16.000 toneladas), cefadroxilina (1.000 toneladas). Os
macrolideos compreendem azitromicina (1.500 toneladas), claritromicina (1.500
toneladas). Glicopeptideos como, vancomicina e teicoplanina (9.000 toneladas). Dentre
estes de 10-15% sdo produzidos por actinomicetos e 20% por fungos filamentosos (Silber
etal., 2016).

Pesquisas biotecnoldgicas de novos compostos antimicrobianos tém sido
implementadas frente a problematica dos microrganismos resistentes. Ling et al. (2015)
isolaram uma substancia com o potencial antimicrobiano, a teixobactina, usando a

ferramenta, o iChip, que foi usado para selecionar compostos de microrganismos
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produtores de antibidticos com atividade contra Staphylococcus aureus. Estes autores
mostraram que a teixobactina inibe a biossintese de peptidoglicano em S. aureus por
ligacdo a um sitio altamente conservado de lipidio Il (um precursor do peptidoglicano) e
lipidio Il (um precursor do &cido teicoico). Modificacbes em estruturas moleculares do
antibidtico tém sido propostas, visto que nenhuma nova classe de antibidticos com
atividade contra bactérias Gram-negativas foi aprovada em mais de cinquenta anos. Smith
et al. (2018) relataram a otimizacdo quimica das arilomicinas - uma classe de produtos
naturais com atividade fraca e espectro limitado - para obter GO775, uma molécula com
atividade potente de amplo espectro contra bactérias Gram-negativas. GO775 inibe a
peptidase bacteriana essencial do tipo I, um novo alvo antibitico, através de um
mecanismo molecular sem precedentes. Esta molécula contorna 0s mecanismos
existentes de resisténcia a antibidticos e apresentou atividade contra isolados clinicos de
Gram-negativos multirresistentes atuais em experimentos in vitro e em varios modelos de
infeccéo in vivo.

Além da sua utilizacdo no tratamento de infec¢Ges, os antibidticos sdo usados
como antimicrobianos em cultivos celulares (animais, fngicas e vegetais), promotores
de crescimento animal ou no tratamento do cancer (Grenni et al., 2018). Essa demasiada
utilizacdo tem aumentado a problematica da resisténcia microbiana.

Quanto aos antifungicos, de acordo com Martinez (2006), as sulfonamidas
comecaram a ser usadas na década de 40, no tratamento de pacientes com micoses
sistémicas. Na década seguinte foi disponibilizada a anfotericina B. A 5-fluorocitosina,
foi considerada como droga sinérgica da anfotericina B. O grupo das drogas azélicas teve
seu uso clinico iniciado na década de 70. Nos anos 90, com maior biodisponibilidade e
atividade, houve o lancamento dos triazélicos. Sendo recentemente liberado para uso
médico o voriconazol. A Figura 2 descreve a linha do tempo da descoberta dos

antifungicos.
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1940s 1950s 1960s 1970s 1980s 1990s
1939 1949 1956 1962 1970s 1981 1990 e 1992 2002 - atual
Griseofulvina Nistatina Anfo-B 5-FC atividade  Primeiros azois Cetoconazol entra no T:f:oe.:z 2 Triazéis - 2%
isolada (poliénico) isolada antifungica (imidazois) mercado gerag geragao
isolada Fluconazol e
no mercado 2002-Voriconazol

Itraconazol
1987 2006-Posaconazol

Formulagao lipidica p/
Anfo-B Equinocandinas
2002-Caspofungina

2005- Micafungina
2006~ Anidulafungina

2015-Isavuzonazol

1988 Equinocandina

Figura 2. Histdrico da descoberta dos principais antifungicos.
Fonte:https://edisciplinas.usp.br/pluginfile.php/4153295/mod_resource/content/1/Antif%C3%

BAnNgicos.pdf

Assim como as infec¢des bacterianas, o nimero de doencas fingicas aumentou
significativamente  nos ultimos 20 anos, principalmente em  pacientes
imunocomprometidos. Ha registro de pelo menos 150 espécies de fungos associadas a
doencas humanas, sendo a maioria delas relacionadas a infec¢bes oportunistas.
Encontram-se no mercado 14 antifingicos para o tratamento de infeccdes sistémicas,
sendo os mais consumidos, anfotericina B, os azois e as equinocandinas (Martinez, 2006;
Espinel -Ingraff, 2014).

Anfotericina B atua como fungicida ligando-se ao ergosterol presente na
membrana de fungos sensiveis, alterando a permeabilidade desta e causando a perda de
constituintes citoplasmaticos. As drogas azolicas sdo caracterizados por um anel
pentagonal na estrutura molecular, o qual contém trés atomos de carbono e dois de
nitrogénio (imidazélicos), ou dois de carbono e trés de nitrogénio (triazélicos).
Consideradas drogas de uso sisttmico e efeito fungistatico, o primeiro subgrupo
compreende o miconazol e o cetoconazol e o ultimo, o fluconazol, itraconazol,
voriconazol, posaconazol e ravuconazol. Os azdélicos atuam sobre enzimas do citocromo
P450 dos fungos, bloqueando a demetilacdo do lanosterol e a sintese de ergosterol, o que
altera a permeabilidade da membrana e a viabilidade fangica. Também agem modificando
a sintese de lipideos e inativando enzimas do processo oxidativo dos fungos. Por ultimo,
as equinocandinas sdo lipopeptideos semi-sintéticos com estrutura quimica de
hexapeptideos ciclicos ligados a uma cadeia lateral de acido graxo. Trés drogas -

caspofungina, micafungina e anidulafungina - chegaram a fase de investigacéao clinica,
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das quais a primeira esta licenciada para uso clinico ttm como alvo a parede celular,
inibindo enzima ligada a sintese de beta (1.3) D- glucana (Martinez, 2006; Espinel -
Ingraff, 2014).

2.2 RESISTENCIA MICROBIANA

A demanda por antimicrobianos cresceu, tendo seu consumo aumentado em
torno de 36% nos Ultimos dez anos. Este aumento ndo esta ligado apenas ao consumo
humano como medicamento, mas ao seu uso agricola, como forma de prevenir doencas
nos rebanhos e aumentar a producdo de alimentos (Yang et al., 2018). O consumo
mundial de antibi6ticos por humanos e na criagdo animal gira em torno de 1x10° e 2x10°
toneladas/ano (Mehdi et al., 2018). Essa quantidade de antibioticos se acumula ao longo
das cadeias alimentares, aumentando a pressao seletiva e contribuido diretamente para o
aumento da resisténcia microbiana (Regiel-Futyra et al., 2017; Mehdi et al., 2018; Yang
etal., 2018).

A resisténcia aos antibidticos é definida como a capacidade do microrganismo
proliferar, mesmo na presenca de antibidticos (Mehdi et al., 2018). Trata-se de uma das
maiores ameagcas para a nossa sociedade e sistemas de salde, ja que o nimero de bactérias
resistentes aos antibidticos esta crescendo vertigionosamente (BRICs, 2018). O numero
estimado de pessoas mortas por infecgdes resistentes aos antibidticos a cada ano, em todo
0 mundo é de cerca de 700 mil, e acredita-se que chegara a 10 milhdes em 2050 (Tanday,
2016; BRICs, 2018).

As bactérias podem manifestar resisténcia a drogas antimicrobianas através de
varios mecanismos bioquimicos. Os principais mecanismos de resisténcia referem-se a
alteracbes da permeabilidade da membrana plasmatica dos microrganismos, como a
reducdo da permeabilidade celular, combinado ao sistema da bomba de efluxo, o que
diminui a concentragdo do antibiotico no espaco periplasmatico, além da produgdo de f3-
lactamases que digerem o anel B-lactdmico principal problema das penicilinas
(Hubschwerlen, 2007; Regiel-Futyra et al., 2014). Ainda pode ocorrer resisténcia por
mutacdes e aquisicdes de genes ou modificagdo de alvo (Mehdi et al., 2018). Além da
modificacdo de receptores celulares através da acdo de enzimas, ativagdo de genes sob
estresse e formacéo de biofilmes, impedindo a penetragdo do antimicrobiano na matriz e
selecionando os microrganismos mais resistentes (Kumar et al., 2019). As bactérias
podem adquirir resisténcia por mutacdo do DNA do hospedeiro ou por aquisi¢cdo de um
DNA exogeno: transformacdo, transducdo e traducdo, que pode ocorrer entre
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microrganismos da mesma espécie ou de espécies diferentes (Bezerra et al., 2017). A
resisténcia pode resultar em propriedades intrinsecas, atingindo todos os membros do
género; ou adaptativas, resultando em um novo fenotipo para o microrganismo (Bezerra
etal., 2017).

2.3 MICRORGANISMOS CONTAMINANTES EM ALIMENTOS

Conservar o alimento, reduzindo e controlando a concentracdo e o crescimento
de microrganismos, é fundamental para evitar a sua deterioracdo e garantir a seguranca
alimentar. Os microrganismos deteriorantes de alimentos causam alteragfes quimicas
prejudiciais, como cor, odor, sabor e aspectos fisicos do alimento. Todas essas alteracdes
sdo resultado das reacfes metabolicas dos microrganismos. Os alimentos podem ser
contaminados por estes microrganismos em diferentes etapas como no plantio, colheita,
manipulacdo, processamento ou preparo. Dentre o0s principais microrganismos
deteriorantes de alimentos, destacam-se: Pseudomonas spp., Schewanella putrefaciens,
Brochotrix thermosphacta, Listeria spp., Salmonella spp., Escherichia coli,
Staphylococcus aureus, Clostridium botulinum e Yersinia enterolitica (Rukchon et al.,
2014; Karthikeyan et al., 2015; Pothakos et al., 2015).

Os tipos de deterioracdo variam de acordo com a condicdo atmosférica que
envolve os produtos e com a temperatura de armazenamento (Alcantara et al., 2012). A
capacidade de crescimento e de sobrevivéncia dos microrganismos ndo depende s das
caracteristicas fisicas e nutricionais do alimento, como também de um conjunto de fatores
extrinsecos e intrinsecos ao proprio alimento, tais como: temperatura, pH, atividade de
agua e potencial redox, cada um dos quais pode ser manipulado convenientemente, de
modo a impedir a contaminacdo e o crescimento de microrganismos (Nascimento et
al.,2007; Jongenburger et al., 2012; Karthikeyan et al., 2015).

Estima-se que 20% dos alimentos do mundo séo desperdicados por deterioracéo,
totalizando um prejuizo de US$ 680 bilhdes para paises industrializados e US$ 310
bilhGes para paises em desenvolvimento (Luo et al., 2014; FAO, 2018). O desafio da
industria alimenticia é desenvolver um alimento que contenha o minimo possivel de

aditivos quimicos, mas que mantenha o alimento livre de contaminacdes.

2.4 DOENCAS TRANSMITIDAS POR ALIMENTOS (DTAS)
As sindromes, resultantes da ingestdo de alimentos contaminados por
microrganismos patogénicos sao conhecidas como Doencas Transmitidas por Alimentos
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(DTA). As DTAs sdo todas atribuidas a ingestdo do alimento contaminado por
microrganismos ou por suas toxinas. Podem atingir, além do sistema gastrointestinal,
outros Orgdos como as meninges ou sistema nervoso (Almeida et al., 2013). Néo
constituem apenas um problema de satde publica, mas causam também grandes prejuizos
econdmicos a sociedade. Segundo o Institute of Food Technologists (IFT Status
Summary) (2004), 60% dos casos de DTA causados por bactérias requerem
hospitalizacao. No Brasil, segundo o Ministério da Agricultura, Pecuaria e Abastecimento
(MAPA), durante o ano de 2017 foram notificados 557 surtos de DTAs, expondo 46.524
pessoas, sendo que 9.065 desenvolveram a doenca e nove vieram a Gbito. A maior parte
das notificacGes de DTASs séo feitas pelas regides Sudeste e Sul. Grande parte dos casos
de infecgdes e intoxicacdes ocorre nas préprias residéncias, sendo Salmonella, E. coli e
S. aureus os principais agentes etioldgicos (MAPA, 2018). As pessoas mais vulneraveis
a DTAs séo idosos, gestantes, criancas e pessoas imunodeprimidas.

As DTAs podem se manifestar na forma de infeccdo, intoxicagéo ou toxinfeccao.
Para que ocorra a infeccdo é necessaria a presenca no alimento da bactéria patogénica em
um numero que represente a dose minima infectante, que é definida como o nimero de
celulas microbianas vidveis capazes de produzir a manifestacdo clinica da doenga. As
intoxicagfes ocorrem quando a toxina produzida pelo microrganismo se encontra no
alimento ingerido. As toxinfeccOes decorrem da ingestdo do alimento contendo o
microrganismo que é capaz de produzir ou liberar toxinas apds serem ingeridos (OPAS,
2001; Almeida et al., 2013).

Existem mais de 200 agentes microbianos que podem estar associados a DTAs.
Alguns desses vivem no intestino de animais, outros sdo naturais do solo, ou ainda estéo
presentes na agua contaminada (Newell et al., 2010). As bactérias sdo os principais
microrganismos responsaveis por surtos de DTAs, com prevaléncia de E. coli, B. cereus,
S. aureus, C. botulinum, Salmonella spp., Campylobacter spp., Vibrio cholera (IFT Status
Summary, 2004; Almeida et al., 2013).

Entre 0s microrganismos que sdo frequentemente encontrados em
contaminagdes alimentares no Brasil, estdo Salmonella sp. (14,4%), seguido pelo S.
aureus (7,7%), E. coli (6,5%) e B. cereus (3,1%) (Lentz et al., 2018). Todavia, no Rio
Grande do Sul, em Porto Alegre, B. cereus representou 32% das intoxica¢des alimentares
diagnosticadas entre 2003 e 2013 (Lentz et al., 2018).

E importante salientar que alguns desses patogenos sio capazes de sobreviver e

proliferar em condicGes adversas, como por exemplo, sob refrigeracdo ou atmosfera
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reduzida de oxigénio (IFT Status Summary, 2004). A maioria das DTAs sdo causadas por
ma conservacao dos alimentos ou falta de boas praticas na sua manipulagdo. A prevengao
da contaminacdo alimentar deve comecar com boas praticas agricolas, passando pelos
mercados e prateleiras até chegar aos manipuladores de alimentos.

Estima-se que o nimero de microrganismos patogénicos relacionados a DTAs
cres¢a ainda mais, devido ao rapido crescimento populacional, aumento do mercado
global de alimento, aumento na procura por refeicdes preparadas, facilidade em viajar,
mudancas de habitos alimentares, alteracbes climaticas, aumento da populacdo

imunodeprimida (Newell et al., 2010).

2.5 PRINCIPAIS MICRORGANISMOS DE INTERESSE BIOMEDICO

Frente a problematica com as infeccBes bacterianas (Hu et al, 2018), a
antibioticoterapia tornou-se um dos tratamentos mais importantes, sendo um dos pilares
da medicina (Friedman et al., 2016). No entanto, seu uso indiscriminado tem levado a
resisténcia microbiana. Dados do Global Antimicrobial Surveillance (GLASS) afirmam
que em 2018, houve a ocorréncia de 500 mil casos de pessoas com suspeita de resisténcia
a antibiotico, em 22 paises. Portanto, a questdo da resisténcia tornou-se um problema
social, econdémico e de salde publica. A OMS considera a resisténcia microbiana um
problema de satde publica, uma vez que elevam-se 0s gastos com a satde, bem como os
casos de mortalidade (Sampaio et al., 2018). Para paises participantes da Organizagédo
para Cooperacao e Desenvolvimento Econémico (OECD), como por exemplo, Australia,
Espanha e EUA; a estimativa é que os hospitais gastem entre US$ 10.000 a 40.000 a mais
no tratamento de pacientes com infec¢Ges multirresistente (Friedmam et al., 2016). Até
2050, estima-se que o0 gasto de cada um desses paises com infecgdes mutirresistentes
possa chegar a US$ 2,9 trilhdes, tendo um impacto global na economia de100 trilhdes de
dolares (Friedmam et al., 2016; ANVISA, 2017).

Em fevereiro de 2017, a Organizagdo Mundial da Satde (OMS) publicou uma
lista de bactérias multirresistentes que estdo se tornando uma ameaca mortal recorrente
em todo o mundo, e para o qual o desenvolvimento de novos antibidticos deve ser uma
prioridade. A lista inclui como o grupo mais critico as bactérias multirresistentes, que séo
particularmente perigosas em hospitais, casas de repouso e entre 0s pacientes cujos
cuidados exigem dispositivos como ventiladores e cateteres intravenosos. Entre elas,
estdo Acinetobacter, Pseudomonas e vérias Enterobacteriaceae (incluindo Klebsiella, E.

coli, Enterococcus, Serratia e Proteus). De acordo com esta lista, as bactérias que mais



25

apresentam resisténcia sdo: E. coli, K. pneumoniae, S. aureus, S. pneumoniae, Salmonella
spp. e entre as leveduras destacam-se as do género Candida. J& entre microrganismos que
sdo frequentemente encontrados em infecgoes, estdo as espécies bacterianas E. coli, A.
baumannii, P. aeruginosa, K. pneumoniae, P. mirabilis, E. faecalis e leveduras C.
albicans e C. tropicalis.

Adicionalmente, infec¢Ges por leveduras do género Candida séo cada vez mais
frequentes e representam um problema de ordem global. De 2006 a 2010, em estudo
realizado em um hospital brasileiro, na cidade de Campinas, verificou-se que entre as
infeccOes levedurianas, destacaram-se leveduras do género Candida, sendo que C.
albicans causou 44% dos episodios gerais, seguida por C. tropicalis (21,7%), C.
parapsilosis (14,4%), C. glabrata (11,2%) e C. krusei (3,5%) (Moretti et al., 2013). A
crescente importancia clinica atribuida as doencas causadas por fungos, aliada as
dificuldades apresentadas pela administracdo de drogas antifingicas como, por exemplo,
o tempo prolongado do tratamento, alto custo dos medicamentos e a alta toxicidade
causada pelos mesmos, vém despertando interesse na busca de novas substancias

bioativas para o controle de micoses.

2.6 CARACTERISTICAS GERAIS DOS PRINCIPAIS MICRORGANISMOS DE
INTERESSE BIOMEDICO E ALIMENTAR

A seqguir estdo relacionados alguns dos principais microrganismos de interesse
biomédico e alimentar que foram utilizados neste trabalho.
2.6.1 Microrganismos Gram-negativos
2.6.1.1 Escherichia coli

E. coli é uma bactéria responsavel por diversos tipos de infeccdo. As bactérias
deste género responsaveis por causar infeccdo intestinal sdo divididas de acordo com suas
toxinas e formas de acdo: enteropatogénica (EPEC), enterohemorrdgica (EHEC),
enterotoxigénica (ETEC) e enteroinvasora (EIEC) (Carvalho et al., 2007; Oliveira et al.,
2013).

Conhecida popularmente como a diarreia do viajante, a intoxicagdo causada por
E. coli enterotoxigénicas (ETEC), € responsavel por diarreia aguda devido a fixacdo da
bactéria e producdo de toxinas na mucosa intestinal. Ja E. coli EPEC causa diarreia
geralmente em criancas e bebés menores de 3 anos. Os sintomas da intoxicacéo por EPEC
séo diarreia aquosa com muco, vomito e febre, havendo colonizagdo da mucosa intestinal

e producéo de lesBes caracteristicas de ligacdo ou desaparecimento de bordas celulares.
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E. coli EHEC pode causar diarreia sanguinolenta, colite hemorragica, sindrome urémica
hemolitica e purpura trombdtica. E responsavel por produzir a toxina Shiga — like ou
VTEC, produtora da toxina verotoxina. Por Gltimo, a EIEC coloniza o cdlon, sendo
responsavel por sintomas como arrepios, febre, fezes com sangue, dores abdominais e de
cabeca (Carvalho et al., 2007; Melo et al., 2018). Algumas linhagens de E. coli também
estdo relacionadas a infeccdes urinarias (Lima et al., 2016a).

2.6.1.2 Salmonella spp.

Trata-se de um microrganismo capaz de colonizar qualquer tipo de animal,
especialmente o trato reprodutor das aves (Newell et al., 2010). A transmissdo de
Salmonella spp. para o homem ocorre geralmente pelo consumo de alimentos néo
processados e de origem animal, que estejam contaminados (Oliveira et al., 2013).
Segundo IFT Scientific Status Summary (2004), os principais alimentos associados a
surtos de salmonelose s@o ovos e leite cru. O periodo de incubacéo é de 12 a 36 horas. Os
sintomas sdo febre alta, diarreia, vomitos e sepse (Carvalho et al., 2007). Os sintomas
duram de um a sete dias, mas 0s microrganismos podem ser excretados nas fezes durante
alguns dias apds os sintomas. Além da contaminacdo por ingestdo do alimento
contaminado, 0 homem se contamina por praticas improprias com o alimento, como por
exemplo, a m& higienizacéo das maos, de ferramentas e de bancadas.

Embora o desenvolvimento da Salmonella esteja diretamente ligado a atividade
agua do alimento, esta bactéria pode viver longos periodos no alimento desidratado. De
acordo com IFT Scientific Status Summary (2004), um método préatico para controlar a
Salmonella é o processamento térmico da amostra, uma vez que este microrganismo é
sensivel ao calor.
2.6.1.3 Pseudomonas aeruginosa

O género é bastante conhecido pela grande variedade metabdlica e pela
capacidade de colonizar diversos nichos ecoldgicos (Chevalier et al., 2017). Trata-se de
um microrganismo comensal do corpo humano, € a principal causa de infeccbes
hospitalares oportunistas (Wagner et al., 2016). Segundo Lima et al. (2016B), P.
aeruginosa é responsavel por uma série de infec¢bes, como por exemplo infecgdes de
pele, do trato urinario, orelhas e olhos. Em pacientes portadores de fibrose cistica € a
principal causa de infeccao, atingindo 80% dos pacientes. Devido ao surgimento de cepas
multirresistentes, infec¢Oes por P. aeruginosa tém levado grande parte dos pacientes com
fibrose cistica a 6bito (Hewer & Smyth, 2017).
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A resisténcia de P. aeruginosa esta na baixa permeabilidade da membrana, além
do fato de serem formadoras de biofilme, uma estrutura de resisténcia ao sistema imune
do paciente e aos antibioticos. A colonizagdo costuma acontecer em locais de baixa
imunidade, como por exemplo, cortes, traumas e préteses (Wagner et al., 2016; Chevalier
etal., 2017).
2.6.1.4 Klebsiella pneumoniae

Klebsiella sp. pertence ao grupo dos coliformes, sdo bacilos entéricos e
encapsulados (Gundogan, 2014). Segundo o autor anteriormente citado, sdo patdgenos
oportunistas, associados a infec¢bes nosocomiais, pneumonia, sepse, mMmeningite,
infeccbes do trato urinério e do trato intestinal, causando diarreia pela liberagdo de sua
enterotoxina.

K. pneumoniae tornou-se um grande problema de saude publica, quando em
1996 foi identificada uma linhagem resistente, a KPC ou “super-bactéria”. A KPC é capaz
de hidrolisar carbapenémicos, o principal agente antimicrobiano da classe dos
antibidticos B-lactamicos (Campos et al., 2016). A maioria das infec¢bes ocorre em
paciente imunodeprimidos. Estdo presentes no ambiente e podem contaminar alimentos.
E a segunda bactéria Gram-negativa com mais ocorréncia em bacteremias no mundo
(Podschun & Ullmann, 1998; Tominaga, 2018).
2.6.1.5 Acinetobacter baumannii

As infeccOes estdo associadas ao trato respiratorio, urinario e ferimentos.
Importante patégeno multirresistente, constantemente associada a surtos hospitalares.
Responsavel por infeccbes nosocomiais, principalmente em pacientes imunodeprimidos,
infeccbes de tecidos moles, meningites e infeccdo urindria. Penetra no corpo
principalmente por feridas abertas e uso de cateteres. Além disso, as infec¢Ges por A.
baumanii estdo associadas a longos periodos de internacdo hospitalar. A mais grave das
infeccdes € a pneumonia, tendo uma expectativa de vida de oito dias apos o diagnostico.
Estima-se que, no mundo ocorram 1 milh&o de casos de infeccdo por A. baumannii
anualmente (Antunes et al., 2014).

Esta bactéria pode viver comensalmente em pelos e cabelos (AL-Kadmy et al.,
2018). Também esta associada a infecgdes fatais em neonatos. Além da multirresisténcia
a antibioticos, que parece estar associada ao uso de morfina, uma vez que este
medicamento age como imunossupressor (Antunes et al., 2014). O microrganismo é
formador de biofilme, o que dificulta seu tratamento (Juma et al., 2016). Estudos in vitro

demonstram que células presentes em biofilmes tornaram-se 10 a 1.000 vezes mais
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resistentes aos efeitos dos agentes antimicrobianos quando comparadas com as células
planctonicas das mesmas linhagens (Shafahi & Vafai, 2010).
2.6.1.6 Proteus mirabilis

S80 microrganismos putrefativos que habitam o intestino humano e animal
(Hamilton et al., 2018). Podem causar endocardites e pneumonia em pessoas
imunodeprimidas. Trata-se de um microrganismo formador de biofilme, que costuma
colonizar cateteres. P. mirabilis € um potencial agente patogénico para portadores da
doenca de Crohn’s, além de um importante agente de infecgdes urinarias (Hamilton et
al., 2018), podendo associar-se a outras bactérias como: P. aeruginosa, Providencia
stuartii, K. pneumoniae e E. faecalis (Norsworthy & Pearson, 2017).

