UNIVERSIDADE FEDERAL DO CEARA
CENTRO DE CIENCIAS
DEPARTAMENTO DE QUIMICA ORGANICA E INORGANICA
PROGRAMA DE POS-GRADUACAO EM QUIMICA

MARIA VIEIRA DE BRITO

ESTUDO DOS METABOLITOS SECUNDARIOS DE ACTINOBACTERIAS DOS
GENEROS STREPTOMYCES (ACTB-77 E ACTB-242) E AMYCOLATOPSIS (ACTB-290)
NA INIBICAO DE FUNGOS FITOPATOGENICOS

FORTALEZA
2021



MARIA VIEIRA DE BRITO

ESTUDO DOS METABOLITOS SECUNDARIOS DE ACTINOBACTERIAS DOS
GENEROS STREPTOMYCES (ACTB-77 E ACTB-242) E AMYCOLATOPSIS (ACTB-290)
NA INIBICAO DE FUNGOS FITOPATOGENICOS

Tese apresentada ao Programa de Pds-
Graduacdo em Quimica da Universidade
Federal de Ceara, como requisito parcial
para obtencdo do titulo de Doutora em
Quimica. Area de concentracdo: Quimica
Organica.

Orientadora: Profa. Dra. Maria da Conceicdo
Ferreira de Oliveira

FORTALEZA

2021



Dados Internacionais de Catalogagio na Publicagdo
Universidade Federal do Ceara
Sistema de Bibliotecas
Gerada automaticamente pelo moédulo Catalog, mediante os dados fornecidos pelo(a) autor(a)

B876e  Brito, Maria Vieira de.
Estudo dos metabolitos secundarios de actinobactérias dos géneros Streptomyces (ACTB-77 ¢ ACTB-
242) e Amycolatopsis (ACTB-290) na inibi¢fio de fungos fitopatogénicos / Maria Vieira de Brito. — 2021.
147 f. - il

Tese (doutorado) — Universidade Federal do Ceara, Centro de Ciéncias, Programa de Pés-Graduagio em
Quimica, Fortaleza, 2021.
Orientagdo: Profa. Dra. Maria da Conceigio Ferreira de Oliveira.

1. Streptomyces. 2. Amycolatopsis. 3. Atividade antifingica. 4. COVs. 5. Colletotrichum musae. 1.
Titulo.
CDD 540




MARIA VIEIRA DE BRITO

ESTUDO DOS METABOLITOS SECUNDARIOS DE ACTINOBACTERIAS DOS
GENEROS STREPTOMYCES (ACTB-77 E ACTB-242) E AMYCOLATOPSIS (ACTB-290)
NA INIBICAO DE FUNGOS FITOPATOGENICOS

Tese apresentada ao Programa de Pds-
Graduacdo em Quimica da Universidade
Federal de Ceara, como requisito parcial
para obtencdo do titulo de Doutora em
Quimica. Area de concentracdo: Quimica
Organica.

Aprovadaem:_ [/ /

BANCA EXAMINADORA

Profa. Dra. Maria da Conceicdo Ferreira de Oliveira (Orientadora)
Universidade Federal do Ceara (UFC)

Prof. Dr. Francisco Geraldo Barbosa
Universidade Federal do Ceara (UFC)

Profa. Dra. Mary Anne Sousa Lima
Universidade Federal do Ceara (UFC)

Profa. Dra. Cecilia Maria Alves de Oliveira
Universidade Federal do Goiania (CRTI)

Profa. Dra. Lucilia Kato
Universidade Federal do Goiania (UFG)

Prof. Dr. Marcos Carlos de Mattos (Suplente)
Universidade Federal do Ceara (UFC

Profa. Dra. Fatima Miranda Nunes (Suplente)
Universidade Federal do Ceara (UFC)



AGRADECIMENTOS

A Deus por me permitir pensamento positivo de coragem e perseveranga para concluir
esse trabalho. “Lembre de Deus em tudo o que fizer, e ele lhe mostrard o caminho certo (pv 3.6)”.

Aos meus pais Francisco Cardoso e Francinente Maria por todo amor e incentivo
emocional, que me fizeram acreditar no resultado positivo dessa carreira. Amo VOCEs e é por VOCEés
que concluo essa jornada.

Aos meus irméos Aurilene, Aurineide, Tarcisio, Francisco e Fabio, por acreditarem
que esse objetivo seria alcancado, aos meus sobrinhos Giovanna, Murilo, Jordana, Lorenzo, Julia,
Samuel Vitorio, Arthur e Heitor Gabriel e aos meus cunhados e cunhadas Juscelino, Ivanildo, Edna e
Leticia.

Ao meu esposo, Antdnio Aguiar Freitas por toda compreensdo e paciéncia ao longo
dessa jornada, a sua companhia foi fundamental no decorrer dessa etapa na minha vida. Amo-te e
muito obrigada por se fazer presente em todos 0s momentos.

A minha orientadora Dra. Maria da Conceicdo Ferreira de Oliveira pela amizade,
orientac&o, e por acreditar, confiar e me estimular a superar limites em que ndo seria capaz se ndo
tivesse encontrado pessoas assim pelo caminho. Por tudo que foi me acrescentado de conhecimento
cientifico e pessoal ao longo desses oito anos de convivéncia e por ter me apresentado pessoas que
foram essenciais para concluséo desse trabalho.

Ao Dr. Marto Viana por ter sido a ponte de acesso para desenvolvimento desse
trabalho na EMBRAPA, pela amizade e ensinamento ao logo dessa etapa (In memoriam).

Ao professor Dr. Jair Mafezoli pela amizade, paciéncia, e por todo o conhecimento
compartilhando, ao qual irei levar ao longo de minha vida profissional.

A professora Dra. Vania Bernades-Génisson pela orientacdo durante o periodo do
doutorado Sanduiche na Franga.

Ao Professor Dr. Marcos Carlos de Mattos e ao Professor Dr. Geraldo Barbosa por
sempre estarem disposto a contribuir ao longo do desenvolvimento desse trabalho.

A Professora Dra Fatima Nunes, pela amizade e incentivo.

As Professora Dra Lucilia Kato e Dra Cecilia Maria, pela amizade, incentivo e por
contribuirem na identificagdo dos compostos aqui descritos. Obrigada!

Ao grupo de pesquisa do SPCMIB da University Paul Sabatier em nome dos
pesquisares Dr. Ivys Geénisson e Dra. Stéphanie Ballereau. Obrigada pela receptividade e por todo

conhecimento compartilhado.



Ao grupo de pesquisa do LCC-CNRS em nome dos pesquisadores Dr. Remi Chauvin
e Dra. Valérie Maraval.

Aos colegas da EMBRAPA Jodo, Regimara, Wéverson, Samara, Suane, Hilton, Dr
Freire, Dr. Marllon, Dra Débora e Dra Celli pelas contribui¢fes para construgdo desse trabalho.O
presente trabalho foi realizado com apoio da Coordenacdo de Aperfeicoamento de Pessoal de Nivel
Superior — Brasil (CAPES) — Cddigo de Financiamento 001.



“Deus ndo escolhe os capacitados, capacita 0s
escolhidos. Fazer ou ndo fazer algo so depende de
nossa vontade e perseveranga.”

