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ROMAO, Tiago Carnevalle. Fungos filamentosos associados ao trato intestinal de insetos
detritivoros: uma avaliacdo do potencial enzimético biotecnolégico. 2022. 74 f. Tese
(Doutorado em Biodiversidade e Biotecnologia) - Universidade Federal do Tocantins, Palmas,
2022.

RESUMO

Fungos sdo organismos versateis, decompositores de matéria orgénica e capazes de
transformar substancias em nutrientes Uteis para animais e plantas. O estudo das enzimas
fangicas chama a atencdo de pesquisadores por sua aplicacdo potencial em material vegetal
ricos em amido, celulose, lignocelulose que possam ser utilizados como fontes para producéo
de biocombustiveis. Além disso, os fungos sdo micro-organismos que produzem metabolitos
com acdo antioxidante uteis na prevencdo de efeitos fisioldgicos indesejaveis. O objetivo
desse estudo foi identificar fungos associados ao trato digestério de inseto e avaliar o
potencial amilolitico como possivel fonte de aplicacbes biotecnoldgicas. As linhagens de
fungos filamentosos foram inoculadas em solucdo mineral para producdo de extrato
enzimatico. O extrato enzimético de cada linhagem foi analisado em teste colorimétrico para
selecionar as linhagens melhores produtoras de enzimas de interesse. Foram selecionadas e
identificadas quatro linhagens por sequenciamento genético: Endomelanconiopsis
endophytica (CCR T2PB10), Myxospora musae (CCR T5PC4), Neopestalotiopsis cubana
(CCR T6PC1) e Fusarium pseudocircinatum (CCR T6PA6). As linhagens CCR T2PB10,
CCR T6PC1 e CCR T6PAG6 foram submetidos a ensaios para atividade enzimatica especifica
por método colorimétrico, caracterizacdo de temperatura e pH 6timos e quantificacdo de
bioetanol em ensaio cromatogréafico a gas. Foi aplicado extrato enzimatico de cada isolado
sobre fécula da batata-doce para sacarificacdo e fermentacdo simultdneos e producdo de
bioetanol. 17,3 -88,1 % de bioetanol foram produzidos em relacdo ao rendimento teorico
esperado. Adicionalmente, foram realizados ensaios de atividade antioxidante, andlise de
grupos quimicos e morfologia para as linhagens CCR T2PB10, CCR T5PC4, CCR T6PC1 e
CCR T6PA6. A morfologia foi realizada por microscopia Optica corada com Azul de
Toluidina e a mensuracdo realizada no programa Imagel. A atividade antioxidante realizada
em CCD e por método quantitativo para os radicais DPPH e per6xido de hidrogénio (H205).
Na CCD foi evidenciado vérias manchas com fase mdvel acetona/cloroférmio e reveladores
UV 254 nm e vapor de I>. Os extratos fungicos demonstram a¢do antioxidante para redugédo
do radical livre DPPH e em especial para H20. acima de 50%, respectivamente, CCR
T2PB10 - 91,6%, CCR T5PC4 - 87,8%, CCR T6PC1 - 89,5% e 92,3% para CCR T6PAG.
Este estudo demonstrou que os fungos apresentaram eficientes producdo de etanol e
compostos quimicos com atividade antioxidante. Assim, trabalhos futuros deverdo ser
realizados avaliando essas quatro linhagens para uso industrial.

Palavras-chave: Fungos; Amilases; Bioetanol; Atividade antioxidante; Biotecnologia.
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ROMAO, Tiago Carnevalle. Filamentous fungi associated with the intestinal tract of
detritivorous insects: an evaluation of biotechnological enzyme potential. 2022. 74 f.
Thesis (PhD in Biodiversity and Biotechnology) - Universidade Federal do Tocantins,
Palmas, 2022.

ABSTRACT

Fungi are versatile organisms, decomposers of organic matter and capable of transforming
substances into useful nutrients for animals and plants. The study of enzymes draws the
attention of researchers for their potential application in plant material rich in starch,
cellulose, lignocellulose that can be used as sources for biofuel production. In addition, fungi
are microorganisms that produce antioxidant metabolites useful in preventing undesirable
physiological effects. The objective was to identify fungi associated with the insect digestive
tract and to evaluate the amylolytic potential of fungi as a possible source of biotechnological
applications. The filamentous fungal strains were inoculated in mineral solution for enzyme
extract production. The enzyme extract of each strain was analyzed in a colorimetric test to
select the best strains producing enzymes of interest. Four strains were selected and identified
by genetical sequencing: Endomelanconiopsis endophytica (CRC T2PB10), Myxospora
musae (CRC T5PC4), Neopestalotiopsis cubana (CRC T6PC1) e Fusarium pseudocircinatum
(CRC T6PA®6). The strains CRC T2PB10, CRC T6PC1 e CRC T6PA6 were submitted to
assays for specific enzymatic activity by colorimetric method, characterization of optimal
temperature and pH, and quantification of bioethanol in gas chromatographic assay. Enzyme
extract of each isolate was applied on sweet potato starch for simultaneous saccharification
and fermentation for bioethanol production. 17.3 - 88.1 % bioethanol was produced in relation
to the theoretical expected yield. Additionally, antioxidant activity, chemical group analysis,
and morphology assays were performed on the strains CRC T2PB10, CRC T5PC4, CRC
T6PC1 e CRC T6PA6. Morphology was performed by optical microscopy stained with
Toluidine Blue and measurement performed using the ImageJ software. . Antioxidant activity
performed in TLC and by quantitative method for DPPH and hydrogen peroxide (H202)
radicals. The TLC showed several spots with acetone/chloroform mobile phase and UV 254
nm developers and I> vapor. Fungal extracts demonstrate antioxidant action to reduce the
DPPH free radical and especially for H2O, above 50%, repectively, CRC T2PB10 — 91.6%,
CRC T5PC4 — 87.8%, CRC T6PC1 — 89.5% and 92.3% for CRC T6PAG6. This study
demonstrated that the fungi showed efficient ethanol production and chemical compounds
with antioxidant activity. Thus, work, should be carried out evaluating these four species for
industrial use.

Keywords: Fungi; Amylases; Bioethanol; Antioxidant activity; Biotechnology.
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1. INTRODUCAO

Uma das crescentes preocupacOes sociais € conciliar a progressiva demanda de
combustiveis fosseis como fonte de energia e seus efeitos nocivos ao meio ambiente e
desenvolvimento sustentavel. Ademais, a qualidade nutricional, a busca e a seguranca
funcional de novos farmacos e o saneamento ambiental sdo buscas continuas por
consumidores que, paralelamente, preocupam-se com o destino de residuos de processos
produtivos e os impactos negativos que podem resultar (ASTOLFI, 2019).

Neste contexto, pesquisadores tém intensificado a busca de fontes alternativa de
energia menos poluentes, como também buscam novas tecnologias que possam impulsionar a
melhoria da qualidade de vida para humanos. Do ponto de vista biotecnoldgico, surge o
conceito de biorrefinaria que se utilizam das biomassas vegetal renovaveis, como por
exemplo, cana de aglcar, milho, batata-doce ou outros residuos vegetais ricos em carboidratos
para produzir biocombustiveis como o etanol e, portanto, reduzir o consumo de combustiveis
fosseis a base de petroleo, uma matriz energética ndo renovével e muito poluente (CHANDEL
etal., 2014)

Ainda na perspectiva biotecnoldgica, ha evidéncias que o trato digestério (TD) de
insetos pode ser uma fonte de micro-organismos, como os fungos filamentosos, capazes de
produzir enzimas Uteis na hidrolise de materiais lignocelulésicos com potencial uso na
industria de biocombustiveis (SHU et al., 2013; SANTOS, 2018)

Ademais, os fungos filamentosos sdo utilizados na industria de alimentos e bebidas
alcdolicas, mantem o equilibrio do meio ambiente, auxiliam na protecdo e crescimento de
plantas; atuam em processos de tratamento bioldgico e biodegradacao de efluentes poluidos e
na producdo de enzimas de interesse industrial e de biotransformacao. Além disso, os fungos
também contribuem na industria de farmacos (ABREU, 2015).

Muitos fungos tém acdes bioldgicas, com alta atividade antioxidante, devido aos
metabdlitos fendlicos e outros produtos do seu metabolismo, como nas linhagens de
Chaetomium sp. (HUANG et al., 2007). Yang et al. (2020) estudaram metabdlitos de
Aspergillus cristatus, em que mostram potencial eficiéncia na reducdo das vias de formacéo
de radicais livres por peroxidacdo lipidica, desoxirribose e peroxidases e, portanto,
beneficiando varios processos bioldgicos.

Diante disso, o presente estudo focou em avaliar a atividade enzimatica e o potencial
biotecnoldgico de fungos filamentosos do trato digestorio de insetos com potencial uso na
producdo de etanol a partir de residuo de batata-doce e, secundariamente, na formacgéo de

metabdlitos antioxidantes.
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O capitulo I deste documento, cujo titulo é “Molecular and morphological
diversity, qualitative chemical profile and antioxidant activity of filamentous fungi of the
digestive tract of Phylloicus sp. (Trichoptera: Calamoceratidae)”, publicado na revista
Brazilian Journal of Biology - ISSN: 1678-4375, é reportado o perfil quimico, morfoldgico e
molecular, além da acdo antioxidante potencial de fungos filamentos de TD de insetos.

O capitulo 11 desta tese ¢ intitulado “Fungal amylases applied to the sweet potato
starch to verify of potential bioethanol production”, publicado na revista Research,
Society and Development - ISSN 2525-3409. Nele € relatada uma avaliacdo de amilases de
fungos filamentosos sobre amido de batata-doce para producdo de bioetanol em condicdes

padronizadas.
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1.1. OBJETIVOS

1.2 Geral:
Avaliar o potencial de fungos filamentosos provenientes do trato digestorio de

insetos fragmentadores de detritos foliares e com aplicacdo potencial em biotecnologia

1.3 Especificos:
1 - Identificar as linhagens fungicas com melhores atividade enzimatica amilolitica
com potencial aplicac¢do biotecnoldgica
2 - Quantificar a atividade enzimatica amilolitica dos fungos filamentosos
selecionados;
3 - Avaliar a producéo de etanol em fécula de Ipomoea batatas (L.) (batata-doce) e

4 - Avaliar acdo antioxidante potencial de metabdlitos fangicos.
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2. REVISAO BIBLIOGRAFICA
2.1 OS FUNGOS: OS CONHECIDOS, E NOVOS ALIADOS

Os fungos sdo organismos eucariotos unicelulares ou multicelulares, sendo homo ou
heterocarioticos, haploides, dicaridticos ou diploides. Possuem parede celular composta por
glucanas e quitina. A reprodugdo pode ser sexual, parassexual e/ou assexual (MAIA e
CARVALHO JUNIOR, 2010). Sado quimioheterotréfico, obtendo nutrientes por meio da
absorcdo de compostos organicos como fontes de carbono e energia. Sdo conhecidos vinte
filos: Aphelidiomycota, Ascomycota, Basidiobolomycota, Basidiomycota, Blastocladiomycota,
Calcarisporiellomycota, Caulochytriomycota, Chytridiomycota, Entomophthoromycota,
Entorrhizomycota, Glomeromycota, Kickxellomycota, Monoblepharomycota,
Mortierellomycota, Mucoromycota, Neocallimastigomycota, Olpidiomycota, Rozellomycota,
Sanchytriomycota e Zoopagomycota (WIJAYAWARDENE et al.,2022). Segundo Aime e
Brearley (2012), os fungos compdem uma ampla variedade de formas de vida, desde as
leveduras microscopicas, cogumelos até trufas gigantes cobrindo grandes areas de solo e 0s
fungos estdo em varios lugares nos ambientes tropicais e sdo agentes importantes nas diversas
interacdes ecoldgicas.

Os fungos verdadeiros (Fungos) e organismos semelhantes a fungos (por exemplo,
Mycetozoa, Oomycota) constituem o segundo maior grupo de organismos com base em
estimativas de riqueza global, com cerca de 3 milhdes de espécies previstas (LUCKING et al.,
2020). S&o os principais decompositores em alguns ecossistemas e associados a uma ampla
diversidade de seres vivos, além de também serem fonte de farmacos e enzimas, ainda sdo
Uteis como organismos experimentais (BLACKWELL, 2011). N&o obstante, cerca de 150.000
espécies sao conhecidas na literatura cientifica. Entre os habitats dos fungos estdo a agua, solo
e outros organismos que podem hospedar um elevado nimero de fungos ainda desconhecidos
(WIJAYAWARDENE et al.,2022). Historicamente, o uso de fungos na alimentacdo remonta
ao periodo Paleolitico em que pinturas rupestres retratavam eventos festivos, sugerindo que
bebidas alc6olicas fermentadas ja eram consumidas (ALMEIDA, 2015). Estima-se que 0sS
processos fermentativos surgiram com a producdo de queijos ha mais de 8000 anos. Outros
relatos indicam que a fermentacdo alcdolica surgiu h4 mais de 4000 a.C, no antigo Egito
(ROSS, MORGAN, HILL, 2002; TAKAHASHI et al., 2017).

Hawksworth (2014) relata que ha uma demanda de dados acerca de novas espécies em
areas tropicais, como também a estabelecer as relagdes fungos/plantas em escalas diferentes.
Estudos em locais de clima temperado mostram que, gradativamente, o nimero de espécies de

fungos tanto macroscopicos quanto microscopicos continuam a aumentar. No entanto, coletas
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em regides tropicais geram a expectativa de fornecer um aumento da propor¢do de novas
espécies fungicas. Ademais, embora tenham poucos estudos recentes publicados em que
mostrem o total de espécies fangicas descritas em cada micro-habitat, Maia et al. (2015)
relatam as espécies fungicas por fitodominios e regides brasileiros.