Ha varios fatores que contribuem para que microrganismos do género Proteus
spp. sejam agentes de infeccdes gastrointestinais como mobilidade, aderéncia, producéo
de urease, hemdlise, protease e a habilidade de adquirir resisténcia (Hamilton et al.,
2018). O dimorfismo entre células swimming, predominam em ambientes liquidos e
dotadas de flagelo para a locomocéo; e células swarming, tipo de diferenciacéo celular
para ambientes viscosos ou sélidos; também sdo mecanismos adaptativos que garantem
a sua sobrevivéncia do género (Hamilton et al., 2018). Durante a fase swarming séo
produzidas as proteases microbianas, importantes fatores de viruléncia devido a acao
direta sobre as proteinas do hospedeiro, particularmente as imunoglobulinas (Michelin,
2008).

Dentre os fatores de viruléncia tém-se destaque a producédo de urease, utilizada
para metabolizar a ureia em dioxido de carbono e amdnia, utilizada como fonte de
nitrogénio no metabolismo microbiano (Hamilton et al., 2018). Essa producdo de amdnia
eleva o pH da urina e promove a sedimentacdo de cristais de célcio e fosfato de magnésio,
0 que contribui para a formagdo de um biofilme cristalino e célculos renais (Norsworthy
& Pearson, 2017; Fonseca et al., 2018). O biofilme cristalino garante a sobrevivéncia do
microrganismo no trato urinario, protegendo-o dos antibioticos e da resposta do sistema
imune. Além disso, o biofilme formado pode bloguear o fluxo de urina através do cateter
resultando em complicacGes, até mesmo sepse (Fusco et al., 2017). O género Proteus spp.
tem também por caracteristica a producdo de metaloproteases que fazem a digestdo
proteolitica de IgA e 1gG, além de outros componentes celulares para garantir sua

sobrevivéncia no trato gastrointestinal e urinario (Hamilton et al., 2018).
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2.6.2 Microrganismos Gram-positivos
2.6.2.1 Staphylococcus aureus

A contaminacao do alimento ocorre pela manipulacdo do mesmo por individuos
infectados, muitas vezes assintomaticos, ou pela mastite. Trata-se de uma das infeccGes
alimentares mais frequentes. E decorrente da ingestio de enterotoxinas pré-formadas no
alimento contaminado pela bactéria, frequentemente veiculadas ao consumo de leite e
seus derivados (Oliveira et al., 2013). Os sintomas podem aparecer entre 30 min a 8 horas
apos o consumo da toxina na comida (IFT Scientific Status Summary, 2004). O paciente
contaminado por S. aureus apresenta vomitos, diarreia, dores abdominais, sudorese e
dores de cabega. Os sintomas costumam passar apds 48 horas (Carvalho et al., 2007).
Embora a célula de S. aureus seja sensivel a altas temperaturas, a toxina é estavel.

Clinicamente trata-se de um microrganismo comensal de pele e de glandulas,
estima-se que pelo menos 20% das pessoas sejam portadoras assintomaticas de S.aureus
(Lakhundi & Zhang, 2018). Trata-se de um importante agente patogénico humano, sendo
sua capacidade de adaptacdo a diversas superficies e ambientes, juntamente com o uso
clinico de meticilina, os responsaveis pelo aparecimento de clones de S. aureus resistentes
as penicilinas e a maioria dos B-lactdmicos (Lakhundi & Zhang, 2018). As cepas
resistentes a meticilina (MRSA) sdo responsaveis por 25 a 50% das infecgdes por S.
aureus em ambientes hospitalares. Como consequéncia eleva-se a morbilidade e a
mortalidade dos pacientes (Lakhundi & Zhang, 2018).
2.6.2.2 Bacillus cereus

Vivem nos mais variados habitats, podendo viver desde o solo até o intestino de
animais e de insetos (Arnensen et al., 2008). Sdo formadores de enddsporos, 0 que
permite sua sobrevivéncia em ambientes hostis. Produzem duas enterotoxinas diferentes,
causando vomito ou diarreia (IFT Scientific Status Summary, 2004), sendo sua toxicidade
variavel conforme a linhagem (Arnensen et al., 2008).

Os sintomas aparecem de 0,5 a 6 horas ap6s a ingestao do alimento contaminado,
sendo a duracdo da doenca de 6 a 24 horas (Arnensen et al., 2008; Forghani et al., 2015).

A contaminag&o acontece através da ingestdo de vegetais crus, carnes, pescado,
leite, cereais e massas contaminados (Carvalho et al., 2007). Muitas vezes, o tratamento
a quente do alimento, ndo é suficiente, pois 0s esporos sdo resistentes a altas temperaturas
(IFT Scientific Status Summary, 2004).
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2.6.2.3 Sthaphylococcus epidermidis

Trata-se de uma bactéria comensal, prevalente na pele humana (Kleinschmidt et
al., 2015). Assim como a maioria dos microrganismo comensais, Sa0 responsaveis por
infeccbes em pessoas imunocomprometidas. Para Vuong & Otto (2002) é o principal
agente de infec¢Bes nosocomiais. A infeccdo sanguinea ocorre geralmente pela utilizagéo
de dispositivos e proteses percutaneas. Apos a colonizacdo da prétese, 0 microrganismo
pode formar biofilme, permitindo sua sobrevivéncia no sistema imune do hospedeiro
(Kleinschmidt et al., 2015).

Diferentes isolados de S. epidermidis ttm mostrado prevaléncia nas infecgdes de
neonatos, que se contaminam logo apds o nascimento, tendo seu quadro agravado pelos
procedimentos invasivos da UTI, levando-os a sepse (Kleinschmidt et al., 2015).
Kleinschmidt et al. (2015) estimam que entre 70-85% das infeccdes por S. epidermidis
demonstram resisténcia a antibidticos. O tratamento convencional é combinar
vancomicina com outras drogas, que podem levar a nefrotoxicidade e ototoxicidade. Os
autores ainda estimam que, nos EUA, o custo médio para tratar um neonato infectado gira
em torno de US$ 7.600,00. Portanto, torna-se necessarios novos estudos para buscar
novos farmacos para combater infec¢des por S. epidemidis que diminuam os custos e 0s
efeitos colaterais do tratamento.
2.6.2.4 Enterococcus faecalis

Trata-se de uma bactéria comensal do trato digestério humano e animal (Campos
et al., 2013). Sdo causadores de infecces invasivas e oportunistas como bacteremia,
septicemia, infec¢Oes de feridas, meningites e endocardites (Ceci et al., 2015). E. faecalis
foi identificado como o terceiro patdgeno responsavel por infeccBes urinarias entre o0s
pacientes de UTI (Hussain et al., 2016).

As infeccOes graves causadas por Enterococcus séo dificeis de tratar devido a
capacidade do organismo sobreviver em ambientes hospitalares, a capacidade de adquirir
mecanismos de resisténcia a antibioticos e a formacdo de biofilmes (Holmberg &
Rasmussen, 2016; Strateva et al., 2016). Poucos antimicrobianos sdo ativos contra
espécies enterococicas, pois possuem resisténcia intrinseca a varios agentes, como por
exemplo a ampicilina e a vancomicina (Ceci et al., 2015; Holmberg & Rasmussen, 2016).
2.6.3 Leveduras do género Candida

Sdo conhecidas por serem patdgenos oportunistas, tendo um aumento
consideravel nos casos de infeccdo nas Ultimas duas décadas (Santos et al., 2018). O

microrganismo pode causar infec¢do bucal, ocular, hepatosplenica, pulmonar, cardiaca,
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musculo esquelética, sistema nervoso central, entre outras. As infec¢bes atingem
principalmente pessoas imunodeprimidas ou que utilizam dispositivos medicos invasivos
(Millsop & Fazel, 2016).

A candidiase invasiva tem causado graves problemas de morbidade e
mortalidade, ocupando o quarto lugar em infeccBes de corrente sanguinea no mundo
(Bassetti et al., 2016). A candidemia, presenca de Candida na corrente sanguinea, é uma
infeccdo tdo grave que 10 a 40% dos casos é associado a sepse ou ao choque séptico
(Santos et al., 2018). Candida albicans é o principal microrganismo isolado em
fungemias, seguida de Candida paraosiloses e Candida tropicalis (Sorendino et al.,
2017). Como no caso das bactérias, as leveduras pertencentes a este género também
apresentam resisténcias aos medicamentos disponiveis no mercado. A resisténcia esta
associada, principalmente a exposi¢cdo aos farmacos e pela capacidade de formacéo de
biofilme. A formagé&o de biofilme aumenta a sua resisténcia, capacidade de aderéncia e
nivel de patogenicidade dos microrganismos (Bassetti et al., 2016; Millsap & Fazel, 2016;
Sorendino et al., 2017).

Pelo fato dos fungos possuirem células eucaridticas, o tratamento das infecgdes
fangicas fica limitado, pois atingem também as células humanas (Santos et al., 2018). As
drogas disponiveis para o tratamento de Candida spp., incluem os azois, alilaminas,
polienos. Os azdis atuam inibindo a atividade da enzima lanosterol 14-o- desmetilase
responsavel pela sintese de ergosterol, o que leva a acumulacéo de um esterol toxico (14-
a-metil-3,6-diol) e a perda da integridade da membrana plasmatica (Vieira et al., 2017).
Ja os polienos ligam-se ao ergosterol e interferem nos poros transmembrana, o que
aumenta a permeabilidade da mebrana plasmaética provocando a morte celular por perda
de componentes (Vieira et al., 2017). As alilaminas inibem a enzima esqualeno
epoxidase, tendo o efeito antifungico devido o acimulo de de esqualeno no citoplasma e
falta de ergosterol nas membranas. Essas drogas podem ter trés locais de acdo, o reticulo
endoplasmatico, a membrana celular ou ainda podem agir na sintese de &cidos nucleicos
das leveduras. O fluconazol é o tratamento mais utilizado na maioria das infecces,
principalmente devido ao seu menor custo. Diante da resisténcia das leveduras aos

farmacos torna-se necessario que a Ciéncia desenvolva novos antimicoticos.

2.7 CARACTERISTICAS GERAIS DOS FUNGOS
Os fungos sdo seres eucariotos heterotroficos classificados entre 0s micro e

macro-organismos (Meyers et al.,1989; Vanderline & Onofre, 2010). E dificil generalizar
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caracteristicas dos fungos devido a sua diversidade ecolégica (Abreu et al., 2015). Estes
microrganismos desempenham importante papel na decomposi¢do de residuos dos
ecossistemas terrestres (de Boer et al., 2005; Prakash et al., 2015). Além disso, sdo capazes
de produzir uma série de metabdlitos secundarios devido a sua capacidade de degradacéo
de uma ampla quantidade de substratos (de Boer et al., 2005; Zerikly & Challis, 2009;
Khan et al., 2014). Os metabolitos sdo compostos secretados no meio de cultivo durante o
crescimento do microrganismo e que pode ser isolado e caracterizado para fins industriais.
Alguns destes metabolitos secundarios sdo fontes potenciais para produtos farmacéuticos

(Sanchez-Fernandez et al, 2013), como representado na Tabela 1.

Tabela 1. Metabdlitos secundarios produzidos por fungos de importancia econémica na
industria farmacéutica.

Metabolito Fungo Aplicacéo

Cefalosporina Acremonium chrysogenum, Antibacteriano
Fusarium solani,
Nectria lucido

Penicilinas Penicillium chrysogenum, Antibacteriano
Aspergillus sp.

Glandicolina B60 Penicillium sp. Antimicrobiano
Grafislactona Cefalosporium sp. Antioxidante
Aspermigerina Aspergillus niger Tratamento de carcinoma

nasofaringeo e cervical

Vincristina Fusarium oxysporum Tratamento de leucemia
em criancgas

*Fonte: Papaguani (2004), Sanchez-Fernandez et al., (2013), Khan et al., (2014).

Dentre as classes de fungos, destacam-se os macrofungos (Classe
Basidiomycetes), conhecidos vulgarmente como cogumelos, que possuem estrutura de
reproducdo podendo ser hipdgeos ou epigeos, sendo estes grandes e possiveis de serem
vistos a olho nu (Chang, 2008). Cogumelos silvestres sdo importantes fontes de nutrientes
e compostos bioativos, sendo frequentemente utilizados na alimentagéo (Putzke & Putze,
2004; Yaltirak et al., 2009; Heleno et al., 2015).

Devido as suas propriedades antioxidante, antitumorais, antivirais e
antimicrobianas, os macrofungos tém aplicacéo na industria (producdo de enzimas) e na

producdo de farmacos (antimicrobianos) (Lallawmsanga et al., 2016; Shen et al., 2017),
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tais caracteristicas elevam seu valor econémico (Mattila et al., 2000; Yaltirak et al., 2009;
Esposito & Azevedo, 2010; Arango & Nieto, 2013; Gyawali & Albrahim, 2014;
Chowdhury et al., 2015; Smolskaité et al., 2015). As espécies comestiveis possuem alto
valor proteico, baixa quantidade de calorias, vitaminas, minerais, fibras, baixos niveis de
sodio e antioxidantes, os quais ajudam a combater doencas coronarias, diabetes,
desordens neuroldgicas, artrite e cancer, tornando-os alimentos funcionais (Yaltirak et
al., 2009; Chowdhury et al., 2015; Heleno et al., 2015; Reis & Rocha, 2015; Smolskaité
etal., 2015).

Componentes bioativos tém sido isolados a partir de cogumelos, incluindo
proteinas, polissacarideos ou complexos de polissacarideo-proteina. Esses componentes
bioativos tornaram-se fontes naturais de agentes antioxidantes, antitumorais, antivirais e
antimicrobianos (Suay et al., 2000; Xu et al., 2011; Aras et al., 2018; Zhang et al., 2018;
Angamuthu et al., 2019). Os compostos funcionais estdo presentes tanto no micélio como
no basidio, ou ainda podem estar no meio de fermentacdo, ou seja, podem ser
extracelulares (Arango & Nieto, 2013; Chowdhury et al., 2015). Dentre esses compostos,
encontram-se substancias fendlicas, polissacarideos, B-glucanos, enzimas, acidos graxos,
polifendis, terpenos, esteroides e flavonoides, este Ultimo possui atividade antioxidante
(Suay et al, 2000; Lakhanpal & Rana, 2005; Yaltirak et al., 2009; Ashagrie et al., 2014,
Siuetal., 2014; Chowdhury et al., 2015). Dentre os compostos citados, 0s polissacarideos
e fendlicos sdo os compostos majoritarios presentes nos cogumelos comestiveis (Ooi &
Liu, 2000; Siu et al., 2014). Estes compostos podem ser encontrados em diferentes
concentracfes de acordo com a parte do basidioma utilizado e o estidgio de
desenvolvimento do cogumelo (Reis & Rocha, 2015).

Com o aumento pela procura de produtos naturais, os macrofungos tém recebido
consideravel atencdo em pesquisas na area de alimentos e produtos farmacéuticos. Muitas
especies tém sido utilizadas em medicamentos tradicionais chineses ou alimentos
funcionais no Japdo e outros paises asiaticos (Reis & Rocha, 2015). Ha um crescente
interesse nos metabolitos secundarios de cogumelos com a finalidade de desenvolver
novos farmacos.

2.7.1 Atividade antimicrobiana dos metabolitos secundarios fungicos

O uso dos fungos para tratar infecgdes € de conhecimento antigo, mas apresentou
grande expansdo na década de 40 devido ao impacto da penicilina. Embora a busca por
novos antimicrobianos seja necessaria no combate aos patdgenos emergentes, poucos

antimicrobianos tém chegado ao mercado nos ultimos anos.
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Os metabdlitos secundarios sdo produzidos em resposta ao estresse ambiental,
como uma estratégia de sobrevivéncia dos fungos em seu hébitat (Carvalho et al., 2007;
Shen et al., 2017). As fontes de nitrogénio e carbono, além do pH, sdo responsaveis pela
regulacdo dos genes que comandam a producdo dos metabolitos secundarios (Sorensen
& Sondergaad, 2014). Portanto, a composi¢do dos metabolitos varia de acordo com a
espécie fangica e o substrato onde os fungos foram crescidos. Os metabdlitos podem ser
separados em grupos, os derivados de aminoacidos, policetideos, peptideos néo
ribossomais, derivados de é&cidos graxos, alcaloides, isoprenoides e hibridos de
policetideos-peptideos (Kempken & Rohefs, 2010; Khan et al. 2014). Estes compostos
podem apresentar atividade farmacéutica, imunossupressora e toxica (Khan et al., 2014).

Os metabolitos secundarios produzidos pelos fungos podem ser uma alternativa
na busca de novos agentes antimicrobianos naturais. Actinomicetos (bactérias) e fungos
filamentosos s&o a maior fonte de antimicrobianos naturais (Wu et al., 2015). Estima-se
que 78% dos antimicrobianos sejam produtos naturais, como por exemplo, penicilina,
gentamicina, estreptomicina e clorafenicol (Kumar et al., 2010; Khan et al., 2014). A
diversidade de fungos filamentosos e macrofungos oferecem grandes fontes de
antimicrobianos naturais (Ren et al., 2014), que por muitas vezes apresentam atividade
antimicrobiana maior que muitos antibidticos e antifungicos utilizados comercialmente
(Heleno et al., 2015).

A busca crescente por alimentos naturais ou minimamente processados tem feito
com que a utilizacdo de antimicrobianos naturais em alimentos mereca destaque nos
ultimos anos (Calo et al., 2015; O’Connor et al., 2015). O crescente interesse por produtos
naturais referem-se ao fato de apresentarem menos riscos a saude, além de contribuir na
a busca de um alimento com maior prazo de validade e melhor qualidade (Belda- Galbis
et al., 2014; Gyawali & Albrahim, 2014). Varias pesquisas tém mostrado a atividade
antimicrobiana de fungos, embora poucas revelem a sua importancia na conservacao de
alimentos (Gyawali & Albrahim, 2014).

Na saltde publica, a resisténcia aos antibioticos tem se tornado uma preocupacao
constante. Diante da problematica da resisténcia aos antibiéticos, os fungos podem
fornecer novos compostos bioativos para combater o desenvolvimento de
microrganismos patogénicos. Portanto, a grande diversidade brasileira de micro e
macrofungos pode oferecer diferentes fontes de antimicrobianos (Lima et al., 2016b).
Alguns fungos e sua atividade antimicrobiana estdo descritos na Tabela 2.
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Tabela 2. Fungos que apresentam atividade antimicrobiana e microrganismos
sensibilizados.
Fungo Microrganismo alvo Referéncia
Pycnoporus sanguineus® B. cereus Smania et al., 1998

Pleurotus sp.? S. aureus, Wisbeck et al., 2002
B. subtilis

Candida albicans
Russula delica® B. cereus, Yaltirak et al., 2009
E. coli,
S. aureus,
S. enteritidis
Shigella sonnei

Pycnoporus sanguineus® S. aureus, Vanderlinde & Onofre, 2010
S. epidermidis
P. aeruginosa
Pleurotus nebrodensisa® E. coli Adebayo et al., 2012
Pleurotus eryngii® S. aureus Schillaci et al., 2013
Phoma sp.” B. megaterium Hussain et al., 2015A
Fusarium sp.” B. megaterium Hussain et al., 2015B
Grifola frondosa # B. cereus Klaus et al., 2015
Curvularia pallescens ° S. aureus Nascimento et al., 2015

Streptococcus pyogenes

Tapinella atrotomentosa ? S. aureus Béni et al., 2018
A. baumannii
E. coli
Aspergillus versicolor ° S. aureus Wang et al., 2018

Vibrio campbelli

Pleurotus pulmonarius * Bacillus sp.
Proteus sp. Madhanraj et al., 2019
S. aureus
3macrofungos; ° fungos filamentosos

As primeiras investigacdes sobre a atividade antimicrobiana de basidimicetos foi
realizada por Anchel et al. (1941) (Brizuela et al., 1998; Sadven, 2000; Rosa et al., 2003).
Neste estudo, os autores isolaram e identificaram da pleuromutilina, um diterpeno
utilizado para o tratamento de infecgdes por micoplasma em animais (Kavanagh et al.,
1950; Brizuela et al., 1998; Suay et al., 2000; Rosa et al., 2003). A partir do isolamento
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da pleuromutilina foi desenvolvido o primeiro antibidtico comercial obtido de
macrofungos.

A atividade antimicrobiana de cogumelos € atribuida a presenca de varios
compostos do metabolismo secundario, como por exemplo, compostos volateis, alguns
fendis, acido géalico e cidos graxos livres. Os principais metabdlitos secundarios com
atividade antimicrobiana isolados de macrofungos pertencem a classe poliacetileno,
terpendides e fendlicos (Alves et al., 2012; Shen et al., 2017).

Das 140.000 espécies de cogumelos que existem mundialmente, estima-se que
menos de 10% seja estudada (Bal, 2018), sendo que a maioria dos estudos se referem a
espécies comerciais. Assim, a pesquisa de espécies selvagens torna-se promissora, uma
vez que a diversidade metabdlica esta diretamente relacionada a diversidade de espécies
(Hawksworth, 1991; Rosa et al., 2003; Rosenberger et al., 2018). Embora o Brasil possua
um grande potencial para estudo de compostos bioativos a partir de macrofungos, poucas
espécies foram efetivamente testadas. Portanto é de suma importancia que se estude a
diversidade de compostos bioativos de cogumelos selvagens oriundos de ecossistemas

tropicais, como o Brasil.

2.8 METABOLOMICA

A metabolémica é a analise abrangente (qualitativa e quantitativa) dos
metabolitos de um organismo ou sistema (Xu et al., 2014). Este ramo da Ciéncia tem por
objetivo a determinacdo dos metabdlitos de uma dada amostra (metaboloma)
identificando-os e caracterizando-os (German et al., 2005). Trata-se de uma técnica
analitica de alto rendimento utilizada para medir metabdlitos de baixa massa molecular,
permitindo a comparacao simultanea de amostras biologicas diferentes (Wu et al., 2015).
No caso dos extratos oriundos dos fungos, é imprescindivel fazer seu perfil metabolico
para identificar seu potencial uso.

O processo de identificacdo dos metabdlitos consiste em uma sequéncia de
etapas: preparagdo da amostra, extracdo de metabdlitos, derivatizacdo, separagdo dos
metabdlitos, deteccdo e tratamento de dados. Nem sempre todas as etapas sdo necessérias,
dependendo da amostra analisada (Cevalhos-Cevalhos et al., 2009).

Para o mapeamento completo da constituicdo metabdlica (fingerprint) é
necessario o uso de multiplas técnicas, ja que pode-se chegar a milhares de compostos.
Por isso, 0 acoplamento de uma técnica que leve a separacdo dos constituintes com uma

ou mais técnicas espectroscopica é frequentemente utilizado. Dentre as tecnicas de
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separacdo, destacam-se: cromatografia gasosa de alta resolucdo (HRGC), cromatografia
liquida (LC), cromatografia liquida de alta eficiéncia (HPLC), cromatografia liquida de
ultra eficiéncia (UHPLC), sendo que as ultimas duas técnicas sdo as mais utilizadas por
ser compativel com qualquer tipo de analito. Ja as técnicas espectométricas: a
espectrofotometria ultravioleta — visivel com arranjo de diodos (DAD-UV/Vis), a
espectrometria de massas de alta resolucdo (HRMS) e a ressonancia magnética nuclear
(NMR 1D e 2D) destacam-se para a obtencdo de perfis metabolicos de amostras
complexas (Warwick et al., 2005; Roessner & Bownw, 2009; Funari et al., 2013).

Quanto a técnica de HPLC, segundo Bonta (2017) é utilizada para analises
quantitativas e qualitativas de compostos ndo volateis, como por exemplo, fendlicos,
terpendides e alcaloides. Os resultados das amostras qualitativas sdo avaliados com base
nos tempos de retencdo dos padrdes de referéncia. A estimativa quantitativa é feita com
base na curva padrdo gerada ap6s a injecdo do padrdo em diferentes niveis de
concentragéo.

A espectrometria de massas (MS) € uma técnica bem estabelecida com alta
seletividade e sensibilidade, que permite a identificacdo dos compostos por meio de suas
massas atdmicas (Bedia et al., 2018). As massas moleculares de grandes biomoléculas
podem ser consideradas com uma precisdo de 0,01% do total da amostra (Bonta, 2017).
A analise de MS pode ser dividida em 3 etapas: ioniza¢do, analise de massas e deteccao.
Os padroes de fragmentacdo das massas sdo determinados principalmente por ionizacao
de elétrons por pulverizacdo (ESI) e por pressdo atmosférica de ionizacdo (APCI), sendo
a analise por ESI no modo positivo e negativo, a mais indicada para a analise de
metabolitos secundarios (Bonta, 2017).

A aplicacdo de MS pode ser ampliada quando combinada com outras técnicas,
como por exemplo, HPLC/MS. Para a analise do metaboloma microbiano, HPLC/MS tem
sido a metodologia mais utilizada (Xu et al., 2014). Trata-se de um método eficaz para a
descoberta de novos antibidticos a partir do fingerprint microbiano (Wu et al., 2015).
Para a identificagdo de compostos fenolicos a técnica mais utilizada é HPLC-DAD-ESI-
MS/MS (Yu et al., 2009; Bonta, 2017). A Tabela 3 descreve alguns compostos
antimicrobianos naturais identificados a partir de fungos, assim como a técnica utilizada

na identificacdo destes compostos.
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Tabela 3. Compostos flangicos com atividade antimicrobiana e seu método de
identificacéo.