(Albert Einstein)


http://pensador.uol.com.br/autor/albert_einstein/

RESUMO

Nesse trabalho apresentamos o estudo do potencial antifingico de compostos organicos volateis
(COVs) e ndo volateis produzidos por cepas actinobactérias da rizosfera de Caatinga contra fungos
fitopatdgenos, com foco especial em Colletotrichum musae. Nesse estudo vinte cepas foram
selecionadas quanto a capacidade de produzir metabolitos secundarios com potencial de inibicado
do crescimento (IC) contra C. musae. No capitulo um mostramos os resultados para os estudos com
COVs, em que foi observado os maiores potenciais de IC para COVs produzidos pelas cepas
ACTB-77 e ACTB-290, ambas identificadas por abordagem molecular como Streptomyces sp. e
Amycolatopsis sp., respectivamente. O efeito dos COVs dessas cepas de actinobactérias na estrutura
morfolégica das hifas do fungo C. musae foi investigado por MEV e revelou deformacéo
significativa dos filamentos celulares desse fungo, especialmente no caso do ACTB-290. Os COVs
foram investigados sob condi¢Ges de culturas axénicas e de co-cultura usando abordagens
combinadas de HS-SPME-GCMS, e os dados foram analisados por estatistica de reconhecimento
de padrbes. A maioria dos COVs foi identificada, representando 92-100% das areas de picos totais.
Linalol (38,53 % 5,19) e geosmina (17,25 * 2,55) foram os principais constituintes de COVs de
ACTB-77, enquanto dissulfeto de dimetila (48,49 + 3,48) e trissulfeto de dimetila (21,14 + 3,50)
foram os principais compostos de COVs produzidos por ACTB-290. No capitulo dois mostramos
0s resultados para os estudos com metabolitos secundarios ndo volateis, produzidos pelas cepas
ACTB-242, identificadas por biologia molecular como Streptomyces sp., as porcentagens de
inibicdo de crescimento para os Fusarium Oxysporum, Colletotrichum brevisporum e C. musae
tratados com extratos produzidos por essa cepa variaram de 65 a 80%. Estudos de Desreplicacao
usando UHPLC-MS/MS associado a redes moleculares networking foram utilizados na
identificacdo de compostos da classe de isocumarinas e piericidinas. A exploracdo das
concentragdes inibitérias minimas (CIM) dos extratos preparados, sem resinas e com as resinas
apresentaram inibicdo total de crescimento micelial para C. musae as concentragdes de 250 ug/mL,
62,5 pg/mL e 31,25 pg/mL.

Palavras-chave: Streptomyces; Amycolatopsis; COVs; isocumarinas; piericidina; Colletotrichum

musae; atividade antifungica.



ABSTRACT

In this work we present the study of the antifungal potential of volatile and non-volatile organic
compounds (VOCs) produced by actinobacterial strains from the rhizosphere of Caatinga against
phytopathogenic fungi, with a special focus on Colletotrichum musae. In this study, twenty strains
were selected for their ability to produce secondary metabolites with potential for growth inhibition
(Cl) against C. musae. In chapter one, we show the results for studies with VOCs, in which the
highest potential of 1C for VOCs produced by strains ACTB-77 and ACTB-290, both identified by
molecular approach as Streptomyces sp. and Amycolatopsis sp., respectively. The effect of VOCs
from these strains of actinobacteria on the morphological structure of hyphae of the fungus C. musae
was investigated by SEM and revealed a significant deformation of the cell filaments of this fungus,
especially in the case of ACTB-290. VOCs were investigated under axenic culture and co-culture
conditions using combined HS-SPME-GCMS approaches, and data were analyzed by pattern
recognition statistics. The majority of VOCs have been identified, representing 92-100% of the total
peak areas. Linalool (38.53 + 5.19) and geosmin (17.25 = 2.55) were the main constituents of
ACTB-77 VOCs, while dimethyl disulfide (48.49 + 3.48) and dimethyl trisulfide (21.14 + 3.50)
were the main compounds of VOCs produced by ACTB-290. In chapter two we show the results
for studies with non-volatile secondary metabolites, produced by ACTB-242 strains, identified by
molecular biology as Streptomyces sp., the growth inhibition percentages for Fusarium Oxysporum,
Colletotrichum brevisporum and C. musae treated with extracts produced by this strain ranged from
65 to 80%. Dereplication studies using UHPLC-MS/MS associated with molecular networks
networking were used to identify compounds from the class of isocoumarins and piricidins. The
exploration of minimum inhibitory concentrations (MIC) of extracts prepared without resins and
with resins showed total inhibition of mycelial growth for C. musae at concentrations of 250 pg/mL,
62.5 pg/mL and 31.25 pg/mL.

Keywords: Streptomyces; Amycolatopsis; VOCSs; isocoumarins; piericidin; Colletotrichum musae;

antifungal activity.
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1 CONSIDERACOES GERAIS

Os produtos naturais sdo metabolitos secundarios originario de uma miriade de fontes, incluindo
plantas, animais, organismos marinhos, micro-organismos, vertebrados e invertebrados. Muitas dessas
moléculas sdo usadas como fonte de medicamentos, especialmente nos paises em desenvolvimento,
devido ao seu baixo custo e disponibilidade.*

A exploracdo dos micro-organismos como fonte de metabolitos secundéario, surgiu com a
descoberta da penicilina do Penicillium notatum por Alexander Fleming em 1928. A partir de entéo, 0s
compostos oriundos de micro-organismos passaram a ser utilizados na medicina, agricultura, inddstria
alimenticia, entre outros.?

Nesse cenario de exploracdo do micro-organismos como fonte de metabolitos secundarios surge
a importancia das actinobactérias, bactérias Gram-positivas contendo alto teor de guanina + citosina. As
actinobactérias apresentam estrutura morfologica de micélio complexo e forma aéreo, com pigmentacéo
e esporulacéo caracteristicos. E um potencial biossintético robusto para produzir metabolitos secundarios
de uma ampla diversidade estrutural

As actinobactérias sdo fontes de dois tercos de todos os antibidticos de origem natural e uma
variedade de drogas anticancer, antifungicas e imunossupressoras, além de apresentarem bioatividades
contra a maioria dos fitopatdgenos, incluindo fungos e oomicetos. Estdo abundantemente distribuidas no

ambiente como solo, agua doce, dgua do mar.*

1.1 O Género Streptomyces

As Streptomyces representam o maior género das actinobactérias, possuem forma filamentosa
semelhante aos fungos. A morfoldgia de Streptomyces é caracterizada pelo desenvolvimento multicelular
complexo, no qual seus esporos germinativos formam hifas septadas, criando uma cadeia de esporos néo-
nucleados, com micélio aéreo.’

Quando um esporo de Streptomyces encontra condi¢des favoraveis de temperatura, nutrientes e
umidade, o tubo germinativo é formado e as hifas se desenvolvem. A célula esporogénica pode conter
cinquenta ou mais copias de cromossomos. A ordem, posi¢éo e segregacdo dos cromossomos durante a
esporulacdo € linear. Esse género de actinobactérias € responsavel por produzir uma variedade de
antibidticos, enzimas industriais e metabdlitos secundarios bioativos, incluindo herbicidas e
fungicidas.>®

Figura 1-Culturas de cepas de Streptomyces sp.
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As streptomyces sdo fontes economicamente sustentaveis para a sintese de compostos
antifangicos. Esse género é considerado um dos mais importantes na biossintese de compostos bioativos
que inibem vérios fungos patogénicos de plantas. Ele contribui com mais de 60% dos compostos
antimicrobianos descritos na literatura até o momento.’

Os primeiros anos de pesquisa com antibioticos levaram a descoberta da estreptomicina de
Streptomyces griseus, cloranfenicol de Streptomyces venezuelae, clortetraciclina de Streptomyces
aureofaciens, cefalosporina de Cephalosporin Cephalosporium, eritromicina de Saccharopolyspora
erythraea.® Alguns exemplos de compostos com atividade antif(ngica isolados de espécies de

Streptomyces estdo ilustrados a seguir.®*

Tabela 1-Exemplos de compostos com atividade antifingica isolados do género Streptomyces.

Origem

Compostos )
(Espécie de Streptomyces)

Streptomyces nodosus

}:o
\ N//’ ‘\\OH
MO AN o O8oH
L ) OH Streptomyces tendae
H
OH NH, o)

OH OH OH

Streptomyces noursei

w

HO

Nistatina
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Streptomyces sp.