Nos ecossistemas aquéticos, o processamento de matéria orgénica aloctone,
proveniente da vegetacdo adjacente é fundamental para a sustentabilidade destes
ecossistemas, sendo os fungos filamentosos, levedura e bactérias agentes de degradacéo da
celulose, ligninas, pectinas e hemicelulose provenientes do material vegetal decomposto
(WRIGHT e COVICH, 2005). Entre os fungos responsaveis pela decomposi¢do da matéria
organica vegetal em ambientes aquaticos continentais encontram-se 0os fungos anamorfos
pertencentes ao filo Ascomycota e algumas espécies de Zygomycetos e Basidiomycota
(SHEARER et al. 2007). Os fungos anamdrficos aquaticos destacam-se pela maior
importancia no processamento foliar em ecossistemas aquéticos ldticos. Estes fungos, ao
colonizarem os detritos foliares, atacam os polissacarideos estruturais e utilizam a energia
liberada para aumentar sua biomassa tornando, assim, os detritos mais palataveis aos
invertebrados fragmentadores (BARLOCHER; GRACA, 2020).

Os fungos secretam uma ampla variedade de enzimas como celulases, amilases,
lipases, pectinases, xilanases, proteases e outras. Algumas dessas enzimas possuem grande
importancia comercial, notadamente na inddstria alimenticia, tais como carbohidrases, lipases,
proteases &cidas e amilases (SOARES et al.,2010). Neste contexto, os géneros Aspergillus,
Trichoderma, Penicillium e Fusarium sobressaem como um dos mais importantes produtores
de enzimas para fim comercial (SCHUSTER et al., 2002; AGUIAR NETO FILHO, 2017;
MENDES et al., 2019).

Assim, varios trabalhos tém sido realizados quanto a selecdo e o papel auxiliar de
fungos capazes de degradarem material vegetal e sua aplicagdo potencial em processos
biotecnologicos, como o estudo de Queiroz e Souza (2020) que avaliaram fungos
entomopatogénicos e verificaram a presenca de enzimas proteoliticas; os estudos de enzimas
celuloliticas de fungos filamentosos do trato digestério de insetos aquaticos da Amaz6nia
(BELMONT-MONTEFUSCO et al., 2020) e fungos filamentosos com potencial lipolitico
com aplicacdo nos processos de producdo de biodiesel (MENDES et al., 2019), que séo
amplamente utilizadas em processo biotecnoldgicos como na industria téxtil, alimenticia, de
celuloses, sacarificacdo de carboidratos e biocombustiveis.

Ademais, isolados fungicos do bagaco da cana-de-agucar foram avaliados para
producéo de amilases e suas enzimas auxiliares celulases e endoglucanases para hidrolise do

amido de mandioca e potencial producdo de etanol. As linhagens apresentaram bom
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rendimento na hidrélise do amido e produgdo de etanol (AGUIAR NETO FILHO, 2017).
Portanto, verifica-se neste estudo, aplicacdo potencial de enzimas fungicas na industria de
bebidas e biocombustiveis.

Do ponto de vista econdmico, visando melhorar rendimento e reduzir custos de
producdo, essas diferentes linhagens fungicas tém sido estudadas como importante fonte de
genes e vias metabolicas potenciais para a sintese de produtos economicamente viaveis,
incluindo peptideos, vitaminas, enzimas, acidos organicos, antibioticos, entre outros. Esses
compostos, incluindo as enzimas, sdo amplamente utilizados em processos biotecnoldgicos
nas industrias téxteis, papel e celulose, couro, detergentes, bebidas destiladas, cervejas,
panificacdo, cereais para alimentacdo infantil, liquefacdo e sacarificacdo do amido, racéo
animal, indudstria quimica e farmacéutica (MONTEIRO e SILVA, 2009; ORLANDELLI,
2012).

2.2 OS FUNGOS E A BIOTECNOLOGIA

Os micro-organismos simbidticos constituem fontes promissoras para potenciais
aplicacdes em medicina, biorremediacéo, processos industriais e na agricultura. Assim como
acontece com os micrébios de vida livre, a eficiéncia dos metabdlitos e enzimas produzidos
por simbiontes tem sido otimizada ha mais de milhdes de anos por selecdo natural. No
entanto, diferentemente dos micro-organismos de vida livre, a eficacia dos produtos de
origem simbiotica tem sido testada em hospedeiros eucariotos, aumentado as chances de usos
bem-sucedido pelos humanos devido aos riscos de efeitos adversos reduzidos
(BERASATEGUI et al, 2016).

A utilizacdo de fungos no ambito tecnoldgico tem aumentado gradualmente nos
ultimos anos. A literatura mostra o uso de fungos como vetor para introducdo de segmentos
de DNA de interesse nas plantas (BERASATEGUI et al, 2016), como agentes inibidores de
pragas e patdgenos e como fontes de metabodlitos de interesse farmacoldgico (ABREU,
ROVIDA, PAMPHILE, 2015). As biomoléculas de fungos presentes na atualidade s&o
estruturalmente variadas, biologicamente ativas e inclui derivados terpenos, esterdides,
alcaldides e isocumarinas (MA et al., 2010).

Na perspectiva industrial, segundo Gandhi et al. (1997), as enzimas microbianas
sdo de maior interesse, pois sdo mais facilmente produzidas em larga escala, via fermentacao
e manipuladas geneticamente, além de baixo custo de producio e sustentabilidade. E
amplamente conhecido que cada substrato possui sua enzima especifica para degradacdo. No

caso do amido, o principal polissacarideo de reserva dos vegetais, a amilase é a responsavel
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pela sua quebra. As enzimas amiloliticas quebram ligacBes glicosidicas da amilose e
amilopectina (GUPTA, 2003).

As amilases estdo entre as enzimas de destaque nas industriais, com importancia
biotecnoldgica. Entre suas aplicagBes estdo producdo de téxteis, cervejas, bebidas destiladas,
panificacdo, cereais para alimentagéo, liquefacdo e sacarificacdo do amido, ragdo animal,
producdo de farmacos e industria quimica. Ha, grandes quantidades de amilases microbianas
disponiveis comercialmente e tém aplicacdo quase completa na hidrolise do amido em
indUstrias de processamento do amido (PANDEY et al., 2006). Dentre as principais fontes de
micro-organismos produtores de amilases estdo os fungos filamentosos que perfazem cerca de
60% (PANDEY et al., 2000). Dentre eles destacam-se as espécies Aspergillus sp. (Aspergillus
niger e Aspergillus oryzae), além de outros fungos como, Penicillium sp. (P. brunneum, P.
fellutanum e P. expansum) e bactérias Streptomyces rimosus, Thermomyces lanuginosus e
Cryptococcus flavus (GUPTA, 2003; TUNGA e TUNGA, 2003; HUSSAIN, 2013).

Destarte, acreditamos que, apoiado na literatura cientifica, este estudo tem seu
valor ao poder contribuir com o conhecimento potencial de producdo de enzimas fangicas de
interesse para a industria de biotecnologia, como por exemplo, as industrias de farmacos,

quimicos e biocombustiveis.
2.3 ENZIMAS E SUAS APLICACOES

As enzimas sdo em sua maioria proteinas que desempenham fun¢do importante como
catalizadores de reacGes bioquimica, pois proporcionam um ambiente especifico adequado
para que 0 processo possa ocorrer rapidamente Sdo capazes de degradar matéria organica
complexa em fragmentos menores, como aglcares em mondémeros de glicose ou ainda
polimerizar cadeias peptidicas (NELSON e COX, 2014). As enzimas podem ser de origem
animal, vegetal ou microbiana. As enzimas de origem microbiana sdo utilizadas nos processos
biotecnologicos industriais diante sua producdo em larga escala, baixo custo, facil
manipulacdo genética e grande variabilidade em processos cataliticos (PATEL, 2002).

As enzimas séo divididas em seis classes e cada uma com subclasses classificadas
conforme o tipo de reacBes que catalisam, de tal forma que cada enzima seja identificada
inequivocamente (MARZZOCO e TORRES, 2011), como mostra a Tabela 1.
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Tabela 1 — Classificacéo Internacional de Enzimas

Classe n° Nome da classe Tipo de reagdo catalisada

. Transferéncia de elétrons (ions
1 Oxidorredutases . .
hidreto ou atomos de H)
Reacdes de transferéncia de
2 Transferases
grupos
Reac0es de hidrdlise
3 Hidrolases (transferéncia de grupos

funcionais para a 4gua)

Adicdo de grupos a ligacbes
Liases duplas, ou formacao de ligacbes
duplas por remocéo de grupos
Transferéncia de grupos dentro
5 Isomerases de uma mesma molécula
produzindo formas isoméricas
Formagao de ligagdes C—C,
C-S, C-0 e C—N por reagdes
6 Ligases de condensacdo acopladas a
hidrolise de ATP ou cofatores

similares

Fonte: Nelson e Cox, 2014

As enzimas possuem caracteristicas que as tornam muito Uteis como catalizadores
de processos bioquimicos. Sdo ativas, versateis e catalisam reacfes bioquimicas de modo
seletivo, em condicbes de temperaturas branda e pH ndo extremo, obedecendo a caracteristica
da espécie. Ademais, a acdo enzimatica pode ser regulada com alteracdo do pH, adicdo de
moduladores alostéricos, como os cofatores, modificacfes covalentes reversiveis ou ligadas a
proteinas regulatorias distintas (NELSON e COX, 2014). Em funcéo de sua especificidade, as
enzimas catalisam 0s processos moleculares sem a presencas de reacOes adjacentes
indesejaveis comum em outras reacdes. Com efeito, 0s processos biotecnoldgicos empregados
por inddstrias utilizando enzimas sdo de baixo custo e eficientes (PATEL, 2002).

Muitas enzimas foram denominadas aplicando-se o0 sufixo “ina” precedido do nome
da fonte da enzima, como pepsina. Outras foram batizadas pelos seus descobridores pela
adicdao do sufixo “ase” em funcdo do seu substrato ou termo que descrevesse sua atividade.
Assim, a urease catalisa a hidrolise da ureia, por exemplo. Atividade enzimatica depende de
suas conformacgdes nativas. Se uma enzima for desnaturada ou degradada até os aminoacidos

que a compdem, sua atividade catalitica € perdida (NELSON e COX, 2014).
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A aplicacdo das enzimas tem sido explorada pela humanidade ha anos. Pelo uso
direto, utilizando preparados enzimaticos de origem animal ou vegetal; ou indiretamente, pelo
aproveitamento de metabolitos enzimaticos provenientes do crescimento do micro-organismo
sobre um determinado substrato (SHARMA; CHISTI; BANERJEE, 2001). Entretanto, a
utilizacdo de enzimas de micro-organismos, de modo controlado, corresponde a maior area da
industria de biotecnologia (NEIDLEMAN, 1991).

As enzimas comerciais podem ser de origem microbiana, animal ou vegetal. As
enzimas de origem microbiana de uso comercial sdo produtos, predominantemente, de
enzimas extracelulares de bactérias e fungos da classe das hidrolases (OLSEN, WOESE,
OVERBEEK, 1994) e muito utilizada na industria de alimentos, tais como: as amilases,
proteases e pectinases, além das lacases, peroxidades e xilanases utilizadas na inddstria de
papel e celulose; sdo aplicadas nos processos industriais devido a possibilidade da utilizacéo
de substratos baratos e o rendimento na producgéo poder ser elevado a partir da otimizacéo das
condi¢cdes nos processos fermentativos por mutacBes ou a partir da tecnologia do DNA
recombinante. Ademais, as possibilidades do uso industrial de enzimas podem ser ampliadas
quando se trata de microrganismos extremofilicos do dominio Archea. Esses microrganismos
habitam lugares atipicos com temperaturas, concentracdo salina e valores de pH extremos.
Assim, extremozimas produzidas por esses microrganismos recebem atencdo especial, pois
essas proteinas apresentam potencial industrial considerdvel oferecendo melhores
rendimentos sob condigdes operacionais extremas (MONTEIRO e SILVA, 2009).

Em um breve cenéario das enzimas e sua aplicacdo biotecnolégica, verifica-se que
0 crescente uso de enzimas a partir de micro-organismos nos ambitos da pesquisa e da
industria biotecnoldgica, como industrias téxteis, papel e celulose, detergentes, alimentacao,
biocombustiveis e industria farmacéutica e quimica na producgdo de vitaminas e antibioticos,
tem movimentado a economia e levam a busca e pedidos de registros de patentes (JEAN-
BAPTISTE, 2020). Para o Instituto Nacional da Propriedade Intelectual [INPE] (2020),
patente é um titulo de propriedade temporario sobre uma invencdo ou modelo de utilidade,
outorgado pelo Estado aos proprietarios ou autores, seja pessoa fisica ou juridica, detentores
do direito de criacdo, visando proteger sua invencdo como também facilitar a transferéncia de
conhecimentos e tecnologias.

Entre os anos 2010 e 2019, 238.382 patentes foram registradas, sendo 99,94 %
pelos escritérios norte-americano e europeu presentes no Espacenet Patent Search, enquanto
0,06 % pelo (INPE), sendo mais de 40 mil registros envolvendo amilases e outros mais de 100

mil registros sobre fungos. Ademais, a comercializacdo de enzimas foi avaliada em US$ 10
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bilhGes e com perspectiva de alcangar um aumento de cerca de US$ 14,5 bilhdes até 2025
(JEAN-BAPTISTE, 2020).

2.4 A HIDROLISE DO AMIDO

Ha dois modos de converter amido em glicose: hidrolise quimica ou enzimatica. A
hidrolise quimica é realizada na presenca de acidos inorganicos em condi¢fes de temperatura
e pH extremos. Os produtos obtidos contém os acucares fermentaveis, como também
substancias toxicas aos microrganismos participantes da fermenta¢do, como o furfural.
Entretanto, a hidrolise enzimatica utiliza-se de condic¢Ges brandas para hidrolisar o amido, ou
seja, temperatura de 45 a 50° C e pH = 4,8. Além disso, devido sua especificidade, ndo gera
sub-produtos (CHEN, 2015).

Porém, o elevado custo de producdo das enzimas e a necessidade de dosagens
elevadas das mesmas para a sacarificacdo da biomassa sdo obstaculos para a viabilidade
econémica da producéo de etanol lignocelulésico (MENON e RAO, 2012).

Diante disso, € justificavel o interesse em pesquisas na busca por sistemas
enzimaticos lignoceluloliticos eficientes para a hidrdlise da biomassa, que levardo a inovacéao
de processos economicamente vidveis em biorrefinarias (GLASER, 2015).