Fungo Metabolito antimicrobiano Método de Referéncia
analise
Gloeostereum Sesquiterpenos, consdrosterina e NMR Bunbamrung
incarnatum dicotiocromeno etal., 2017
Inonotus sanghuang Rutina, acido clorogénico e quercitina LC-MS Liuetal.,
2017
Penicillium 3- metil-1-butanol - GC-MS Malhadas et
commune, P. 1-octen-3-ol, al., 2017
canesces, A. Phenilethil,
alternata 3-metil-1- butanol, acetato
B- cedren
Tapinella Lactonas —osmudalactona, 5-hidroxi- HPLC-MS- Béni et al.,
atrotomentosa hex-2-em-4-olide, terfenil quininas, NMR 2018
espiromentinas C e B
Pleurotus Polissacarideos H- NMR Chaiharn et
pulmonarius al., 2018
Fusarium Fusarithioamida B NMR Ibrahim et al.,
chlamydosporo 2018
Craterellus B-caroteno, licopeno, flavonoides, acido HPLC Kol et al.,
cornicopioides galico e p-cumarinas 2018
Talaromyces Acido subero-hidroxamico, HPLC-UV Limaetal.,
funiculosus, T. Procainamida, Hidralazina visivel 2018
islandicus, T.
minioluteus, T.
pinophilus, P.
janthinellum
Mycena haematopus Mycenoflavina A, B, C e D; NMR e Lohmann et
Pirroloquinona HRMS/ ESI al., 2018
Aspergillus Antraguinona, 2-(dimethoximetil)-1- Espectometria  Wanget al.,
versicolor hidroxiantraceno-9,10-diona e NMR 2018
Penicillium Penicimenolidyu A e B NMR Wu et al.,
cataractum 2018
Fomitopsis sp. Fomitopsins 1 e J HPLC - NMR Isaka et al.,
2019
Cordyceps militaris ~ Fendis, flavonoides, acido ascorbico, p-  Espectometria Joshi et al.,
carotenos e licopeno 2019

A identificacdo dos compostos flngicos é uma promissora area na tentativa de

combater a resisténcia microbiana. A América do Sul, mais precisamente o Brasil, devido
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ao seu clima quente e imido, representa um reservatorio de espécies, que ainda sdo pouco
estudadas. Portanto, o estudo da biodiversidade fingica bem como de seu metaboloma é

uma area promissora na pesquisa biotecnologica.
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3. RESULTADOS E DISCUSSAO

No total, foram avaliados quanto a propriedades antimicrobianas 134 isolados
fangicos, sendo, 108 provenientes do bioma Mata Atlantica (Torres - RS) e 26 do bioma
Amazonico (Manaus - AM). Dentre os fungos analisados foram selecionados trés
isolados (1 micro e 1 macrofungo do RS, além de 1 macrofungo Amazénico), ou seja,
aproximadamente de 2,5% das amostras analisadas demonstram potencial antimicrobiano
sobre as bacterias e leveduras alvo. O nimero de amostras selecionadas, relaciona-se a
metodologia utilizada no screennig, uma vez que os fungos tém o crescimento lento se
comparado ao crescimento bacteriano.

Os resultados sdo apresentados em trés capitulos.

O primeiro capitulo ¢é constituido pelo manuscrito intitulado “Antimicrobial
efficacy against pathogenic bacteria and yeasts of extracts of Fusarium oxysporum PR-
33 in submerged culture: alternative agents for the near future”. O objetivo deste estudo
foi avaliar a atividade antimicrobiana de metabolitos secundarios presentes no filtrado de
cultura submerso de F. oxysporum, bem como identificar os principais compostos. Sera
submetido a revista Mycotoxin Research. Os dados obtidos neste trabalho também
constituem um pedido de patente, a qual foi depositada no Instituto Nacional da
Propriedade Industrial (INPI) com o nimero BR 102019005151-5, intitulado “M¢étodo de
cultivo de Fusarium oxysporum, processo de obtencdo de extrato de Fusarium oxysporum
e seu uso”. Este documento esta disponibilizado no anexo desta tese.

O segundo capitulo ¢é constituido pelo manuscrito intitulado “Cyclocybe
cylindracea as a producer of bioactive metabolites in submerged cultivation against
pathogenic bacteria and yeasts”. O objetivo deste estudo foi avaliar a antibiose do caldo
de cultivo contra patdgenos Gram-positivos e Gram-negativos, bem como leveduras do
género Candida, além de verificar o potencial citotoxico dos metabdlitos extracelulares
presentes em culturas de C. cylindracea. Complementarmente, 0s principais compostos
presentes no extrato obtido da cultura submersa de C. cylindracea foram identificados.
Seré submetido a revista International Journal of Medicinal Mushrooms.

O terceiro capitulo ¢ constituido pelo manuscrito intitulado “Antimicrobial
properties of extracts containing metabolites of Amazonian mushrooms grown by
submerged cultivation”. O objetivo deste trabalho foi selecionar fungos coletados na

Amazonia cujos extratos apresentaram potencial antimicrobiano contra microrganismos
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patogénicos e contaminantes alimentos, bem como identificar seus metabdlitos

secundarios e avaliar sua citotoxicidade. Seré submetido a revista Medical Mycology.
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Capitulo 1 — Manuscrito 1

Antimicrobial efficacy against pathogenic bacteria and yeasts of extracts of
Fusarium oxysporum PR-33 in submerged culture: alternative agents for the near

future

Liliane Poleto'4, Leticia Osorio da Rosa!, Roselei Claudete Fontana?, Eliseu Rodrigues?, Edina Poletto?,

Guilherme Baldo®, Suelen Paesi*, Ceci Sales-Campos®, Marli Camassola®

I University of Caxias do Sul - Institute of Biotechnology Laboratory of Enzymes and Biomass, Caxias do
Sul - RS / Brazil 95070-560. Tel.: 55 54 3218-2149. E-mail: Ipoleto@ucs.br; ticiaor@gmail.com;
rcfontana@ucs.br; mcamassola@gmail.com

2 Federal University of Rio Grande do Sul - Institute of Food Science and Technology (ICTA), Porto Alegre
- RS/ Brazil 91501-970. Tel .: 55 51 3308-9786. E-mail: eliseu.rodrigues@ufrgs.br

SFederal University of Rio Grande do Sul - Gene Therapy Center -Hospital of Clinics of Porto Alegre, Porto
Alegre — RS/ Brazil 90035-903. E-mail : edinapoletto@gmail.com; ghaldo@hcpa.edu.br

4University of Caxias do Sul - Institute of Biotechnology Laboratory Molecular Diagnostic, Caxias do Sul
- RS/ Brazil 95070-560. Tel.: 55 54 3218-2149. E-mail: sopaesi@ucs.br

5 National Institute of Research of the Amazon (INPA), Manaus - AM / Brazil 69011-970. Tel: 55 92 3643-

3082. Email: ceci@inpa.gov.br

Abstract
The aim of this work was to evaluate the antimicrobial activity of the metabolites
produced by Fusarium oxysporum PR-33 in submerged culture, in flasks (EF) and in
bioreactor (EB) against Gram-positive and Gram-negative bacteria and yeasts.
Metabolites were determined by HPLC-DAD-MS/MS. An extract was obtained following
the removal of mycelium by centrifugation and lyophilisation of the supernatant. The
compounds in this extract demonstrated broad-spectrum antimicrobial action, with rates
of inhibition between 60% and 80%, depending on the species and extract tested. The
major compounds of the extracts were identified as fusarinolic acid and its isomer (56.9%
EF and 59.2% EB), dehydrofusaric acid (35.7% EF and 31.6% EB), and fusaric acid
(6.5% EF and 1.1% EB). The extracts were cytotoxic in HEK-293 and SH-SY5Y cells.

Therefore, our results indicate that the compounds identified exhibit potential as novel
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drugs or antimicrobial agents, and that the method of extraction influences the production
of metabolites.
Keywords: antibiotics; biopharmaceuticals; antimicrobial agents; antimicrobial

resistance; screening test.

1. Introduction

Preoccupation with antibiotic resistance has increased significantly in the last
twenty years due to the emergence of resistant strains. Increased microbial resistance and
reduced availability of new antibiotics has led to an eminent post-antibiotic era [1 - 3]. In
this context, fungi may provide novel bioactive compounds to combat the development
of pathogenic microorganisms.

Fungi are able to produce a series of secondary metabolites and thus degrade a wide
variety of substrates [4, 5]. Secondary metabolites are extracellular compounds secreted
into the culture medium during growth of the microorganism that can be isolated and
characterised for industrial purposes. Among secondary metabolites, antimicrobial
agents, which aid in the survival of fungi in the environment, stand out [4, 5]. It is
estimated that 78% of antimicrobials available on the market, such as penicillin,
gentamicin, streptomycin, and chloramphenicol, are derived from natural products [6 -
9]. The diversity of fungi offers many sources of natural antimicrobials [10].

Fusarium oxysporum Schltdl. is a filamentous, endophytic fungus, and saprophytic
the lives in the soil [11, 12]. Although most studies have reported the toxicity of their
metabolites in plants, few have revealed the health potential of these metabolites [7, 8,
12]. Thus, the aim of this study was to evaluate the antimicrobial activity of secondary
metabolites present in the submerged culture filtrate of F. oxysporum as well as identify

the major compounds present in the aqueous extract.

2. Methods
2.1. Strains

The fungal strain F. oxysporum PR-33 was collected in Torres-Rio Grande do Sul,
Brazil, and has been deposited in the collection of fungi from the Laboratory of Enzymes
and Biomass, University of Caxias do Sul, Brazil. As target microorganisms, five strains
of Gram-positive bacteria, seven strains of Gram-negative bacteria and two yeast strains
of the genus Candida (Table 1). All bacterial and yeast strains were donated by Oswaldo

Cruz Foundation, Rio de Janeiro, Brazil.
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2.2. Molecular identification

DNA extraction for identification of the PR-33 isolate was performed using the
commercial PowerSoil® DNA Isolation Kit (MO BIO Laboratories, Inc.). DNA
amplifications were performed by polymerase chain reaction (PCR) with the Phusion High-
Fidelity™ PCR kit (Finnzymes). The primers ITS1 (5 TTCCGTAGGTGAACCTGCGG
3") and ITS4 (5 TCCTCCGCTTATTGATATGC 3') [13] were used, with amplification
between 600 and 800 bp. For purification of the sample, the enzymes exonuclease |
(Amershan Bioscience, 2500 U) and shrimp alkaline phosphatase (Amershan Bioscience,
5000 U) were used. The sample was sequenced on an ABI-PRISM 3130x| automated
sequencer (Applied Biosystems) using the fluorescently labelled dideoxynucleotide
technique, resulting in an electropherogram. Identification of the fungus was done by
comparing the DNA sequences obtained with the sequences deposited in GenBank using
the BLAST tool.

2.3 Culture media

The F. oxysporum strain was maintained in medium containing 20 g.L* wheat bran;
20 g.L* sawdust of Pinus sp.; 2 g.L"t CaCOgz; and 20 g.L ! agar. After peal, the plates
were incubated at 28°C for 7-10 days, and thereafter stored at 4°C.

To produce extracts, which were evaluated for their antimicrobial activity, nutrient
broth supplemented with 10 g.L™ of glucose, was used bacterial strains, as well as disc
diffusion tests, was performed using nutrient agar (Kasvi®). Sabouraud agar medium

(Kasvi®) was used for yeasts.



Table 1. Inhibition diameter (mm) resulting from the metabolites of the Fusarium oxysporum fungus produced in different days of culture in

flask (EF) and in bioreactor (EB) on Gram-positive and Gram-negative bacteria and yeasts of the genus Candida.
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Inhibition (mm)*

2 days 3 days 4 days 5 days 7 days 9 days Control**
Form of production and Positive .
microorganism EF EB EF EB EF EB EF EB EF EB EF EB - Negative

Gram-negative

Escherichia coli OP50 10.6+0.42 9.8+1.1° 10.0+0.02 9.8+1.1° 11.0£1.0° 13.3+1.3° 9.5+2.5° 7.5+0.52 13.6+1.3° 7.6+0.8° 15.60.7° 9.6+1.0° - -
Salmonella Typhimurium ATCC 14028 8.1+2.4° 9.0+1.0° 9.0+1.4% 8.8+2.0% 11.8+1.6% 8.8+2.0° 14.1#1.2° 9.0+£1.0% 10.3+1.22 8.3+0.5° 11.5+1.6% 7.6+£1.2° 17.5+2.1° -
Escherichia coli ATCC 15669 - . - 7.0£1.4% 11.0£1.4° 8.0+1.4° - 8.5+2.1% 12.520.7° 7.5+0.7° 8.0+2.8° 8.0+0.6° 7.0+0.07 -
Pseudomonas aeruginosa ATCC 19429 6.5+0.7° - 8.0+£0.0% - 12.0+4.2° - 12.5+0.7° 6.5+0.7° 7.5+0.7% - 8.0+1.4° - 8.0+0.0? -
Klebsiella pneumoniae ATCC BAA1705 11.542.1° - 7.5£0.7% 6.5+0.7% 10.0+1.4° 7.5+0.7° 6.5+0.7° 7.5+2.17 7.0£0.0° 7.5+0.7° 8.0+0.0° 6.5+0.7% 10.5+0.7° -
Acinetobacter baumanni ATCC 1906 12.5+4.9 6.5£0.7% - 10.0+1.4° - 7.540.7% - 11.0+1.4° - 12.0+2.8° - - -
Proteus mirabilis ATCC 25933 8.0+1.4° - 10.0+£0.0 8.0+1.4% 7.0£0.0° 9.5+0.7% 8.5+2.1% 10.5+0.7° - 8.5+0.72 7.0£0.0° - 24.0+0.0° -
Gram-positive

Staphylococcus aureus ATCC 25923 10.5%2.2% 10.1+1.4° - 13.8+2.1° - 16.5+2.1° - 13.52.2b - 13.3x2.0° 15.5¢7.7° -
Bacillus cereus ATCC 10876 14.8+2.9° 7.0£1.0° 13.3+2.8° 8+0.6% 17.1+0.8° 14.3+2.8° 13.3+1.2° 18.0+1.7° 9.8+0.3? - 14.3+£3.4° - -
Staphylococcus. aureus ATCC 33592 10.0+0.0% - 15.0+2.8° - 12.0+1.4° 9.0+0.0? 9.5+4.9% - 8.0+0.0° 8.0+0.07 9.5+0.7¢ 11.5+2.1° -
Staphylococcus epidermidis ATCC 12228 11.0£1.4° - 14.0+£8.4° - 9.5+0.7% - 14.5+2.1° - 16.0+1.4° - 9.5+0.7% - -
Enterococcus faecalis ATCC 10100 19.00.0° 17.0+2.4° 9.0+4.2¢ 7.0£0.0° 7.0£1.4° 6.5£0.7° 10.0+0.0? - 12.0+1.4° 7.5+0.7° -
Yeast

Candida albicans ATCC 24433 11.5+4.9° - 6.5+0.7% - 7.5+2.1° 11.0+1.4° 17.0+0.0° - 11.0+4.2° - 11.0+2.8° 12.5+0.5° -
Candida. tropicalis ATCC 28707 18.5+4.9° 8.0+1.4% - 8.0+1.4° - 8.5+0.7% - 8.0+0.0° - 9.0£1.4° 9.0+1.0° -

(-) resistant (no formation of inhibition halo). Measurements of halos include 5 mm of disk.

*Measured after 24 h of incubation at 37°C. Duplicate measurements and estimation of standard deviation. Statistical analysis between the bacterium and different culture times for the extract production (horizontal line).
Values marked with the same letter did not differ significantly (p < 0.05). Statistical analysis with ANOVA and Student's t-test.

**For positive controls, amoxicillin (10 mcg) and fluconazole (32 mcg) were used for bacteria and yeast, respectively.
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2.4 Cultivations for the production of secondary metabolites

500 mL-Erlenmeyer flasks containing 100 mL of nutrient broth supplemented with
glucose were used. Each flask was inoculated with 2.2x10° mL* conidia of F. oxysporum.
The flasks were maintained at 28°C under reciprocal shaking at 180 rpm. Triplicates were
made for each culture timepoint (2, 3, 4, 5, 7, and 9 days).

In a bioreactor, a pre-inoculum was made at 5% (w/v) containing nutrient broth and
glucose. The flasks were inoculated as previously described and cultured with reciprocal
shaking of 180 rpm for 24 h at 28°C.

The assays were performed in a stirred tank bioreactor (New Brunswick®,
BioFlo®/Cellingen®115 model) using a working volume of 10 L. Nutrient broth
supplemented with glucose was used in bioreactor cultures. Cultivation was maintained
for 9 days at 28°C with agitation at 200 — 400 rpm, aeration rate of 0.5-2 vvm, and without
pH control, although this parameter was analysed daily. The oxygen dissolved in the broth
was maintained at values greater than 30% saturation. A 300 mL sample was collected

daily.

2.5 Preparation of extracts

The extracts were produced from the broth of submerged cultures. The broth was
centrifuged (3220 g, 20 min at 4°C). The supernatant was lyophilised and a known
concentration (100 mg.mLt) of lyophilised extract was dissolved in sterile distilled water

and sterilised by filtering through a 0.22 um pore filter.

2.6 Evaluation of the antimicrobial activity of the extract

2.6.1 Disk diffusion

Volumes of 15 uL (100 mg.L?) of the extract were distributed on sterile filter paper
discs with a diameter of 0.5 cm and a density of 250 g.m. The negative control was
performed using 15 uL of sterile water, the solvent used to dilute the extract.

Cultures of the microorganisms were grown in nutrient broth overnight, and their
concentration standardised at 10® cells.mL. On the inoculated microorganisms were
distributed the disks containing the extract of F. oxysporum. The plates were maintained
at 37°C for 24 h. Inhibition of microbial growth was assessed by measuring the halo of
inhibition (mm) of growth. The positive control was performed using commercial
antibiograms (Sensifar®), containing amoxicillin (10 mcg) for bacteria and fluconazole

(32 mcg) for yeast. The tests were performed in duplicate.
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2.6.2 Microbial growth inhibition

Microbial growth inhibition determination wasperformed with the extract
concentration ranging from 100 to 3.1 mg.mL™. For the determination of MIC, a
methodology described by Clinical and Laboratory Standards Institute (CLSI) [14] and
Elshikh et al. (2016) [15] was used with some modifications due to dark color of the
extract that made it difficult to read absorbance. These modifications consisted of
centrifuging the plates (3220 g, 20 min at 4 ° C) and the supernatant was removed, adding
300 pl of saline solution (0.9%) to each well. The procedure was repeated until complete
washing of the microbial cells.

The positive control was performed only with the bacterial culture and 245 pL of
water. After 24 h, the absorbance was read at 560 nm. The percent inhibition was

calculated according to Equation 1.

iy ey 100—Absorbance of the sample
% Inhibition = ( ! )

X1 Equation (1
Absorbance of the control well 00 quation (1)

2.7 ldentification of metabolites

The extract was dissolved in 100 mg.mL™? and semi-purified by solid phase
extraction. Strata cartridges (Phenomenex®) were activated with 2 mL of methanol and
conditioned with 12 mL of aqueous solution acidified with 0.01% HCI. Then, 2 mL of
extract was added to the cartridge. The cartridges were washed with 12 mL of aqueous
solution acidified with 0.01% HCI to remove interfering compounds, sugars, and other
high molecular weight molecules. Phenolic and nitrogen compounds were eluted with
1800 pL of methanol with 2% formic acid and stored in amber tubes at -20°C until
analysis. Prior to HPLC injection, the samples were evaporated on a rotary evaporator
and the residue obtained was reconstituted with acidified water (0.5% formic acid) to 1
mL and filtered through a cellulose acetate membrane (0.22 um).

A Shimadzu HPLC apparatus equipped with two pumps (LC-20AD), online
degasser (DGU-20A), automatic injector (SIL20AHT), oven (CTO-20A) connected in
series in series to a DAD detector (SPD-M20A), and mass spectrometer (MS) with
quadrupole-time of flight analyser and an electrospray ionisation source (ESI) of Bruker
Daltonics, micrOTOF-Q Il model, was used to identify the metabolites.

The compounds were separated on a Discovery® Cig column Supelco® (5um, 15

cm x 4.6 mm), using as the mobile phase a linear gradient of water/0.5% formic acid
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(solvent A) and acetonitrile/0.5% formic acid (solvent B), at a flow rate of 0.7 mL/min
and a column temperature of 29°C [16]. The spectra were obtained between 200 and 600
nm and the chromatograms processed at 271 nm. The mass spectra were acquired with a
scan range of m/z 100 to 1000; and the MS parameters were as follows: ESI source in
positive ionisation mode; capillary voltage: 3000 V, end plate offset: =500 V, drying gas
temperature (N2): 310°C, flow: 8 L.min%, nebuliser: 30 psi, and MS/MS fragmentation in
automatic mode. Analysis of the chromatograms and mass spectra was done using
DataAnalysis software 4.3. For the analyzes were ignored the compounds initially present

in the culture medium.

2.8 Quantification of metabolites
Metabolites were quantified by HPLC-DAD, using a nine-point analytical curve of
5-fusaric acid (0.024 to 6.25 ng.mL™). The analytical curve was linear (r2 = 0.997), the

limit of detection was 2 png.mL™, and the limit of quantification was 7 pg.mL™.

2.9 Cell viability assay

Extract toxicity was evaluated in the human cell lines HEK293 (embryonic
kidney/ATCC®CRL-1573™) and SH-SY5Y (neuroblastoma/ATCC®CRL-2266™). Cell
viability was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT; USB Corporation, Cleveland, USA) assay. Cells were cultivated in
Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum and
1% ampicillin/streptomycin, and seeded at a density of 1x10* cells/well in a 96-well plate.
The cells were incubated at 37°C with 5% CO> for 24 h before the assay. Increasing
volumes of the extract (3.1 to 100 mg.mL™) were incubated with the cells for 24 h;
following this, the medium was removed, and a 5 mg.mL™* MTT solution was added.
Cells were incubated at 37°C with 5% CO; for 4 h. Following this, 100 uL of dimethyl
sulphoxide was added to dissolve the blue formazan crystals. The optical density was
measured at 570 nm using a plate reader (Anthos, Hamburg, GER) after adjusting the pH
with Sorensen’s glycine buffer. Cells incubated only in DMEM were used as a control
for 100% cellular viability, while 0% viability was obtained after incubation of cells with
Triton X-100 (2%, w/v) [17].
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2.10 Statistical analysis

Statistical analysis of the data was performed using GraphPad Prism 6, using
variance tests (ANOVA), after which the Student's t-test was applied with p < 0.05.

3.Results
3.1 Molecular identification of the fungus Sequencing of the ITS1-ITS4

regions of the isolate was performed, and 99% similarity to F. oxysporum was obtained
(deposit number MK521437). Table 1 contains the data obtained on the diameter of the
inhibition halo produced by the extract on different days of culture, in flasks (EF) and the
bioreactor (EB).

3.2 Disk diffusion

For Gram-negative bacteria, extracts of F. oxysporum showed inhibition of
microbial growth of all microorganisms tested in at least one type of production (EB or
EF) and at all evaluated times (with the exception of E. coli ATCC 15669, which did not
show a halo on day 2 in EB and EF). The maximum inhibition of Gram-negative
microorganisms was demonstrated with E. coli OP50 by the extract collected at day 9 of
culture. In addition, differential antimicrobial activity was observed for the two strains of
E. coli evaluated, a fact that was repeated for the commercial antibiotic used as a control.
It is noteworthy that all extracts produced by F. oxysporum presented inhibition of
microbial growth for E. coli OP50, while the antibiotic amoxicillin did not demonstrate
the same effect. The commercial antibiotic also had no inhibitory effect against A.
baumanni, whereas the EF extract produced a 12.5 mm inhibition halo at day 2 of culture
(Table 1).

For the Gram-positive bacteria evaluated, it was verified that the extracts from the
cultures in the bioreactor were unable to inhibit the formation of microbial growth halos
at any time for S. aureus ATCC 25923 and S. epidermidis ATCC 12228, whereas in the
EF cultures, halo formation was observed. These data indicate the need for optimisation
of culture conditions or that under conditions of scale-up, situations such as hydrostatic
pressure have a negative effect on the production of antimicrobial metabolites. The mean
diameter of the inhibition halos for Gram-positive microorganisms was higher compared
with the Gram-negative microorganisms, indicating a possible action of the extract on
cellular peptidoglycans.

For the two yeasts evaluated, the potential of fungal extracts obtained from EF

culture was also shown to inhibit the development of these microorganisms. Inhibition of
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C. tropicalis was greater than that of C. albicans. The inhibition results of the EF extracts
are compatible with those of the fluconazole control.

3.3 Microbial growth inhibiton
It was not possible to accurately read absorbance with inoculum of less than 108
UFC.mL, proving the need for another technique to interpret microbial growth
inhibition results for natural products whose color influences the absorbance reading.

The percent inhibition and target microorganisms are shown in Table 2, using
inoculum concentration of 108 UFC.mL™. The maximum concentration of the extract
tested for both (from flasks and bioreactor) cultures (100 mg.mL™) resulted in a mean
inhibition ranging from 60-80%, however, although it was necessary to use a high
microbial contraction in the test, the potential of these extracts is verified mainly against
Gram-negative bacteria.