Natamicina

OH OH OH OH OH OH

Streptomyces pentaticus

ﬁ‘)\/k/\/\/k/\’(o“
Streptomyces sp. SN0280

HO o0—

OH

S. hyaluromycini MB-PO13

Rubromicina CA2

1.2 O género Amycolatopsis

O género Amycolatopsis foi proposto pela primeira vez por Lechevalier e colaboradores em 1986.
Esses micro-organismos pertencem a familia de actinomicetos, que atualmente inclui 94 espécies
verificadas e 4 subespécies. E formam um ramo Unico na &rvore evolutiva na familia das
Pseudonocardiaceae, variando em suas caracteristicas morfoldgicas, formando hifas aéreas de substrato
ramificadas, que se fragmentam em formas quadrados ou de bastdo, podendo suas cepas ser mesofilicas
ou termofilicas.™

As Amycolatopsis possuem um contetdo de DNA composto de 66 a 73% molar de guanina +
citosina. Este género pode ser separado de outros, usando caracteristicas morfoldgicas,
quimiotaxondmicas e analise da sequéncia do gene 16S rRNA.12 12

A maioria das Amycolatopsis colonizam uma grande variedade de solo arido ou hiperarido e

tém estilos de vida quimio-organotroficos e facultativamente autotroficos. Elas sobrevivem em ambiente
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terrestre (inseto, liquen, ilha, planta) e marinho (esponja, sedimento). Os varios habitats em que elas sdo
colonizadas, permitem que as Amycolatopsis produzam metabolitos secundarios de classes variadas e
abundantes. **

O género Amycolatopsis é considerado fonte de diversos metabdlitos secundarios bioativos
valiosos, que abrangem muitos antibidticos. Os compostos encontrados para esse género em sua maioria
sdo classificados em polifendis, policetideos lineares, macrolideos, macrolactamas, peptideos triazdlicos,
peptideos ciclicos, glicopeptideos, derivados de amida, derivados de glicosideo e sesquiterpenos. *

Algumas espécies de Amycolatopsis foram relatadas por produzirem varios tipos estruturais de
antibioticos, a vancomicina e rifamicina em especial sdo considerados antibidticos de aplicacéo clinica
comum. 1215

As actinobactérias do género Amycolatopsis também sdo exploradas ainda que incipiente em
estudo de controle bioldgico frente a fungos fitopatdgenos. Estudos de relagdes antagbnicas com cepas
de Amycolatopsis BX17 frente a Fusarium graminearum RH1 inibiu em 100% o crescimento micelial
desse micro-organismo pela secrecio de compostos antiftingicos.'® Além disso, estudos direcionados
com cepas de Amycolatopsis sp. foram descritos na literatura com concentracdo inibitria minima de
6,25 g/L de extrato bruto na total inibicdo de crescimento de Colletotrichum gloeosporioides.” Alguns

exemplos de compostos biativos (antibioticos) isolados de espécies Amycolatopsis estéo ilustrados a
seguir ( Tabela 2).*2

Tabela 2 - Exemplos de compostos biativos isolados de espécies do género Amycolatopsis.

Compostos _ Origem _
(Espécie de Amycolatopsis)

N o o o T
NH H
07 ™ Amycolatopsis sp. ML1-hF4

Valgamicina C
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Amycolatopsis alba

Amycolatopsis mediterranei

Kigamicina A

Amycolatopsis sp. ML630-mF1

o
OH
o
o
N
H H
(o]
OH
Cl

Epoxiquinomicina A

Amycolatopsis sulphurea

.\\\o

o o oH oV o
OH
O‘O‘ 1110H
O OH

Mutactimicina A

H

-

Amycolatopsis sp. 17128
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Amycolatopsis sp. K16-0194

Dipirimicina B

Com base na importancia das actinobactérias na bioprospeccdo de metabdlitos secundarios
bioativos, surgiu o interesse em investigar o potencial bioativos contra fungo fitopatogénicos de
actinobactérias do género Streptomyces e Amycolatopsis.

Os capitulos que compdem esse trabalho estdo descritos de acordo com os seguintes objetivos
principais:

Capitulo 1-ldentificar o perfil de compostos orgéanicos volateis das actinobactérias Streptomyces
ssp. (ACTB-77) e Amycolatopsis spp. (ACTB-290) e avaliar o potencial de inibicdo de crescimento de
fungos fitopatogénicos via COVs, com foco especial na inibicdo de Colletotrichum musae.

Capitulo 2-Investigar os extratos produzidos pela actinobactéria Streptomyces ssp. (ACTB-242)
por meio de analises de desreplicacdo na identificacdo de compostos pertencentes a classe das
isocumarinas e piericidinas, assim como avaliar o potencial antifungico desse extrato frente aos fungos

fitopatogénicos Colletotrichum musae, Colletotrichum brevisporum e Lasiodiplodia theobromae.
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Abstract

The antifungal potential of volatile organic compounds (VOCs) produced by actinobacterial strains
Streptomyces sp. (ACTB-77) and Amycolatopsis sp. (ACTB-290) from the rhizosphere of Caatinga
plants against Colletotrichum musae was investigated. VOCs produced by these microorganisms (axenic
and co-culture) were investigated using headspace-solid phase micro-extraction (HS-SPME) and gas
chromatography-mass spectrometry (GC-MS). Although no exclusive VOC peaks were observed in the
co-culture with ACTB-77, the same experiment involving ACTB-290 yielded five new peaks, including
two identified alcohols, suggested as bioreductive products of the corresponding ketones by the fungus.
Statistical analysis revealed that co-culture ACTB-77/C. musae has a closer similarity to the fungus than
to the actinobacteria, while the co-culture ACTB-290/C. musae showed closer similarity to the
actinobacteria. These confirmed the more pronounced antifungal activity of the ACTB-290 strain, as

observed in the fungus growth inhibition experiments. The antifungal activity of ACTB-290 was

* Corresponding author: M. C. F. Oliveira (mcfo@ufc.br)
https://orcid.org/0000-0002-7445-2347

T1n Memoriam. This paper is dedicated to Dr. Francisco Marto Pinto Viana, Brazilian phytopathologist who motivated us to

develop this research and passed away during the manuscript preparation.


mailto:mcfo@ufc.br
https://orcid.org/0000-0002-7445-2347

25

associated to its sulfur-containing metabolites, while linalool was suggested as responsible for the
ACTB-77 activity.
Keywords: VOCs, HS-SPME-GCMS, Amycolatopsis, Streptomyces, Colletotrichum musae, Antifungal.

1 INTRODUCTION

Colletotrichum species are recognized as phytopathogenic fungi accountable for anthracnose
diseases in a great variety of crops distributed worldwide.> Among them, C. musae is known to be
responsible for the main postharvest anthracnose in bananas. This quiescent fungus contaminates the
fruit at preharvest stage, and the disease symptoms emerge at postharvest when the fruit achieved
advanced stage of maturity.>® The use of fungicides to control C. musae has been considered an
unfeasible approach because it demands multiple pulverizations.® Moreover, it has been observed great
demand for fruits with low pesticide residues by consumers. This has forced some countries to have more
strict regulations on the maximum limits of pesticides in fruits for import and export.2 Therefore, the use
of biocontrol agents (BCA) in substitution of chemical fungicides is a greener and more efficient strategy
to control phytopathogens, including C. musae.t?3

Microorganisms present a sophisticated metabolism that is responsible for the production of a
myriad of metabolites with diverse molecular structures. Many of the microbial produced compounds,
especially those from the secondary metabolism, are known for their biotechnological potential.*®
Besides producing non-volatile chemical structures, microorganisms can also provide volatile organic
compounds (VOCs), also referred as microbial VOCs (mVOCs), which play important role in several
microbe-microbe interactions.

Microbial VOCs are composed by lipophilic chemical structures with high vapor pressure, which
pass through biological membranes (live organism) to be released into the environment where the living
organism is found.” Many of these compounds are by-products of primary metabolism yielded through
different pathways, such as fermentation, aerobic heterotrophy, amino acid catabolism, sulfur reduction,
and terpenoid biosynthesis. It is known about 2,000 mVVOCs, with the most common belonging to the
chemical classes of alcohols, alkanes, alkenes, aromatic compounds, nitrogen- and sulfur-containing
compounds, and terpenes.®

When subjected to co-culture techniques, microorganisms can activate silenced genes, leading
to the production mVOCs.>% that will play important role in several microbe-microbe interactions,
including antagonism. This latter relationship has been used in studies aiming to identify mVVOCs
responsible for performing inhibitory activity against phytopathogens.***? In this context, rhizosphere
microorganisms, especially bacterial strains, play an important role in agriculture, protecting plants

against phytopathogens,*® and being used as biological control agents in the effective management of
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plant diseases.™ It is noteworthy the importance of actinobacteria (filamentous Gram-positive bacteria),
which are rich sources of secondary metabolites,'>® being responsible for the production of various
VOCs.