O amido, um polissacarideo com funcao de reserva energética em plantas e utilizado
como fonte de glicose para 0 metabolismo das células vegetais, é constituicdo por polimeros
de amilose e amilopectina, que compreendem moléculas de glicose e maltose que sdo
conectados por ligagdes glicosidicas. Ambos os polimeros tém diferentes estruturas e
propriedades. A amilose tem no maximo de 6000 unidades de glicose conectadas por ligac6es
a-1,4 glicosidica linear enquanto a amilopectina é composta por ligacGes a-1,4 glicosidicas
de 10-60 unidades de glicose com ligacdes glicosidicas a-1,6 laterais interligadas de 15-45
unidades de glicose (Figura 1) (MOTTA, 2011; GOPINATH et al., 2017). Segundo revelou
Saboury (2002), as a-amilases sdo enzimas que requerem ions célcio (Ca?*) para manter sua
estabilidade, atividade e confirmacdo estrutural. Embora as amilases estejam disponiveis de
diferentes fontes, o foco tem sido apenas as amilases microbianas, devido as suas vantagens
sobre as amilases vegetais e animais, tais como: isolamento mais facil e em altas quantidades,
producdo a baixo custo em pouco tempo e estabilidade em varias condi¢fes extremas
(GOPINATH et al., 2017).

Com base nos alinhamentos sequenciais de a-amilases, essas estruturas moleculares
sdo quebradas por hidrélise acida ou enzimatica no processo denominado sacarificacdo
(MACHADO e ABREU, 2006).
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Figura 1. Estruturas da amilose (I) e amilopectina (I1)
Fonte: Corradini et al. (2005); Adaptado.

As amilases agem sinergicamente para quebrar o amido (amilose de cadeia linear e
amilopectina de cadeia ramificada) em glicose. O complexo enziméatico é composto por
endoamilases, exoamilases, e enzimas fragmentadoras. Endoamilases sdo enzimas compostas
principalmente de a-amilases (EC 3.2.1.1) que atacam as ligacOes a-1,4 aleatoriamente e
liberando oligossacarideos de tamanhos variados. As exoamilases sdo compostas por
glucoamilases (EC 3.2.1.3) que clivam as liga¢des a-1,4 na porcdo terminal da cadeia e
liberando glucose como o produto principal e maltose, no entanto, quebram ligagdes a-1,6.
Por sua vez, as enzimas fragmentadoras (pululanases, EC 3.2.1.41) cuja acdo predominante é
sobre as ligagdes a-1,6 das ramificacGes da amilopectina (CASTRO et al., 2010a).

As amilases microbianas obtidas a partir de bactérias, fungos e leveduras tém sido
utilizadas predominantemente em setores industriais e cientificos. O nivel de producdo de
amilase varia de um micro-organismo para outro, mesmo entre 0 mesmo género, especie e
linhagem. Além disso, o nivel de producdo de amilase também difere de acordo com a origem
do micrdbio, onde as linhagens isoladas de ambientes ricos em amido ou amilose

naturalmente produzem maiores quantidades de enzimas. Fatores como o pH, temperatura, e
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as fontes de carbono e nitrogénio também desempenham um papel vital na taxa de producgéo
de amilase, particularmente na fermentacdo (GOPINATH et al., 2017).

Assim, para assegurar a viabilidade econémica do processo de producéo do etanol é
importante reduzir o custo das enzimas utilizadas na etapa de hidrdlise do amido. Para isso,
deve-se dispor de micro-organismos produtores das enzimas. Nesse sentido, o Brasil destaca-
se em biodiversidade de micro-organismos que apresentam potencial caracteristicas desejadas
para tal aplicacdo (PIROTA et al., 2015). Enzimas, como amilases, podem ser produzidas por
fungos e bactérias. A vantagem de se utilizar fungos para produzir amilases é a sua facilidade
de manuseio e a economia do processo. O potencial da utilizacdo de fungos como fontes
biotecnoldgicas de enzimas foi responsavel por incentivar a renovacdo do interesse na
exploracdo da atividade enzimatica extracelular em varios microrganismos (SALEEM e
EBRAHIM, 2014).

2.5 0 ETANOL E SUAS APLICACOES

Segundo Della-Bianca et al. (2013), os biocombustiveis mundialmente mais
utilizados s&o o etanol e o biodiesel. Neste cenario, o Brasil destaca-se como o maior
exportador e segundo maior produtor de etanol, seguindo os Estados Unidos -0 maior
produtor- juntos, sdo responsaveis por cerca de 94 % da producdo mundial (RENEWABLE
FUELS ASSOCIATION, 2019).

O Brasil iniciou sua producdo de etanol em 1927. Porém, o alto custo de produgdo
comparado a producdo da gasolina, levou a producdo de etanol a ser ignorada até a década de
70, periodo marcado pela crise do petréleo. Neste periodo, o custo de importacdo do petroleo
para o Brasil triplicou em funcdo dos embargos da regido arabe. Ademais, contribuiu para o
agravamento, a brusca queda do preco do acglcar no mercado mundial em 1974 (MUSSATO,
2010; BASSO; BASSO; ROCHA, 2011). Diante a esse cenario global, o Brasil criou em 1975
o Programa Nacional do Alcool (Proalcool) que redirecionou parte da producéo de cana-de-
acucar para producdo de etanol em substituicdo a gasolina. Reduzindo, portanto, a importacao
de petréleo no Brasil (CERQUEIRA-LEITE et al., 2009).

Apb6s a crise mundial do petréleo, a producdo de etanol estimulou a industria
automobilistica a produzir veiculos movidos a etanol hidratado. Em 1980, o prego do petrdleo
decresceu novamente e, paralelamente, um periodo econdmico desfavoravel para a economia
brasileira marcada pela alta inflagdo, o governo brasileiro removeu subsidios dados as
destilarias encorajando varias delas a destinar a cana novamente para producdo de agucar
(AMORIM et al., 2011). A partir de 2003, no entanto, a introducdo de veiculos flexfuel,

conjuntamente ao aumento gradativo da producgéo dessa tecnologia e a flexibilizacdo da
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regulamentacdo do setor de combustiveis (BANCO NACIONAL DE DESENVOLVIMENTO
e CENTRO DE GESTAO E ESTUDOS ESTRATEGICOS, 2008), foi possivel utilizar
gasolina, etanol ou a mistura etanol e gasolina pelo consumidor e, portanto, estimulou
novamente a producdo de etanol. A partir de 2008, o consumo de etanol superou 0 consumo
de gasolina no Brasil motivado pela popularizagdo da tecnologia de combustiveis flexfluel nos
veiculos, ou seja, mais de 90 % de novos veiculos vendidos eram flexfuel, e pelo incentivo do
governo para a elevacéo da producao de veiculos bicombustiveis (CHADDAD, 2010).

O etanol € uma molécula polar, sendo um liquido incolor de odor ardente, muito
higroscopico e facilmente inflamavel, de baixa peso molecular e miscivel na maioria de
substancias polares. Entres as aplicacdes estdo: uso como combustivel, industria de alimentos
e bebidas alcdolicas, producdo de farmacos, solventes e utilizado como intermediario nas
sinteses quimica.

Qualquer produto que contenha uma quantidade consideravel de carboidratos
constitui-se material para obtencdo de etanol. Entretanto, para que seja Vviavel
economicamente, é necessario considerar o seu rendimento e o custo de fabricacdo. Em
funcdo do agucar presente nas matérias-primas podem ser classificadas em trés tipos descritos
a seguir: amilaceos - carboidratos mais complexos como amido e inulina que podem ser
quebrados em glicose pela hidrolise acida ou acdo de enzimas num processo denominado
malteacdo ou sacarificacdo, Ex.: gréos, raizes e tubérculos; celulésico - constituidos de
celulose, e, apesar de estarem disponiveis em grande quantidade, ndo oferecem, por enquanto,
condicBes econdmicas na producdo de etanol, pois, para tornarem-se fermentesciveis, devem
passar por um processo complexo de hidrolise acida. Ex.: palha, madeira. E, materiais
acucarados — sdo compostos por acucares simples, monossacarideos ou dissacarideos, como
glicose, frutose e maltose. Os monossacarideos restringem-se aos sucos de frutas e sdo
diretamente fermentesciveis. Sdo utilizados na producédo de bebidas alcéolicas como vinho. Ja
os dissacarideos sdo fermentados ap6s uma hidrolise ocorrida pela acdo da enzima invertase,
produzida pelo proprio agente de fermentacdo. Ex.: cana-de-acucar e frutas (MACHADO e
ABREU, 2006)

Fatores ambientais como a reducdo de reservas de petroleo e poluicdes pelo gases
estufa liberados pela queimas de combustiveis fosseis, além das altas dos combustiveis
derivados do petréleo, tém estimulado pesquisadores a buscarem alternativas menos poluentes
e sustentaveis de fontes energéticas, como cana-de agucar, mandioca, batata-doce ou mesmo
residuo de frutos, ricos em amido e celulose, que poder ser hidrolisado em glicose e, portanto,

séo favoraveis o uso dessas matérias vegetais para producdo de etanol. (RIZZOLO, 2014).
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2.6 ENZIMAS MICROBIANAS E ACAO ANTIOXIDANTE

2.6.1 Estresse oxidativo

As moléculas de oxigénio com elétrons desemparelhados sdo conhecidas como
espeécies reativas de oxigénio (EROSs), cuja origem sdo fatores enddgenos e exdgenos, tais
como: estresso oxidativo, processos metabdlitos normais, exposicdo a radicacdo ultravioleta
(UV) (SCHARFFETTER-KOCHANEK et al., 2000), além de exercicios fisicos, dietas e
condigdes ambientais inadequados (LIMA, 2017; GUTTERIDGE e HALLIWELL, 2010).

A formacdo de compostos intermediérios altamente reativos ocorre a partir de
oxigénio molecular que recebe elétrons e, portanto, formam radicais superéxido (Oy),
perdxido de hidrogénio e radical hidroxila (KVIECINSKI, 2007), como ilustrado pela Figura
2.

e é
0, 0, H,0, H,O + HO-
2 H* H*
Figura 2. Reacdo simplificada da formacéo de EROs.
Fonte: Kviecinski, 2007, adaptado

Os radicais livres, majoritariamente, sdo derivados do oxigénio, cuja importancia no
metabolismo celular estd na obtencdo de energia da adenosina trifosfato (ATP) na cadeia
respiratoria. Neste processo, 0 oxigénio atua como aceptor final de elétrons (HALLIWELL e
GUTTERIDGE, 2007).

O metabolismo celular por meio de diversas reacGes enziméaticas que ocorrem em
estrutura como membrana plasmatica, reticulo endoplasmatico, peroxissomos e, sobretudo,
mitocondrias sdo fontes enddgenas de EROs (AYALA, MUNOZ, ARGUELLES, 2014;
LIMAS, 2017).

Os EROs possuem acéo fisioldgica como na sinalizagdo intracelular, atuacdo imune e
regulacdo do crescimento celular. Entretanto, o excesso EROs podem provocar danos
fisiologicos e, com efeitos, manifestacdes de varias doencas (SA et al., 2012).

O desequilibrio dos sistemas pré-oxidativos e antioxidantes no metabolismo celular é
denominado estresse oxidativo. Assim, a instabilidade entre moléculas oxidantes e a
capacidade de antioxidante celular podem implicar em doencas agudas e cronicas, por
exemplo, aterosclerose, doengas neurodegenerativas e cancer (LIMA, 2017) e importante
atuacdo nas sindromes metabdlicas (THANNICKAL e FARNBURG, 2000). A Figura 3

relaciona as causas do estresse oxidativo e algumas das doencas e seus efeitos.
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Causas Alvos Efeitos
Fatores Lipideos de Doencas
enddgenos e membrana; cardiovasculars;
ex0genos; i .
Proteinas; neuroldgicas;
FArmacos: EROs . .
ions metalicos |:> Acidos nucleicos; |:> Cancer;
(Pb, Cu, Fe); Carboidratos Pulmonares;
Radiacao; Artrites
Exercicios fisicos reumatoides;
e -
Processos Diabetes;
inflamatérios Envelhecimento

Figura 3. Principais causas de EROs e potenciais alvos e efeitos.
Fonte: Ferreira et al., 2009. Adaptado.

Os processos oxidativos podem provocar modificagdes na estrutura lipidica das
membranas celulares, alterando sua fluidez e, com efeito, alterando a permeabilidade seletiva
de ions e sinalizadores transmembrana. Esse processo é conhecido como peroxidacdo lipidica
(DELL’ANNA et al., 2007; GUTTERIDGE e HALLIWELL, 2010).

A peroxidagdo lipidica (Figura 4), maior fonte de substancias citotoxicas, degrada os
acidos graxos poli-insaturados das membranas celulares e podem ser convertidas em
perdxidos (BELLO, 2002). Durante a peroxidacdo lipidica e, a partir de uma ERO (OH™),
ocorre a formacdo de moleculas intermediarias como o radical peroxila, que reagem com o
(H*-) retirado de moléculas de lipideos para formacdo do hidroperéxido lipidico (LOOH). O
radical peroxila degrada os lipidios de membrana em alguns produtos como alcanos, alcenos,
aldeidos e outros (LIMA, 2017). Como produto dessa quebra lipidica ha formacdo de
malondialdeido e 4-hidroxionenaldeido (BARREIROS; DAVID; DAVID, 2006; BARRERA
et al., 2018). Esses aldeidos sdo potenciais modificadores de moléculas proteicas e interferem
em variados processos fisiolégicos, bioquimicos e celulares; e, consequentemente, podem
levar a diversas doencas (AYALA; MUNOZ; ARGUELLES, 2014; BARRERA et al., 2018).
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Figura 4. Processo de peroxidacao lipidica.
Fonte: Barrera et al., 2018. Adaptado

E importante que ocorra a inibi¢do do processo de oxidacdo de moléculas biologicas
induzido pela acdo de EROs, visto que doencas do metabolismo, p.ex., inflamacdes, diabetes,
hipertensdo arterial, estdo associadas com um aumento progressivo dos niveis de produtos da
peroxidacdo e de proteinas modificadas durante processo (NIKI, 2012). Os processos
oxidativos podem ser evitados por meio de alteracGes no meio ambiente ou pela utilizacdo de
compostos antioxidantes (LIMA, 2017).

2.6.2 Compostos antioxidantes

Diante a producdo continua de EROs durante os processos metabolicos, 0s
organismos possuem mecanismos antioxidantes, limitando os niveis intracelulares das
espécies reativas, como também contam com sistemas de reparagdo, que previnem o acimulo
de moléculas alteradas por oxidacao e tentam controlar os danos (BARBOSA et al., 2010).