Concentrations of the EB extract below 12.5 mg.mL™, corresponding to 37.5 pg of
fusarinolic acid and its isomer, 20 pg of dehydrofusaric acid, and 0.75 pg of fusaric acid,
showed no inhibition against C. albicans, both strains of E. coli and S. aureus, A.
baumanii, or E. faecalis. When the EF extract was evaluated, the concentration at which
there was no growth of some of the microorganisms tested was lower (6.25 mg.mL™),
since the concentration of the secondary metabolites was higher, 43.75 pg, 25.7 ug and 5
ug for fusarinolic acid and its isomer, 20 ug of dehydrofusaric acid, and 0.75 g of fusaric
acid, respectively. Therefore, the percentage of inhibition varied between the microbial

species tested and the extracts produced (Table 2 and Table 3).
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Table 2. Percent inhibition of microbial growth by different concentrations of Fusarium
oxysporum culture extracts conducted in flask cultures and in bioreactor.

microorganism

growth inhibition (%)

extract concentration (mg.mL™)

100 50 25 12.5 6.25 3.1
EF EB EF EB EF EB EF EB EF EB EF EB
Gram-negative
Escherichia coli OP50 83 64 84 40 80 16 87 0 66 O 51 0
Salmonella 84 84 67 8 53 8 49 8 38 3 11 48
Typhimurium ATCC
14028
Escherichiacoli ATCC 82 71 77 37 59 0 52 0 31 o0 17 0
15669
Pseudomonas 85 50 0 30 0 30 0 28 0 28 0 25
aeruginosa ATCC
19429
Klebsiella pneumoniae 82 8 65 76 58 74 41 46 39 31 39 13
ATCC BAA1705
Acinetobacter baumanni 67 77 65 67 19 46 0 0 0 0 0 0
ATCC 1906
Proteus mirabilis ATCC 83 85 79 7% 76 49 51 34 51 27 O 6
25933
Gram-positive
Staphylococcus aureus 81 74 66 30 69 22 65 9 0 0 0 0
ATCC 25923
Bacillus cereus ATCC 81 8 75 8 60 82 61 74 0 71 O 17
10876
Staphylococcus. aureus 81 75 76 71 52 35 23 0 0 0 0 0
ATCC 33592
Staphylococcus 62 91 34 91 9 88 6 78 0 69 0 27
epidermidis ATCC
12228
Enterococcus faecalis 7 78 75 66 47 5 19 32 12 0 12 0
ATCC 10100
Yeast
Candida albicans 53 74 48 40 43 3 48 0 40 O 9 0
ATCC 24433
Candida. tropicalis 63 80 65 46 60 29 57 25 50 12 9 2
ATCC 28707

* The experiment was performed in triplicate, reading at 560 nm, after incubation for 24h.

3.4 ldentification of substances

In Figure 1, the chromatograms of the extracts are presented; the profile of the major

components was similar for both extracts (EF and EB). Six compounds were separated

and four were identified based on combined information obtained from chromatographic

elution on the Cyg column, UV-vis, and mass spectra characteristics (Table 3). The major
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(%) metabolites were fusarinolic acid (and its isomer), fusaric acid, and dehydrofusaric

acid, representing more than 66.6% of the total secondary metabolites.

Retention time (min)

4
—FEF
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1
z 2. |5
|5 3
C
= 6
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0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

Figure 1. Chromatograms obtained from Fusarium oxysporum extracts produced in flask
(EF) and bioreactor (EB) after 4 days of cultures by HPLC analysis following

solid phase extraction.

Table 3. Chromatographic and spectroscopic characteristics of compounds analyzed by
HPLC-DAD-ESI-MS analysis. The numbering of the peaks corresponds to the

identification in Figure 2.

tr

A max

Concentration

Peak Compound : [M+H]* MS2(+) (ug/mL)

(min) (nm) EF EB

1 Fusarinolic acid 12.2 271 196.1033 168.1072

p  lsomerFusarinolic ., o0 1961007 ] 7 3%

acid

3 Not identified 15.2 271  314.2037 247.1116 0.1 0.4

4 Dehy‘;[:?gusa“c 21.1 271 178.0915 150.0959 4.4 16

5 Fusaric acid 24.9 271 180.1065 152.1109 08 0.06

6 Not identified 25.1 444 377.1525 243.0936

* The concentration of fusarinolic acid and its isomer were calculated together, because it

was not possible to separate adequately.
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The amount of fusaric acid in EF was 10 times higher than that present in the EB
extract and indicates that fusaric acid is responsible for the antimicrobial activity of the

extracts.

3.5  Cell viability assay

The cell viability assay demonstrated that the addition of increasing amounts of
extract decreased cell viability (Figure 2). For HEK293 cells, the EB extract was more
toxic to cells at higher concentrations (100 mg.mL™), resulting in 4% viable cells, or half
of the cells compared to EFextract. When SH-SY5Y cells were analysed, the results were
reversed, the EF extract exhibited higher toxicity, resulting in no viable cells at
concentrations of 50 and 100 mg.mL .,

EF - HEK 293

30 -8 EB- HEK 293
_ - EF - SH-SY5Y
> -~ EB - SH-SY5Y
£ 204
=
<
2
o
@) 10-

0

3125  6.25 125 25 50 100
Extract (mg.mL'l)

Figure 2. Cell viability (%), using HEKk-293 cells and SH-SY5Y cells, treated with
extracts produced in flasks (EF) and extracts produced in bioreactor (EB).

4 Discussion

Fusarium acid (5-butylpicolinic acid) was the first described secondary
metabolite from a Fusarium heterosporum culture [18 - 20]. In this culture, in addition to
fusaric acid, two natural analogues, dehydrofusaric acid and hydrofusaric acid, were also
identified [19, 20]. Fusaric acid is not a secondary metabolite often synthesised by
Fusarium spp., it appears to be related to strains that colonise grains. Although described

as a phytotoxin, fusaric acid has been studied for pharmacological applications. Bacon et
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al. [20] have indicated that fusaric acid is a mycotoxin of low toxicity, with important
pharmacological potential, as a dopamine-p-hydroxylase inhibitor, an enzyme that acts
on norepinephrine synthesis. In vivo, fusaric acid has antihypertensive and antitumoral
effects [22, 23, 24]. The test dose, as antihypertensive, fusaric acid in rabbits, was 50
mg/kg and not toxic to animals [23].

Although Sondergaard et al. [22] describe fusaric acid as a potential antimicrobial
agent against Lactobacillus acidophilus and E. coli, its antimicrobial effect has been
poorly studied.

The secondary metabolites produced by the F. oxysporum PR-33 isolate, including
fusaric acid, under the described culture conditions, showed activity against the 14
microorganisms tested; i.e., they have a broad-spectrum effect. These results corroborate
those described by Zhang et al. [18], in which the substances produced by F. oxysporum
were shown to have an effect against both Gram-positive and Gram-negative bacteria.
The maximum production day of the compounds could not be determined, since the halos
varied according to the tested microorganism and the type of culture. It was show,
however, that the compounds are produced later when cultivated in bioreactors compared
with flasks, consistent with the results of Hidaka et al. [23], which described the
production of fusaric acid between day 2 and 7 of cultivation, when fusaric acid was
produced in flask. For cultivation in a bioreactor, the authors described fusaric acid
production only on day 4 of cultivation. This difference in the production of metabolites
can be explained by the controlled environment of the bioreactor, since fungi secrete
antimicrobial secondary metabolites as a form of defence in stressful environments or
during stationary growth.

As described in this study, Li et al. [26] also demonstrated the inhibitory effect of
fusaric acid on Salmonella enterica sorovar Typhimurium. The inhibition halos observed
by Musavi and Balakrishnan [19], using methanolic extract, were greater than those
observed in this work, and for S. aureus, P. aeruginosa, E. coli, and C. albicans were 21,
19.4, 20.2, and 18.6 mm, respectively. These results are noteworthy, since methanol may
have contributed to a more efficient extraction of additional compounds with
antimicrobial activity. The advantage of producing an extract in which the solvent is
water, is that in addition to it not influencing the results, its applicability is facilitated in
the pharmaceutical or food industry. Gashgari et al. [27] isolated several endophytic fungi
from medicinal plants in Saudi Arabia, including F. oxysporum. This isolate was used for

disk diffusion tests, and did not exhibit inhibition against E. faecalis; moderate inhibition
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(2-10 mm) against E. coli, S. aureus and K. pneumoniae; and inhibition (> 10 mm) against
P. aeruginosa. The inhibition of all bacteria tested by the researchers [25] was greater
than 10 mm. Tchaukoua et al. [29] isolated three compounds from the extract, and showed
in disc diffusion tests that there was no inhibition of P. aeruginosa and 1 mm inhibition
of S. aureus. Sondergaard et al. [25] did not observe inhibition halos against S. aureus or
S. Typhimuirum using fusaric acid.

For the reading of the absorbance in microbial growth inhibition tests, the inoculum
used had to be higher than the recommended [14], which made it difficult the
development of the tests, since none of the tested microorganisms reached 90% inhibition
due to the high microbial load used in the tests. These data corroborate with what has
already been described by some authors [15, 31, 32] the need for other methods for the
interpretation of microbial growth inhibition when analyzing dense natural products such
as oils or dark stains. Another factor worth mentioning is that standardized methods refer
to pure products rather than raw extracts.

The microbial growth inhibition determined by EB was twice the concentration of
the extract when compared to the EF, demonstrating the influence of the concentration of
the secondary metabolites according to the condition in which the fungus was submitted
and different microbial growth inhibition according to the target microrganism. Zhang et
al. [18], using extract produced by Fusarium sp. JY2 grown in submerged culture, also
verified different microbial growth inhibition according to the target microrganism. These
authors also observed strong antimicrobial activity especially against Pseudomonas
aeruginosa by increasing the permeability of cell membranes.

Some microorganisms, A. baumanni ATCC 1906, S. aureus ATCC 25923, P.
aeruginosa ATCC 19429 and C. tropicalis ATCC 28707, did not form inhibition halos,
although those microorganisms were inhibited in the using extract produced by Fusarium
sp. JY2 grown in submerged culture, also verified different microbial growth inhibition
according to the target microrganism. These authors also observed strong antimicrobial
acti assays. This difference is probably due to the diffusion of secondary metabolites in
solid culture medium. Although this difference was observed in some tests, there was
compatibility between most of the viability values and the halo assays, indicating the
action of the compounds on target microorganisms, not just an antagonistic reaction.
These results also emphasize the importance of using both tests for the evaluation of

antimicrobial activity.
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In contrast with the literature, no phenolic components related to antimicrobial
activity were found in the extracts tested [33]. In this work, the main secondary
metabolites of F. oxysporum were identified as fusaric acid and its derivatives: fusarinolic
acid, an isomer, and dehydrofusaric acid. The amount of fusaric acid in the flask cultures
was much higher than in the bioreactor culture, which explains the difference in inhibition
in the tests. Amalfitano et al. [34] used two strains of F. oxysporum and after 4 weeks of
flask cultivation using dextrose and agar potato medium obtained a production of 424 and
690 mg.L! of fusaric acid, respectively. Shinde and Deshmuki [35] used vial cultures
with Czapeck-Dox medium, which is ideal for the production of fusaric acid, to determine
optimal culture conditions. According to this study, production increased from day 4 of
cultivation, with a maximum at day 20 (606.66 pg/L), and after 30 days of cultivation,
production decreased. The researchers also determined that the ideal pH and temperature
are 3 and 30°C, respectively. In the present study, in only 4 days, acid production was
approximately 0.8 pg/mL, which was greater than that obtained in the study of Shinde
and Deshmuki [34]. In contrast to that described by these authors [34], the increase in pH
did not decrease the production of fusaric acid, since the pH of the EF and EB extracts at
day 4 was 8 and approximately 7, respectively, and acid production in the EF extract was
10-fold higher. Therefore, in vial culture, an ideal microenvironment for the growth of
the fungus and consequently the production of fusaric acid was proposed. The
antimicrobial activity of fusaric acid is related to the inhibition of bacterial quorum
sensing, which would reduce bacterial resistance [35].

Although the compounds in the extracts demonstrated inhibitory effects against the
tested microorganisms, they also demonstrated toxic effects in human cells. It cannot be
stated which of the compounds was responsible for the cytotoxicity, since the results
differed for each type of cell tested. The toxicity in HEK293 cells did not appear to be
related to the amount of fusaric acid, since the EF extract contains more fusaric acid and
was less toxic. The toxicity may be related to component 3, m/z [M*H]" 314.203, which
we were unable to identify and was higher in the EB extract. In SH-SY5Y cells, fusaric
acid may have been responsible for the cellular toxicity, since the EF extract was more
toxic. Abdul et al. [36] reported that cellular damage caused by fusaric acid is due to its
ability to induce the cell to mitochondrial stress, produce catalytic metalloproteins,
increase DNA damage, and induce apoptosis. In their trials [36], they describe ICso value
of fusaric acid as 104 pg.mL in hepatocellular carcinoma cells. For HeLA cells, the

cytotoxic concentration was determined to be between 200 and 400 pg.mL* [37]. In the
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present study, lower concentrations of fusaric acid were cytotoxic. For HEK-293 cells, a
50 mg.mL™ dose of the EF extract (equivalent to 40 pg.mL* of fusaric acid) was toxic in
92% of cells, whereas in SH-SY5Y cells, half of that dose (20 pg.mL™) was able to inhibit
100% of cell growth. The results may indicate that the set of metabolites identified may
be responsible for cytotoxicity. Another possibility is that the toxicity observed was
partially due to the pH of the extracts. When added at higher concentrations, they even
changed the color of the medium, evidencing pH alterations.It will be important in future
studies to separate and study the different compounds individually.

In terms of antimicrobial activity, fusaric acid appears to be the primary compound,
demonstrating activity against bacteria responsible for opportunistic infections, especially
in immunosuppressed patients. Its use requires caution, however, since its antimicrobial
activity may be related to its toxic effects on cellular activity.

To conclude, the crude extracts of F. oxysporum produced in flasks and bioreactors
were determined to contain the same major compounds, although the concentration of
metabolites varied. Flask cultivation conditions resulted in the highest production of
fusaric acid and its derivatives, which demonstrated a broad spectrum of action against
the tested microorganisms. In light of the need to develop new antimicrobial agents, the
identified compounds can be individually studied for the development of novel drugs or
antimicrobial agents, as well as to further understanding their cytotoxicity.
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Abstract
The basidiocarps of Cyclocybe cylindracea are characterised by their high nutritional
value, but the antimicrobial bioactivities of submerged cultures of this mushroom have
not been sufficiently studied. This work investigated the antimicrobial and cytotoxic
activity of two types of extracts prepared using C. cylindracea developed in submerged
cultivations, either in flasks (EF) or in bioreactors (EB). The antimicrobial activity was
evaluated by disc diffusion assays and microbial growth inhibition. The metabolic profile
of the extracts was assessed under the different conditions; compounds identified: 3-(1H-
imidazol-5-yl)-2-(pyroglutamoylamino) propionic  acid, 1-(2-ammonioacetyl)
pyrrolidine-2-carboxylate and compound 246275, described for the first time C.
cylindracea. The EF extract showed higher antimicrobial activity than the amoxicillin
control against E. coli OP50, while for yeast the inhibition was similar to commercial
antifungal drugs. These data demonstrate the antimicrobial potential of the metabolites
produced by C. cylindracea but with a faster, more economical cultivation and more

controllable method than basidiocarps cultivation.
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Introduction

Antibiotics are compounds that inhibit the development of bacteria and fungi
that are important in human and animal health [1]. Annually, around 100.000 tons of
antibiotics are produced [2]. Since the 2000s, few new antibiotics have reached the market
[3]. Faced with the problem of resistant microorganisms, biotechnological research is
needed to describe new antimicrobial compounds.

Mushrooms are promising sources of secondary metabolites with bioactive
properties, which can be used as a strategy for controlling microbial growth [4].
Metabolites vary according to the cultivation methods for each fungus and are produced
naturally as a survival feature [5, 6]. It is estimated that 78% of antimicrobials are natural
products [7, 8]. The diversity of fungi and macrofungi offer large sources of natural
antimicrobials [9].

The genus Cyclocybe includes Agrocybe cylindracea (DC: Fr.) Mre. [syn.]
Agrocybe aegerita (Briganti) Singer, which is a globally distributed mushroom, much
appreciated in Asia [10, 11]. Fruiting bodies are used in the treatment of hypertension,
cancer, obesity and cardiovascular diseases [12, 13, 14]. The first work with this
mushroom was reported in 1950, where researchers isolated the substance Agrocybin,
which they described as being responsible for its antimicrobial potential [15].

Although Brazil has excellent potential for studying bioactive compounds derived
from mushrooms, few studies have been carried out [16, 17, 18]. Therefore, the objective
of this work was to evaluate antibiosis against Gram-positive and Gram-negative
pathogens, as well as yeasts of the genus Candida, and to verify the cytotoxic potential
of the extracellular metabolites present in C. cylindracea cultures. Complementarily, the
major compounds present in the extract obtained from the submerged culture of C.

cylindracea were identified.

Material and Methods
2.1 Strains

The fungal strain C. cylindracea VE66 (HUCS/MIUCS 1981) used in this work
was collected in Torres-Rio Grande do Sul, Brazil and was deposited in the collection of

fungi at the Laboratory of Enzymes and Biomass, University of Caxias do Sul (UCS). As
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target microorganisms, five strains of Gram-positive bacteria, seven Gram-negative
bacterial strains and two yeast strains of the genus Candida were used (Table 1). All

bacterial and yeast strains were donated by FIOCRUZ (Oswaldo Cruz Foundation).

2.2 Molecular identification

DNA extraction for identification of VEG66 isolate was performed using the
commercial PowerSoil® DNA Isolation Kit (MO BIO Laboratories, Inc.). DNA
amplifications were performed by polymerase chain reaction (PCR) with the Phusion
High-Fidelity™ PCR kit (Finnzymes). The primers used were ITS1 (5
TTCCGTAGGTGAACCTGCGG 3'), ITS4 (5 TCCTCCGCTTATTGATATGC 3') [19].
For the purification of the sample, the enzymes exonuclease |1 (Amersham Bioscience
2500U) and shrimp alkaline phosphatase (Amersham Bioscience 5000U) were used. The
sample was sequenced on an ABI-PRISM 3130x| automated sequencer (Applied
Biosystems, USA).

2.3 Culture media

The C. cylindracea strain was maintained in medium containing 20 g.L* wheat
bran; 20 g.L! sawdust of Pinus sp.; 2 g.L! CaCOg3; 20 g.L* agar. After peal, the plates
were incubated at 28°C for between 7 and 10 days, and thereafter stored at 4°C.

For the production of the extracts, which were evaluated for antimicrobial
activity, a nutrient broth supplemented with 10 g.L™ of glucose was used. The growth of
bacterial strains, as well as disc diffusion tests, were performed using nutrient agar
(Kasvi®). Sabouraud agar medium (Kasvi®) was used for the yeasts. All culture media

were autoclaved at 121°C for 20 min at 1 atm.

2.4 Cultivation Cyclocybe cylindracea for the production of extracts

500 mL-Erlenmeyer flasks containing 100 mL of broth (nutrient broth
supplemented with glucose) were used. Each flask was inoculated with three 1.5 cm disks
of C. cylindracea. The flasks were maintained at 28°C under reciprocal shaking at 180
rpm for different culture times (1 to 9 days) in order to determine at which point of fungal
growth there is increased production of antimicrobials. Triplicates were prepared for each

culture time point.
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In a bioreactor, a pre-inoculum was made at 5% (w/v) containing nutrient broth and
glucose. The flasks were inoculated as previously described and cultured with reciprocal
shaking of 180 rpm for 24 h at 28°C.

The assays were performed in a stirred tank bioreactor (New Brunswick®,
BioFlo®/Cellingen®115 model) using a working volume of 10 L. Nutrient broth
supplemented with glucose was used in bioreactor cultures. Cultivation was maintained
for 9 days at 28°C with agitation at 200 — 400 rpm, aeration rate of 0.5— 2 vvm, and
without pH control, although this parameter was analysed daily. The oxygen dissolved in
the broth was maintained at values greater than 30% saturation. A 300 mL sample was
collected daily and frozen at -80°C to produce the extracts.

2.5 Preparation of extracts

At each culture time point, for both EF and EB (5, 7, 8 and 9 days), the broth
was collected and centrifuged (3220 g, 20 min at 4°C). Then, the supernatant was
lyophilised to concentrate the metabolites. A known concentration (100 mg.mL™) of
lyophilised extract was dissolved in sterile distilled water and filtered through a 0.22 um

pore filter and then used for testing.

2.6 Evaluation of the antimicrobial activity of the extract

2.6.1 Disk diffusion

Volumes of 15 pL (100 mg.L?) of the extracts were distributed on sterile filter
paper discs with a diameter 5 mm and density of 250 g.m™. The negative control was
prepared using 15 pL of sterile water, the solvent used to dilute the extract. These disks
were dried under the flow of the laminar flow hood, and the disks were used to perform
the antimicrobial sensitivity test.

Cultures of the microorganisms were grown in nutrient broth overnight, and the
concentration was standardised at 108 cells.mL™. With the aid of a sterile swab, each
culture was distributed over the nutrient agar medium. Disks containing the extract of F.
oxysporum were distributed on the inoculated microorganisms. The plates were
maintained at 37°C for 24 h. Inhibition of microbial growth was assessed by measuring
the halo of growth inhibition (mm). The positive control was prepared using commercial
antibiograms (Sensifar®), containing amoxicillin (10 ug) for bacteria and fluconazole (32

ug) for yeast. The tests were performed in duplicate.
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Table 1. Diameter of the inhibition halo (mm), including 5 mm of the disc, obtained by agar diffusion test, using the Cyclocybe cylindracea culture

extract produced by flask (EF) and in bioreactor (EB).

Inhibition halo(mm)*

Microorganism 5 days 7 days 8 days 9 days Control
EF EB EF EB EF EB EF EB Positive**  Negative |
Gram-negative
E. coli OP50 - 11.1+#1.3*  7.0+0.0° 13.8+0.7¢ 7.0+0.0° 13.0+0.7% 7.0+1.6" 14.3+0.8° - -
S. Typhimurium ATCC 14028 - 7.0£0.0° - - - - 10.6+0.7¢ - 17.5+2.1° -
E. coli ATCC 15669 - - - - - - - - 7.0+0.0° -
P. aeruginosa ATCC 19429 - - - - - - 7.0£0.0% - 8.0+0.0% -
K. pneumoniae ATCC BAA 1705 - - - - - - - - 10.5+0.72 -
A. baumannii (CT) ATCC 1906 - - - - - - - - - -
P. mirabilis ATCC 25933 8.0+1.4 - 7.5+2.1° - 8.0+2.8° - 7.5+0.7° - 24.0+0.0° -
Gram-positive
S. aureus ATCC 25923 - - - - - - - - 15.5+7.72 -
B. cereus ATCC 10876 - - - - - - - - - -
S. aureus ATCC 33592 9.0+1.4% - 6.5+0.7% - 7.0+1.4° - 6.5+0.7° - 11.542.12 -
S. epidermidis ATCC 12228 8.0+1.4 - - - 8.0+0.0° - 8.0+2.8° - - -
P. aeruginosa ATCC 19429 - - - - - - 7.0£0.0% - 8.0+0.0% -
Yeast
C. albicans ATCC 24433 8.56+2.1° - - - 6.5+0.7° - - - 12.5+0.5 -
C. tropicalis ATCC 28707 8.0+0.0° - 6.0£0.0° 7.0£0.0° 8.5+3.5° 6.5+0.7° - - 9.0+1.0° - |

(-) resistant (no formation of inhibition halo). Measurements of halos include 5 mm of disk.

* Measured after 24 h of incubation at 37°C. Measures of duplicates and estimation of standard deviation. Statistical analysis between the production of the bottle extract and
in the bioreactor. Values indicated with the same letter do not differ significantly (p <0.05), statistical analysis with ANOVA and Student’s t-test.

** Amoxicillin (10 ug) was the positive control for bacteria, and fluconazole (32 ug) was used for yeast.
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2. 6.3 Microbial growth inhibition
Microbial growth inhibition determination was performed with the extract

concentration ranging from 100 to 3.1 mg.mL™. For the determination of microbial
growth inhibition, a methodology described by Clinical and Laboratory Standards
Institute (CLSI) [20] and Elshikh et al. (2016) [21] was used with some modifications due
to dark color of the extract that made it difficult to read absorbance. These modifications
consisted of centrifuging the plates (3220 g, 20 min at 4 ° C) and the supernatant was
removed, adding 300 pl of saline solution (0.9%) to each well. The procedure was
repeated until complete washing of the microbial cells.

The positive control was performed only with the bacterial culture and 245 pL of
water. After 24 h, the absorbance was read at 560 nm. The percent inhibition was

calculated according to Equation 1.