Actinobacteria have great potential of VOCs production, with the most frequently identified
compounds being butan-1-ol, 2-methylpropan-1-ol, 3-methylbut-3-en-1-ol, 3-methylbutan-1-ol,
dimethyl disulfide, dimethyl trisulfide, 2-phenylethanol and geosmin.!®" This latter mVOC is a
sesquiterpene responsible for the “after-the-rain” smell. Streptomyces species are responsible for
producing many VOCs, most of them derived from terpenoids with antifungal properties and biocontrol
effectiveness. For example, methylvinylketone, produced by S. griseoruber, is reported to inhibit the
germination of spores from the fungus Cladosporium cladosporioides.®® Likewise, VOCs produced by
S. alboflavus and S. philanthi promoted growth inhibition of Fusarium moniliforme, F. fujikuroi,
Aspergillus flavus, A. ochreceus, A. niger, Penicillium citrinum, Rhizoctonia solani, Pyricularia grisea
and Bipolaris oryzae.®Additionally, VOCs from S. globisporus inhibited the mycelial growth, spore
germination and appressoria formation of Botrytis cinerea in tomato fruits and protected them against
post-harvest gray mold caused by this fungus.?

Studies on mVVOCs highlight the use of headspace-solid phase micro-extraction (HS-SPME) as
appropriate tool to obtain the compounds under relatively mild conditions. The extraction occurs in the
absence of solvent, and it is based on the partition equilibrium of analytes between the sample matrix
and the extraction phase.??? Different types of mixed fibers can be used as matrix, including
polydimethylsiloxane-divinylbenzene-carboxene (PDMS/DVBI/CAR), polydimethylsiloxane-
divinylbenzene (PDMS/DVB) and polydimethylsiloxane-carboxene (PDMS/CAR). Therefore, an
effective extraction of VOCs using HS-SPME requires the optimization of the protocol, varying
important parameters, such as fiber coating and headspace conditions (e.g., extraction time and
temperature).?® After HS-SPME procedure, the separation and identification of the extracted compounds
is done through the hyphenated technique of gas chromatography-mass spectrometry (GC-MS).242

Comparative studies of mVVOCs produced by actinobacteria strains from rhizosphere cultured
under axenic and co-culture conditions to identify antifungal compounds are still incipient. Therefore,
herein we report the results from the mVVOCs produced by twenty actinobacteria strains, isolated from
rhizosphere associated to Caatinga growing plants, with antagonist effect against the phytopathogen
fungus Colletotrichum musae. It is noteworthy that Caatinga is a semi-arid ecosystem found exclusively
in Brazil. Because Amycolatopsis sp. (ACTB-290) and Streptomyces sp. (ACTB-77) were the most
promising strains against Colletotrichum musae, VOCs produced by these microorganisms under axenic

and co-culture conditions were investigated.
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2 EXPERIMENTAL

2.1 Microorganisms and culture medium

Twenty strains of actinobacteria from the rhizosphere of Caatinga plants (Table 1) used in this
work were obtained from the Laboratory of Phytopathology at Embrapa Tropical Agro-business
(CNPAT, Fortaleza, Ceara, Brazil).

Table 1- Actinobacteria strains isolated from Caatinga plants and their respective geographic locations.

Strain code Plant Source Geographic location
ACTB-10 Mimosa arenosa
ACTB-25 M. arenosa 4°11'26,62"S 38°29'50,78"0
ACTB-32 Bauhinia forficata
ACTB-77 Combretum leprosum 6° 6'1.18"S 39°23'0.29"0
ACTB-166 Sideroxylon obtusifolium 4°33'4.44"S 39°37'53.18"0
ACTB-171 Croton blanchetianus 5°12'55.97"S 37° 0'57.07"0
ACTB-172 Myracrodruon urundeuva
ACTB-177 Cordia trichotoma
ACTB-227 C.trichotoma
ACTB-242 Cereus jamacaru
ACTB-246 C. jamacaru
ACTBO0-282 Commiphora leptophloeos 0ma A AANG BA0ATt "
ACTB-285 Anadenanthera colubrina 4°334.44"S 39°3753.18"0
ACTB-286 A. colubrina
ACTB-290 A. colubrina
ACTB-291 A. colubrina
ACTB-292 A. colubrina
ACTB-296 A. colubrina
ACTB-299 Croton blanchetianus
ACTB-305 Licania rigida 4°33'7.98"S 9°38'24.48"0

The strain of the phytopathogenic fungus Colletotrichum musae (MMBF226/12) was donate by
the Biologic Institute of S&o Paulo. C. brevisporum (CMM-1179), Lasiodiplodia brasiliense (strains
CMM-2248 and CMM-2253), L. theobramae (CMM-22004), L. hormozganensis (CMM-2211) and L.
viticola (CMM-2252) strains were from Federal Rural University of Pernambuco (UFRPE), Collection
of phytopathogenic fungi culture-Prof. Maria Menezes (CMM collection).

All microorganisms were cultured in commercially available potato dextrose agar medium (39.0

g L1, consisting of 84.4% of potato broth, 8.4% of dextrose and 7.2% of bacteriological agar.

2.2 Screening on actinobacteria producing VOCs with antifungal activity against C. musae
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The selection of VOCs-emitting actinobacteria strains with antifungal activity followed the
methodology described in literature®® with C. musae was used as target fungus. The 20 strains of
actinobacteria were grown, separately, in PDA for 5 days. Subsequently, a 5 mm disk of the culture of
each of these microorganisms was transferred to one side of a bi-Petri Himedia® plate (Figure S1) and
the plate was kept for 2 days under a static condition at 28 °C. After that, a 5 mm disk of mycelium of
the C. musae, previously grown in PDA for 5 days, was inoculated on the other side of the bi-Petri plate
(Figure S1). For each experiment, control plates were prepared containing only the C. musae (absence
of actinobacteria). All the plates were wrapped with double layers of Kasvi® parafilm and incubated
under static conditions at 28 °C for 5 days. The inhibition of mycelial growth of the fungus was expressed
in percentage (%), Equation 1, considering the average diameters of the fungus growth in the control
plate and in the experiment.?’ The diameters were measured with an 100mm electronic digital caliper
ruler carbon fiber composite vernier. Bioassays were performed in triplicates and the obtained data were
analyzed according to one-way ANOVA and the values were considered significant when p < 0.05

(GraphPad prism).

Gl % = Bc—de

x 100 Equation 1

where @c and Je represent the average diameters of the growth fungus in the Petri dishes from the

control (fungus only) and experimental sample with the actinobacteria, respectively.

2.3 Antifungal activity of VOCs produced by ACTB-290 and ACTB-77 strains against C. musae

The antifungal activity of VOCs emitted by actinobacteria Amycolatopsis sp. (ACTB-290) and
Streptomyces sp. (ACTB-77) was assayed against the phytopathogenic fungus C. musae using Petri dish
Kasvi® (80 mm diameter) and following the double-dishes method.?® A cell suspension (10 pL) of the
actinobacteria was inoculated in a Petri dish containing PDA culture medium. The plate was incubated
for 48 h, at 28 °C, under static condition. After this period, a5 mm disk of the previously cultured fungus
mycelium (5 days old) was inoculated in the center of another 80 mm diameter Petri dish containing
PDA (Figure S2). Then, the Petri dishes containing the microorganisms (actinobacteria and fungus) were
placed inversely over each other without the lids to establish a double dish set, and immediately sealed
with Kasvi® parafilm. In this case, the distance between the micro-organisms cultures was 1.5 cm (Figure
S2). The double dish sets were disposed in manner that the fungus and actinobacteria cultures were
disposed at up and down positions, respectively. The experiment was incubated under static conditions

at 28 °C and for 5 days. As control experiment, Petri dishes were inoculated with the fungus exposed to



29

PDA culture medium only. The diameter (mm) of the fungus mycelium was measured daily until the
fungus finished growing on the fifth day in the control experiment. Experiments were carried out in
triplicate and all data obtained, using the computer GraphPad prism program=, were analyzed according
to one-way ANOVA, which determined a significant difference with p < 0.05.