O sistema antioxidante é formado por enzimas e compostos ndo enzimaticos, sendo a
acao inicial realizada pelo sistema enziméatico. Os compostos antioxidantes ndo enzimaticos
possuem fonte alimentar, como vitaminas, compostos fenolicos presentes em produtos
naturais e produtos sintéticos (COTINGUIBA et al., 2013). A seguir, a Tabela 2 descreve

alguns dos antioxidantes enzimaticos e ndo enzimaticos
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Tabela 2. Antioxidantes enzimaticos e ndo enzimaéticos

Antioxidantes Enzimaticos N&ao Enzimaticos
L-asparaginase* Vitaminas Ae E
Glutationa peroxidase Acido ascorbico
Catalase Flavonoides
Glutationa redutase Betacaroteno

Superdxido dismutase

Nota: *por Souza Silva et al., 2022.
Fonte: Lima, 2017. Adaptado.

As espécies reativas de oxigénio (EROs) tém sua acdo inibida naturalmente no
organismo. Controlar os niveis de enzimas antioxidantes sdo importantes para remover 0s
EROs produzidos e, assim, proteger as células teciduais (COVARRUBIAS et al., 2008). Ao
ocorrer sobrecarga do sistema antioxidante, devido ao aumento de EROs, ha a instalacdo do
estresse oxidativo (ALVES et al., 2010).

Entretanto, com o intuito de proteger 0s organismos contra 0s danos do processo
oxidativo, faz-se necessario o consumo de substancias antioxidantes (vitaminas, compostos
fendlicos) contidos, muitas vezes, na dieta, capazes de atuar em diferentes mecanismos
(VASCONCELOS et al., 2014). Antioxidantes exdgenos sdo considerados essenciais para
prevencdo e combate de doencas oriundas do estresse oxidativo (ZIMMERMANN e
KIRSTEN, 2008).

Assim, atuando por diferentes mecanismos de acdo para minimizar o estresse
oxidativo, tais como supressdo da formacdo de radicais reativos por meio de inibicdo de
enzimas ou quelantes de ions metalicos produtores de EROs, busca-se aumentar as defesas
antioxidantes naturais do organismo (PIETTA, 2000).

E relevante informa que ensaios qualitativos preliminares podem ser utilizados para
rastrear potenciais compostos antioxidantes. Assim, a cromatografia liquida de camada
delgada (TLC) é um dos ensaios Uteis na busca por compostos antioxidantes. Para isso, alguns
reveladores sdo utilizados, tais como: luz ultravioleta (UV) 254 e 365 nm identificam
compostos aromaticos ou substancias conjugadas por fluorescéncias, a solucdo de vanilina
sulfirica é usada para detecgdo de compostos terpenoides e alcoois; fendis e taninos podem
ser identificados com cloreto férrico (FeCls), vapores de iodo (l2) ligam-se a alcaloides,
esteroides, indois e aminoacidos e o verde de bromocresol identificam acidos organicos
(Menezes-Filho et al., 2020) e para compostos de dificil identificacdo, pode-se utilizar &cido
cromico (SHERMA e FRIED, 2005; MORAIS et al., 2019).
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2.6.3 Os fungos e a atividade antioxidante

Os fungos sdo de grande interesse para a indastria farmacéutica, pois sdo capazes de
produzir metabolitos com atividade antibacteriana, antifingica e anticancerigena
(GUNATILAKA, 2006), agentes redutores do colesterol, agentes imunossupressores
(NEWMAN; CRAGG; SNADER, 2000), ou ainda com atividades hormonais, citotoxicas
(Silva, 2014), antivirais, antiparasitarias, inibidores enzimaticos, agentes estimulantes da
mobilidade géstrica, inseticidas, entre outras (DEMAIN e SANCHEZ, 2009). O primeiro
composto fungico descrito com propriedades terapéuticas foi a penicilina isolada do género
Penicillium (TAKAHASHI e LUCAS, 2008; CHAVES, 2017).

Os fungos com notével produgdo de compostos bioativos sdo do filo basidomicetos.
Alguns fungos desse filo, como os fungos do género Fomitopsis possuem atividade
antitumoral, antioxidante e anti-inflamatoria, além de diversas enzimas de interesse
biotecnoldgico. (PARK et al., 2015; CHAVES, 2017). Outrossim, os fungos endofiticos, por
exemplo, do género Phomopsis sdo capazes de produzir metab6litos com importante acdo
antioxidante, que incluem alcaloides, terpenos, esteroides, flavonoides, polifendis e outros
(LIU et al., 2007).

Estudos envolvendo fungos tém mostrado importante acdo antioxidante devido a
producdo de compostos fenolicos e outros grupos em seu metabolismo, como nas linhagens
de Chaetomium sp. (HUANG et al., 2007), em Terfezia claveryi e Picoa juniperi (MURCIA
et al., 2002) e, Hericium andrinas, Boletus bicolor e Aspergillus cristatus nos estudos de
Yang et al. (2020).

Os compostos fenolicos sdao metabdlitos secundarios, divididos em flavonoides e nao
flavonoides, produzidos por fungos e plantas (NACZK e SHAHIDI, 2004; LIMA, 2017).
Destacam-se pelo variado efeito bioldgico, tais como: quelantes de EROs, modulacdo da
atividade enzimdtica, potencial agdo antibidtica, anti-inflamatorio e anti-histaminico
(MANACH et al., 2004). Entre os compostos fenolicos, destaca-se os flavonoides pela acéo
antitumoral, antimicrobiana, além da atividade antioxidante Uteis no tratamento auxiliar de
doencas (LIU et al., 2007; NAZARI et al., 2011).

A acdo antioxidante dos flavonoides tem potencial para reduzir efeitos ocasionados
pela peroxidagdo lipidica, além de atuar positivamente nos sistemas enzimaticos, incluindo
ciclooxigenases e lipoxigenases e, minimizar danos na agdo plaquetaria. Os flavonoides
conseguem atuar no estagio de iniciacdo da peroxidagdo lipidica, bem como interromper a
reacdo em cadeia de radicais, terminando com a etapa de propagacdo (SILVA, 2013).

Outrossim, autuam na reducdo da formacdo de EROs, a eliminacdo dos precursores dos
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radicais, inibicdo da xantina oxidase e elevacdo dos niveis de antioxidantes enddégenos
(HARMAN, 2004; LIMA, 2017).

Assim, 0s compostos antioxidantes podem prevenir efeitos fisiologicos indesejaveis
nos sistemas cardiovasculares, nos mecanismos de acdo inflamatérios e na homeostasia da
coagulagdo (SILVA, 2014), ou seja, previnem e reduzem os efeitos oxidativos nas células em

varios 6rgdos e tecidos e, portanto, podem prevenir doengas que trazem danos a vida.
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Abstract

This study aimed to identify by molecular analysis, morphology, chemistry and antioxidant
extracts of filamentous fungi isolated from the digestive tract of Phylloicus sp, an aquatic
insect that lives on leaf packages in tropical streams and participates together with fungi of the
decomposition of plant substrates in aquatic habitats. Insect larvae of Phylloicus sp. were
collected in streams in the state of Tocantins, Brazil. Fungi were isolated from the digestive
tract of larvae after disinfection and dissection, then described and purified for identification
purposes and testing for antioxidant activity. Molecular identity was performed of ITS1 and
ITS4, TUB e TEF sequencing. Fungal extracts were produced in 70% ethanol solution and
later lyophilized. For analysis of chemical groups of extracts, thin layer chromatography
(TLC) was performed in two mobile phases and different developers. Morphology was
performed by optical microscopy stained with Toluidine Blue and measurement performed
using the ImageJ program. Antioxidant activity performed in TLC and by quantitative method
for DPPH and hydrogen peroxide (H202) radicals. Four fungi were identified:
Endomelanconiopsis endophytica, Myxospora musae, Neopestalotiopsis cubana and
Fusarium pseudocircinatum. The TLC showed several spots with acetone/chloroform mobile
phase and UV 254 nm developers and I> vapor. Fungal extracts demonstrate antioxidant
action to reduce the DPPH free radical and especially for H2O. above 50%, E. endophytica
91.6%, M. musae 87.8%, N. cubana 89.5% and 92.3% for F. pseudocircinatum. This study
demonstrated that the molecular technique by PCR was satisfactory for identifying fungi, and
extracts with numerous chemical groups and potent reducing agents. Thus future work, should
be carried out evaluating these four species for industrial use.

Keywords: antioxidant activity, fungal metabolites, E. endophytica, M. musae, N. cubana, F.
pseudocircinatum
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Resumo

Este estudo visou identificar por analises molecular, morfoldgica, quimica e por extrato
antioxidante, fungos filamentosos isolados do trato digestivo de Phylloicus sp., um inseto
aquatico que vive entre folhagens em riachos tropicais, e participam junto com os fungos da
decomposi¢do de substratos vegetais em habitats aquaticos. Larvas de insetos de Phylloicus
sp. foram coletadas em riachos no Estado do Tocantins, Brasil. Os fungos foram isolados a
partir do trato digestivo das larvas apds desinfeccdo e disseccdo, depois descritos e
purificados para fins de identificacdo e testes para atividade antioxidante. A identidade
molecular foi realizada do sequenciamento ITS1 e ITS4, TUB e TEF. Os extratos fungicos
foram produzidos em solucdo etanolica 70% e posterior liofilizagdo. Para analise de grupos
quimicos dos extratos, foi realizada cromatografia em camada delgada (CCD) em duas fases
moveis e diferentes reveladores. A morfologia foi realizada por microscopia éptica corada
com Azul de Toluidina e a mensuracdo realizada no programa Imagel. A atividade
antioxidante realizada em CCD e por método quantitativo para os radicais DPPH e peroxido
de hidrogénio (H20.). Foram identificados quatro fungos: Endomelanconiopsis endophytica,
Myxospora musae, Neopestalotiopsis cubana e Fusarium pseudocircinatum. Na CCD foi
evidenciado véarias manchas com fase movel acetona/cloroférmio e reveladores UV 254 nm e
vapor de I2. Os extratos fungicos demonstram acdo antioxidante para reducgdo do radical livre
DPPH e em especial para H.O> acima de 50%, E. endophytica 91.6%, M. musae 87.8%, N.
cubana 89.5% e 92.3% para F. pseudocircinatum. Este estudo demonstrou que a técnica
molecular por PCR foi satisfatéria para identificacdo dos fungos, e os extratos com inimeros
grupos quimicos e potentes agentes redutores. Com isso, trabalhos futuros deverdo ser
realizados avaliando essas quatro espécies para uso industrial.

Palavras-chave: atividade antioxidante, metabdlitos fngicos, E. endophytica, M. musae, N.
cubana, F. pseudocircinatum.
1. Introduction

The Trichoptera were distributed even in the Triassic period where they share a
common ancestor with Lepitoptera (Pes et al., 2005). These organisms, still in the larval form,
present superior morphology with a sclerotinized head, short antennae, developed mandibles,
thorax with a sclerotinized pronotum, membranous abdomen, which may present gills, and
the 1X segment presents a pair of anal pseudolegs with claws. These organisms present fresh,
lotic and lentic life mainly in streams of Central Amazonia, and are rarely found in maritime
areas (Reyes-Torres and Ramirez, 2018; Pimentel et al., 2020).

Calamoceratidae is composed of eight genera and 197 species, with the genus
Phylloicus Muller 1880 being the most representative with a neotropical distribution with 60
described species. In addition to being distributed throughout the New World, it is, however,
particularly diversified with the largest number of species described in Brazil, Peru and
Venezuela (Souza-Holanda et al., 2020). In Brasil, it is the only known genus of the family,
with 25 species mainly in the North region with records of seven species P. amazonas Prather
2003, P. auratus Prather 2003, P. brevior Banks 1915, P. dumsi Santos & Nessimian 2010, P
elektoros Prather 2003, P. fenestratus Flint 1974 and P. flinti Prather 2003 (Leite et al., 2016;
Holzenthal and Calor, 2017; Prather, 2003; Santos and Nessimian, 2010).
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The genus Phylloicus shares, among other groups of Trichoptera, the presence of a
wide variety of fungal microorganisms (yeasts) in the digestive tract, although reports related
to the different yeast strains associated with these aquatic insects are still little restricted in the
literature (Santos et al., 2019). It is known that this beneficial interaction can occur throughout
the insect's body, depending on the microorganism's needs to establish a full mutualistic
colonization. In the interface of interaction between yeast and insects, yeast colonization are
observed both on the external surface of the body, reproductive system, and in the digestive
tract (DT) (Santos et al., 2019). Furthermore, insects are responsible for dispersing these
microorganisms, acting as vectors in different natural environments (Christiaens et al., 2014).

In a study carried out by Santos et al. (2019) 20 yeast species of the genus Candida,
Papiliotrema, Rhodotorula and Issatchenkia were described only in the digestive tract of
Phylloicus larvae collected in an area of the Cerrado domain in Brasil. These yeasts play a
role in increasing and maintaining health, favoring the antioxidant action and interacting with
nutrition, thus providing supplements in the diet during the stages from larva to adult insect
(Noda and Koizumi, 2003; Douglas, 2015; Stefani et al., 2016).

Several yeasts have important biological actions with high antioxidant activity, due
to the contents of total phenolics and among other groups of compounds produced from their
metabolism, such as in strains of Chaetomium sp., (Huang et al., 2007), in Terfezia claveryi
and Picoa juniperi truffles, and raw mushrooms Lepista nuda, Lentinus edodes, Agrocybe
cylindracea, Cantharellus lutescens and Hydnum repandum in the study by Murcia et al.
(2002) and in Ganoderma lucidum, Tremella fuciformis, Schizophyllum commune, Morchella
esculenta, Flammulina velutipes, Agaricus bisporus, Dictyophora inausiata, Grifola
frondosa, L. edodes, Coprinus comatus, Fermentum latissis, Hericium albumuceus, Hericium,
andrinas, Boletus bicolor and Aspergillus cristatus in the study by Yang et al. (2020) where
they showed, in studies, potential reducing efficiency over assays with free radicals by lipid
peroxidation (LOO.), deoxyribose (OH.), peroxidase (H202) and in the reduction of free
radicals DPPH, FRAP and ABTS+, these being some examples of yeasts involved in several
processes that benefit both humans and animals.