(100—Absorbance of the sample)

% Inhibition =
% Absorbance of the control well

X 100 Equation (1)

2.7 Cell viability assay

The extract toxicity was evaluated in human cell lines, HEK-293 (embryonic
kidney ATCC®CRL-1573™) and SH-SY5Y (neuroblastoma ATCC®CRL- 2266™). Cell
viability was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT, USB Corporation, Cleveland, USA) assay. Cells were cultivated in
DMEM containing 10% fetal bovine serum and 1% ampicillin/streptomycin, and seeded
at a density of 1 x 10* cells/well in a 96-well plate. The cells were incubated at 37 °C with
5% CO for 24 h before the assay. Increasing volumes of the extracts (3.1 to 100 mg.mL"
1y were incubated with the cells for 24 h, then the medium was removed and a 5 mg.mL"
L MTT solution was added. Cells were incubated at 37 ° C with 5% CO; for 4 h. After
that, 100 puL of dimethyl sulfoxide (DMSO, Synth Solutions, Sdo Paulo, Brazil) were
added to dissolve the blue formazan crystals. The optical density was measured at 570
nm using a plate reader (Anthos, Hamburg, GER) after adjusting the pH with Sorensen’s
glycine buffer. Cells incubated only in DMEM were used as a control for 100% cellular
viability, while 0% cellular viability was obtained after incubation of cells with Triton X-
100 (2%, wi/v) [22]. The control was done using sterile distilled water, in the same

dilutions of the extracts. The tests were performed in triplicate.
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2.8 ldentification of metabolites

The extract was dissolved (100 mg.mL™) and semi-purified by solid phase
extraction (SPE). Strata cartridges (Phenomenex®) were activated with 2 mL of methanol
and conditioned with 12 mL of aqueous solution acidified with 0.01% HCI. Then, 2 mL
of extract was added to the cartridge. The cartridges were washed with 12 mL of aqueous
solution acidified with 0.01% HCI to remove interfering compounds, sugars, and other
high molecular weight molecules. The metabolites were eluted with 1800 puL of methanol
with 2% formic acid and stored in amber tubes at -20°C until analysis. Prior to HPLC
injection, the samples were evaporated on a rotary evaporator and the residue obtained
was reconstituted with acidified water (0.5% formic acid) to 1 mL and filtered through a
cellulose acetate membrane (0.22 pum).

A Shimadzu HPLC apparatus equipped with two pumps (LC-20AD), an online
degasser (DGU-20A), an automatic injector (SIL20AHT), an oven (CTO-20A) connected
in series to a DAD detector (SPD-M20A), and a mass spectrometer (MS) with a
quadrupole-time of flight analyser and an electrospray ionisation source (ESI) from
Bruker Daltonics (micrOTOF-Q Il model) was used to identify the metabolites.

The compounds were separated on a Discovery® Supelco® Ciscolumn (5 um, 15
cm x 4.6 mm), using as the mobile phase a linear gradient of water/0.5% formic acid
(solvent A) and acetonitrile/0.5% formic acid (solvent B), at a flow rate of 0.7 mL.min™
and a column temperature of 29°C [23]. The spectra were obtained between 200 and 600
nm and the chromatograms processed at 271 nm. The mass spectra were acquired with a
scan range of m/z 100 to 1000; and the MS parameters were as follows: ESI source in
positive ionisation mode; capillary voltage: 3000 V, end plate offset: -500 V, drying gas
temperature (N2): 310°C, flow: 8 L.min, nebuliser: 30 psi, and MS/MS fragmentation in
automatic mode. Analysis of the chromatograms and mass spectra was done using
DataAnalysis software 4.2. For the analyzes were ignored the compounds initially present

in the culture medium.

2.9 Statistical analysis
Statistical analysis of the data was performed using GraphPad Prism 6, using the
analysis of variance (ANOVA), after which the Student’s t-test was applied with p <0.05.
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Results

3.1 Molecular identification of the fungus

After DNA sequencing, the VEG66 isolate was identified with 99.7% identity as
Cyclocybe cylindracea complex (Agrocybe aegerita, FN 397955.1) (deposit number MK
791243). The species A. cylindracea and A. aegerita are included in Cyclocybe

cylindracea complex [10].

3.2 Antimicrobial evaluation

The extract showed antibiotic activity against some Gram-positive bacteria,
Gram-negative bacteria and yeast. As reported in Table 1, the activity varied according
to the target microorganism, the culture time of the C. cylindracea culture used to prepare
the extract, as well as how the culture was performed for the development of mycelia.
These variations indicate the difference in the production and concentration of the
metabolites produced. The flask cultivation kept under agitation were a limiting condition
for microbial development, since it was not possible to control the concentration of
dissolved oxygen and nutrients; these stressful condition may have interfered in the
production of metabolites. Another limiting factor for the production of secondary
metabolites is the pH, which differentiated the culture methods (Figure 1).

n B bioreactor

@ flask

5 T T T T T

0 5 7 8 9
Cultivation time (day)

Figure 1. Variation of pH values in cultures of C. cylindracea for the p roduction of
extracts in cultures in flasks (EF) and in bioreactor (EB).

For Gram-negative strains, the largest inhibition halo was found for E. coli OP50
in the presence of EB after 9 days of C. cylindracea culture. For this strain, the amoxicillin
control showed no inhibition halo. The same condition was not observed for Gram-

positive strains, as the largest halos formed with the EF cultivation, demonstrating the
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presence of different compounds or variable concentration in the extracts. S. aureus
ATCC 33592 was more inhibited by the 5 day culture extract, but the results were lower
than those presented by the positive control. The extracts were also effective against
yeasts, especially C. tropicalis, with results close to the fluconazole control, but it should
be noted that the extract was not purified.

Finally, the extracts were not efficient against E. coli ATCC 15669, K.
pneumoniae, A. baumanii, S. aureus ATCC 25923 and B. cereus, demonstrating the
importance of antimicrobial experimentation employing several species and microbial
strains, as well as the necessity for different substances for the control of microorganisms.

In order to standardise the remainder of the tests, the day 9 was determined as
the ideal duration of cultivation, because it halos were present with both EF and EB.

Therefore, the other tests were performed with the extract from day 9 of culture.

3.3 Microbial growth inhibition

For the microbial growth inhibition tests, it was not possible to read the
absorbance for inocula of less than 108 UFC.mL™%, this was observed in the observation
of 90% inhibition of growth only for E. coli OP50, as shown in Table 2. The lower
inhibition of the other microorganisms may be related to high microbial load. The growth
of P. aeruginosa was not inhibited by the extract, demonstrating that the diffusion test

represented only antagonism between microorganisms.
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Table 2. Percentage of inhibition of microbial growth by different concentrations of C.
cylindracea culture extracts prepared using flasks or bioreactors.

microorganism growth inhibition (%0)
extract concentration (mg.mL™?)
100 50 25 12,5 6.25 31

EF EB EF EB EF EB EF EB EF EB EF EB

Gram-negative
Escherichia coli OP50 87 79 8 69 8 61 80 61 75 61 53 57

Salmonella 34 47 0 37 0 37 0 3 0 29 0 20
Typhimurium ATCC
14028

Pseudomonas 0 37 0 19 0 31 0 0 0 0 0 0
aeruginosa ATCC
19429

Proteus mirabilis ATCC 71 70 70 69 51 67 43 52 21 42 13 42
25933

Gram-positive
Staphylococcus aureus 0 0 0 0 15 0 0 0 0 0 4 0
ATCC 25923

Staphylococcus 81 O 56 0 52 0 41 0 23 0 0 0
epidermidis ATCC
12228

Enterococcus faecalis 80 0 78 0 77 0 71 0 66 0 76 0
ATCC 10100

Yeast

Candida albicans 29 56 1 35 0 34 0 26 0 26 0 6
ATCC 24433

Candida. tropicalis 39 79 0 39 0 29 0 266 O 0 0 0
ATCC 28707

*The results are expressed as the mean of triplicate samples.

When analysing the assays with the EF extract at the maximum concentration
tested (100 mg.mL™), the inhibition ranged from 70-80% for E. coli OP50, P. mirabilis
and S. epidermidis. At the maximum concentration of EB extract tested, inhibition was
80% for E. coli and C. tropicalis. S. aureus ATCC 25923 showed resistance to the EB
extract at all concentrations tested. Therefore, the percentage of inhibition varied

according to the microorganism tested, the concentration and the type of extract.

3.4. Cell viability assay
The cell viability assay demonstrated that the addition of increasing amounts of

extract increases cell viability, as shown in Figure 2. This situation can be explained by
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the greater availability of nutrients present in the extract; since as the extract was not
purified, there were substances remaining from the culture medium used for the
development of the fungus. In addition, it was observed that, for both cell types, EB
extract led to a lower number of viable cells, reaching a maximum of 20% viable HEK-
293 cells at the maximum extract dose (100 mg.mL™), whereas under the same
conditions, the EF extract yielded 65% viable cells. The same behaviour was observed in
the SH-SY5Y cell line, while the EF extract yielded 55% viable cells, the EB extract only
10%.

80

701
¥ 607 Hek 293 - EF
~ 50 Hek 293 - EB
= SH-SY5Y - EF
S 40
© - SH-SY5Y -EB
> 30-
©
O 204

109

Extract (mg.m L'l)

Figure 2. Cell viability (%) of HEK-293 and SH-SY5Y cells after treatment with
extracts produced by C. cylindracea in submerged cultivation in flasks (EF)
and in bioreactors (EB).

3.5. Identification of secondary metabolites

The EF and EB extracts presented the same chromatographic profile of major
compounds, varying only in the concentration of the compounds (Figure 3). Identification
was difficult due to the large amount of secondary metabolites present in the broth; in
addition, databases for the comparison of the masses have a limited amount of

information on compounds produced by mushrooms, especially C. cylindracea.
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Figure 3. Chromatographic profile of the extracts of C. cylindracea. Grey line: EF
extract, black line: EB extract.

It was possible to identify 40 compounds in the extracts prepared with the
cultures of C. cylindracea, described in Table 3. However, some specific active
compounds have not yet been identified due to lack of information in the databases.
Among the identified compounds, some have antimicrobial activity, such as 7-
hydroxycoumarin, while others are essential amino acids such as proline and valine. We
identified for the first time secondary metabolites of C. cylindracea, i.e. (17) 3-(1H-
imidazol-5-yl)-2-(pyroglutamoylamino)propionic acid, (18) 1-(2-
ammonioacetyl)pyrrolidine-2-carboxylate and (28) compound 246275, for which we still
lack information on its biological functions. In Table 2, the biological functions known
for the substances for which their function was located in the literature are also available.
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Table 3. Compounds identified in the culture broth (EF and EB- 9 days culture) of C. cylindracea, using chromatography, UV-Vis and

mass spectroscopy.

Median Absolute

tr Amax [M+H]* e MS/MS (+) . . .
Peak Compound (min)? (nm)P° Exact mass (miz)° Mass(prer\rlll)atlon (m/z2)° Biological functions
1 7-Hydroxycoumarin 3.5 n.d 162.0316 163.0429 -13.43 120.0222, 107.0464 Couma“gég\rm?'cmb'a”
2 L-Prolin 1 3.7 n.d 115.0633 116.0705 0.09 100.0757, 98.0596 Aminoacid
3 Laminine 4.0 n.d 188.1524 189.1582 5.97 171.1455, 146.0562, 130.0865 Markers of fibrinogenesis
153.0673 [M+H+NHs]*, 151.0464 Peptide bond synthesis and
[M+H+NHs+H2]*, 125.0829 methylation of actin and
[M+H+N2HO]*, 124.0874 myosin,
i s ) [M+H+CH202]*, 113.0608
4 3-Methylhistidine 4.0 nd 169.0851 170.0925 0.75 [M+H+CHaN3]*, 109.0765
[M+H+NH3+CO2]*, 97.0725
[M+H+NH3+C202]*, 96.0656
[M+H+NH3+C2HO2]*
Polyamine, ubiquitously in
organisms and have
important functions in the
171.1479, 144.1353, 143.1154, stabilization of cell
- 139.1201, 124.0773, 117.1055, membranes, biosynthesis of
5 N-Acetylspermidine 4.0 nd 187.1684 188.1741 8.65 116.0783, 115.09, 114.0904, informing molecules, cell
113.1171, 99.0445, 97.0258 growth and differentiation,
as well as adaptation to
osmotic, ionic, pH and
thermal stress.
Uncommon amino acid, in
animals, elevated blood
6 Pyroglutamic acid 4.1 n.d 129.0425 130.0495 0.99 114.0576, 102.0549 levels may be associated
with problems
of glutamine or glutathionem
etabolism.
7 L-Glutamine 41 nd 146.0691 147 0751 184 130.0502, 110.0700, 102.0547, Non-essential amino acid

101.0710, 100.0755,
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10

11

12

13

14

15

16

17

18

19

(S)-4-Amino-5-oxo-
pentanoic acid

Hercynine

4-Methylene-L-
glutamine

L-Citrulline

5'-Deoxy-5'-(3-
aminopiperidin-2-one-
6-yl)adenosine

NG,NG-Dimethyl-L-
arginine

Deoxyguanidinoprocl
avaminic acid

L-Prolin 2
L-Valine

Desmethylpyrrolysine
3-(1H-imidazol-5-yl)-
2-

(pyroglutamoylamino)
propionic acid
1-(2-
ammonioacetyl)pyrrol
idine-2-carboxylate
Imidazolylpropionic
acid

4.2

4.2

4.3

4.4

4.5

4.6

4.6

4.7

4.7

5.5

5.6

5.9

6.0

nd

n.d

nd

131.0582

198.1242

158.0691

175.0956

363.1655

202.1429

228.1222

115.0633
117.0789

241.1426

266.1015

172.0847

140.0585

132.0644

198.1220

159.0755

176.1012

364.1694

203.1480

229.1270

116.0707
118.0856

242.1474

267.1051

173.0901

141.0643

8.49

5.39

11.40

9.77

9.21

0.89

9.19

0.09
2.37

2.07

4.63

6.60

10.55

130.0484, 116.0711, 114.0546,

102.0554, 98.0225, 95.0112

163.0612, 154.1327,
147.0336,127.0414, 139.0513,

136.0739, 130.0858, 122.0714,
129.0998, 124.1113, 112.0533,

111.0566, 110.0689, 95.0599

144.0639, 127.0469, 116.0712,

113.0717, 109.0257, 98.0695

n.d

346.1617, 328.1488, 250.1486,
249.1453, 247.1300, 231.1350,
229.1230, 219.1387, 213.1243,

203.1398

175.1479, 161.1316, 158.1259,
147.1161, 145.0998, 133.0989,
131.0834, 119.0843, 109.1020,

107.0847, 105.0865

183.1111, 181.0983, 171.1109,
169.0960, 155.1166, 132.1002,
120.0755, 118.0846, 117.0733,

116.0706
100.0757, 98.0596

116.0705, 103.0625, 102.0526,

101.0600, 100.0746

225.1215, 197.1269, 141.0659,

129.1019, 112.0763

221.1013, 203.0771, 156.0760

155.0831, 127.0853, 116.0709,

114.0516, 112.0751, 99.0516

125.0694, 123.0549, 102.0577,

97.0732, 95.0605
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Monocarboxylic acid, has a
role as an Escherichia coli
metabolite

Amino-acid betaine

Non-proteinogenic L-alpha-
amino acid

Non-essential amino acid
synthesized in the urea cycle

Antibiotic

Metabolic by-product of
continual protein
modification processes in the
cytoplasm of all human cells
(and now in fungi)

a beta-lactam

Aminoacid

Aminoacid

Aminoacid

*

Product
of histidine metabolism,
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20

21

22

23

24

25

26

27

28

29

30

31

L-Prolin 3

Histidylleucine

Urocanic acid

Arginylpyroglutamate

gamma-Glutamyl-
gamma-
aminobutyraldehyde

1-Methyladenine

Acetaminophen

5-Indolol

Compound 246275

Antibiotic UK 2A

(+)N1,N8-
diacetylspermidine
(32,6E,8E)-N-(4-
acetamido-3-
hydroxybutyl)-2-
hydroxy-4,8-
dimethylundeca-3,6,8-
trienamide

6.1

6.4

6.7

6.8

7.0

7.7

8.1

8.3

8.6

8.7

8.7

280

115.0633

268.1535

138.0429

285.1437

216.1110

149.0701

151.0633

133.0527

157.0851

514.1951

230.1868

352.2362

116.0702

269.1572

139.0494

286.1486

217.1168

150,0768

152.0700

134.0599

158.0915

515.2015

230.1838

353.2402

1.61

1.03

-3.14

5.12

-5.20

-5.02

-0.14

-1.58

7.55

1.57

1.05

2.34

101.0597

251.1466, 223.1537, 207.1245,
205.1472,199.1077, 184.1079,
181.0991, 156.0767, 150.0894,
138.0656, 130.0959, 122.0714,
110.0715, 102.0528
124.0381, 121.0400, 111.0569,
109.0547, 97.0401, 95.0589
269.1220, 252.0978, 251.1114,
2441272, 241.1262, 226.1150,
170.0945, 198.1222, 175.1199

171.1150, 159,1153, 145.0999,
133.1005

135.0556, 134.0485, 133.494,
109.0514

134.0594, 110.0575, 109.0524,
107.0492

133.0504, 118.0656, 117.0574,

107.0493, 106.0685, 103.0569

141.0663, 139.0529, 130.0621,
116.0715

259.1085, 189.0813, 145.0525,
114.0544, 112.0503

187.1460

336.2131, 282.1655, 264.1570,
247.1311

76

Aminoacid

Dipeptide, has a role as a
metabolite.

May be both a UV protectant
and an immunoregulator

L-glutamine derivative, has a
role as an Escherichia coli
metabolite
Product of alkylation
damage in DNA which can
be repaired by damage
reversal by oxidative
demethylation
Weak anti-inflammatory
properties and is used as a
common analgesic, but may
cause liver, blood cell, and
kidney damage.

It has a role as a human
metabolite.

Antifungal, is an antifungal
antibiotic produced by
Streptomyces

Indicator of neoplastic
diseases.
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32

33
34

35

36

37

38

39

40

2,2-dideuterio-2-
(2,2,3,34,4-

hexadeuterio-5-

oxopyrrolidin-1-
yl)acetamide

Blastmycetin F

Antibiotic X 1092

Cycloheximide

(4-methylphenyl)-[4-
[4-nitro-3-(3-
pyridinylmethylamino
) phenyl]-1-
piperazinyl]
methanone
1-[(19)-1-
(hydroxymethyl)-7-
methoxy-9-methyl-1'-
[4-
oxanyl(oxo)methyl]-
2-spiro[1,3-
dihydropyrido[3,4-
b]indole-4,4*-
piperidine]yl]ethenone
N-Acetyl-O-
demethylpuromycin

Discadenine

Allantoic acid

8.9

9.8
10.4

11.0

11.5

11.6

11.9

12.0

12.3

142.0742

396.2161
244.1423

281.1627

431.1957

469.2576

499.2179

304.1647

176.0545

143.0805

397.2275
245.1472

282.1659

432.2015

470.2646

500.2248

305.1675

177.0612

6.45

3.65
4.92

9.35

1.64

4.49

0.77

0.11

3.31

142.0746, 127.0486, 126.0544,
115.0853, 110.0468, 100.0650

379.2168, 358.1993, 282.1666

265.1458, 264.1562, 247.1306

147.0752

454.2439, 453.2338, 171.1139,
143.1178

250.1405, 247.1296, 249.1438,
231.1336

251.1485, 129.1011, 116.0709

130.0635, 117.0537

77

In vivo tumor promoter

Used as a fungicide and as a

anticancer drug.

Involved in purine
metabolism
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Discussion

This is the first work to describe the antimicrobial and cytotoxic activity of the
filtrate of C. cylindracea broth, although previous studies have assessed the activities of
extracts obtained from the mycelia or fruiting body of this mushroom [24,25]. The first
study on the control of microorganisms with the genus Cyclocybe (Agrocybe),
demonstrated an antifungal effect against Candida krusei [26], as verified in this work
for other species of Candida, indicating the strong potential for the exploitation of fungal
metabolites of the genus C. cylindracea. There is currently an urgent need to obtain new
antifungal agents, since all the antifungals currently marketed also present nephro- and
hepatotoxicity. The search for new substances may enable the identification of substances
with less toxic potential to animals, including humans, that are affected by mycoses.

The two forms of cultivation in which the assays were conducted, i.e. EF and
EB, demonstrated different results regarding microbial inhibition. The difference was
related to the concentration of the compounds in the culture medium, corroborating the
findings of Brizuela et al. [5] and Shen et al. [27], who stated that secondary metabolites
vary according to the method of cultivation and the available carbon source, even for the
same fungal isolate.

The pH was another important factor in the formation of secondary metabolites,
different fungal morphologies require different pH levels for the formation of biomass
and consequently of metabolites. The highest antimicrobial activity was obtained by
maintaining the fungal cultures at an acidic pH [12]. It was observed that the culture in
flasks maintained at a pH below 7 seems to have favoured the production of antimicrobial
metabolites. Cultivation in bioreactors led to a pH level around 8. Few studies have used
submerged cultivation for the production of macrofungi with antimicrobial potential.
Most of the studies available in the scientific literature used extracts produced from
basidiomas or ascomas (breeding structures); therefore, it is interesting to study the
optimisation of culture parameters for each isolate and for each culture method to be used,
in order to maximise the production of primary and secondary metabolites [12].

The extracts showed activity against both Gram-positive and Gram-negative
bacteria. The results for extracts produced in submerged cultivation are similar to those
obtained by Kumar et al. [28], using polysaccharides extracted from edible Agrocybe
cylindracea mushrooms; however, the production of metabolites in submerged

cultivation requires less time.
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Among the microorganisms commonly reported as being inhibited by extracts
from the Agrocybe cylindracea mushroom are Bacillus spp., Staphylococcus spp., E. coli,
Shigella spp., Candida spp., Aspergillus spp. and Penicillium spp. [27, 28]. The
antimicrobial potential in the literature is related to the presence of phenolic compounds
[29, 30, 31]; gallic acid, catechin, epicatechin and rosmarinic acid gave been described
[29, 30]. These compounds are generally isolated from the fruiting body and not from the
broth [25], which may explain the differences found in this work, since none of the
previously mentioned compounds were found.

Another compound not found in the extract was described by Ngai et al. [31],
I.e. agrocibin, which was to be inactive against bacteria but with antifungal action. It is
worth noting that crop times for submerged cultivations are much shorter in relation to
the time used for the production of basidiomas, which may not have allowed the
production of Agrocybin. Alternatively, this compound may be produced only during the
fruiting stage of C. cylindracea.

Several studies report the benefits of mushroom extracts, with anti-metastatic,
immunomodulatory, hypotensive and antitumor activity due to the large amount of lectins
[32]. Toxicity studies are usually related to tumour cells, necessitating the improvement
of studies on healthy cells. Some studies are contradictory since Jin et al. [13] described
the toxic effect of lectins on liver cells. In the study by Jin et al. [13], the lectins present
in the mushroom were extracted with water with a lethal dose of 8.77 g.kg™ in tests on
mice. A lower daily dose of galactin than that previously described, i.e. 0.75 mg.kg?,
isolated from this mushroom, was able to inhibit metastatic activity in mice [32]. Sadi et
al. [30] studied the toxicity of different extracts of A. modesta in HepG2 cells following
48 hours of exposure to the extract. They described the aqueous extract as being more
cytotoxic (ICso= 7.641 mg.mL™*) when compared to the methanolic extract (ICso= 69.3
mg.mL™?). The extracts from this study had a cytotoxic effect on HEK-293 and SH-SY5Y
cells. Treatment with the EB extract showed greater cytotoxicity. The difference between
the treatments is related to impurities and the concentrations of the metabolites in the
crude extracts, as well as to the pH of the EF extract, which was close to neutrality.
Therefore, although mushrooms are indicated as nutraceutical foods [28], it is necessary
to evaluate their toxicity, since this may be variable according to the methods used for

cultivation and deriving the compounds of interest [13].
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Conclusions

The crude extracts from the submerged culture of C. cylindracea showed variable
antimicrobial action according to the microorganism and the method of culture,
demonstrating its potential for the production of antimicrobial metabolites, especially for
topical use. To our knowledge, this is the first report showing an antibiotic effect of
metabolites produced in submerged cultivation by C. cylindracea. Thus, due to the
increasing need for the development of new antimicrobial agents, the compounds
identified in this work should be studied separately for the constitution of new drugs
or antimicrobial agents, as well as other forms of culture to maximise the production

of compounds of interest.
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ABSTRACT

Amazonian fungi were selected whose extracts, when grown in submerged
cultures, showed antimicrobial potential. After screening with antagonizing cultures,
fungi that showed antimicrobial potential were grown in both flasks (FE) and a bioreactor
(BE). The culture broths were filtered, concentrated and then resuspended for
antimicrobial activity assays. Three of the 26 isolates tested showed antimicrobial
activity, particularly one isolate of Fomitopsis sp., the extract of which following seven
days of EB culture inhibited the growth of all microorganisms tested. The extract from
Fomitopsis sp. culture showed superior antimicrobial activity to that of the amoxicillin
control against Escherichia coli OP50, Bacillus cereus, Staphylococcus epidermidis and
Acinetobacter baumannii. Due to the low pH of the Fomitopsis sp. extract, the extract
was cytotoxic to human cells, Hek-293 and SH-Y5Y, at all concentrations tested. Among
the isolates studied, fungi of the order Polyporales showed the greatest potential for the
production of metabolites with antimicrobial potential.

Keywords: Fungicidal properties; Candida; Antimicrobial activity, Escherichia coli;
Staphylococcus aureus; biopharmaceuticals
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INTRODUCTION

Macrofungi, popularly known as mushrooms, belong to the phylum
Basidiomycota, have a fruiting body that can be hypogeous or epigeous. Besides being
important sources of nutrients and bioactive compounds, they are capable of producing a
series of secondary metabolites [1-5], which are extracellular compounds secreted in the
culture medium during fungus growth. These secreted compounds can be isolated and
characterised for industrial purposes, for example, in the production of enzymes and drugs
[6]. Among these secondary metabolites, are antimicrobial compounds, produced naturally
to allow the fungi to survive in the environment [7]. In some cases, mushrooms show higher
antimicrobial activities than many antibiotic and antifungal agents used commercially [5].