2.4 Antifungal activity of VOCs produced by ACTB-290 strain against other phytopathogen fungi

The antifungal activity of VOCs emitted by actinobacteria Amycolatopsis sp. (ACTB-290) was
assayed against the phytopathogenic fungal strains C. brevisporum, Lasiodiplodia brasiliense, L.
theobramae, L. hormozganensis, L. brasiliense and L. viticola, following the same procedure
aforedescribed for C. musae. In this case, the diameter (mm) of each mycelium was measured daily until
completed fungus growing in the control experiment, which varied as follows: C. brevisporum (8 days),
L. theobramae (8 days), L. brasiliense (strain CMM-2248: 5 days; strain CMM-2253: 4 days), L.

hormozganensis (4 days) and L. viticola (3 days).

2.5 Molecular identification of actinobacteria strains ACTB-290 and ACTB-77

The genomic DNA of all strains was extracted using the Bacterial Genomic DNA purification kit
from HIMEDIA (Mumbai, India), following the manufacturer's instructions. DNA quantification was
performed by the NanoDrope 2000c spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA),
version 1.0, and the concentration of 10 ng “'L-1was then diluted and stored at -20 °C. The nucleotide
sequence of the 16S genomic region of ribosomal DNA (rDNA) was amplified by a polymerase chain
reaction (PCR) using primers 27F (5'-GAGTTTGATCMTGGCTCAG-3 ) and 1492R (5'-
ACGGYTACCTTGTTACGACTT-3"). The PCR mixtures (50 puL) contained 6.25 puL of genomic DNA
(10 ng puL-1), 10 puL of 5 x buffer, I uL of ANTP (10 mM), 2 uLL of MgCl2 (25 mM), 0.8 puL of each primer
(10 mM), 0.5 pLL of GoTaq polymerase (5 U pL-1) and 28.65 puL of ultrapure sterile water.

A Flexigene thermal cycler from Techne (Woonsocket, USA) was used in the PCR
amplifications, programed as follows: initial denaturation step at 94 °C for 2 min, followed by 35
denaturation cycles at 94 °C for 60 s, annealing at 56 °C for 45 s and extension 72 °C for 60 s, with a
final extension at 72 °C for 10 min.*® The PCR products were separated by electrophoresis on 1.5%
agarose gel in 1X Tris Borate EDTA buffer, stained with ethidium bromide (0.5 mg mL-1) for 1 min and
visualized under UV. After checking the amplified bands, 40 pL aliquots of each PCR product were
purified and sequenced by Macrogen Inc. (Seoul, South Korea).

The nucleotide sequences were edited using the BioEdit program version 7.0.5! and were

subjected to identity verification using the basic local alignment search tool (Basic Local
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AlignmentSearch Tool = BLASTn) from GenBank®, followed by manually alignment using Clustal\W®
with strings previously published and deposited in GenBank (NCBI). The phylogenetic analyses of
maximum parsimony were performed using the PAUP 4.0 program beta 10%. For the analysis of
maximum parsimony, the following options were selected: heuristic searches, tree-bisection-
reconnection (TBR), branch swapping and MULTREES. The statistical support of the tree was tested

using bootstrap analysis with 1,000 replicates.

2.6 Scanning Electron Microscope (SEM) imaging of C. musae hyphae

Morphological analyses of C. musae was performed in a scanning electron microscope (SEM),
model 940 A, from Zeiss DSM (Jena, Germany), at an acceleration voltage of 15 kV. Samples (1-5 mm
cubes) of PDA containing the fungus hyphae were transferred to a 2 mL Eppendorf vial already
containing 1mL of Karnovsky solution®. After 1 h at room temperature under static conditions, the
Karnovsky solution was removed, and samples were washed for 10 min with 0.1 M phosphate buffer
solution (3 x 2mL). An aliquot (enough to cover the samples) of 1% solution of OsO4 was added to the
Eppendorf vial and maintained for 1 h at room temperature under static condition. After removing the
solution, the samples were washed three times (15 min between each washing) with distilled water,
followed by dehydration with increasing concentration of ethanol solution (20, 40, 60, 80 and 100%).
Subsequently, the samples were brought to the critical drying point in a critical point drying apparatus,
model K850, from Quorum Technologies (Laughton, England), then placed in metallic sample holders

(stabs). After being coated with a gold layer, the samples were analyzed in SEM equipment.

2.7 Optimization of mVOCs extraction by HS-SPME

The experiment to optimize mVOCs extraction by HS-SPME was carried out with the
actinobacteria Amycolatopsis sp. (ACTB-290) and it was based on a similar experiment described in the
literature.®® The following Supelcoe (Pennsylvania, USA) solid phase microextraction fibers (SPME),
needle size 24ga and fiber length 1 cm, were used: polydimethylsiloxane-divinylbenzene-carboxen
(PDMS/DVB/CAR; df: 50/30 pm), polydimethylsiloxane-divinylbenzene (PDMS/DVB; df: 65 um) and
polydimethylsiloxane-carboxen (PDMS/CAR; df. 85 um). The fibers were conditioned prior to use
following the manufacturer's recommendations.

The actinobacteria strain was inoculated into Petri dishes containing PDA medium and incubated
for 7 days at 28 °C under static condition. Subsequently, 10 mL of the still liquid PDA medium was

added to a 20 mL vial. After solidification of the medium in the vial, a 5 mm disk of the previously
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inoculated actinobacteria was added. The vial containing the inoculum was immediately closed with
silicone septum, closed with a threaded cap and maintained 5 days at 28 °C under static condition. Then,
the vial was placed in a water bath (at 30 or 50 °C) and, after 5 min, a fiber was inserted through a hole
in the septum (1 cm above the microorganism), Figure S3. The time of VOCs extraction varied from 10
to 40 min. After each extraction time, the fiber was removed from the vial, and inserted into a gas
chromatograph (GC-FID) injector model QP-2010s (Shimadzu Corporation, Tokyo, Japan) for 5 min at
250 °C (splitless mode) for thermal desorption of the analytes. The GC-FID was equipped with a DB-
5MS capillary column (film thickness: 30 m x 0.25 mm x 0.25 um) from Agilent J&W GC Columns
(Santa Clara, USA). Analytical conditions were: GC oven temperature 40 °C for 2 min; 10 °C/min up to
195 °C; 7 °C/min. up to 220 °C; 10 °C/min up to 260 °C. Volumetric flow of the mobile phase (helium
gas) of 0.59 mL/min; detector temperature was 250 °C. All experiments were carried out in triplicate,
resulting in 72 analyses. Number of peaks and areas were presented as total mean values of all
compounds. The obtained data were analyzed using the free software for statistical computing, R

Program.®’

2.8 HS-SPME and GC-MS analysis of VOCs produced by Amycolatopsis sp. (ACTB-290) and
Streptomyces sp. (ACTB-77) under axenic culture and co-culture with C. musae

2.8.1 mVOCs Extraction by HS-SPME

Experiments of VOCs extraction were performed with the actinobacteria Amycolatopsis sp.
(ACTB-290) and Streptomyces sp. (ACTB-77) under axenic culture and co-cultured with C. musae. All
microorganisms were previously grown, separately, in Petri dishes containing PDA medium for 5 days
at 28 °C under static condition. Microbial VOCs extraction by HS-SPME was carried out using the
optimized conditions (fiber: PDMS/DVB/CAR; extraction time: 30 min; extraction temperature: 50 °C).

Three 20 mL EPA Sigma Aldrich® vials (PTFE/silicone septum) were used, two for axenic
cultures (actinobacteria and fungus) and one for co-culture (actinobacteria together with fungus). PDA
medium (10 mL) was added to each vial of axenic culture and the microorganisms (actinobacteria and
fungus) were inoculated in the center of each vial. In the case of the co-culture experiment, 3 mL of the
culture medium was added to one side of the vial in a horizontal position. After solidification of the PDA
medium, an additional 3 mL of the medium was added on the opposite side of the same vial (Figure S4).
Initially, a 5 mm disk of the actinobacteria strain previously inoculated in the Petri dish was added to the
vial corresponding to its individual culture and another 5Smm disk to one side of the vial of the co-culture

experiment. After 48 h, a5 mm disk of the fungus previously inoculated in the Petri dish was added to
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the flask corresponding to the individual culture experiment and another 5 mm disk to the other side of
the flask of the co-culture experiment (opposite side of the actinobacteria strain).