Thus, it is known that many fungal species have important biological activities,
favoring the well-being of various organisms, especially as an antioxidant agent, which is a
feature in the reduction of different forms of free radicals capable of negatively interacting on
biomolecules, producing failures in gene transcription on DNA and RNA strands, in addition
to being involved in several types of cancers and premature aging. In addition, they may also
be directly positively linked to the development of industrial bioprocesses capable of

promoting increased productivity on an industrial scale in the food production chain,
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agricultural bioactives and energy production (biofuels) (Otero-Colina et al., 2010; Sha et al.,
2017; Yang et al., 2020; Sulfahri et al., 2020).

Thus, it is necessary to know the genetic profile, morphological and biological
activities, as a potential reducing action of oxidizing agents from mutualistic fungal species
present in the digestive tract (DT) of Phylloicus larvae. The aim of this study was to describe
the profile on molecular and morphological diversity, qualitative chemical, and antioxidant
analysis of filamentous fungi associated with the digestive tract of aquatic crusher larvae of
insects of the genus Phylloicus (Trichoptera: Calamoceratidae) in natural environments of the
Brazilian Cerrado.

2. Material and Methods

2.1. Fungal selection

Four fungal strains were randomly selected and provide from the Carlos Rosa
Collection (CRC) of the Universidade Federal do Tocantins, Palmas, TO, Brasil, which were
isolated from Phylloicus sp. (Trichoptera: Calamoceratidae) collected near the riverbanks of
the Lajeado State Park, Tocantins, Brasil. Then, the strain were evaluated for potential

antioxidante activity and identified.

2.2. Molecular identification, amplification and fungal sequencing

Each fungal sample was identified by the ribosomal DNA inner transcribed region
(ITS) sequencing method. DNA extraction was performed as proposed by Doyle and Doyle
(1987). The extracted DNA sample was subjected to polymerase chain reaction (PCR) for
amplification of the ITS region of the rDNA of part of the B-tubulin and 1-a elongation factor
genes. The ITS region oligonucleotide primers  were: SR6R (5'-
AAGWAAAAGTCGTAACAAGG-3) and LR1 (5-GGTTGGTTTCTTTTCCT-3") as
described by Vilgalys and Hester (1990).

For the B-tubulin gene, TUB2Fd (5-GTBCACCTYCARACCGGYCARTG-3") and
TUB4Rd (5-CCRGAYTGRCCRAARACRAAGTTGTC-3") were wused according to
Aveskamp et al. (2009). For the elongation factor gene they were: EF1-728F (5'-
CATCGAGAAGTTCGAGAAGG-3') as described by Carbone and Kohn (1999) and EF2 (5'-
GGARGTACCAGTSATCATGTT-3") by O'Donnell et al. (1998). The solution for the PCR
assay consisted of an aliquot containing 1 puL of DNA, 1 pL for each conc primer. 10 uM, 10
pL 5X PCR buffer, 1 uL dNTPs conc. 10 mMol, 0.2 pL of 5 U pL GoTaq DNA polymerase
(Promega) and 35.8 pL sterile ultra-distilled H2O, for a total final volume of 50 pL.
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The amplification program consisted of initial denaturation at 94 °C for 2 min.,
followed by 40 cycles of denaturation at 94 °C for 10 s, with annealing at 54 °C for 30 s,
extension at 72 °C for 45 s, and final extension at 72 °C for 4 min. The verification of the
amplified products was carried out using conc. agarose gel electrophoresis. 0.8% stained with
ethidium bromide. The amplified products were purified by precipitation with polyethylene
glycol (Schmitz and Riesner, 2006), followed by the sequencing reaction through the chain
termination method, using Big Dye 3.1 reagent solution (Applied Biosystems). The analysis

was performed in an automatic capillary sequencer (Applied Biosystems, Mod. 3500 xL).

2.3. Phylogenetic determination

After sequencing, the base pairs were analyzed using the GenBank database,
allowing the identification of fungal isolates at the genus and species level, when it comes to
the species already described, based on gene similarity. The phylogenetic tree was developed
using the Neighbour-Joining method through the MEGA program (version 6.0, USA). The
bootstrap was 2000 replications over the confidence level as described by Tamura et al.

(2013), GenBank sequences were indicated by accession numbers.

2.4. Extracts from cultures of filamentous fungi

The filamentous fungal cultures were subjected to extraction process as described by
Lim et al. (2021) modified. Briefly, the cultures were homogenized and extracted using (70%)
hydroethanolic solution and ethyl acetate (5:2). The mixture was left to stir overnight at room
temperature. The spatula full of sodium sulfate was added before filtering the using filter
qualitative paper. The filtered was transferred into a Becker flask and dried to evaporation in
36 °C. The extract obtained was dissolved in DMSO and kept as stock solution conc. 100 mg
mL* at -12 °C until further analysis.

2.5. Basic morphological characteristics

Microscopy slides containing samples of the four fungi were prepared for light
microscopy using Toluidine blue conc. 1% (w/v). Then, the slides were observed under an
optical microscope (Olympus, Mod. BX61), with a digital camera attached (Olympus, Mod.
DP73). The micrographs obtained from the 10, 20, 40 and 100x magnifications and their
diameter expressed in micrometers (um) were evaluated using ImageJ software (free version,

2019), where the diameter, length and shape of 50 viable fungal cells were determined.

2.6. Thin-Layer Chromatographic (TLC)
In silica gel chromatoplates F254, five (5) uL of the fungal extract was deposited in

the baseline, after drying the solvent, the strips of chromatoplates (1 x 10 cm?) were
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transferred to a chromatographic vat containing the following phases: acetone/chloroform
(5:3), and acetone/petroleum ether (5:2). Following elution, separated compounds were
visualised using UV 254 and 365 nm, iodine vapour, ferric chloride solution, sulfuric vanillin
solution, green bromocresol solution and chromic acid solution. The retention factors (Rfs)
for each spot was calculated as the ratio of the distance (mm) that spot was eluted on a plate
relative to the total distance (mm). Images of derivatised TLC were taken using a digital

camera (Lim et al., 2021) modified.

2.7. Antioxidant activity by qualitative assay

On a silica gel chromatoplate, the evaluated fungal extracts were applied. After total
evaporation of the sample solubilization vehicle, the chromatoplate was nebulized with conc.
0.2% (w/v). The antioxidant activity was evidenced by the presence of white or yellow spots
resulting from the reduction of the DPPH free radical, against the background pink coloration,
after 30 min at room temperature. As a positive standard, 5 pL of stock solution at 1 mg mL™*
of ascorbic acid equivalent to conc. 1.64 mMol as described by Lim et al. (2021) modified.

Antioxidants were visualized as bright zones against a purple background under white light.

2.8. Quantitative assay of antioxidant activity (DPPH) and inhibition by hydrogen peroxide
(H202)

Antioxidant activity was obtained in 96-well flat-bottom plates using a Biotek Elisa
reader (model ELX 800 with Gen5 software VV2.04.11). To evaluate the antioxidant activity,
the test against the DPPH radical (2,2-diphenyl-1-picrylhydrazyl) was used by according
Alves et al. (2020). In this test, the following solutions were used per well: 180 pL of
methanolic solution of DPPH conc. 0.2% (w/v), 20 uL of the extract sample dissolved in
methanol, at concentrations of 200-0.78 pg mL™?. Results were expressed as inhibition
concentration 1C50 pg mL™. As a positive control, a standard solution of ascorbic acid was
used.

The ability of the four fungal extracts to inhibit hydrogen peroxide (H202) was
estimated following the method of Ruch et al. (1989) and cited by Yadav et al. (2014). The
solution of H.0, conc. 40 mMol L was prepared in phosphate buffer conc. 50 mMol L™ with
pH 7.4. The concentration of H>O, was determined by UV-Vis spectrophotometry in
absorption at 230 nm. Fungal extracts conc. 1 mg mL in distilled water was added to H20;
and the absorbance at 230 nm was determined after 10 min against a blank solution containing
a phosphate buffer solution without H>O,. The percentage of elimination of H>O, was

calculated according to Equation 1.
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Scavenged H202(%) = [Ai;i‘“]loo (1)

Were: Al is the absorbance of control and At is the absorbance of test samples.

2.9. Statistical analysis
All tests were performed in triplicate, followed by + SD (standard deviation), when
necessary. From the means, an analysis of variance (ANOVA) was adopted, followed by

Duncan’s test (p < 5%) for significance.

3. Results

The four fungal strains were identified as Endomelanconiopsis endophytica,
Myxospora musae, Neopestalotiopsis cubana e Fusarium pseudocircinatum. All isolated from
DT of Phylloicus larvae

The phylogenetic relationship between fungal species is shown in Figures 1-3, in
trate digestion of Phylloicus sp.

The genetic sequence of the four identified fungi is presented below:
Neopestalotiopsis cubana CBS 600.96 (1), Fusarium pseudocircinatum CBS 449.97 (2),
Myxospora musae CBS 265.71 (3) and Endomelanconiopsis endophytica CBS 120397 (4).

100  MG692403.1 Neopestalotiopsis egyptiaca COAD 2167

MG692402.1 Neopestalotiopsis brasiliensis COAD 2166

KM199521.1 Neopestalotiopsis cubana CBS 600.96

6 | Isolado 17

JX399044.1 Pestalotiopsis clavispora MFLUCC12-0280
JX399046.1 Pestalotiopsis ellipsospora MFLUCC12-0284

L JX399048.1 Pestalotiopsis saprophyta MFLUCC12-0282

43

39

100 [ MT011009.1 Fusarium nygamai CBS 749.97
JF740790.1 Fusarium nygamai NRRL 52708
100 “—\MN‘IQBBGGW Fusarium pseudocircinatum NRRL 36939

57| 1 Isolado 18

77 L MT011003.1 Fusarium pseudocircinatum CBS 449 97

—
0.05

Figure 1. Phylogenetic relationship between fungal species for Neopestalotiopsis cubana and
Fusarium pseudocircinatum. Source: Authors.
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Figure 2. Phylogenetic relationship between fungal species for Myxospora musae and
Neopestalotiopsis cubana. Source: Authors.
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Figure 3. Phylogenetic relationship between fungal species for Endomelanconiopsis
endophytica and Myxospora musae. Source: Authors.
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(1): TEF
CATCGAGAAGTTCGAGAAGGTTAGTCATCTATTGATTCCCATCATCATTCCCCTTC
ACTCCAGCGTCATTATTTTCAACCTACGCGTTGAAAATTATTTTCACTCCTTCCAC
ACTTTTTCGCTGGTTACCCCGCCGCGAGGCACCCGCACGACCCCGCGGTGCAAAC
GAAAAATTTCTTATCACAGCCCCACCTTTCACAAGCAACCATGCATTGCTCATGA
GACCCACTTTGAACAATTGCTAATGCCTTCATACAGGAAGCCGCCGAGCTCGGTA
AGGGTTCCTTCAAGTACGCCTGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGCG
TGGTATCACCATCGATATCGCTCTCTGGAAGTTCGAGACCAACGAGTACAATGTC
ACCGTCATTGGTTAGTACCCCTCCACCTATGCCATGTGCTGCTCCATAAGACACTT
GACTAACCTTGCTTCATAGACGCTCCCGGTCACCGTGATTTCATCAAGAACATGA
TTACTGGTACT
(2): TEF
ATCGGCCACGTCGACTCTGGCAAGTCGACCACTGTGAGTACTACCCTCGACGATG
AGCTTATCTGCCATCATAATCCCGACCAAAACCTGGCGGGGTATTTCTCAAAAGC
CAACATGCTGACATTACTTCACAGACCGGTCACTTGATCTACCAGTGCGGTGGTA
TCGACAAGCGAACCATCGAGAAGTTCGAGAAGGTTAGTCACTTTCCCTTCGATCG
CGCGTCCTTTATCCATCGATTTCCCCTACGACTCGAAACGTGCCCGCTACCCCGCT
CGAGTCCAAAATTTTTGCGATATGACCGTAATTTTTTTGGTGGGGCCTTTACCCCG
CCACTCGAGCGGCGCGTTTTTGCCCTCTCTCATTCCACAACCTCACTGAGCGCATC
GTCACGTGTCAAGTAGTCACTAACCGTTCGACAATAGGAAGCCGCTGAGCTCGGT
AAGGGTTCCTTCAAGTACGCCTGGGTTCTTGACAAGCTCAAGGCCGAGCGTGAGC
GTGGTATCACCATCGATATTGCTCTCTGGAAGTTCGAGACTCCTCGCTACTATGTC
ACCGTCATTGGTATGTTGCCGCTCATGCTTCATTCTACATCTCTTCTTACTAACAT
ATCGCTCAGACGCCCCCGGTCACCGTGATTTCATCAAGAACATGATCA
(3): TUB
GTCAATGCGTAAGTGCTACCTACCACGATTCTTGCTTCAACCGCCGTCAGGCCAC
TCACGCGTTTTCAGGGTAACCAAATTGGTGCTGCTTTCTGGCAGACCATCTCTGGC
GAGCACGGCCTCGACAGCAATGGTGTCTACAACGGAACTTCCGAGCTCCAGCTCG
AGCGCATGAACGTCTACTTCAACGAGGTACGCCTTGCCATTGTTTACTCGGCCTC
GGGCATCAAGCTAACCCACTGGTCAACAGGGTAGCGGTAACAAGTACGTTCCTCG
CGCCGTCCTCGTCGATCTCGAGCCCGGTACCATGGACGCTGTCCGTGCCG
(4): ITS
GCGGCCGGCCCCCTAACCGGGGCTGGCCAGCGCCCGCCAGAGGACTACCAAACT
CCAGTCAGTAAACGTAGCTGTCTGATCAAAAGTTTAATAAACTAAAACTTTCAAC
AACGGATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTA
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ATGTGAATTGCAGAATTCAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCC
TTGGTATTCCGAGGGGCATGCCTGTTCGAGCGTCATTTCACCACTCAAGCTCTGCT
TGGTATTGGGCGCCGTCCTTCACCGGACGCGCCTCAAAGACCTCGGCGGTGGCGT
CTTGCCTCAAGCGTAGTAGAAAACACCTCGCTTTGGAGGACGGGACGTTCGCTCG
CCGGACGAACCTTCTGAATTTTCTCAAGGTTGACCTCGGATCAGGTAGGGATACC
CGCTGAA

Figure 4 shows the microscopic image of the fungi isolates E. endophytica, M.
musae, Neopestalotiopsis cubana and F. pseudocircinatum. Hyphae diameters were observed
in E. endophytica hyphae with 11.23 + 2.61 um (a), M. musae hyphae with 3.41 + 0.43 pm
(c), N. cubana hyphae with 3.15 + 0.95 um (d) and in F. pseudocircinatum hyphae with 3.79
+ 0.73 um (b) where they presented statistical difference between species according to
Duncan's test (Figures 4A, 4B, 4C and 4D). In E. endophytica intense activity of lateral shoots
was observed in the developed hyphae (Figure 4A). A large amount of conidia was observed
in M. musae with polar diameter measurements of 4.59 + 0.61 um (a), and equatorial diameter
of 2.71 £ 0.51 um (b), and F. pseudocircinatum with polar diameter of 5.77 + 0.92 um (a) and
equatorial diameter of 2.70 + 0.23 um (b), demonstrating inductive activity of conidiophores
and dispersion (Figures 4B and 4D). Statistically, there was no statistical difference between
polar and equatorial diameters between fungi species according to Duncan's test.