Brazil is a large and ecologically diverse country, encompassing different
biogeographic zones and biomes, making it rich in biodiversity [8]. Twenty percent of
the world's biodiversity is concentrated in the Amazon rainforest [9]. Even so, the
microbiological species present in the forest are still poorly studied and may represent a
source of antimicrobial compounds.

The search for new antimicrobial agents is of fundamental importance, as
bacteria have a high potential for genetic recombination, leading to an increase of drug
and antimicrobial resistant strains. Given the diversity of Brazilian mushrooms, they
represent likely new sources of antimicrobials, making the study of their metabolites
valuable from this stand-point and in increasing knowledge of the biotechnological
potential of these organisms. Generally, local and substrates where mushrooms grow
affect the composition of these bodies and their bioactive properties. This variation may
be related to growth conditions, genetic factors, geography and procedures during their
analysis [10,11]. Therefore, culture conditions need to be standardised to optimise the
production of bioactive componds, including media composition and incubation
procedures, such as agitation, oxygenation and pH. In this sense, submerged cuultivations
provides a unique combination of experimental flexibility and standardisation.

Amazonian fungi were selected whose extracts showed antimicrobial potential
against pathogenic microorganisms and those that contaminant food. Active compounds
from Amazonian fungal extracts may represent new antimicrobial agents, either as

biopharmaceuticals or as alternative food preservatives.
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MATERIAL AND METHOD
2.1 Strains of microorganisms

During the summer of 2015, 26 fungal lines were collected from the Adolpho
Ducke Forest Reserve, in the city of Manaus, Amazonas, Brazil. Cultures are deposited
at the National Institute of Amazonian Research Institute (INPA) and the mycelia used in
this work were maintained at the Laboratory of Enzymes and Biomasses of the University
of Caxias do Sul, Rio Grande do Sul, Brazil. Five Gram-positive bacterial strains, six
Gram-negative bacterial strains and two yeast strains of the genus Candida were also used
in this study. All bacterial and yeast lines were kindly donated by the Oswaldo Cruz
Foundation (FIOCRUZ), Rio de Janeiro, Brazil, and are listed in Table 1.

2.2 Culture media

The fungal strains were maintained in sawdust agar medium containing: 20g.L"
1 wheat bran; 20g.L? sawdust of Pinus sp.; 2g.L™ CaCOs; 20g.L™? agar. Plates were
incubated at 28°C for a period of 7-10 days, and thereafter stored at 4°C.

For the production of the extracts to be evaluated for their antimicrobial activity,
nutrient broth supplemented with 10g.L™* glucose was used. Growth of bacterial strains,
as well as disc diffusion tests, was performed using nutrient agar (Kasvi®). Sabouraud
agar (Kasvi®) was used to grow yeasts. All culture media were autoclaved at 121°C for

20 min at 1 atm.

2.3 Molecular identification

DNA extraction for identification of isolates was performed using a PowerSoil®
DNA Isolation Kit (Mo Bio Laboratories, Inc.). DNA amplifications were performed by
polymerase chain reaction (PCR) with a Phusion High-Fidelity™ PCR kit (Finnzymes).
The primers used were ITS1 (5 TTCCGTAGGTGAACCTGCGG 3') and ITS4 (5
TCCTCCGCTTATTGATATGC 3') [12]. For purification of the sample, Exonuclease |
(Amershan Bioscience, 2500U) and Shrimp Alkaline Phosphatase (Amershan Bioscience,
5000U) were used. PCR fragments were sequenced on an ABI-PRISM 3130xI automated
sequencer (Applied Biosystems, USA).

2.4 Screening of macrofungi with antimicrobial potential
Initially, an antagonism test was performed between two microbial cultures.

Strains of potential antimicrobial macrofungi were grown until they complete colonised
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the Petri dishes containing sawdust agar medium. The microorganisms were grown in
nutrient broth (bacteria) and Sabouraud broth (yeasts) for 24h. Standardised suspensions
of microorganisms with an absorbance of 1.0 were inoculated with a sterile swab onto the
surface of their respective culture medium.

Three 5mm diameter mycelial discs were inoculated onto the surface of the agar
previously inoculated with the microorganisms. The plates were then kept in an oven at
28°C for 48h. Antagonistic activity was confirmed by the presence of an inhibition halo

around the fungal disc. Only fungi that induced halos were selected for further study.

2.5 Cultivation of macrofungi in submerged cultivation in flasks

Five hundred ml Erlenmeyer flasks containing 100 mL nutrient broth
supplemented with 10g.L? glucose were inoculated with three 1.5cm discs from the
mushroom cultivation. The flasks were maintained at 28°C with reciprocal shaking at 180
rpm for different culture times (1 to 24 days), in order to determine at which point there
was increased production of antimicrobials. Triplicate cultures were obtained for each
time point (7, 12, 16, 20 and 24 days). For the remainder of the experiments, the extract
of 7 days of cultivation was selected.

2.6 Cultivation of macrofungi in a bioreactor

A pre-inoculum in nutrient broth and 10 g.L* glucose was generated with a size
of 5% (v/v). It was prepared in flasks, as described above and was incubated for 24 h at
28°C, with reciprocal shaking at 180 rpm.

Assays were performed in a BioFlo®/Cellingen®115 stirred tank bioreactor (New
Brunswick®), with a capacity of 14 L, with a working volume of 10 L. Cultivation in
nutrient broth supplemented with glucose was maintained for nine days, with agitation of
200-400 rpm and an aeration rate (volume of air per volume of medium per minute, vvm)
of 0.5-2. Cultures were maintained at 28°C without pH control, though this parameter was
analysed daily. Oxygen dissolved in the broth was maintained at values above 30% of

saturation. A 300 mL volume of culture was collected daily, centrifuged and lyophilized.

2.7 Preparation of extracts
Extracts in submerged cultures were produced initially in flasks (FE), and after
staging, as 10L production in the bioreactor (BE). At each culture time (1 stirred tank

bioreactor 7 days), broth was collected and centrifuged (3220 x g for 20 min at 4°C), thus
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separating mycelia from the culture medium. The supernatant was then lyophilized to
concentrate the metabolites. The lyophilized extract was dissolved in sterile distilled water

to 100 mg.mL, and filtered through a 0.22 pm filter for sterilization.

2.8 Evaluation of the antimicrobial activity of the extracts
2.8.1 Disc diffusion

Fifteen uL of 100 mg.mL* extract were distributed on sterile filter paper discs
of diameter 0.5cm and density 250 gm™. Fifteen uL of sterile water, the solvent used to
dilute the extract, was used as a negative control. The discs were dried in a laminar flow
hood, and used to perform the antimicrobial sensitivity assays.

Cultures of microorganisms were grown in nutrient broth overnight, and their
concentrations standardised to 108 cells.mL*. With the aid of a sterile swab, each culture
was distributed over nutrient agar medium. Discs containing extract were then placed on
the plates inoculated with microorganisms, and these were incubated at 37°C for 24h.
Inhibition of microbial growth was assessed by the width (mm) of the halo of growth
inhibition. Positive controls used commercial antibiograms (Sensifar®), containing 10 ug
amoxicillin for bacteria and 32 pg fluconazole for yeast. The tests were performed in
duplicate.

2.8.2 Microbial growth inhibition

Microbial growth inhibition determination was performed with the extract
concentration ranging from 100 to 3.1 mg.mL™. For the determination of microbial
growth inhibition, a methodology described by Clinical and Laboratory Standards
Institute (CLSI) [13] and Elshikh et al. (2016) [14] was used with some modifications due
to dark color of the extract that made it difficult to read absorbance. These modifications
consisted of centrifuging the plates (3220 g, 20 min at 4 ° C) and the supernatant was
removed, adding 300 ul of saline solution (0.9%) to each well. The procedure was
repeated until complete washing of the microbial cells.

The positive control was performed only with the bacterial culture and 245 pL of
water. After 24 h, the absorbance was read at 560 nm. The percent inhibition was

calculated according to Equation 1.

vy ey 100—Absorbance of the sample
% Inhibition = ( ! ple)

X 100 Equation (1)

Absorbance of the control well
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2.9 Cell viability assay

Toxicity of the extracts was evaluated in human embryonic kidney 293 cells
(HEK-293; ATCC®CRL-1573™) and a human neuroblastoma cell line, SH-SY5Y
(ATCC®CRL-2266 ™). Cell viability was evaluated using a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT; USB Corporation, Cleveland, USA) assay.
Cells were cultivated in Dulbecco's modified Eagle's medium (DMEM) containing 10%
foetal bovine serum (FBS) and 1% ampicillin/streptomycin, seeded at a density of 1 x 10*
cells/well in a 96-well plate. The cells were incubated at 37 °C with 5% CO> for 24 hours
before the assay. Increasing concentrations of the extracts (3.1 to 100 mg.mL™) were
incubated with the cells for 24 hours, then the medium was removed and 5mg.mL™* MTT
was added. Cells were incubated at 37 °C with 5% CO- for 4 hours. After incubation, 100
pL dimethyl sulfoxide (DMSO; Synth Solutions, Sdo Paulo, Brazil) were added to
dissolve the blue formazan crystals. The optical density was measured at 570 hm using a
plate reader (Anthos, Hamburg, GER) after adjusting the pH with Sorensen’s glycine
buffer. Cells incubated only in DMEM were used as a control of 100% cellular viability,
while 0% cellular viability was obtained after incubation of cells with 2% (w/v) Triton
X-100 [15].

2.10 Identification of the metabolites

The extracts dissolved at 100 mg.mL™* were semi-purified by solid phase extraction
(SPE). Strata cartridges (Phenomenex®) were activated with 2 mL methanol and
conditioned with 12 mL aqueous solution acidified with 0.01% HCI. Two mL of extract
was added to the cartridge, which were then washed with 12 mL aqueous solution
acidified with 0.01% HCI to remove potentially interfering compounds, such as sugars,
and other high molecular weight molecules. The metabolites were finally eluted with
1800 uL methanol, 2% formic acid and stored in amber tubes at -20 °C. Prior to HPLC
injection, the samples were evaporated on a rotary evaporator, and the residue obtained
was reconstituted with acidified water (0.5% formic acid) to 1 mL and filtered through a
0.22 pm cellulose acetate membrane.

Too identify the metabolites, the extracts were analysed on a Shimadzu HPLC
apparatus equipped with two pumps (LC-20AD), online degasser (DGU-20A), automatic
injector (SIL20AHT) and oven (CTO-20A) connected in series to a DAD detector (SPD-
M20A), and a Bruker Daltonics micrOTOF-Q Il mass spectrometer (MS), with

quadrupole-time of fly analyser and an electrospray ionisation source (ESI), .
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The compounds were separated on a Discovery® Cig column (S5um, 15 cm x 4.6
mm; Supelco®), using as the mobile phase a linear gradient of water/0.5% formic acid
(solvent A) and acetonitrile/0.5% formic acid (solvent B), at a flow rate of 0.7 mL.min!
and a column temperature of 29 °C [16]. The spectra were obtained between 200 and 600
nm and the chromatograms processed at 271 nm. The mass spectra were acquired with a
scan range 100 to 1000 mass to charge ratio (m/z). The MS parameters were: ESI source
in positive ionisation mode,3000 V capillary voltage, —500 V end plate offset, 310 °C
drying gas temperature (N2), 8 L.min flow:, 30 psi nebuliser, and MS/MS fragmentation
in automatic mode. chromatograms and mass spectra were analysed using DataAnalysis
software 4.2. For the analyzes were ignored the compounds initially present in the culture

medium.

2.11 Statistical analysis

Statistical analysis was performed with the GraphPad Prism 6 programs, using
analysis of variance (ANOVA), after which the Student's t-test was applied with a p <
0.05.

RESULTS

Among the strains evaluated by the antagonism test, three strains showed
antimicrobial potential, Trametes elegans (1699/58c), Trametes sp. (1734/29) and
Fomitopsis sp. (1698/38). All these strains that presented antimicrobial potential belong
to the order, Polyporales, saprophyte macrophytes, which were mostly lignolytic.

Isolates of the genus Trametes grown as EF demonstrated inhibition of only
some of the microorganisms tested. Trametes sp. 1734/29 showed antimicrobial activity
against both Gram-positive and Gram-negative microorganisms; however, the largest
halos were observed for Salmonella Typhimurium and Escherichia coli (ATCC 15669),
using extracts produced from broth after 12 days of incubation (Figure 1A). For the other
microorganisms evaluated, there was no inhibitory activity. Notably, no extract from the

isolate Trametes sp. 1734/29 showed activity against Candida spp. employed in this test.
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Figure 1. Size of the inhibition halos in microbial growth (mm) due to the presence of
extracts produced from culture broth of Trametes sp. 1734/29 in submerged
cultures, after different numbers of days of fungal growth. (A) Extracts
produced from medim in which mycelia were grown in flasks, with shaking.
(B) Extracts produced from medium in which mycelia were grown in a
bioreactor.

When extracts were prepared from culture broth of Trametes sp. 1734/29 grown
in the bioreactor, larger halos of inhibition of microbial growth were obtained than for
EF, for a greater range of microorganisms, including yeasts. Notably, EBs produced their
effects faster than EFs (Figure 1B).

EB from Trametes elegans 1699/58c did not show activity against any of the
microorganisms tested. For EFs (Table 1), the highest antimicrobial activity occurred
after 12 days of cultivation for most of the microorganisms, with the exception of S.

aureus ATCC 25923 and C. albicans where there was no formation of halo.
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Table 1. Size of the inhibition halos in microbial growth due to the presence of extract
prepared from broth of Trametes elegans 1699/58c culture grown in flasks with
shaking for 24 days at 28°C. Samples of broth were collected in triplicate at
different test times.

Microorganism Halo* (mm)

7 days 12 days 16 days 20 days 24 days Control**
Gram-negative
E. coli OP50 7.0£0.0° 9.5+2.1° 9.8+2.0° - - ;
E. coli ATCC 15669 - 14+0.0° - - - 7.0£0.0°
S. Typhimurium ATCC 14028 8.0+0.0° 9.3+0.8° 8.3+0.9° 8.0+0.0° 8.0+0.0° 17.5+2.1°
P. aeruginosa ATCC 19429 - 8.5+0.7¢ - - - 8.0+0.0%
A. baumannii ATCC 1906 - 10+0.0° - - - -
K. pneumonia ATCC BAA 1705 - 12414 - - - 10.5+0.7%
Gram-positive
S. aureus ATCC 25923 - - - - - 15.5+7.72
B. cereus ATCC 10876 - 14.3+2.5 9.6+1.9° 8.3+0.8° - -
S. aureus ATCC 33592 - 13+0.0° - - - 11.5+2.12
S. epidermidis ATCC 12228 - 9.5+0.7¢ - - - -
E. faecalis ATCC 10100 - 10+0.0° - - - 7.5+0.72
Yeast
C. albicans ATCC 24433 - - - - - 12.5+0.5%
C. tropicalis ATCC 28707 - 9.5+0.7° - 8.5+0.7° - 9.0+1.0°

(-) resistant (no formation of inhibition halo). Measurements of halos include 5 mm of disk.

. * Measured after 24 h of incubation at 37 °C. Statistical analysis between the bacterium species and the
different culture times for the extract production (horizontal line). Values indicated with the same
letter did not differ significantly (p < 0.05), statistical analysis with ANOVA test and later
Student's t-test.

** Amoxicillin (10 ug) was the positive control for bacteria, and fluconazole (32 ug) was used for yeast.

Fomitopsis sp. 1698/38 showed antimicrobial activity against all the
microorganisms tested, and the most promising results were verified with extracts from

cultures grown in the bioreactor (Tables 2 and 3).
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Table 2. Size of the inhibition halos in microbial growth due to the presence of extract
prepared from broth of Fomitopsis sp. 1698/38 culture grown in a bioreactor.

Halo* (mm)
Microorganism 1 day 2 days 3 days 4 days 5 days 6 days 7 days  Control**
Gram -negative
E. coli OP50 - 13.3£2.0° 13.3+3.08  22.331.3° 24.3+4.6 20.0+0.0° 18.6+1.0% -
E. coli ATCC 15669 - 15.3#1.3° 8.0£0.02 9.34+0.8% 17.5#2.0° 21.0+1.0¢ 21.0+1.0% 7.0£0.0%
S. Typhimurium - 9.0+1.2° 12.6+0.8° 12.6+0.8° 12.6+0.8° 10.3+2.8° 11.6+4.1°  17.5+2.1°
ATCC 14028
P. aeruginosa - 11.0£3.2° 13.1#1.3° 15.0+2.6° 13.1#3.8° 14.6+0.8° 10.6+1.2 8.0+0.0%
ATCC 19429
A. baumannii ATCC 7.8+1.3 21.1+1.7°¢ 19.8+1.7° 23.8+1.7° 21.0+1.0° 18.1+0.7° 23.6£1.2¢ -
1906
K. pneumonia 8.3+0.5° 10.1+0.9° 14.0£1.0° 13.1+0.4° 13.8+0.2° 14.5+1.6° 13.3£0.5**  10.5+0.7%
ATCC BAA 1705
Gram-positive
S. aureus ATCC - 8.5+1.92 13.8+1.1° 17.343.6° 13.6+0.4° 10.0+0.0% 15.6+1.3*  15.5+7.7°
25923
B. cereus ATCC - 11.1+0.7° 15.0£2.4° 14.5¢1.5° 9.1+0.22 14.5+0.8° 13.0£1.5* -
10876
S. aureus ATCC 8.0+0.8 7.3+0.52 10.6+0.8"° 9.1+0.9 21.5+1.0° 20.5+0.5¢ 7.0£0.87*  11.5+2.1°
33592
S. epidermidis - 11.0+0.0° 15.6+1.3° 13.0+1.82 20.30.4° 12.3+1.5% 16.1+2.0° -
ATCC 12228
E. faecalis ATCC - 12.0+1.5° 16.0+1.2°¢ 13.3#1.2° 16.0+0.6° 14.841.9° 12.0+£1.0* 7.540.72
10100
Yeast
C. albicans ATCC - 16.3+1.3° 15.0+0.0° 17.0+1.42 16.8+0.62 15.8+0.9% 20.8+2.9™  12.5+0.52
24433
C. tropicalis ATCC - 8.3+0.5% 18.6+4.2"° 18.1+0.7° 23.3+0.5¢ 22.6+0.5¢ 18.0+1.2% 9.0+1.0°

28707

(-) resistant (no formation of inhibition halo). Measurements of halos include 5 mm of disk.
The fungus was grown in a bioreactor for seven days at 28 °C, without pH control. The time of
inoculation is zero hour. The other observations are the same as those described in Table 1.

** Amoxicillin (10 ug) was the positive control for bacteria, and fluconazole (32 ug) was used for yeast.

Table 3. Size of the inhibition halos in microbial growth due to the presence of extract
prepared from broth of Fomitopsis sp. 1698/38 grown in flasks with shaking.

Microorganism Halo* (mm)
7 days 12 days 16 days 20 days 24 days Control**
Gram-negative
E. coli OP50 - 17.6+2.3° 10.8+1.42 10.8+2.2% 17.60.5° -
E. coli ATCC 15669 11.0+7.0° 16.0+1.4¢ 14.0+£1.4° 15.542.1¢ 15.540.7¢ 7.0£0.0%
S. Typhimurium ATCC 11.3+2.3 10.8+2.0° 12.3+1.8° 9.8+1.1° 16.3+£3.2¢ 17.5+2.1¢
14028
P. aeruginosa ATCC 19429 13.5+3.5° 11.5+0.7° 12.045.6° 18.5+3.5¢ 14.5+2.1b 8.0+0.0%
A. baumannii ATCC 1906 - 17.5+0.7% 13.5+4.9% 15.5+0.72 15.5+0.72 -
K. pneumonia ATCC BAA - 8.5+0.7¢ 11.0+4.2% 7.5+0.7% 8.0£0.0% 10.5+0.72
1705
Gram-positive
S. aureus ATCC 25923 - 16+3.5° 18.5+0.8% - 14.6+1.32 15.547.72
B. cereus ATCC 10876 11.2+2.2% 8.8+0.9% 21.0+1.5° 10.1+1.12 25.6+2.1° -
S. aureus ATCC 33592 13.0£0.0° 13.0+2.8° 15.0£1.4° 9.0+£1.4% - 11.5+2.18
S. epidermidis ATCC 12228 - 16.5+0.7¢ - 13.547.78 - -
E. faecalis ATCC 10100 13.0£4.5° 16.0+0.0° 15.5+3.5° 16.5+0.7° 15.5+3.5° 7.5+0.7%
Yeast
C. albicans ATCC 24433 - - - - - 12.5+0.5%
C. tropicalis ATCC 28707 10.5+3.5% 21.0+2.8° 15.0+2.8° 19.5+2.1° 15.0+7.0° 9.0+1.0%

(-) resistant (no formation of inhibition halo). Measurements of halos include 5 mm of disk.

The fungus was grown in flasks with shaking for 24 days at 28 °C, without pH control. Samples
of broth were collected in triplicate at different test times. The other observations are the same as
those described in Table 1.

** Amoxicillin (10 ug) was the positive control for bacteria, and fluconazole (32 ug) was used for yeast.

Antibiotics used as a positive control had no antimicrobial effect against E. coli

OP50, Bacillus cereus (ATCC 10876), Staphylococcus epidermidis (ATCC 12228) and
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Acinetobacter baumannii (ATCC 1906), whereas all extracts produced from the second
day culture demonstrated efficacy against all evaluated microorganisms. The fact that the
bacterial strains were resistant to the drug amoxicillin clearly illustrated the need to obtain
new means of microbial control. Notably, EBs had higher levels of antimicrobial
substances compared to EFs, indicating bioreactor culture created the best
microenvironment for production of such compounds, possibly due to superior aeration.

These data suggested it was possible to optimise the production of antimicrobial
substances by this fungus, without negative interference by other products, as happens
for many microorganisms. It was recognised that microbial metabolism could lead to the
production of organic acids, and consequently a reduction of pH, as observed for the two
culturing proceedures in this study (Figure 2).

As Fomitopsis sp. secondary metabolite production was better in the bioreactor
culture, presenting a broader spectrum of action, this proceedure was selected for further
experimentation, evaluating microbial growth inhibition, cytotoxicity and identification

of compounds.
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Figure 2. pH measurements during submerged cultivation of mycelia of Amazonian
macrofungi. (A) cultivation in bioreactor (EB), and (B) cultivation in flask
(EF).
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Table 4. Percentage inhibition of microbial growth by different concentrations of extract

from medium of Fomitopsis sp. cultures in and a bioreactor.

microorganism

growth inhibition (%)

Gram-negative
Escherichia coli OP50
Salmonella
Typhimurium ATCC
14028

Escherichia coli ATCC
15669

Pseudomonas
aeruginosa ATCC
19429

Klebsiella pneumoniae
ATCC BAA1705
Acinetobacter baumanni
ATCC 1906
Gram-positive
Staphylococcus aureus
ATCC 25923

Bacillus cereus ATCC
10876
Staphylococcus. aureus
ATCC 33592
Staphylococcus
epidermidis ATCC
12228

Enterococcus faecalis
ATCC 10100

Yeast

Candida albicans
ATCC 24433
Candida. tropicalis
ATCC 28707

extract concentration (mg.mL™)

100
EF EB
91 83
87 84
80 64
95 74
79 57
78 41
84 71
67 89
91 89
84 92
61 36
90 71
90 92

EF

90

79

80

85

68

76

76

69

91

83

60

86

90

50

EB

86

80

59

71

47

36

71

89

88

91

31

50

89

25 12.5
EF EB EF EB
89 86 88 84
68 74 74 75
77 66 75 68
91 61 91 55
61 41 65 35
74 31 63 13
65 54 60 71
63 84 64 85
89 83 8 87
80 92 70 91
56 35 60 35
83 57 84 58
89 89 87 89

6.25
EF EB
87 81
68 76
66 66
90 61
71 38
79 46
61 71
65 83
85 85
84 89
61 42
87 67
90 89

3.1
EF EB
88 83
71 68
79 66
90 53

8 9
18 0
67 71
63 87
86 85
84 80
61 34
87 27
57 171

*The results are expressed as the mean of triplicate samples.

Inhibition of microbial growth was shown to be variable according to the

microorganism tested (Table 4). For Gram-negative microorganisms, the majority

presented 80-90% inhibition at the maximum concentration tested (100 mg.mL™) for EF.

For EB, only E. coli (ATCC 15669), Pseudomonas aeruginosa, Klebsiella pneumoniae

and A. baumannii presented lower values. For Gram-positive bacteria and yeasts, the

inhibition of microbial growth remained between 60 to 80% for the maximum

concentration tested. The bactericidal effect, observed by the color change of resazurin,

was found from a concentration of 12.5 mg.mL, for both types of extract and for all

tested microorganisms.

The MTT assay did not prove to be useful, because although the extract was

filtered, nutrients still present resulted in false positive values (complementary material).
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As a result, increasing concentrations of the extract falsely indicated cell viability, when
microscopy showed that the cells were not viable, even at the lowest concentrations of
extract.

The metabolic profiles of EF and EB were very similar (Figure 3), though
indicating differences in compound concentrations, possibly explaining the different
results in the inhibition assays. Although an appropriate HPLC-MS technique for
phenolic compounds was used, it was not possible to identify phenolic, acidic, flavonoid,
tocopherol, carotenoid, coumarin or other metabolites components commonly described
in the literature and associated with the basidioma of Fomitopsis sp. [17-20]. This
indicated that the metabolites present in the basidiomas and secreted in the culture media

were different.
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Figure 3. Metabolic profiles of Fomitopsis extracts produced in submerged cultivation
in flasks (black line) and in a bioreactor (gray line), generated by high-
performance liquid chromatography-diode array detector-tandem mass
spectrometry (HPLC-DAD-MS/MS).