After 5 days of microorganisms’ inoculation, all vials were placed in water bath at 30 °C and, 5
min later, the PDMS/DVB/CAR fiber was inserted through a hole in the septum (1 cm above the
microorganism). Microbial VOCs were extracted for 30 min at 30 °C. Then, the fiber was removed and
inserted into the GC-MS injector using the same conditions previously described in the experimental of
optimization of mVVOCs extraction by HS-SPME. The experiments were carried out in triplicate and
PDA medium (without microorganism) was used as control, resulting in 18 analyses (3 axenic culture of
ACTB-290; 3 axenic culture of ACTB-77; 3 axenic culture of C. musae; 3 co-culture of ACTB-290 + C.

musae; 3 co-culture of ACTB-77 + C. musae; 3 control).

2.8.2 mVOCs Analysis by GC-MS

Extracted mVVOCs were analyzed in a gas chromatograph (GC model 7890B) coupled to a
massspectrometer (MS model 5977A MSD) from Agilent Technologies Spain (Madrid, Spain).
Compounds were separated in GC using the same conditions previously described in the experimental
of optimization of mVVOCs extraction by HS-SPME. Electron impact (70 eV) MS data were recorded
with m/z from 50 to 500 Daltons at intervals of 0.5s.

Compound identification was carried out by comparison of the mass spectra obtained for each
compound with the one reported in mass spectral libraries,® including NIST 05 and NIST 27 (National
Institute of Standards and Technology, Gaithersburg, USA),* as well as PUBCHEM®. Additionally, the

Kovats index was calculated for each compound using a mixture of saturated n-alkanes C7-C30.

2.9 Statistical analysis of the experiments

The data matrices were used in the present work for pattern recognition statistical analysis after
a pretreatment. This latter corresponds to the integrated peaks of the major compounds after removing
all peaks of the control experiments (culture medium blank) and baseline (noise and low concentration
peaks).

Matrix 1 refers to C. musae, ACTB-77 and their co-culture (C. musae and ACTB-77); matrix 2
refers to C. musae, ACTB-290 and their co-culture (C. musae and ACTB-290); matrix 3 refers all
samples used in matrices 1 and 2. For all these matrices, lines correspond to these samples and columns
correspond to the mVVOCs peaks after the pretreatment. The organized matrices were autoscaled and then

subjected to a principal component analysis (PCA) to observe differences and similarities between the
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samples. For matrix 1 and 2, two principal components (PC) were used while three PCs were used for
matrix 3. PCA calculations were performed using PLS-ToolBox 5.2%! and Matlabe 2010%.

The significant differences between each group were calculated with a t-test using the scores
values of each individual class, similar to what was initially used in the SIMCA (Soft Independent

Method of Class Analogy) models.*

3 RESULTS AND DISCUSSION

3.1 Screening on actinobacteria producing VOCs with antifungal activity against C. musae

Twenty strains of actinobacteria isolated from rhizosphere of plants from Caatinga biome (Table
1) were assayed for their ability to produce VOCs capable to inhibit the growth of C. musae, a
phytopathogen fungus responsible for causing anthracnosis in banana culture.? Experiments were
performed in bi-Petri dishes (Figure 1) and growth inhibition (GI) was recorded after 5 days of culturing.
Gl percentages were calculated through comparison between the control experiments (fungus only; Gl
0%) and experiments with both microorganisms (fungus and actinobacteria). Figure 1 shows that all
actinobacteria strains assayed promoted fungal growth inhibition (GI 50.3-73.7%) and, among them,
ACTB-77 (Gl 68.0%) and ACTB-290 (Gl 73.7%) promoted the highest inhibitory effect. Therefore,
these two strains were selected for molecular identification and further VOCs investigation under axenic

and co-culture conditions.
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Figure 1- Growth inhibition (%) of C. musae by volatile organic compounds (VOCs) produced by the twenty actinobacteria
strains assayed, calculated through comparison of the control experiments (fungus only; GI 0%) and experiments with both
microorganisms (fungus and actinobacteria).
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3.2 Molecular identification of strains ACTB-77 and ACTB-290

The promising antifungal potential of VOCs produced by strains ACTB-77 and ACTB-290 in
the growth inhibition of C. musae motivated their identification by molecular approach. Strains ACTB-
77 and ACTB-290 showed 99% similarity to Streptomyces spp. and Amycolatopsis spp., respectively
According to the most parsimonious phylogenetic tree (Figure 2) obtained from the 16S sequence data
set of strains of the genus Amycolatopsis, the sequence of strain ACTB-290 was grouped in a clade with
strains of Amycolatopsis sp. with 100% bootstrap support, strain while ACTB-77 was grouped in a
distinct clade of the genus Streptomyces sp.

ACTB - 290

Q357989 Amycolatopsis sp.
Q357992 Amycolatopsis sp.

3r AB248537 Amycolatopsis niigatensis

83 -AJ252832 Amycolatopsis albidoflavus
AB248535 Amycolatopsis echigonensis

AY262825 Amycolatopsis plumensis

79 AJ293754 Amycolatopsis mediterranei
F771262.1 Amycolatopsis roodepoortensis
AJ400711 Amycolatopsis orientalis

DQ110876 Amycolatopsis umgeniensis

DQO076482 Amycolatopsis minnesatensis

HQ157190 Amycolatopsis magusensis

99 100[JN656710 Amycolatopsis dongchuanensis
LAF223354 Am ycolatopsis sacchari
81 ¥ J529702 Amycolatopsis xylanica

I:AF 466101 Amycolatopsis granulosa
98 Q668525 Amycolatopsis thermalba

JIN566027 Streptomyces rimosus subsp. Paromomycinus
80 [J

N566018 Streptomyces lydicus
DQ026654 Streptomyces sioyaensis
FJ406112 Streptomyces tubercidius
100 AB184817 Streptomyces angustmyceticus
HQ244461 Streptomyces platensis
JN566020 Streptomyces ramulosus
AY 999778 Streptomyces catenulos
ACTB-77
JN566021 Streptomyces rimosus subsp. Rimosus

DQO026653 Streptomyces varsoviensis

79 AB18423 Streptomyces pseudogriseolus

AB184326 Streptomyces parvulus
JN050256 Streptomyces chilikensis
AF114036 Streptomyces nodosus
AB184755 Streptomyces californicus
AF145223 Streptomyces avermitilis
AY 370677 Streptomyces roseoflavus
AB433856 Bifidobacterium mongoliense

81

10

Figure 2- Phylogenetic tree inferred by maximum parsimony (MP) of data from the 16S genomic region of the rDNA for
sequences of the genera Amycolatopsis and Streptomyces. Bootstrap values (> 70%) with 1000 repetitions are shown in the
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respective branch. Bifidobacterium mongoliense was used as an external group. The sequences in this study are highlighted
in bold.

3.3 Antifungal activity of VOCs from Streptomyces sp. (ACTB-77) and Amycolatopsis sp. (ACTB-
290) against C. musae

To evaluate the antifungal activity of VOCs produced by the two selected strains in more detail,
a new experiment was carried out to monitor the growth inhibition starting from the first day of microbial
inoculation until the fifth day of experiment when the control fungus strain occupied 100% of the Petri
dish. As observed in Figure 3, the two strains promoted similar growth inhibitions of the fungus, which

initiated from the second day of incubation and continued until the end of the experiment.

- control
-8~ Streptomyces sp. (ACTB-77) —
4+ Amycolafopsis sp. (ACTB-290) /{.,/

80+

Mycelial growth diameter (mm)

Time (days)

Figure 3 -Results from the antifungal activity of Streptomyces sp. (ACTB-77) and Amycolatopsis sp. (ACTB-290) against C.
musae.

3.4 SEM imaging of C. musae hyphae
The Petri dishes from the fifth day of the afore mentioned assays (control and co-culture) were

used to investigate the mVVOCs effects on the morphological structure of the fungus hyphae by scanning

electron microscopy (SEM), Figure 4.
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Figure 4 -SEM imaging (20 uM) of C. musae hyphae in the fifth day of experiment: (A) under axenic culture (control); (B)
in co-culture with Streptomyces sp.; (C) in co-culture with Amycolatopsis sp.