As for the TLC analysis, it was observed a large amount of spots with Rfs in the
mobile phase acetone/chloroform and acetone/petroleum ether with 9 and 7 Rfs for E.
endophytica, 6 and 7 Rfs for M. musae, 6 and 4 Rfs for N. cubana and 7 and 7 Rfs for F.
pseudocircinatum, respectively. The best developers were UV light 254 nm and I, vapor
(Table 1).

In the qualitative assay by TLC, all plates exhibited spots with a color change to
yellow against a purple background suggesting antioxidant activity in reducing DPPH.
Similar results were observed by the quantitative test in the reduction of DPPH through a
standard curve. The intensity of yellow color indicates the antioxidant capacity. Further
analysis of fungi active extracts was shown in (Figure 5).

All samples of fungal extracts demonstrated antioxidant activity in reducing the
DPPH radical above 60 pL mL, although lower when compared to the standard antioxidant
Ascorbic acid according to Duncan's test. The fungi M. musae and N. cubana did not show
statistical difference according to Duncan's test (Figure 5).

In the reduction of hydrogen peroxide, the fungal extracts showed a reduction with
values greater than 50%, E. endophytica 91.6%a, M. musae 87.8%b, N. cubana 89.5%a and

92.3%a for F. pseudocircinatum, respectively. It is observed that the fungi under study have
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high reduction activity in the peroxide test. Statistical difference was observed only for the

fungal extract of M. musae according to Duncan's test.

Figure 4. Morphology of hyphae and conidia of Endomelanconiopsis endophytica (A),
Myxospora musae (B), Neopestalotiopsis cubana (C) and Fusarium pseudocircinatum (D).

Source: Authors.

Table 1. Qualitative chromatographic profile by Thin-Layer Chromatographic, for the four
fungi isolates E. endophytica, M. musae, N. cubana and F. pseudocircinatum.

Eluents Revealing substances E. endophytica
1 2 3 4 567
Acetone/chloroform 0.15 - 0.16 0.44 - - 0.71*
0.40 0.22
0.78 0.31
0.40
Acetone/petroleum ether 0.17 - 0.15 0.40 - - -
0.37 0.22
0.44 0.31
Eluents Revealing substances M. musae
1 2 3 4 567
Acetone/chloroform 0.19 0.90 0.18 - - - -
0.33 0.45
0.69
Acetone/petroleum ether 0.24 - 0.21 - - - -
0.37 0.30

0.77 0.38
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Table 1. Qualitative chromatographic profile by Thin-Layer Chromatographic, for the four
fungi isolates E. endophytica, M. musae, N. cubana and F. pseudocircinatum. (continued)

Eluents

Acetone/chloroform

Acetone/petroleum ether

Revealing substances N. cubana

1 2 3 4 567

- - 0.25 0.91* - - -
0.37
0.40
0.44
0.53

- - 0.28 0.93* - - -
0.38
0.45

Eluents

Acetone/chloroform

Acetone/petroleum ether

Revealing substances F. pseudocircinatum

1 2 3 4 567

0.48 - 0.20 0.40 - 0.88*
0.27
0.47
0.56

0.48 - 0.21 0.44 -
0.26
0.47
0.55

0.86*

Note: UV 254 nm (1) and 365 nm (2), iodine vapour (3), ferric chloride solution (4), sulfuric vanillin solution
(5), green bromocresol solution (6) and chromic acid solution (7). (-) Absent. *Heating at 90 °C for 5 min.
Results in millimeters (mm). Source: Authors.

100
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F 60
83 50
]
o = 40
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-
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0

E. endophytica

94 .46d
83.55¢ 85.07c
7.58a
M. musae N. cubana F. pseudocircinatium Ascorbic acid

Figure 5. Antioxidant activity in reducing DPPH on fungi extracts (Endomelanconiopsis
endophytica, Myxospora musae, Neopestalotiopsis cubana e Fusarium pseudocircinatum).
Different letters show statistical difference by Duncan’s test (p < 5%). Source: Authors.
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4. Discussion

In this study, great richness of species of morphospecies isolated from the digestive
tract of Phylloicus sp. show great apparent antioxidant potential. According to Suh et al.
(2005), Tegtmeier et al. (2016) and Santos et al. (2018) the digestive tract of insects, mainly
in its larval form, is known to harbor a great diversity, as well as a promising source of new
fungal species that can be used in industrial bioprocesses, in agriculture, nutrition and as
bioindicator agents. This is the first record of the occurrence of E. endophytica, M. musae, N.
cubana and F. pseudocircinatum in association with the digestive tract of an aquatic insect of
the genus Phylloicus. The molecular method was highly sensitive for TEF, TUB and ITS
during the identification of fungi clades with 100% sensitivity. Similar results were also
described by Lataeef et al. (2018) identifying by molecular techniques the diversity of
Pestalotiopsis, Neopestalotiopsis and Pseudopestalotiopsis collected in Sarawak, on the
island Borneo (Malaysia).

The preliminary identification based on molecular methods also allowed studies such
as by Santos et al. (2018) the identification of four isolates, two identified as
Paraphaeosphaeria arecacearum, one strain of P. sclerotiorum and one strain of P.
simplicissimum, associated with the digestive tract of Phylloicus collected in Cerrado areas
near the municipality of Santarém, Para state, Brasil, where it was first isolated in soil under
Elaeis guianeensis Jacq. in Suriname described by Verkley et al. (2014).

Several microorganisms isolated from the digestive tract of insect and insect larvae
have distinct enzymes that are naturally produced. Furthermore, certain fungal groups are
found in plant species being characterized and classified as endophytic (Sun et al., 20163, b).
The E. endophytica isolate was studied by Sun et al. (2016a) harmonically inhabiting Ficus
hirta roots, being classified as a symbiotic organism, where, in addition, this fungus produces
several compounds, two chemical structures of great industrial importance being 2,3-
dimethylcyclopent-2-em-1-one and 2-hydroxymethyl -3-methylcyclopent-2-enone (Ferreira et
al., 2015).

In addition to this harmonic characteristic between fungus-plant (symbiosis), these
microorganisms produce an important enzyme mixture being used in several industrial
segments (Sun et al., 2016b). This characteristic has been described in M. musae where it has
cellulolytic activity (Vieto et al., 2022) and also beneficial effects on the rhizosphere in
various plant groups in nitrogen fixation (Liang et al., 2019; Adeyemi et al., 2020). Various
organisms such as Azospirillum sp. and several mycorrhizal fungi, are used as inoculants in
seeds and also directly in the leaf area, ensuring greater absorption of nutrients, increased

productivity, leaf protection and less susceptibility to attacks by viruses, fungi and
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phytopathogenic bacteria (Fukami et al., 2018). However, a large number of fungi genera are
considered phytopathogenic such as N. cubana, where in the study Pornsuriya et al. (2020)
the researchers recorded an association with defoliation in rubber trees (Hevea brasiliensis) in
Thailand for the genus Neopestalotiopsis, and Gerardo-Lugo et al. (2020) with mango gray
leaf spot disease in Mexico. Not limited to this group, several species of the Fusarium genus
are also responsible for serious agricultural losses annually, F. pseudocircinatum is also
included in the class of genera that cause plant diseases such as malformation of mango fruits
in Mexico (Freeman et al., 2014), in Acacia koa (Shiraishi et al., 2012) and in Tabebuia rosea
(Montoya-Martinez et al., 2021).

Fungi isolated in the digestive tract of Phylloicus by different researchers emphasize
that the species P. sclerotiorum has xylanolytic activity and in P. simplicissimum the cellulase
enzyme (Zeng et al., 2006; Knob and Carmona, 2010; Santos et al., 2018). Fungi species with
characteristics of plant material degradation have a remarkable industrial use. Xylanase for
example, has a notable industrial use in the production of feed and food, and cellulases that
can also be obtained from strains of Penicillium spp. has potential use in industrial processes
(Dutta et al., 2008; Knob and Carmona, 2010; Bomtempo et al., 2017).

As for morphological characteristics, E. endophytica in this study showed septate
hyphae. Similar results were also observed by Parambayil et al. (2018) evaluating E.
endophytica isolates collected in different regions of Kerala, although in this study the
diameter of the hyphae was greater when compared to the aforementioned study, which had
an average diameter of 6.3 um. Furthermore, E. endophytica was not observed in this study
with conidiophores in culture medium. In younger cultures Rojas et al. (2008) analyzing
species of the genus Endomelanconiopsis also did not observe the presence of conidia, only
developing hyphae. Although in more established cultures, microconidia were observed with
variable shapes, ellipsoidal to subcylindrical, hyaline and also with the appearance of
phialidic conidiogenous cells.

In M. musae we noticed through microscopic observations the positive presence of
both conidiophores and hyphae in a young established isolate. In the study by Liang et al.
(2019) the group of researchers cites, through morphological characteristics, the standard
mean value of conidia for Myxospora between 4-6 um, with the value of this study being
similar to the work cited.

N. cubana presented in this study only the developmental phase with hyphae. Similar
results were also described in the study by Pornsuriya et al. (2020) where they evaluated the
association of Neopestalotiopsis hyphae in H. brasiliensis. In comparison with another

phytopathological species of the Neopestalotiopsis genus, N. clavispora, Daengsuwan et al.
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(2021) obtained in conidiophores cultures, where they determined the diameter of
conidiomata between 150-250 mm, conidia length between 18-26 pm and conidia wide
between 6.5-8.5 um using an isolate of Anthurium andraeanum in Thailand. Superior results
in conidia diameter were found in Neopestalotiopsis zimbabwana with values between 20.1-
25.0 x 5.2-7.3 um with fusiform to clavate, straight or erected, 5-cells morphology described
by Hermawan et al. (2021) on Xylaria isolates.

In this work, F. pseudocircinatum presented aerial conidia with short clavate and
zero-septate, fusiform, one- to three-septate aerial conidia without a foot-cell, and
multiseptate sporodochial conidia with an acuminate apical beak-like cell and a distinct basal
foot-like cell. Freeman et al. (2014) described characteristics for F. pseudocircinatum isolates
in Mexico similar to those in this study. Isolates produced mostly 0-septate but occasionally
1-3 septate oval, obovoid, or elliptical aerial conidia (O septate: 4 to 19 [avg. 8.7] x 1.5 to 4
[avg. 2.6] um) in Freeman et al. (2014) described characteristics for F. pseudocircinatum
isolates in Mexico similar to those in this study. The authors describe the morphology of F.
pseudocircinatum in false heads in the dark and in short false chains under black light,
unbranched or sympodially branched prostrate aerial conidiophores producing mono- and
polyphialides, and sporodochia with straight or falcate conidia that were mostly 3-5 septate,
but sometimes up to 7 septate (3 septate: 25 to 58 [avg. 41] x 2 to 3.3 [avg. 2.9] um; 5 septate:
33.5 to 76.5 [avg. 56.7] x 2.5 to 6 [avg. 3.5] um) and circinate sterile hyphae were rarely
formed.

TLC analysis was used to determine the count and types of different constituents
present in the crude extract of the evaluated strains. In TLC, the acetone/chloroform mobile
phase showed greater aptitude for stain separation, which is discussed by Cai (2014)
regarding mixtures of different solvents and polarities. As for the developer, 254 nm UV light
and 2 vapor revealed the greatest number of spots. It should also be emphasized that this is a
qualitative analysis, which requires classical standards for comparison.

Although, it is a preliminary analysis to observe possible groups of molecules arising
from special metabolism. It is possible to suggest that 254 nm UV light reveals
phytochemicals that absorb ultraviolet light, where they quench the green fluorescence,
producing dark purple or bluish patches on the plate. In addition, UV light usually reveals
conjugated substances and aromatic systems; l> shows structures of organic compounds, this
thesis is also defended by Menezes Filho et al. (2021).

Frisvad et al. (1989) evaluated fungal extracts by TLC where they described the
presence of basic mycotoxins, alkaloids, roquefortine C & D, atramentins, fumigaclavines,

penitrems, paxilline and aflatrem using as revealers a solution of Ce(SOa4)s in H2SO4 conc. 6N
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(15%), methanolic solution of acetic acid and conc. 0.5% anisaldehyde (17:2:1), and acidic
mycotoxins, viridicatumtoxin, ochratoxin A, citrinin, rugulosin, luteoskyrin peptide like
mycotoxins with I> vapor or chlorine, followed by spraying with O-tolidine solution
(cyclochlorotine, simatoxin) blue fast B salt followed by NHs vapors (kojic acid, 3-
nitropropionic acid), among other groups of molecules from the special metabolism of various
fungal extracts. Complementary studies by high-performance liquid chromatography (HPLC)
should be carried out, evaluating the groups of compounds isolated from the most suitable
mobile phase, and thus, elucidating the groups of biomolecules present in the four strains
studied.