DISCUSSION

Inhibition halos formed by extracts from submerged cultures of Trametes sp.
1734/29 and T. elegans 1699/58c, described in this work, were larger than to those
obtained by Lallawmsanga et al. [6], who used five different extracts from submerged
cultures of five isolates of T. elegans, but did not obtain inhibition of E. coli and Candida
albicans. When tested on P. aeruginosa, the maximum inhibition was 6.26 £ 0.26 mm,
while for Staphylococcus aureus the widest halo was 6.6 = 0.2 mm. Shen et al. [21] using
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extracts from the fruiting body and mycelium of Trametes sp., showed antimicrobial
activity against Staphylococcus sp., E. coli, P. aeruginosa and Salmonella sp., but not
against K. pneumoniae. They also described the inhibitory activity of an extract from the
basidioma of Fomitopsis sp. against Clostridium perfringens; however, it showed no
activity against Staphylococcus sp., E. coli, P. aeruginosa, K. pneumoniae and
Salmonella sp. This was in contrast to the results in this current study, where extracts of
the submerged broth of Fomitopsis sp. inhibited all tested microorganisms.

These contrasting results indicate that the habitat in which the fungi were
collected, as well as the way it is cultivated, influences the production of secondary
metabolites and consequently their antimicrobial activity. Ndyetabura et al. [22] reported
that mushrooms from different ecosystems and those grown on different substrates
produce very different antimicrobials. This was also confirmed in the present work, where
the same fungal isolate in the same medium produced extracts with different antimicrobial
responses, dependent on the physical treatment of the culture during incubation. It is also
possible that different species of Fomitopsis were used in the different studies. Even using
molecular identification methods allied to classical taxonomy, it was not possible to
identify the species.

The broad spectrum of action associated with the extract of Fomitopsis sp. might
be related to the low pH in the culture during fermentation (Figure 2). Over the time of
incubation, the pH dropped to about 1.4 in EF and EB. In EF, this drop happened around
the twelfth day, while in EB this fall had occurred by the second day, demonstrating that
the metabolism of the fungus was accelerated when grown in a bioreactor. In hostile
environments the fungus tends to produce secondary metabolites for its protection [7,21],
including acids, which are responsible for the drop in pH seen on cultivation [17,18].
Acids related to the cultivation of Fomitopsis sp. include capric, lauric, myristic,
pentadecanoic, palmitic, stearic, polyporenic, protocatechuic, vanilic, ascorbic and oxalic
[17,18].

The dark staining of the extract made it difficult to read the absorbance, which
compromised the inhibition of microbial growth test by the Standart methodology. The
results corroborate with that described in the literature [15], that when testing natural
products, technique to determine the lowest concentration of extract with bactericidal
effect is that of resarzurine, being a direct method of analysis. This allows comparisons
between different bacterial strains, with different growth rates, without the influence of

the staining of the extract.
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Comparisons to previous reports are limited because metabolites vary according
to the fungal material used, the solvent used for extraction of metabolites, the collection
site and the culture conditions [20]. Dresch et al. [23] state that the culture substrate plays
an important role in the biosynthesis of secondary metabolites, and even small variations
in nutrition may affect the quantity and variety of the metabolites, directly influencing
their bactericidal or bacteriostatic effects. For inhibition of S. aureus, Gaylan et al. [19]
obtained an MICso of 2500 mg.mL™ from a crude ethanolic extract of Fomitopsis rosea,
while similar extracts from the fruiting body of Fomitopsis pinicola showed MICs of
31—125 pg.mL* for B. subtilis and 31—500 pug.mL™ for S. aureus.

The current study described for the first time antimicrobial properties of a filtrate
from submerged culture of Fomitopsis sp., with a broad spectrum of action, especially
greater inhibition of Gram-negative bacteria. These data demonstrated the potential of
extracts of Fomitopsis sp. for clinical application, particularly given the difficulty in
treating infections caused by Gram-negative bacteria. It was important to perform both
the inhibition halo and inhibition of microbial growth tests, since some non-halo-forming
microorganisms were inhibited in the inhibition of microbial growth tests. The results of
disc diffusion assays could be compromised when using crude extracts with low polarity,
with diffusion of the extract being inhibited through the agar [18].

Another advantage presented in the current experiments was the use of culture
medium with few synthetic nutrients, which allowed growth of mycelia without the need
for acclimatization, or for special nutritional composition for each strain. It is known that
synthesis of secondary metabolites can be manipulated by the type and concentration of
nutrients in the broth, mainly with regard to sources of carbon and nitrogen. Glucose was
used as a source of carbon, being rapidly absorbed, having a low cost and having shown
to generate higher yields and greater mycelial growth [24]. Studies show that low
concentrations of glucose and nitrogen, lead to increased production of antimicrobial
compounds, since such compounds are produced after the exhaustion of these nutrients
in the culture medium [24].

When comparing cytotoxicity, there are several studies on the effect of extracts
of different species of Fomitopsis on tumor cells. Shnyreva et al. [25] demonstrated
cytotoxity of 58 pg.mL™? aqueous extract of F. pinicola mycelia on myelogenous
leukemia cells K562. A F. pinicola chloroform-based extract was toxic to sarcoma cells
(S180) at 120 pg.mL?, and to different leukemia tumor cell lines, HL60, U937 and K562)
at 45.13, 39.07 and 139.81 ng.mL™?, respectively [26]. According to Gao et al. [26] the
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extract damaged the cell membranes, altering the morphology of the cells, as well as
triggering in vitro condensation of chromatin and causing damage to the DNA, leading to
cessation of the cell cycle at S phase and consequently apoptosis. Cellular apoptosis is
related to the production of fomitoside K [27], a lanostane triterpene glycoside, identified
in methanol extracts of the fruiting bodies of Fomitopsis nigra [28].

The methanol extract of F. pinicola induced apoptosis in THP-1 (leukemia) and
HT29 (adenocarcinoma) cell lines after 24 h of treatment with doses between 5—500
ugml™ [29]. Before current the studies, it was realised that the extracts needed to be tested
on normal cells. A possible explanation for the toxicity shown by the extract of
Fomitopsis sp. 1698/38 was its low pH, because even before incubation phenol red
showed an acidic colour change to yellow. This problem in interpretation needs to be
overcome in future work by fractionation and purification of substances produced by the
Amazonian fungus Fomitopsis sp.

Metabolites from the fruiting body of Fomitopsis sp have been isolated and
identified. The principal metabolites described are phenolic compounds and organic acids
[17,18]. Keller et al. [30] described eight steroids isolated from the fruiting body of F.
pinicola, 3a-(4-carboxymethyl-3-hydroxy-3-methylbutanoyloxy)-lanosta-8,24-dien-21-
oic acid described for the first time, while the other seven were already known:
polyporenic acid C, 3ct-acetyloxylanosta-8,24-dien-21-oic acid, ergosta-7,22-dien-3fl-ol,
21-hydroxylanosta-8,24-dien3-one, pinicolic acid A, trametenolic acid B and pachymic
acid.

Antimicrobial activity against B. subtilis was confirmed for five of the isolated
compounds, with only 21-hydroxylanosta-8,24-dien-3-one, pinicolic acid and pachymic
acid not being able to inhibit the microorganism. Popova et al. [31] also found that the
main compounds of the fruiting body of F. rosea are part of the lanostane triterpenes
group, with two new compounds being described, 3a-(3'-
butylcarboxyacetoxy)oxepanoquercinic acid C and 3ahydroxy-24-methylene-23-
oxolanost-8-en-26-carboxylic acid. These two compounds showed antimicrobial activity
against S. aureus.

None of the above-mentioned compounds were identifiable in Fomitopsis sp.
Identification of the compounds was hampered by the large amount of secondary
metabolites present in the broth, rather than a single major compound. In addition, it was
likely that high molecular weight molecules, such as peptides and proteins, were present

in these extracts. Another disadvantage was that databases for comparison of MS analyses
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had limited information on compounds produced by mushrooms. Therefore, future
studies are needed on the metabolomics of exotic mushrooms in order to enhance theses

databases.

CONCLUSION

Among the isolates collected from the Amazon biome and evaluated,
Polyporales fungi showed the highest potential for the production of metabolites with
antimicrobial potential. Extracts from a fungus of the genus Fomitopsis stood out due to
its broad spectrum of action, including acting more efficiently than commercial
antibiotics. Bioreactor cultivation created an environment that promoted the production
of metabolites of interest, a fact that contributed to scheduling of this process. This study
highlighted an alternative strategy to be explored in the treatment of bacterial infections
In addition, it might contribute in obtaining extracts that could be used in the food industry

as alternative food preservatives.
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4. DISCUSSAO GERAL

O meio de cultivo utilizado nas fermentacfes, mostrou-se adequado para a
producdo de metabolitos secundarios, trata-se de um meio de cultivo com poucos
nutrientes sintéticos, e que proporcionou o crescimento dos fungos sem a necessidade de
aclimatacio e estudo de composicdo nutricional especial para cada linhagem. E sabido
que a sintese de metabdlitos secundarios pode ser manipulada pelo tipo e concentragédo
de nutrientes no caldo de cultivo, principalmente pelas fontes de carbono e nitrogénio.
Como fonte de carbono, foi utilizado a glicose, trata-se de uma fonte de carbono de
répida absor¢do, baixo custo, que tem mostrado maiores rendimentos e favoreceu o
crescimento do micélio. Estudos mostram que baixas concentracdes de glicose e
nitrogénio, levam ao aumento da producdo de compostos antimicrobianos, uma vez que
0s compostos sdo produzidos apds o esgotamento destes nutrientes no meio de cultivo
(Sanchez et al., 2010).

A forma de cultivo, em frasco ou em biorreator, proporcionaram
microambientes diferentes para o desenvolvimento de cada fungo, embora os metabdlitos
secundarios produzidos foram os mesmos, a forma de cultivo influenciou na concentracéo
dos metabdlitos produzidos. A variagdo nas concentracfes foi de fundamental
importancia na avaliacdo da atividade antimicrobiana contra 0s microrganismos alvo.
Comprovando que o habitat em que os fungos foram coletados, bem como a forma de
cultivo influencia na producdo dos metabdlitos secundarios produzidos e
consequentemente na atividade antimicrobiana. Nesta avaliagdo, o macrofungo
Fomitopsis sp. foi o Unico que formou halo de inibicdo contra todos os microrganismos
testados. Além de que a forma de cultivo em biorreator, para este fungo, mostrou-a a mais
adequada para a producdo de metabolitos, possibilitando o escalonamento do processo.

A identificacdo dos compostos presentes nos caldos de cultivo dos fungos, so foi
possivel depois da purificacdo dos extratos por extracdo em fase sélida (SPE), que
permitiu retirar os interferentes, purificar e concentrar os analitos presente nas amostras.
A identificacdo e quantificacdo dos metabdlitos secundarios de F. oxysporum foi
realizada com agilidade, uma vez que o caldo de cultivo apresentou menos compostos e
também pelo fato de fungos do género Fusarium serem bastante conhecidos pela
producdo de micotoxinas. Portanto, hd mais dados de sua metabolémica, o que permitiu
a caracterizacdo quimica quase que completa do extrato. Para a identificacdo dos
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metabolitos secundarios dos macrofungos houveram dificuldades, tanto pelo alto nimero
de compostos presentes nos extratos, como pela falta de informagdo sobre sua
metabolémica. Embora exista na literatura a descri¢do de compostos antimicrobianos do
extrato do micélio e do corpo de frutificacdo de cogumelos, ndo ha relatos de compostos
presentes no caldo de cultivo. Os macrofungos mais comumente estudados sdo 0S
comestiveis, ou ainda os poucos estudos se referem a extratos obtidos dos corpos de
frutificacdo, e que procuram grupos de compostos especificos, ignorando outros que
possam Vir a ter maiores atividades. Portanto, torna-se necessario o aprofundamento do
estudo da metabol6mica a fim de complementar os bancos de dados para que se explore
a diversidade brasileira para a descri¢cdo de novos compostos bioativos.

Embora os extratos tenham demonstrado efeitos inibitorios contra 0s
microrganismos testados, na maxima concentracéo testada (100mg.mL™?), eles também
demonstraram efeitos tdxicos nas células humanas (HEK -293 e SH-SY5Y). Néo se pode
afirmar qual dos compostos foi responsavel pela citotoxicidade, uma vez que o0s
resultados diferiram para cada tipo de célula e extratos testados. Os resultados podem
indicar que o conjunto de metabdlitos identificados pode ser responsavel pela
citotoxicidade. Esta caracteristica implica na purificacdo do extrato antes de seu uso.
Outra possibilidade é que a toxicidade observada foi parcialmente devida ao pH dos
extratos. Quando adicionados em concentra¢fes mais elevadas, os extratos até mudaram
a cor do meio, evidenciando altera¢cdes de pH. Tais resultados, indicam a necessidade de
purificacdo do extrato e correcdo do pH, para o ajuste de doses antimicrobianas e
citotoxicas, possibilitando sua utilizagdo farmacoldgica.

Os resultados listados nesta pesquisa, permitem descrever pela primeira vez
as propriedades antimicrobianas do filtrado de cultivo de F. oxysporum, C. cylindracea e
Fomitopsis sp., tendo amplo espectro de agdo. Todavia, verificou-se maior destaque para
a inibicdo de bactérias Gram-negativas, demonstrando uma aplicacdo clinica bastante
importante, frente a dificuldade no tratamento de infec¢Ges causadas por este tipo de
bactéria. A luz da necessidade de desenvolver novos agentes antimicrobianos, 0s
compostos identificados podem ser estudados individualmente para o desenvolvimento
de novas drogas ou agentes antimicrobianos, bem como para melhor compreenséao da sua

citotoxicidade.
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5. CONCLUSAO

Os resultados deste trabalho permitem identificar a potencialidade dos fungos F.
oxysporum, C. cylindracea e Fomitopsis sp. na producdo de metabdlitos com potencial
antimicrobiano contra as bactérias e as leveduras alvo deste trabalho, ainda que néo
verificou-se inibicdo total do desenvolvimento microbiano, o que pode estar relacionado
a carga microbiana empregada nos ensaios. Além disso, a analise dos resultados permite
concluir que:

- foi possivel isolar e identificar através do sequenciamento de DNA das regifes
conservadas ITS1 e ITS4, trés isolados fungicos (F. oxysporum, C. cylindracea e
Fomitopsis sp.) com potencial antimicrobiano contra as bactérias e leveduras alvo deste
trabalho;

- 0 tempo e a forma de cultivo foram varidveis para cada um dos isolados testados,
influenciando diretamente nas concentraces dos metabdlitos secundarios e
consequentemente na atividade antimicrobiana;

- 0 cultivo em frasco teve maior concentracdo de metabolitos secundéarios para 0s
cultivos de F. oxysporum e C. cylindracea;

- 0 cultivo em biorreator teve maior concentracdo de metabdlitos secundarios para
o cultivo de Fomitopsis sp.;

-0 extrato de Fomitopsis sp. merece destaque pelo amplo espectro de agéo, tendo
inibido todos os microrganismos testados;

- 0s metabolitos secundarios presentes no caldo de cultivo de F. oxysporum
puderam ser identificados como acido fusarico e seus derivados. Ja para C. cylindracea e
Fomitopsis sp. ndo foi possivel a identificagdo completa dos metabolitos secundarios
presentes nos caldos de cultivos destes macrofungos devido a escassez de informagdes
nos bancos e também devido ao grande nimero de metabdlitos;

- 0s trés extratos analisados, na maxima concentracdo (100 mg.mL™)
demonstraram atividade antimicrobiana e efeito citotoxico sobre as células HEK-293 e
SH-SY5Y.
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6. PERSPECTIVAS

Como pesquisas para dar continuidade deste trabalho sugere-se:

identificar, isolar e quantificar os compostos dos extratos brutos, a fim de
potencializar sua atividade antimicrobiana;

testar os compostos isolados quanto a sua atividade antimicrobiana e citotdxica;
definir condi¢cdes mais adequadas de cultivo, para a maxima producao de
metabdlitos e realizar o escalonamento da producéo;

estudar a expressdo génica juntamente com a metabolémica;

utilizar o extrato e/ou os compostos isolados como aditivos alimentares;
descrever os compostos quimicos dos extratos de C. cylindracea e Fomitopsis
spp., afim de contribuir com os bancos de dados;

testar os extratos brutos de F. oxysporum, C. cylindracea e Fomitopsis spp. na
inibicdo de formac&o dos biofilmes;

testar a estabilidade dos extratos obtidos na atividade antimicrobiana e

citotéxica.
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Pedido de patente - PROCESSO DE OBTENCAO DE EXTRATO
ANTIMICROBIANO PRODUZIDO POR FUSARIUM OXYSPORUM, USO DO
EXTRATO ANTIMICROBIANO E EXTRATO ANTIMICROBIANO
PRODUZIDO POR FUSARIUM OXYSPORUM OBTIDO PELO PROCESSO
NUmero do Processo: BR 10 2019 005151 5

Campo da Invencao

[0001] A presente invencdo descreve um processo de obtencdo de um extrato
antimicrobiano produzido por Fusarium oxysporum e o uso do extrato como fonte de
acido fusarico, assim como para preparagdo de composi¢do farmacéutica antimicrobiana.

A presente invencdo se situa nos campos da biotecnologia, bioquimica, sadde e medicina.

Antecedentes da Invencdo

[0002] Os fungos sdo seres eucariotos heterotréficos classificados entre micro e macro
organismos. S8o capazes de produzir uma série de metabolitos secundarios devido a sua
capacidade de degradacdo de uma ampla quantidade de substratos.

[0003] Os metabolitos secundarios sdo compostos extracelulares secretados no meio de
cultivo durante o crescimento do microrganismo e que podem ser isolados e
caracterizados para fins industriais. Alguns destes metabdlitos secundarios sdo fontes
potenciais para produtos farmacéuticos, como antimicrobianos.

[0004] A sintese de metabdlitos secundarios pode ser manipulada pelo tipo e pela
concentracdo dos nutrientes no meio de cultivo. Os principais nutrientes responsaveis
pelo crescimento e metabolismo microbiano séo o carbono e o nitrogénio.

[0005] A glicose é, comprovadamente, uma fonte de rapida absorcdo de carbono pelos
microrganismos, sendo ideal para meios de cultivo com a finalidade de producdo de
metabolitos. A concentracdo ideal e a fonte, ndo s6 de carbono, mas também de
nitrogénio, sdo varidveis para cada microrganismo. Portanto, s&o necessarios estudos
especificos de fontes e concentracbes de carbono e nitrogénio para cada tipo de
microrganismo utilizado para a obtengdo de metabolitos especificos.

[0006] Tendo conhecimento que os fungos produzem os antimicrobianos em resposta ao
estresse, tal como falta de nutrientes, concentracfes baixas dos mesmos favorecem a
producdo de antimicrobianos, uma vez que estes sdo produzidos apds o esgotamento das
fontes de carbono e nitrogénio no meio de cultivo.

[0007] Um dos gargalos na extracao de substancias de plantas e fungos € a dificuldade de
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se obter substancias em elevadas concentragdes e com relativa pureza, sem a necessidade
de processos onerosos.

[0008] Na busca pelo estado da técnica em literaturas cientifica e patentaria, foram
encontrados 0s seguintes documentos que tratam sobre o tema:

[0009] O documento CN 105638669 A descreve a acao do &cido fusérico para controlar
Magnaporthe grisea, um fungo patégeno do arroz. J& o documento US 3,935,221 A
descreve um método de preparacdo de aminas a partir do acido fusarico, como sendo um
composto para tratar hipertenséo.

[0010] O documento US 6,569,864 B1 revela o emprego de &cido fusarico em associagdo
com outras substancias que podem ser usadas topicamente para tratar uma ampla gama
de doencas virais. O documento US 4,772,723 A revela o uso do &cido fusarico como
inibidor da enzima dopamina-B-hidroxilase.

[0011] Em nenhum dos documentos patentérios citados acima, hd a descricdo ou o
objetivo de producédo do &cido fusérico. Todos descrevem uma aplica¢do do acido ou de
seus derivados na forma purificada. Para a obtencdo da forma pura, 0s compostos passam
por processos quimicos de extracdo, o que torna o processo demorado e oneroso.

[0012] Assim, do que se depreende da literatura pesquisada, ndo foram encontrados
documentos antecipando ou sugerindo os ensinamentos da presente invencédo, de forma
que a solugédo aqui proposta possui novidade e atividade inventiva frente ao estado da

técnica.

Sumario da Invencéo

[0013] Dessa forma, a presente invencao resolve os problemas do estado da técnica a
partir de um novo processo de obtengdo de um extrato antimicrobiano a partir do caldo
de cultivo de fungo da espécie Fusarium oxysporum, € 0 uso deste extrato, rico em
metabolitos secundarios com propriedades antimicrobianas contra diversas bactérias
gram-positivas e gram-negativas, e contra leveduras do género Candida. Além de definir
0 extrato antimicrobiano obtido pelo dito processo, compreendendo &acido fusarinoélico,
acido desidrofusarico e 0,06 a 0,8 pg/mL de &cido fusérico.

[0014] A fonte de carbono influencia no crescimento da biomassa e no tipo de metabolito,
podendo ter inclusive efeito catabdlico sobre o metabolismo secundario. A glicose é uma
fonte de carbono de assimilagéo rapida e de baixo custo. Sua utilizacdo em experimentos
tem demonstrado maiores rendimentos no crescimento miceliar. Estudos comprovam que

0s metabolitos secundarios sédo produzidos ao esgotamento do meio. Portanto, 10 g/L
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permitiu um rapido crescimento da biomassa e proporcionou um microambiente ideal
para producgdo de &cido fusarico em apenas 4 dias de cultivo, sendo que a producdo de
compostos antimicrobianos estd relacionada ao estresse fisiologico e a limitacdo de
nutrientes.
[0015] Amalfitano et al. (2002) descrevem concentracGes de acido fusarico proximas as
descritas nesta invencédo, porém o cultivo foi de 4 semanas utilizando um meio de batata
— dextrose — agar. Nao é relatos literarios de formas de cultivo para Fusarium oxysporum
que se parecam com o descrito na presente invencao. A forma de cultivo descrita neste
trabalho tem como vantagem o baixo custo e a rapidez do processo, ja que nao precisa
passar por etapas onerosas de purificacdo e extragdo dos compostos presentes no meio de
cultivo.
[0016] Em um primeiro objeto, a presente invencdo descreve o processo de obtencdo de
extrato antimicrobiano produzido por Fusarium oxysporum compreendendo as etapas de:

(a) Cultivo de micélio de Fusarium oxysporum,

(b) Separacédo do micelio;

(c) Liofilizacdo do caldo fermentativo; e,

(d) Ressuspensdo dos compostos em agua em um solvente para obtencdo do
extrato de Fusarium oxysporum.
[0017] Em um segundo objeto, a presente invencdo descreve 0 uso do extrato
antimicrobiano produzido por Fusarium oxysporum obtido conforme definido no
primeiro objeto e em suas concretizagdes por ser como fonte de acido fusarico e seus
derivados.
[0018] Em um terceiro objeto, a presente invencdo apresenta o extrato antimicrobiano
produzido por Fusarium oxysporum obtido pelo processo, conforme definido no primeiro
objeto e suas concretiza¢des, compreendendo:

- 3,0a 7,0 pg/mL &cido fusarindlico;

- 1,6 a4,4 pg/mL &cido desidrofusarico; e,

- 0,06 a 0,8 pug/mL de acido fusarico.
[0019] Estes e outros objetos da invencdo serdo imediatamente valorizados pelos

versados na arte e serdo descritos detalhadamente a seguir.

Breve Descricdo das Figuras

[0020] S&o apresentadas as seguintes figuras:
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[0021] A figura 1 mostra a porcentagem de inibi¢do do crescimento microbiano de C.
tropicalis (A), C. albicans (B), S. aureus ATCC 25923 (C), S. epidermidis (D), S. aureus
ATC 33592 (E), B. cereus (F), E. coli OP50 (G), E. coli ATCC 15669 (H), P. mirabilis
(D, S. typhimurium (J), K. pneumoniae (K), A. baumanii (L), E. faecalis (M) e P.
aeruginosa (N). Os ensaios de MIC foram executados em triplicata apds 24 h de cultivo
a 37 °C e leitura em espectrofotdmetro a 560 nm.

A figura 2 mostra a analise de cromatografia liquida do caldo de cultivo de Fusarium
oxysporum. Pode-se observar a presenca de seis componentes majoritarios, com tempos
de retencdo (1) 12,048 minutos, (2) 12,454 minutos, (3) 15,163 minutos, (4) 20,974
minutos, (5) 24,740 minutos e (6) 25,128 minutos. Os componentes foram identificados
em posterior espectrometria de massas.