Figure 4A shows the perfect stage of C. musae hyphae under axenic cultured (control), with
fungal cell structure having straight, cylindrical and long hyaline (non-septate hyphae), and their walls
remaining smooth and shiny.* The effect of VOCs from actinobacteria ACTB-77 strain on C. musae
hyphae is observed in Figure 4B. Although most of the hyphae showed wrinkled and withered aspects,
a small portion of cell filaments was partially unharmed, and no breakage of the hyphae was observed.
SEM image of fungus hyphae from co-culture experiment with ACTB-290 strain is depicted in Figure
4C. Inthis case, it was observed the deformation of all filaments of residual cells, with wrinkled, withered
(loss of turgor) and brittle aspects, suggesting a possible leakage of the intracellular material.
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Thus, SEM imaging analysis of C. musae hyphae revealed that VOCs produced by the
actinobacteria strains during co-culture experiments promote deformation of the fungal cell filaments.
The highest antifungal activity of VOCs from Amycolatopsis sp. (ACTB-290) was corroborated through
the greatest damage observed in the fungal hyphae image.

3.5 Antifungal activity of VOCs from Amycolatopsis sp. (ACTB-290) against Lasiodiplodia and
Colletotrichum strains

The antifungal potential of VOCs from Amycolatopsis sp. against C. musae motivated the
investigation of the activity of this strain against other species of phytopathogenic fungi, one from
Colletotrichum genus (C. brevisporum) and five species of Lasiodiplodia (L. brasiliense, L. theobramae,
L. harmozganensis, L. brasiliense and L. viticola), Figure 5.

Among the tested fungal strains, the VOCs of ACTB-290 presented significant growing
inhibition (GI > 50%) of C. brevisporum (GI 76.0%), L. theobramae (GI 68.0%) and L. harmozganensis
(GI 54.4%). Comparison of these results with those obtained previously against C. musae (Gl 80.5%)

suggests that the actinobacteria is more selectivity to Colletotrichum species.
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Figure 2 -Results from the antifungal activity of Amycolatopsis sp. (ACTB-290) against: (A) Lasiodiplodia viticola; (B) L.
brasiliensis-2253; (C) L. brasiliensis-2248; (D) L. theobromae; (E) Colletotrichum brevisporum. Fungus strain under axenic

culture is the control experiment.

3.6. ldentification of VOCs produced by Amycolatopsis sp. (ACTB-290) and Streptomyces sp.
(ACTB-77) under axenic culture and co-culture with C. musae

3.6.1 Optimization of the VOCs extraction from Amycolatopsis sp. (ACTB-290) by HS-SPME

As already mentioned, studies on mVVOCs first require the experiment optimization by varying

fiber coating and headspace conditions.?® Thus, experiment optimization involved the actinobacteria
ACTB-290 by varying fiber coating (PDMS/DVB/CAR, PDMS/DVB and PDMS/CAR), the extraction
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time (10, 20, 30 and 40 min) and temperature (30 and 50 °C). Microbial VOCs were analyzed by GC-
MS and evaluated in relation to the quantity and area of the peaks in each experiment. Based on the
variation of the observed error, it was concluded that temperature is a significant factor, being more
important than the extraction time. However, when analyzing the interactions between fiber, extraction
time and temperature, it was noticed that, for this matrix, these variables are independent. After all data
analyses of the optimization experiments of the mVOC extraction of ACTB-290 by HS-SPME, the
optimum conditions were established as: fiber coating PDMS/DVB/CAR, extraction time 30 min and

extraction temperature 50 °C.

3.6.2. Identification of VOCs produced by the microorganisms

The actinobacteria strains, Streptomyces sp. (ACTB-77) and Amycolatopsis sp. (ACTB-290), and
the phytopathogen fungus C. musae were cultured (axenic and co-culture conditions) in PDA medium
for mVVOCs production. For all microorganisms, HS-SPME experiments were performed using the
optimized conditions (PDMS/DVBJ/CAR, 50 °C and 30 min). Analyses of their respective VOCs were
done by GC-MS and their composition are displayed at Table 2. Mass spectra of the microbial

produced compounds are available in Figure Sb.

Table 2. Volatile organic compounds (VOCs) produced by the rhizosphere actinobacteria Streptomyces sp. (ACTB-77) and
Amycolatopsis sp. (ACTB-290) strains, and the phytopathogen fungus Colletotrichum musae (CM) under axenic and co-
culture conditions. Compounds listed and numbered (column Nr.) by crescent order of their RI.

Compound Axenic culture Co-culture
Peak area (% + SD) Peak area (% + SD)

Nr Name RI RI* CM ACTB-77 ACTB-290 CM+ CM+

. ACTB-77 ACTB-290
1 3-Methyl-butan-1-ol 731 731 23.82+£2.07 1.77+0.11 - 6.42 +0.75 5.76 £ 0.09
2 2-Methyl-butan-1-ol 732 732 5.85+0.31 0.98 +0.08 - 2.43+0.26 2.51+0.02
3 3-Methyl-pentan-2-one 747 750 - 2.03+0.04 - - -

4 Dimethyl disulfide 752 751 - - 48.49 +3.48 2.18 £ 0.68
5 3-Methylbutan-1-ol 869 869 0.96 £0.04 - -

acetate

6 2,4-Dithiapentane 893 892 4.32+0.85 0.58+0.11
7 6-Methyl-heptan-2-one 947 949 2.47 £0.07 0.77 £0.06
8 Dimethyl trisulfide 976 976 21.14 £ 3.50 0.76 £0.25
9 B-Myrcene 980 988 1.14+£0.22 4.95 + 0.65 1.33+£0.02 0.66 +£0.07
10 Not identified 985 0.94+0.04 0.36 £0.05
11 2-Methylenebornane 990 (n.H)* 1.13+£0.04 0.78 £0.20
12 a-Phellandrene 994 1002 8.09+172 - 11.94+0.39 | 11.91+0.65
13 a-Terpinene 1008 | 1014 343+0.74 - 4.22 +0.05 6.02+£0.21
14 p-Cymene 1017 | 1020 3.16+047 - 350+0.11 3.47+0.28
15 B-Phellandrene 1023 | 1025 | 28.38+4.89 - 43.01+153 | 4471+261
16 2-Methyl-2-bornene 1023 | 1021 2.42 £0.26
17 trans-p-Ocimene 1042 | 1044 241 +£0.35 - -
18 | Methyl 2-ethylhexanoate | 1048 | 1043 2.49 £0.04 0.53 £0.01
19 Not identified 1058 2.13+0.74 1.29 £+ 0.54
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20 1-Octanol 1064 | 1063 1,52 +0.24
21 Linalool 1092 | 1095 38.53+5.19 6.08 + 0.49
22 2-Nonanone 1094 | 1090 1.14+£0.24 2.40+0.10
23 2-Nonanol 1102 | 1097 0.47 £0.04
24 Phenylethyl alcohol 1106 | 1107 7.44 +0.62 1.97 £0.32 3.31+£0.30
25 allo-Ocimene 1123 1127 0.71+0.11
26 Not identified 1129 1.7+0.23
27 | Methyl(methylthio)methyl | 1135 | 1134 1.95 £ 0.07