Still on the TLC analysis, the extracts of the four fungi isolated in this study
demonstrate DPPH free radical reducing activity. This is proven through a rapid qualitative
result that shows a degree of confidence, where the violet color of the DPPH radical in the
presence of antioxidant agents in the case of fungal extracts, turns yellow, showing the
reduction of the radical compared to the control (Praptiwi et al., 2018). Although the
qualitative assay has demonstrated activity, it is necessary to quantify this activity, and as
noted above, fungal extracts exhibit antioxidant activity, although lower than the standard
ascorbic acid as a first-line antioxidant and also in the peroxidation assay demonstrating an
effect with high reducing activity of H2O..

Quantitatively, the extracts exhibited activity in reducing the DPPH radical, although
inferior to ascorbic acid, which is one of the main antioxidant agents found in fruits,
vegetables, vegetables and among some restricted groups of algae (Njus et al., 2020). Studies
have revealed that the use of extracts from fungal colonies, mainly of medicinal fungal
species, has significant antioxidant activity. This corroborates our findings for the four species
evaluated. Antioxidant activity values found by Caicedo et al. (2019) in Fusarium oxysporum
culture showed DPPH radical scavenging activity of 51.5 and 26.5% evaluated in two types of
culture media. Expressive free radical scavenging activities, were described by Cai et al.
(2019) evaluating the content of total triterpenoids in Sanghuangporus sanghuang fungal
mycelia were superior to our findings, with high activity in the reduction of free hydroxyl,
superoxide anion, DPPH with a 6% reduction in conc. = 18.75 pug mL™ and 96% with conc. =
350 pug mL? and for 2,2°-Azino Bis-(3-ethylbenzthiazoline-6-sulfonate) the reduction
between concentrations 9.37-300 pug mL™* was between 20-96%. Superior antioxidant activity
was also described by Zhou (2015) from Ganoderma lucidum extract in Oz anion reduction
between 30-90%, between 10-90% in hydroxyl free radical reduction and for DPPH between
10-70%.



43

The digestive tract of Phylloicus sp. larvae harboured E. endophytica, M. musae, N.
cubana and F. pseudocircinatum and this is the first report on isolation of these fungi
associated with Phylloicus sp.. The morphological structure also presented results similar to
those in the cited literature, corroborating the molecular analysis, also suggesting that these
fungi have a low evolution rate for different regions. All fungal extracts presented a high
number of groups of separate compounds when acetone/chloroform were used as mobile
phase and as main revealers UV light 254 nm and |2 vapor, in addition to exhibiting potential
reducing activity on DPPH free radical and hydrogen peroxide.

Future studies should proceed with investigations to characterize the endophytic
potential and as an inoculant in biofactories and field, as well as to evaluate the cellulolytic

and amylolytic enzymatic action already described in previous studies for the studied strains.
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Abstract

Bioethanol is a sustainable energy source to help reducing the emission of pollutants
into the global environment. In order to cope with that, the ethanol production
technologies and use of efficient and low-cost substrates are developed. The objective
of this research was to evaluate fungal amylases in sweet potato starch for bioethanol
production by Saccharomyces cerevisiae in the laboratory. Endomelanconiopsis
endophytica (1.40 U/mL), Neopestalotiopsis cubana (1.67 U/mL) and Fusarium
pseudocircinatum (1.11 U/mL) with high enzymatic activities were selected and their
amylases were tested for activity on sweet potato starch for bioethanol production.
Simultaneous saccharification and fermentation was performed at 30° C and pH = 5.0.
17.3 - 88.1 (%) of bioethanol that was produced and compared to the expected
theoretical yield. Therefore, amylases from these fungi simultaneously inserted on
sweet potato starch and S. cerevisiae are potentially useful for bioethanol production.
Keywords: Amylases; Sweet potato; Bioethanol production; E. endophytica; N.
cubana; F. pseudocircinatum.
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Resumo
O bioetanol é uma fonte energética sustentavel para auxiliar a reducéo de emisséo de poluentes no meio

ambiente global. Para isso, tecnologias de producdo de etanol e uso de substratos
eficientes e de baixos custos sdo desenvolvidos. O objetivo desta pesquisa foi avaliar
amilases fuangicas em fécula de batata-doce para producdo de bioetanol pela
Saccharomyces cerevisiae em laboratério. Endomelanconiopsis endophytica (1,40
U/mL), Neopestalotiopsis cubana (1,67 U/mL) e Fusarium pseudocircinatum (1,11
U/mL) com altas atividades enzimaticas foram selecionadas e suas amilases foram
testadas para atividade em fécula de batata-doce para producdo de bioetanol. A
sacarificagdo e fermentacdo simultaneas foram realizadas a temperatura de 30 °C e pH
=5,0. 17,3 - 88,1 (%) de bioetanol foram produzidos em relacédo ao rendimento teérico
esperado. Portanto, as amilases desses fungos inseridas simultaneamente sobre a
fécula da batata-doce e S. cerevisiae sdo potencialmente Uteis para a producdo de
bioetanol.

Palavras-chave: Amilases; Batata-doce; Producdo de bioethanol; E. endophytica; N.
cubana; F. pseudocircinatum.

Resumen

El bioetanol es una fuente de energia sostenible que contribuye a reducir las emisiones
contaminantes en el medio ambiente. Para ello, se desarrollan tecnologias para la
produccién de etanol y el uso de sustratos eficientes y de bajo coste. El objetivo de
esta investigacion fue evaluar las amilasas fungicas en el almidén de batata para la
produccién de bioetanol por Saccharomyces cerevisiae en laboratorio. Se
seleccionaron Endomelanconiopsis endophytica (1,40 U/mL), Neopestalotiopsis
cubana (1,67 U/mL) y Fusarium pseudocircinatum (1,11 U/mL) con actividades
enzimaticas altas y se probaron sus amilasas asociadas al almidén de batata para la
produccidn de bioetanol. La sacarificacion y la fermentacion simultaneas se realizaron
a 30° Cy pH =5,0. Se produjo un 17,3 - 88,1 (%) de bioetanol, en comparacién con el
rendimiento esperado. Por lo tanto, las amilasas de estos hongos insertadas
simultdneamente en el almidon de la batata y en S. cerevisiae son potencialmente
atiles para la produccion de bioetanol.

Palabras clave: Amilasas; Batata; Produccion de bioetanol; E. endophytica; N.
cubana; F. pseudocircinatum.

1. Introduction

In the future, non-renewable energy sources such as crude oil and its derivatives,
natural gas and coal, which together account for 81.1% of the world's energy demand
(International Energy Agency, 2021) will be of little use. Thus, the global community aims to
reduce the dependence on fossil fuels and to find sustainable forms of energy, such as biofuels
(Aditiya et al., 2016).

In Brasil, the contribution of renewable energy matrices is among the largest in the
world (48.4%), with 33.1% coming from biomass (Ministério das Minas e Energia, 2021). In
2020, the sectors that presented the highest use of renewable sources were industry and
transportation. The industrial sector presented renewability of 63% of its energy matrix. The
fraction of renewable energy used in Brazilian transportation is currently 25%, with ethanol
accounting for about 19.3% of fuel consumption (Ministério das Minas e Energia, 2021).
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These indices, which place Brasil in a prominent position on the world scene in the use of
biomass as an alternative energy matrix with the use of fossil fuels, justify the need to seek
the commercial use of bioproducts derived from plant material which are rich in
carbohydrates for the production of biofuels. The Brazilian technology for producing
bioethanol from sugarcane is one of the most successful and efficient worldwide. It’s uses
low-cost substrates, such as lignocellulosic material, which results in more competitive
biofuels (Goncalves et al., 2013). Second generation ethanol is derived from cellulosic or
starchy biomass, rich in carbohydrates that can be hydrolyzed into glucose (Machado &
Abreu, 2006), and it represents attractive renewable energy sources that can contribute widely

to the implementation of sustainable and less polluting use of energy matrices.

In China, sweet potato (Ipomea batatas L.) was chosen as the main vegetable for
bioethanol production, since the country produces about 92 million tons, i.e., more than 58%
of the world’s production. Asia with 66% of this total, followed by Africa (28.3%) and the
Americas (4.6%). Brazil ranks 16th among the largest producers of sweet potato, with 805,4
tons (Empresa Brasileira de Pesquisa Agropecuéria [Embrapa], 2021).

In this context, among biofuels, bioethanol is one of the sustainable alternatives for the
global environmental issue. Besides being environmentally friendly, it can replace gasoline
(Gronchi et al, 2019). Aiming to produce bioethanol on a laboratory or industrial scale, starch
(dry) or even fresh sweet potato can be used by simultaneous saccharification and
fermentation (SSF) by Saccharomyces cerevisiae, however, this yeast is not able to degrade
starch, so it is necessary to add enzymes wich are capable to hydrolyze starch in order to use
this carbon source (Zhang et al., 2011).

Microorganisms producing a-amylases are desirable sources and of a wide interest
because these enzymes exhibit structural and functional stability (Kumar et al., 2016). Among
different microbial organisms, such as fungi and bacteria, few are capable of producing a-
amylases, e.g., Lipomyces konenkoae, Streptomyces bovis, and glucoamylases, e.g., Rhizopus
oryzae, Aspergillus awamori, and Aspergillus tubingensis, as well as they are efficient in
degrading starch (Favaro et al., 2015). Among the micro-organisms, fungi are the most
responsive to industrial demands (Beltagy et al., 2022).

Amylases are hydrolases that catalyze the hydrolysis of starch synergistically,
producing dextrins and other smaller polysaccharides (Van Der Maarel et al., 2002). Thus, a-
amylase hydrolyzes internal a-1,4 bonds of the polymer producing linear or branched
oligosaccharides. In turn, f-amylases, glucoamylases break o-1,4 or a-1,6 bonds of non-

reducing terminals of the amylose and the amylopectin chain; and de-ramifying enzymes
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hydrolyze o-1,6 bonds in the branches of the polysaccharide (Astolfi, 2019). Enzymatic
hydrolysis of starch receives attention by researchers and the biofuels industry, as they can
reduce energy consumption and simplify production (Favaro et al., 2015)

In this context, in order to produce ethanol at the laboratory, in a pilot or industrial
scale from sweet potato, starch (dry) or even fresh sweet potato can be used by simultaneous
saccharification and fermentation (SSF) by Saccharomyces cerevisiae (Zhang et al., 2011).
SSF is an operational process that, in a single step, combines saccharification and
fermentation. In this assay, glucose monomers released by enzymatic hydrolysis of starch or
lignocellulosic residues are rapidly converted into ethanol (Souza Filho et al., 2016;
Schweinberger et al, 2016; Schweinberger, 2016). However, there are difficulties in
optimizing the temperature and pH parameters for enzymes and microorganisms
concomitantly (Schweinberger, 2016).

Aiming to try to circumvent these possible problems and to study the biotechnological
potential of amylases from fungi in the digestive tract of plant material fragmenting insects,
we tested three fungal strains: Endomelanconiopsis endophytica, Neopestalotiopsis cubana
and Fusarium pseudocircinatum that produced the highest levels of amylases with potential to
saccharify raw sweet potato starch. Thus, portions of raw starch were treated with enzymes
from each of the selected fungi and Saccharomyces cerevisiae for efficient bioethanol

production.

2. Methodology

2.1 Fungal selection

Thirty-six fungi from the Carlos Rosa Collection (CRC) of the Universidade Federal
do Tocantins, Palmas-TO, Brasil, were evaluated for their potential to produce amylases. The
three strains with higher amylolytic enzyme activity were selected and tested for bioethanol

production.

2.2 Growth media

The selected fungi were reactivated in Petri plates containing microbiological medium
Merck® potato-dextrose agar (PDA) prepared at 1% (w/v) concentration. The fungi were then
incubated in biochemical oxygen demand (BOD) - TECNAL 371 adjusted at 26 °C for up to
10 days for growth. Subsequently, a disk of each fungal isolate, approximately 1 cm in
diameter, was transferred to a 25 mL flask containing 3% malt extract solution on a rotary
shaker (100 rpm) for 3 days at room temperature for mycelium growth, and then small

aliquots of mycelium were stored in Eppendorf tubes (1.5 mL) and frozen at -20° C.
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2.3 Fungal enzymatic biosynthesis

A mineral solution following that proposed by Papanikolaou and Aggelis, (2002) was
prepared and enriched with sweet potato starch 1% (w/v). A disc of approximately 1 cm
diameter was taken from the cultured microbiological medium (PDA) of each strain and
inoculated into Erlenmayer flasks (125 mL) containing enriched mineral solution. Then, the
flasks were placed under agitation on SL-180/DT SOLAB® shaker table (100 rpm) for 5 days
for biosynthesis of amylolytic enzyme extract. In this study, the amylolytic enzyme activity

and characterization assays were performed in triplicate.

2.4 Amilolytic enzyme assay

The amylolytic enzymatic extracts of each strain were submitted to the enzymatic
activity assay, proposed by Ghose, (1987) adapted, to choose three fungal strains with higher
amylolytic enzymatic activities.

The amylolytic activities were determined by mixing 0.5 mL of amylases from each
fungal strain with 0.5 mL of 1% (w/v) substrate solution (0.5 g of sweet potato starch mixed
to 50 mL citrate buffer pH= 4.8). Then the solution was heated in a water bath at 50 °C for 30
min. The amount of reducing sugar released was measured using 3,5-dinitrosalicylic acid
(DNS) reagent (Miller, 1959). The potential (volumetric) amylolytic enzyme activity was
calculated as micromol per min (umol min-1) of reducing sugar in the enzyme solution
(U/mL) according to equation 1 (Ghose, 1987).

[Activity](U/mL) = [glucose](mg/mL) 0,37 Eqg. 1

Where: 0.37= estimated glucose content released upon hydrolysis of 1 U.

Total protein concentration was determined by the ultraviolet absorbance assay
(Layne, 1957; Aitken & Learmonth, 2001).

Equation 2 (Layne, 1957) for determining approximate total protein concentration

using ultraviolet absorbance is as follows:
[pTOteln](mg/mL) = (AZSO) 1,55 - (AZGO) 0,76 Eq 2

2.5 Strain identity
Mycelium samples from the 3 strains with best amylolytic enzyme activity were sent
for molecular identification, amplification, and gene sequencing to the laboratory of Applied

Molecular Biology at Instituto Bioldgico, Sdo Paulo-SP, Brasil (Roméo et al., 2024).