Descricdo Detalhada da Invencdo

[0022] A presente invencdo descreve o processo de obtencdo de extrato antimicrobiano
produzido por Fusarium oxysporum e seu uso como fonte de substéncias bioativas, como,
acido fusarico para preparacdo de composi¢do farmacéutica antimicrobiana.
[0023] Em um primeiro objeto, a presente invencdo descreve o processo de obtencdo de
extrato antimicrobiano produzido por Fusarium oxysporum compreendendo as etapas de:

(a) Cultivo de micélio de Fusarium oxysporum,

(b) Separacdo do micélio;

(c) Liofilizacdo do caldo fermentativo; e,

(d) Ressuspensdo dos compostos em agua em um solvente para obtencdo do
extrato de Fusarium oxysporum.
[0024] Em uma concretizacdo do processo, a etapa (a) € realizada em caldo de cultivo
submerso liquido em que o dito caldo compreende 0,1 a 5% de glicose, 0,1 a 1 % de
peptona e 0,1 a 5 % de extrato de carne.
[0025] Em uma concretizacdo do processo, o dito caldo de cultivo compreende
opcionalmente sacarose, amido, frutose, hidrolisados proteicos animais, vegetais ou
fangicos em concentracgdo entre 0,1 a 5 %.
[0026] Em uma concretizagdo do processo, a etapa (a) ocorre em um frasco Erlenmeyer
ou em um biorreator.
[0027] Em uma concretizagdo do processo, a etapa (a) compreende as seguintes etapas:

al) Inocular trés discos de cultivo com 1,5 cm da cultura de F. oxysporum.
a2) Manter o cultivo por quatro dias em frasco de Erlenmeyer ou em biorreator.

a3) Caso o cultivo seja em biorreator, utilizar 300 mL de pré-cultivo de 24h.
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[0028] Em uma concretizag¢do do processo, etapa de separacdo do micélio (b) ocorre por
centrifugacdo a 4000 rpm, 4°C por 20 min, ap0s 4 dias de cultivo.
[0029] Em uma concretizacdo do processo, a etapa (d) ocorre em um solvente selecionado
entre agua destilada estéril, metanol, etanol, propanol, butanol, acetonitrila ou outros
solventes de baixa polaridade.
[0030] Em um segundo objeto, a presente invencdo descreve 0 uso do extrato
antimicrobiano produzido por Fusarium oxysporum obtido pelo processo, conforme
definido no primeiro objeto e em suas concretizacdes por ser como fonte de acido fusarico
e seus derivados.
[0031] Em uma concretizacao do uso, os ditos derivados sdo Acido Fusarinolico, Isomero
4cido Fusarinolico, Acido Desidrofusarico ou uma misturas destes.
[0032] Em uma concretizacdo do uso, 0 extrato € para a prepara¢do de uma composi¢ao
farmacéutica antimicrobiana.
[0033] Em uma concretizacdo do uso, 0 extrato é para prepara¢do de uma composicao
farmacéutica para tratar doencas causadas por bactérias Gram — positivas, Gram —
negativas e leveduras.
[0034] Em uma concretizacdo do uso, as ditas bactérias Gram-positivas sdo
Staphylococcus aureus, Bacillus cereus, e Staphylococcus epidermidis, as ditas bactérias
Gram-negativas sdo Escherichia coli, Salmonella Typhimurium, Pseudomonas
aeruginosa, Enterococcus faecalis, Proteus mirabilis, Klebsiella pneumoniae e
Acinetobacter baumannii e as ditas leveduras sdo Candida albicans e Candida tropicalis.
[0035] Em um terceiro objeto, a presente invencdo apresenta o extrato antimicrobiano
produzido por Fusarium oxysporum obtido pelo processo, conforme definido no primeiro
objeto e suas concretiza¢des, compreendendo:

- 3,0a 7,0 pg/mL &cido fusarindlico;

- 1,6 a4,4 pg/mL &cido desidrofusarico; e,

- 0,06 a 0,8 pug/mL de acido fusarico.
Preferencialmente, 0 método de cultivo é por fermentacdo em frasco, mas ndo limitada
ao mesmo, podendo incluir outros processos, como fermentacdo em biorreator.
[0036] O extrato obtido pelo processo descrito pela presente invencéo € utilizado para o
controle de crescimento das bactérias Gram — positivas Staphylococcus aureus ATCC
25923, Bacillus cereus ATCC 10876, Staphylococcus aureus ATCC 33592 e
Staphylococcus epidermidis ATCC 12228.

[0037] As bactérias Gram — negativas contempladas pela presente invencdo séao
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Escherichia coli OP50, Salmonella Typhimurium ATCC 14028, Escherichia coli ATCC
15669, Pseudomonas aeruginosa ATCC 19429, Enterococcus faecalis ATCC 10100,
Proteus mirabilis ATCC 25933, Klebsiella pneumoniae ATCC BAA 1705 e
Acinetobacter baumannii (CT) ATCC 1906. As leveduras cujo crescimento foi
controlado pelo extrato obtido pelo método da presente invencgdo sdo: Candida albicans
ATCC 24433 e Candida tropicales ATCC 28707.

[0038] A maioria dos trabalhos relatam a atividade antimicrobiana de extratos oriundos
do micélio ou de esporos de Fusarium. oxysporum, sendo o caldo de cultivo desprezado.
Para a producdo deste tipo de extrato, o fungo é crescido por tempo superior a 10 dias em
meios complexos, com presenca de sais como: ZnSO4, MgSOs e KH2PO4. Durante a
extracdo dos componentes ativos sdo utilizados solventes como metanol, acetato de etila
ou hexano, que precisam ser evaporados ao final do processo, 0 que aumenta o custo e 0
tempo de obtencéo do extrato. A presenca de solventes como metanol, acetato de etila ou
hexano podem ser um problema na producéo de fArmacos e/ou conservantes de alimentos,
devido a sua toxicidade.

[0039] Na presente invencdo, 0 extrato € obtido em 4 dias de cultivo, sendo que 0s
compostos ativos encontram-se no caldo de cultivo, o que torna possivel a utilizacdo do
fermentado como um todo (micélio e caldo). Além de ndo precisar passar por processos
de extracdo ou evaporagao de solventes, diminuindo tempo e custos.

[0040] O método de cultivo e o processo de obtencdo do extrato de Fusarium oxysporum
segundo a presente invencdo é uma alternativa para meios ja conhecidos, uma vez que
permite a obtencdo de uma quantidade maior de &cido fusérico e seus derivados, tornando
a producdo mais econdmica e permitindo o aproveitamento do micélio do fungo.

[0041] Os exemplos aqui mostrados tém o intuito somente de exemplificar uma das
inimeras maneiras de se realizar a invencdo, contudo sem limitar, 0 escopo da mesma.

Exemplo 1 — Producéo do caldo de cultivo com propriedades antimicrobianas

[0042] Foram cultivados em meio submerso liquido em frasco Erlenmeyer miceélios de
Fusarium oxysporum. O meio submerso compreendia 1 % de glicose, 0,5 % de peptona
e 0,3 % de extrato de carne como fontes de carbono e nitrogénio.

Exemplo 2 — Processo de obtencdo de extratos produzido por Fusarium oxysporum

[0043] O processo de obtencdo do extrato a partir do filtrado do material obtido apds o
método de cultivo da presente invencdo compreende uma etapa de cultivo de 4 dias. O
cultivo do fungo para a obtengéo do caldo de cultivo envolve as etapas de:

(@) Inoculacéo de trés discos de cultivo com 1,5 cm da cultura de Fusarium oxysporum;
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(b) Manter o cultivo por quatro dias em frasco ou em biorreator e, caso em biorreator,
deve-se utilizar 300 mL de pré-cultivo de 24 h;

(c) Centrifugar o cultivo a 4000 rpm, 4 °C por 20 minutos, para a separacao do micélio.
[0044] Apds a centrifugacdo, o material é liofilizado e ressuspendido em agua destilada
estéril na concentragdo de 100 mg/mL.

[0045] Preferencialmente, o solvente utilizado deve ser &gua, mas ndo limitado a esta,
desta forma evitando transtornos pela ingestao de solventes toxicos. Outros solventes que
podem ser utilizados sdo 0 metanol ou outros de menor polaridade.

Exemplo 3 — Ensaios de inibicdo de crescimento contra as bactérias e leveduras

alvo

[0046] A avaliacdo da atividade antimicrobiana deu-se pelo teste de difusdo em disco.
Para tanto, volumes de 15 pL (100mg/L) do extrato foram distribuidos sobre disco de
papel filtro esterilizados de diametro 0,5 cm e densidade 250 g/m?. O controle negativo
foi feito utilizando 15 pL de &gua estéril, solvente utilizado para diluir o extrato. Estes
discos foram secos sob o fluxo da cabine bioldgica, e utilizados para a realizacéo do teste
de sensibilidade antimicrobiana.

[0047] Para tanto, as culturas dos microrganismos foram crescidas em caldo nutriente,
durante 18 h, tendo sua concentragdo padronizada em 108 células/mL. Com o auxilio de
um swab estéril, cada cultura foi distribuida sobre o0 meio de cultivo &gar nutriente. Sobre
0s microrganismos inoculados foram distribuidos os discos contendo o extrato de
Fusarium oxysporum. As placas foram mantidas a 37°C durante 24 h. A inibi¢do do
crescimento microbiano foi avaliada pela medida do halo de inibicdo (mm) do
crescimento. Os graficos referentes a inibicdo do crescimento estdo apresentados na

Figura 1.
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[0048] A Tabela 1 descreve os resultados obtidos quanto ao didmetro do halo de inibicdo
produzido pelo extrato em diferentes dias de cultivo, tanto em frasco (EF) como em
biorreator (EB).

[0049] Para as bactérias Gram-negativas, verificou-se que os extratos de Fusarium
todos o0s

oxysporum apresentaram inibicdo do crescimento microbiano de

microrganismos testados em pelo menos um tipo de producéo (EB ou EF) e em todos os
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tempos avaliados (com excecdo de E. coli ATCC 15669 que ndo apresentou halo no
segundo dia em EB e EF). Verificou-se acdo antimicrobiana diferencial para as duas
linhagens de E. coli avaliadas, fato que também se repetiu para o antibidtico comercial
utilizado como controle. Ressalta-se que todos os extratos produzidos por Fusarium.
oxysporum apresentaram halos de inibicdo do desenvolvimento microbiano para E. coli
OP50, enquanto o antibiético amoxicilina ndo demostrou o mesmo efeito. O antibidtico
comercial também néo teve efeito inibitorio contra A. baumanni, enquanto que o extrato
EF obteve um halo de inibicdo de 12,5 mm, aos dois dias de cultivo.

[0050] Para as bactérias Gram-positivas avaliadas, verificou-se que o0s extratos
provenientes dos cultivos em biorreator ndo apresentaram potencial para inibir a
formacéo de halos de crescimento microbiano em nenhum momento para as linhagens S.
aureus ATCC 25923 e S. epidermidis ATCC 12228, enquanto que nos extratos
provenientes de cultivo em frascos houve formacdo de halo. Cabe também destacar que
a amoxilicilina ndo apresentou halo de inibi¢do do crescimento microbiano para S. aureus
ATCC 25923 e S. epidermidis ATCC 12228. O maior halo de inibicdo para
microrganismos Gram — positivos, deu-se sobre E. faecalis, com extrato EF aos dois dias
de cultivo. Para os isolados de B. cereus e S.epidermidis o extrato teve melhores
resultados que o controle positivo. Enquanto a amoxicilina ndo formou halo de inibigé&o,
no tratamento com o extrato, 0s halos méximos chegaram a 18 e 16 mm, respectivamente.
A média do diametro dos halos de inibi¢cdo para microrganismos Gram — positivos foi
maior se comparado aos Gram — negativos, indicando uma possivel acdo do extrato na
parede celular de peptideoglicano.

[0051] Para as duas leveduras avaliadas também foi identificado o potencial dos extratos
fangicos provenientes de frascos para inibir o desenvolvimento destes microrganismos.
Sendo que para C. tropicalis a inibicdo foi maior que C. albicans. Os resultados de
inibicdo dos extratos de frasco, ainda sdo compativeis aos do controle com fluconazol.
[0052] Comparando-se os dados de inibi¢do do crescimento microbiano, verificou-se que
o0s cultivos em frascos possibilitaram maiores inibicbes em tempos menores que 0s
extratos produzidos em biorreator, demonstrando que condicGes adversas podem
contribuir para a producéo de metabdlitos antimicrobianos por F. oxysporum. Verifica-se
claramente que existe variacdo da atividade antimicrobiana dos extratos nos diferentes
tempos em que foram produzidos, indicando que existe variagdo nos metabolitos e
concentragdes produzidas.

[0053] Tabela 1. Diametro do halo de inibi¢do (mm), incluindo 5 mm do disco do extrato
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de metabdlito secundério em diferentes dias de cultivo do fungo F. oxysporum, produzido
em frasco (EF) e em biorreator (EB), sobre bactérias Gram-positivas, Gram-negativas e

leveduras do género Candida.

Diametro do halo de inibic&o (mm)
. . . Controle
Microrganismo 2 dias 3 dias 4 dias Positivo **
EF EB EF EB EF EB
Gram-negativo
E. coli OP50 10.6+0.42 9.841.1% 10.040.0? 9.841.1% 11.0+1.0 | 13.3+1.3% n&o?
S. Typhimurium ATCC 14028 8.1+2.4% | 9.0+1.0° | 9.0£1.4% | 8.8+2.0° | 11.8+1.6° | 8.8+2.0° 17.5+2.1°
E. coli ATCC 15669 ndo? ndo? nao® 7.0+1.4° 11.0+1.42 8.0+1.42 7.0+0.0°
P. aeruginosa ATCC 19429 6.5+0.7% nio® 8.0+0.0° no® 12.0+4.28 nao® 8.0+0.0
K. pneumoniae ATCC BAAL1705 | 11.5+2.12 nao® 7.5+0.7% 6.5£0.7¢ | 10.0£1.4* | 7.5%0.7¢ 10.5+0.72
A. baumanni ATCC 1906 12.5+4.9 nio® 6.5+0.72 no® 10.0+1.4° nao® ndo®
P. mirabilis ATCC 25933 8.0+1.4° nio® 10.0+0.0° | 8.0+1.4> | 7.0£0.0* | 9.5%0.7° 24.0+0.0°
Gram-positivo
S. aureus ATCC 25923 10.5+2.2° nio® 10.1+1.42 nio® 13.8+2.12 nao® 15.5+7.7°
B. cereus ATCC 10876 14.8+2.9° | 7.0+1.0° | 13.3+2.8° 8+0.6° 17.1+0.8* | 14.3+2.8 nao®
S. aureus ATCC 33592 10.0+0.0* nao® 15.0+2.8° nio® 12.0+1.4* | 9.0+0.0° 11.5+2.17
S. epidermidis ATCC 12228 11.0£1.4° nao® 14.0+8.42 nao® 9.5+0.7% nao® nao®
E. faecalis ATCC 10100 19.0+0.0% nao® 17.042.42 nao® 9.044.2% 7.0+0.0° 7.5+0.7°
Levedura
C. albicans ATCC 24433 11.5+4.9% nao® 6.5+0.72 nao® 7.542.12 11.0+1.42 12.540.5%
C. tropicalis ATCC 28707 18.5+4.9 nao® 8.0+1.4° nao® 8.0+1.4 nao® 9.0+1.0%

*ndo: ndo houve formacao do halo de inibi¢ao

* Medida apds 24h de incubacéo a 37°C. Medidas de duplicatas e estimativa de desvio
padréo.

** O controle positivo para bactérias foi realizado com discos comercial de amoxicilina
(10mcg) e para leveduras fluconazol (32mcg).

Analise estatistica entre a bactéria e os diferentes tempos de cultivo para a producdo do
extrato (linha horizontal). Valores assinalados com a mesma letra ndo diferem
significativamente (p<0,05), analise estatistica com teste ANOVA e posterior Student’s
T-test.

Exemplo 4 — Analise do extrato obtido por espectrometria de massas

A extracdo dos compostos fenolicos presentes nos extratos foi realizada utilizando o Kit
para extracdo em fase solida Strata (Phenomenex®). Ao final da extracdo, as amostras
foram rota-evaporadas (38 °C) para a total evaporacdo dos solventes, metanol e agua.
Apbs, os extratos foram analisados por HPLC-DAD-ESI-MS para identificacdo das

massas das substancias. Os extratos foram dissolvidos em metanol filtrado em membrana
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PTFE de 0,22 um. Os compostos foram separados em uma coluna C1g Supelco Analitical
(5um, 15 cm x 4.6 mm), utilizando como fase mével um gradiente linear, sendo a fase
movel A composta por agua e 0,5 % acido férmico; enquanto a fase movel B, composta
por acetonitrila e 0,5 % de &cido férmico. O fluxo da fase movel foi de 0,7 mL/min e a
temperatura da coluna foi ajustada para 29 °C. Os espectros foram obtidos entre 200 e
600 nm e os cromatogramas processados a 280 e 429 nm. Apds a saida do detector DAD,
um divisor de fluxo permitiu a entrada de 0,45 mL/min no MS. Os espectros de massas
foram obtidos com um scan range de m/z 100 a 800. Os parametros do MS foram os
seguintes: fonte ESI no modo de ionizagao positivo e negativo; voltagem do capilar: 3000
V, temperatura do gas de secagem (N2): 310 °C, fluxo: 8 L/min, nebulizador: 30 psi;
fragmentacio no modo automético e energia de fragmentagdo MS2 35 eV. A
quantificacdo dos compostos foi realizada em HPLC. A curva de regressao linear foi
calculada pela injecdo de diferentes concentragdes de uma solucdo padrdo de &cido
fusérico (Sigma®) em concentracdes entre 0,024 e 6,25 mg / mL, diluidas em &gua ultra
pura, com deteccdo a 271 nm. As amostras de EF e EB foram diluidas em bandas
consistentes com a curva de calibragdo linear e ndo passaram na purificacdo da SPE. As
analises foram realizadas em triplicatas. Os derivados do acido fusarico foram calculados
como equivalentes do acido fusarico.

[0054] Na Figura 2 estd apresentado 0s cromatogramas do extrato de quatro dias de
cultivo, sendo o mesmo perfil de componentes majoritarios em EF (A) e EB (B).
Verificou-se a presenca de 6 picos que apresentaram maiores areas. Apds analise dos
tempos de retencéo e espectrometro gerado pelo MS [M*H]* comparados com a descri¢cdo
literaria, pode-se identificar os compostos majoritarios dos extratos. Destacando-se a
presenca de &cido fusarinolico (m/z 196,1033) e um isémero seu (m/z 196,1027), acido
desidrofusarico (m/z 178,0901) e &cido fusarico (m/z 180,1063) (Tabela 2).
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[0055] Pelas analises, utilizando a forma de cultivo descrita na presente invencéo, ao final
de quatro dias de fermentacdo, foi obtido aproximadamente: 7 pg/mL acido fusarinélico,
4.4 ng/mL acido desidrofusarico e 0.8 pg/mL de acido fusarico. Quantidade muito maior
do que as descritas na literatura por outros métodos. Como por exemplo, no artigo
cientifico “HPLC Analysis of Fusaric Acid, 9,10-Dehydrofusaric Acid and their Methyl
Esters, Toxic Metabolites from Weed Pathogenic Fusarium Species de Amalfitano et al.
(2002) no qual foram utilizadas duas linhagens de F. oxysporum, em uma fermentacao
estatica de quatro semanas, utilizando meio com batata e dextrose obtiveram 0.4 e 0.6
pg/mL de acido fusarico, além de 0.3 e 0.1 pg/mL de acido dehidrofusarico. Um outro
exemplo, é o artigo cientifico “Estimation of fusaric acid from culture filtrate of Fusarium
udum by thin layer chromatography” de Shinde & Deshmuki (2014) no qual foram
obtidas uma producédo de 606.66 g/L de &cido fusérico em 20 dias de cultivo utilizando
meio Czapeck-Dox, ideal para crescimento do Fusarium e producéo de seus metabolitos.
[0056] O extrato EF possui a maior quantidade dos acidos identificados, sendo a
quantidade de &cido fusérico € mais de 10 vezes maior que a concentracdo em EB. Esse
resultado explica a maior inibigdo microbiana pelos extratos EF.

Tabela 2. Caracteristicas cromatograficas espectroscépicas dos compostos encontrados
obtidas por HPLC-DAD-ESI-MS
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tR° A max
Composto? . [M+H]* MS2(+) Concentracao (ug/mL)
(min) (nm)
EF EB
Acido Fusarinolico 12,2 271 196,1033 168,1072
Isdmero é&cido Fusarinolico 12,6 271 196,1027 - 7* 3*
Néo Identificado 15,2 271 314,2037 247,1116 0.1 0.4
Acido Desidrofusarico 21,1 271 178,0915 150,0959 4.4 16
Acido Fusérico 249 271 180,1065 152,1109 0.8 0.06
Néo identificado** 25,1 444 377,1525 243,0936

*A concentracdo de 4cido fusarinolico e seu isdmero foram calculadas juntamente, pois
ndo foi possivel separar os picos adequadamente/ ** N&o foi possivel calcular a
concentracao.

2 Numerado de acordo com o cromatograma mostrado na Figura 2. ® Tempo de retencéo
de uma coluna C18.

[0057] Os versados na arte valorizardo os conhecimentos aqui apresentados e poderao
reproduzir a inven¢do nas modalidades apresentadas e em outras variantes e alternativas,

abrangidas pelo escopo das reivindicagdes a seguir.

Reivindicacdes

1. Processo de obtencdo de extrato antimicrobiano produzido por Fusarium
oxysporum caracterizado por compreender as etapas de:

(a) Cultivo de micélio de Fusarium oxysporum;

(b) Separacédo do micélio;

(c) Liofilizagao do caldo fermentativo; e,

(d) Ressuspensdo dos compostos em um solvente para obtencdo do extrato de
Fusarium oxysporum

2. Processo, de acordo com a reivindicagdo 1, caracterizado pela etapa (a) ser
realizada em caldo de cultivo submerso liquido em que o dito caldo compreende 0,1 a 5%
de glicose, 0,1 a 1 % de peptona e 0,1 a 5 % de extrato de carne.

3. Processo, de acordo com a reivindicacao 2, caracterizado pelo dito caldo de

cultivo compreender opcionalmente sacarose, amido, frutose, hidrolisados proteicos
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animais, vegetais ou fungicos em concentracdo entre 0,1 a 5 %.

4. Processo, de acordo com a reivindicagdo 1, caracterizado pela etapa (a)
ocorrer em um frasco Erlenmeyer ou em um biorreator.

5. Processo, de acordo com qualquer uma das reivindicacbes 1 a 4,
caracterizado pela etapa (a) compreende as seguintes etapas:

al) Inocular trés discos de cultivo com 1,5cm da cultura de F. oxysporum.

a2) Manter o cultivo por quatro dias em frasco de Erlenmeyer ou em biorreator.

a3) Caso o cultivo seja em biorreator, utilizar 300 mL de pré-cultivo de 24h.

6. Processo, de acordo com a reivindicagdo 1, caracterizado pela etapa de
separagdo do micelio (b) ocorrer por centrifugacdo a 4000 rpm, 4°C por 20min, apos 4
dias de cultivo.

7. Processo, de acordo com a reivindicacdo 1, caracterizado pela etapa (d)
ocorrer em um solvente selecionado entre agua destilada estéril, metanol, etanol,
propanol, butanol, acetonitrila ou outros solventes de baixa polaridade.

8. Uso do extrato antimicrobiano produzido por Fusarium oxysporum obtido
pelo processo, conforme definido em qualquer uma das reivindicacbes 1 a 7,
caracterizado por ser como fonte de acido fusarico e seus derivados.

9. Uso, de acordo com a reivindicacdo 8, caracterizado pelos ditos derivados
serem Acido Fusarinolico, Isbmero acido Fusarinolico, Acido Desidrofusarico ou uma
misturas destes.

10. Uso, de acordo com a reivindicacdo 8, caracterizado por ser para preparacdo
de uma composi¢do farmacéutica antimicrobiana.

11. Uso, de acordo com a reivindicacdo 10, caracterizado por ser para
preparacdo de uma composicao farmacéutica para tratar doengas causadas por bactérias
Gram — positivas, Gram — negativas e leveduras.

12. Uso, de acordo com a reivindicacdo 11, caracterizado pelas ditas bactérias
Gram-positivas serem Staphylococcus aureus, Bacillus cereus, e Staphylococcus
epidermidis, pelas ditas bactérias Gram-negativas serem Escherichia coli, Salmonella
Typhimurium, Pseudomonas aeruginosa, Enterococcus faecalis, Proteus mirabilis,
Klebsiella pneumoniae e Acinetobacter baumannii e pelas ditas leveduras serem Candida
albicans e Candida tropicalis.

13. Extrato antimicrobiano produzido por Fusarium oxysporum obtido pelo
processo, conforme definido em qualquer uma das reivindicagOes 1 a 7, caracterizado

por compreender:
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- 3,0 2 7,0 pg/mL acido fusarinolico;
- 1,6 a 4,4 pg/mL &cido desidrofusarico; e,

- 0,06 a 0,8 pug/mL de acido fusarico.

Resumo
PROCESSO DE OBTENGCAO DE EXTRATO ANTIMICROBIANO PRODUZIDO
POR FUSARIUM OXYSPORUM, USO DO EXTRATO ANTIMICROBIANO E
EXTRATO ANTIMICROBIANO PRODUZIDO POR FUSARIUM OXYSPORUM
OBTIDO PELO PROCESSO.

A presente invencdo descreve 0 processo de obtencdo de um extrato
antimicrobiano produzido por Fusarium oxysporum a partir de um cultivo submerso de
micélio e seu uso como fonte de acido fuséarico para utilizagdo na preparacdo de
composic¢des farmacéuticas antimicrobianas e, mais especificamente, para preparacéo de
um medicamento para tratar doencas causadas por bactérias gram-positivas, gram-
negativas e leveduras do género Candida. Mais especificamente, a presente invencao
descreve o extrato antimicrobiano obtido pelo processo conforme definido no primeiro
objeto da invencdo. A presente invengdo se situa nos campos da biotecnologia,

bioquimica, satde e medicina.