2.6 Sweet potato starch
The sweet potato starch was obtained by donation of a sealed 400 g package with

nutritional label stating 85% starch, by a local merchant.
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2.7 Enzyme characterization - pH and thermal stability

Portions of sweet potato starch were added to flasks containing citrate buffer at pH=
4.0; 4.5; 5.0; 5.5; 6.0; 6.5 to form 1% (w/v) substrate solutions. Then 0.5 mL of amylases
from each of the fungi were added separately to 0.5 mL of substrate solution at each pH and
the release of reducing sugars (Miller, 1959) was quantified at each pH for determination of
amylolytic activity as a function of pH.

Thermal stability of the amylases was verified by standardized assay of enzyme
activity at temperatures ranging from 20 °C to 90 °C. Samples (50 mL) of enzyme solution
were incubated in an ultratermostatic bath (SL 152 SOLAB®) for 1 hour (h) at temperatures
of 20, 30, 40, 50, 60, 70, 80 and 90 °C, and aliquots (0.5 mL) were taken at each temperature
to measure the amylolytic enzymatic activity as previously described according to Ghose
(1987) and adapted from: it.

2.8 Simultaneous saccharification fermentation assay

Triplicate solutions at 1% (w/v) were produced by mixing 0.5 g of sweet potato starch
added to 50 mL of amylolytic solution in citrate buffer (pH = 5.0) from each of the three
fungal strains and 0.5 g of FERMEL® Saccharomyces cerevisiae pellets, used in ethanol
production industries, to perform the simultaneous saccharification and fermentation (SSF)
assay. The bioreactors - Erlenmeyer flasks (125 mL) - were sealed with cotton stoppers and
then incubated in an ultrathin bath (SL 152 SOLAB®) adjusted to 30°C for 48 hours (h).

The standardized assay to verify SSF and consequent potential bioethanol production
was performed by withdrawing 1 mL aliquots from samples incubated at the following time
intervals (t): 0, 1, 2, 4, 6, 12, 24, and 48 h. Then, verifying reducing sugars (Miller, 1959).

2.9 Determination of ethanol concentration

Triplicate aliquots (1 mL) of SSF solution from each sample were withdrawn at each
time interval (t) and placed in Eppendorf tubes (1.5 mL), then frozen at (-20 °C) and sent to
Instituto Federal de S&o Paulo, Matdo, S&o Paulo, Brasil, for quantification of ethanol in
Trace GC Ultra Thermo Scientific gas chromatography equipment with FID detector and
TRIPLUS Headspace automatic injector, Agilent DB-5 column (30 mm 30.25 mm).

The assay was performed by injecting 1 puL of the sample, keeping the column at 35
°C for 7 minutes. Then a heating ramp of 15 °C/min was performed until 220° C was reached,
and it was kept at 220° C for 1 minute. The injector temperature was maintained at 250 °C.
After the gas chromatographic assay, the concentrations (% v/v) of bioethanol were

determined using the standard calibration curve equation.
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2.10 Statistical analysis and caculation
The results obtained were expressed as means and standard deviation, and the

bioethanol means were compared by Tukey's test at 95% confidence level (p < 0.05).

3. Results and Discussion

3.1 Fungi identification

The filamentous fungi identified and analyzed in this study are: Endomelanconiopsis
endophytica, Neopestalotiopsis cubana and Fusarium pseudocircinatum. The molecular
sequences and morphological structures were described by Roméo et al. (2024).

Using the Web of Science™ and PubMed® databases, as well as using as keywords
"fungal name" and "amylases" and "biothanol”, no scientific articles were found in the last 5
years that reported application of the fungi selected in this study for bioethanol production,
which highlights the originality of this study.

However, studies reporting phytopathogenic action of the fungi E. endophytica
(Douanla-Meli & Scharnhorst, 2021), N. cubana (Li, Li, & Yang, 2021), and F.
pseudocircinatum (Santillan-Mendoza et al., 2018; Kee, Zakaria, & Mohd, 2020) were found.
Furthermore, Ferreira et al. (2016) studied association of E. endophytica in medicinal plant
from Amazon region with production of bioactive compounds against amastigotes forms of

Trypanosoma cruzi.

3.2 Activity enzyme

The fungi E. endophytica, N. cubana and F. pseudocircinatum showed 1.40; 1.67 and
1.11 U/ mL as the best averages of amylolytic enzyme activity under the conditions of the
present study, T= 50° C and pH= 4.8 (Ghose, 1987), respectively. However, Beltagy,
Abouelwafa, & Barakat (2022), studying a-amylases purified from Aspergillus flavus,
observed amylolytic activities at T= 50° C (71.5 U/mL) and pH= 6.0 (65.17 U/mL)

Silva Santiago et al. (2022) when studying enzymatic activity of CMCases found that
F. pseudocicinatum showed peak enzymatic activity of 0.309 U/mL. However, Aguiar (2017)
and Almeida (2015) analyzed the amylase activity from filamentous fungi and they verified
that the highest amylolytic activities were of Aspergillus niger (1.09 U/mL) and Aspergillus
brasiliensis (3.8 U/mL), respectively.

The average amylolytic activity (U/mL), estimated total protein content (mg/mL), and

average specific activity (U/mg) are described in Table 1.
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Table 1. Enzyme activity, total protein content and specific activity of fungi.

Fungi Activity (U/mL)  Proteins (mg/mL)  Specific activity (U/mg)
E. endophytica 1.40+0.145 0.828 1.69+0.175
N. cubana 1.67 +£0.016 0.894 1.90 £ 0.018
F. pseudocircinatum 1.11 £0.037 0.865 1.28 £0.043

Source: Authors.

3.3 Temperature and pH

The influence of temperature and pH are determining factors in the enzymatic activity
and, in effect, influence the release of glucose molecules useful for bioethanol production.
Our study presented as optimal temperature (T) and pH points, respectively, T=50° C (Figure
1) and pH= 5.0 (Figure 2).

We observed that at 60° C, the enzymatic activities remained between 48% and 60%
of the maximum enzymatic activities and more than double the activity at the initial T (20°
C). However, after 60° C there is a progressive loss of fungal enzymatic activities, i.e., the
losses of amylolytic activities (LAA), in relation to the activities at initial T, reach, 62.9%,
74.8%, and 51.8% at 90° C, as described in Table 2.

We further note, that small variations around the optimum pH value cause reduction or
loss of amylolytic enzyme function (Figure. 2).

Table 2. Enzymatic activity (U/mL) as a function of temperature and loss of amylolytic
activity.

LAA
Amylase/Fungi 20°C 30°C 40°C 50°C 60°C 70°C 80°C 90°C )
0
E. endophytica 0.332 0.385 0.578 1.500 0.724 0.466 0.280 0.123 629
N. cubana 0.354 0.592 0.706 1.603 0.975 0.620 0.252 0.089 74.8

F. pseudocircinatum 0.243 0.367 0.460 0.957 0.592 0.326 0.218 0.117 5138

Note. LAA - relative loss of amylolytic activity by temperature variation 20 - 90° C.
Source: Authors.

Beltagy et al. (2022) showed that a-amylases expressed from Aspergillus flavus fungi
had thermal stability at 50 °C where they still maintained about 96.1 % of the initial activity,
and at temperatures of 60°C and 70 °C the a-amylases still maintained more than 51.2 % of
the initial activity.

Silva et al. (2018) when analyzing the thermal stability and pH of enzymes from
Trichoderma reesei observed that temperatures around 55 °C and pH= 2 - 11 showed higher
enzyme activities, but at temperatures above 60 °C the enzyme activity is strongly reduced,
indicating thermal degradation of the enzymes. Marco et al. (2015) studied the

characterization of the thermostability of B-mannanase from Aspergillus foetidus and
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determined the optimal temperature and pH, respectively, 60° C and pH variable between 3.0
-9.0.

We found in our study that the combination of temperature 50 °C and pH = 5.0
showed the maximum for amylolytic enzyme activity and therefore favor the release of
glucose in the bioreactor medium in SSF. Figures 1 and 2 show the behavior of the enzymatic

activity of each fungus as a function of T and pH, respectively.
Figure 1. Optimal temperature as a function of amylolytic activity.
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Figure 2. Optimum pH as a function of amylolytic activity.
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3.4 Bioethanol production

For SSF and thus bioethanol production, the temperature was kept at 30 °C for
optimization of fermentation by S. cerevisiae as performed by Gronchi et al. (2019) and pH=
5.0 in the fermentation bioreactors. However, Zhang et al (2013) adjusted in the bioreactors
pH= 4.0 and temperature at 30 °C for SSF assay for ethanol production from sweet potato
root. Figure 3 shows the average determined concentration (mg/mL) of glucose throughout

the SSF process.

Figure 3. Average concentration (mg/mL) of glucose released in SSF.
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Source: Authors.

As seenin Table 3, the bioethanol production yield of the fermented samples analyzed
within 48 h bring the the samples analyzed in this study showing yields of 17.3 - 88.1 (%) of
the expected theoretical yield (4.125 g/g glucose/L), with the sample (F. pseudocircinatum)
having the highest recorded yield, i.e., 3.635 g/g glucose/L.

Tabela 3. Average concentrations and yields in bioethanol production (48 h).
Sample/fungi Concentration (% v/v) Actual yield (%) Actual yield (g/g glucose/L)

E. endophytica 0.077 17.3 0.715
N. cubana 0.140 315 1.300
F. pseudocircinatum 0.392 88.1 3.635

Source: Authors.
Beltagy et al. (2022) produced bioethanol from free amylases from Aspergillus flavus
and S. cerevisiae incubated simultaneously, whose actual yield achieved was 0.07 g/ ¢

sugar/L. However, amylases from Fusarium oxyparum were used on starch-rich foods for
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conversion into bioethanol with the help of S. cerevisiae and thus yield of 20.6 g/L performed
in SSF (Prasoulas et al., 2020).

Furthermore, using factorial strategy to evaluate bioethanol production from Solanum
lycicarpum fruit starch and Saccharomyces bayanus yeast, Morais et al. (2019) obtained the
highest bioethanol production when 1 % glucose equivalent was fermented in 48 h. Under
these conditions the production yield was 92.13 %.

Using optimized cultivation factors for Candida albicans, the conversion rate of sweet
potato starch to bioethanol was 0.426 g/g, and of potato starch was 0.437 g/g (73 %) (Aruna et
al., 2014). However, Zhang et al. (2013) produced ethanol from sweet potato starch incubated
simultaneously with A. niger and Zymomonas mobilis yeast and then obtained from 14.4 g
ethanol/100 g starch, i.e., 87% of the theoretical yield.

The maximum ethanol concentrations determined from the samples analyzed during
48 h were: 0.163 (24 h; E. endophytica), 0.177 (6h; N. cubana), and 0.392 (48; F.

pseudocircinatum) (% v/v), as presented in Figure 4.

Figure 4. Ethanol concentrations determined over 48 hours.
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Source: Authors.

The lower concentrations of ethanol up to 12h of the samples (SSF - F.
pseudocircinatum) may be due to the possible interference of other proteins in the bioreactor
medium that delayed the amylolytic action on starch and, therefore, the release of
oligosaccharides and glucose; or by the inhibitory action of proteins on the fermentative
metabolism of yeast S. cerevisiae. However, after overcoming these possible influences, an

increasing increase in ethanol concentration was achieved up to 48 h.
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The fungi N. cubana and E. endophytica showed similar amylolytic activities.
However, it is verified that possible interferences previously commented, had little influence
in the sample (SSF - N. cubana) until 6 h, because it may have occurred synergistic action of
amylases that released glucose and then facilitated the fermentation by the yeast. Then, there
IS a reduction in ethanol contractions possibly due to the rapid degradation of amylases or
other chemical compounds that hindered the conversion of glucose into ethanol by the yeast

The samples (SSF - E. endophytica), in turn, presented lower variations in ethanol
concentration during 48 h, which possibly demonstrates a stable amylolytic enzymatic action,
therefore maintaining the fermentative process during this period. There was no statistically
significant difference in bioethanol concentrations of the fungi in 48 hours, by Tukey test at

95% confidence level.

4. Conclusion

The amylases from the fungi Endomelanconiopsis endophytica, Neopestalotiopsis
cubana and Fusarium pseudocircinatum are moderately tolerant to temperature variations and
poorly tolerant to pH variations. However, this research showed that fungal amylases applied
simultaneously with industrial S. cerevisiae on sweet potato starch showed performance in

SSF and thus are potentially useful for ethanol production, as good yields could be obtained.

Further studies should be performed to evaluate other conditions as well as starch-rich
substrates. It is suggested to perform enzyme purification studies and associate fermentative
yeasts as well as thermophilic microorganisms simultaneously, or studies of immobilization
of different amylases applied to SSF and comparative analysis of costs and energy yields in

different conditions of fermentative processes for bioethanol production.
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5. CONCLUSOES

Este estudo demonstrou que os fungos sdo importantes agentes transformadores e
provocam, cada vez mais, 0 interesse na busca de micro-organismos que possam apresentar
solucBes de interesse para a industria biotecnoldgica.

Os fungos filamentosos identificados e estudados séo provenientes de trato digestorio
de Phylloicus sp e, em sua maioria, endofiticos, segundo a literatura. Apresentaram atividade
amilolitica e mostraram ineditismo quanto a aplicacdo das enzimas para sacarificacdo e
fermentacdo simultaneos e producdo de etanol. Ademais, verificamos a producdo de
metabolitos secundarios com relevante atividade antioxidante.

Portanto, o presente estudo demonstra que as linhagens fungicas analisadas sé@o
capazes de produzir compostos bioativos de interesse na producdo de farmacos e cosméticos,
pigmentos e corantes e enzimas para a producdo de biocombustiveis, aplicacdo nas industrias
téxtil e de alimentos. Destarte, conjuntamente a literatura prévia, contribui para a hip6tese do
complexo papel que os fungos podem exercer no meio ambiente e como perspectivas para a
biotecnologia.

Novos estudos devem ser realizados para a prospeccdo de enzimas de interesse
biotecnoldgico, como pectinases, lipases, celulases, xilanases, como também novos bioativos
que possam ser produzidos por essas linhagens flngicas, seja na interface de interagdo com
hospedeiros vertebrados ou in vitro, que possam ser Uteis aos seres vivos, tais como anti-
inflamatorios, antibidticos, anti-helminticos, antifngicos e enzimas capazes de hidrolisar

material vegetal.
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