disulfide
28 p-Menthone 1148 | 1148 0.97 £ 0.26 1.26 £0.10 1.93 £ 0.06
29 p-Mentha-1,5-dien-8-ol 1160 | 1165 0.72 £ 0.06 0.43+0.08
30 2-Decanone 1162 1167 0.80 £0.07 0.92£0.12
31 Menthol 1166 | 1167 1.39+£0.15 0.31+£0.03 0.58+0.11
32 2-Methylisoborneol 1177 | 1180 2.27 £0.05 1,51 +£0.24
33 Not identified 1182 0.76 £ 0.09
34 | p-Mentha-1(7),2-dien-8-ol | 1184 | 1186 1.64 +0.15 0.62+0.15
35 a-Terpineol 1186 | 1186 1.10+£0.63 1.68 £ 0.08
36 Thymol methyl ether 1228 | 1230 5.06 + 0.55 0.95+0.05
37 Carvacrol methyl ether 1235 | 1240 4.24 +0.68 0.64 £ 0.03
38 Geraniol 1249 | 1249 1.86 + 0.43 0.49 £ 0.03
39 Not identified 1254 1.55 +0.25 0.80 £ 0.09
40 Not identified 1261 1.64+0.17 0.42 +0.09
41 1-Decanol 1264 1266 0.79 £ 0.07
42 Not identified 1284 0.75+£0.04 0.23+0.01
43 2-Undecanone 1296 1293 0.93+0.11 0.35 £ 0.05
44 2-Undecanol 1303 1301 0.65 +0.05
45 Not identified 1330 0.52 £ 0.05
46 Silphinene 1335 | 1339 0.42 £ 0.06 1.33+£0.49 0.43+0.02
47 Not identified 1337 0.71+0.10
48 2-Dodecanone 1362 1361 1.45 £ 0.05 0.19 £ 0.05
49 Not identified 1370 0.87£0.04 0.48 + 0.05
50 Not identified 1375 0.28 £ 0.03
51 Not identified 1401 1.69+1.19 0.66 + 0.05
52 Geosmin 1410 1399 17.25+ 2.55 3.08£0.16
53 Not identified 1446 0.30+0.04
54 2-Tridecanone 1464 1467 0.67 +0.04 0.31+0.07
55 Not identified 1470 1.03+0.14
56 Not identified 1470 0.39+£0.03
57 B-Chamigrene 1476 | 1476 0.91+0.19 0.48 + 0.05 0.39+0.05
58 y-Gurjunene 1479 | 1479 0.39 £0.08
59 Aristolochene 1486 | 1487 7.56 +1.41 3.50+0.19
60 a-Selinene 1498 | 1498 3.60+0.75 1.76 £ 0.21 1.54 +0.20
61 Viridiflorene 1501 | 1497 0.39 + 0.06
62 Not identified 1515 0.73+0.13
63 7-epi-a-Selinene 1522 | 1520 0.53+0.11 0.47 +0.05 0.20 £ 0.02
64 Selina-3,7(11)-diene 1539 | 1542 6.92 +0.09 1.43+£0.12
65 2-Tetradecanone 1565 1570 1.02 +0.03
66 (2)-8-Dodecen-1-ol 1588 | 1588 0.13+£0.02

acetate

67 1-Tetradecanol 1643 1647 0.83 £0.07
68 a-Eudesmol 1647 | 1652 0.26 +0.02
69 Mint sulfide 1738 | 1740 0.2 +0.02

RI: retention index; RI*: retention index from literature®; n.f.: not found; SD: standard deviation; a Although the RI* from literature is
missing for compound 11, it was identified by comparison of its mass spectra with that published in the literature3® for the compound 2-

methylenebornane.
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3.6.3 mVVOCs profile under axenic culture

3.6.3.1 Fungus C. musae

The study on VOCs produced by C. musae under axenic culture resulted in 18 recorded peaks,
all of them identified by GC/MS analysis (Table 2). Among them, 3-methyl-butan-1-ol (1) and f-
phellandrene (15) were found as the main compounds. These two compounds, together with a-
phellandrene (12), phenylethyl alcohol (24) and aristolochene (59) represent ca. 75% of the mVVOCs peak
area. Constituents from C. musae were distributed into three different cases, non-terpenoids (4
compounds; ca. 38% total area), monoterpenes (9 compounds; ca. 49% total area); sesquiterpenes (5
compounds; ca. 13% total area). No reports on VOCs produced by either C. musae or any other congener
species were found in the literature for comparison purposes. Instead, the literature reports studies on
VOCs either from bacteria strains with inhibition of Colletotrichum species.* 6 or from plants/fruits

contaminated with some fungus strains.*" 8

3.6.3.2 Actinobacteria Streptomyces sp. (ACTB-77)

The study on VOCs produced by ACTB-77 strain under axenic culture yielded 27 peaks recorded
in the GC chromatogram (Table 2). Among them, 70% of the compounds (19 peaks) were identified,
together representing ca. 91% of the total area of all recorded peaks. The monoterpene linalool (21) and
the sesquiterpene geosmin (52) were found as the main constituents, these two compounds accounting
for ca. 56% of the mVVOCs peak area. The identified compounds included non-terpenoids (6 compounds;
ca. 8% total area), monoterpene (9 compounds; ca. 76% total area) and sesquiterpene (5 compounds; ca.
8% total area). Sesquiterpene mint sulfide (69) was the only sulfur-containing compound produced by
ACTB-77.

Some of these non-terpenoid compounds have been reported as by-products from primary
metabolic pathways of actinomycetes.® Previous investigations of VOCs profiling of Streptomyces
isolates were reported in literature.*® A total of twenty-six Streptomyces strains were assayed for their
ability to produce VOCs.Y In this study, 53 compounds were identified out of the 120 detected peaks.
The compounds were classified as alkanes, alkenes, alcohols, esters, ketones, sulfur-compounds, and
terpenes. As for ACTB-77, 3-methyl-butan-1-ol (1), 2-methyl-1-butanol (2), and geosmin (52) are among
the most frequent compounds produced by the microorganisms. A similar study involved VOCs
production of twelve Streptomyces strains, eleven of them from rhizosphere. Besides the presence of
alcohols, aldehydes and terpenes, geosmin (52) was the common constituent to all isolates.*
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The production of the monoterpene linalool (21) as major constituent by ACTB-77 called special
attention in this work since similar result was found only in previous studies on VOCs produced by two
strains of S. philanthi, RM-1-138.1° and RL-1-178,% both isolated from the rhizosphere soil of chili
peppers in Thailand. Among the 39 mVVOCs produced by RL-1-178 strain under axenic cultured in wheat
seed medium, linalool (21; 13.55%) and geosmin (52; 13.75%) were also found as the major
compounds.® Linalool (21; 9.06%) was the main compound produced by RM-1-138 strain under the
same experimental conditions, while geosmin (52) was found in only 1.23%.

S. clavuligerus linalool synthase (bLinS) was discovered and identified as catalysts for linalool
production using metabolic engineering platform.®® The use of bLinS in metabolically engineered
monoterpene-producing E. coli strains yielded a 300-fold higher linalool production compared with the
corresponding linalool synthase from plant. Therefore, the identification of this monoterpene as major
constituent produced by ACTB-77 and S. philanthi (RM-1-138 and RL-1-178 strains),1%50 may represent
examples of linalool synthase expression in Streptomyces strains. It is worth highlighting that linalool
has high commercial value since it is used in fragrance, cosmetic and non-cosmetic products, as well as
intermediate in organic syntheses. Thus, the use of commercial linalool reaches more than 1,000 metric
ton/year worldwide.*

Comparison between VOCs produced by the actinobacteria ACTB-77 and those identified for
the fungus C. musae, revealed compounds 3-methyl-butan-1-ol (1), 2-methyl-butan-1-ol (2) and B-
myrcene (9) as the only chemical constituents common to both the microorganisms. Nevertheless, despite
the alcohol 1 is a major compound produced by the fungus (23.82+2.07%), it is found in only 1.77+0.11%
in the actinobacteria VOCs peak area. Both microorganisms produced B-myrcene (9) in low
concentrations, 1.14+0.22% (C. musae) and 4.95+0.65% (ACTB-77 strain).

3.6.3.3 Actinobacteria Amycolatopsis sp. (ACTB-290)

The study on VOCs produced by ACTB-290 strain under axenic culture provided 22 peaks
recorded in the GC chromatogram (Table 2). From these, 17 peaks (82% of the peaks) were identified,
accounting for ca. 94% of the total area of all recorded peaks. Dimethyl disulfide (4) and dimethyl
trisulfide (8) were the major compounds, together representing ca. 70% of the VOCs peak area. Besides
these two, 2,4-dithiapentane (6) and methyl(methylthio)methyl disulfide (27) were also identified as
sulfur-containing compounds. The identified compounds included four sulfur-derivatives (ca. 76% total
area), nine non-terpenoids (ca. 12% total area) and three bicyclic monoterpenes (ca. 6% total area).

Actinobacteria from Streptomyces and Amycolatopsis genera are known to be proficuous sources
of non-volatile antibiotic compounds.>? Nevertheless, different from Streptomyces that has a VOCs

profile reported from some of its species, no study on VOCs identification of Amycolatopsis species was
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found in the literature. A significant difference was clearly observed between the VOCs profile of these
two actinobacteria strains. While Streptomyces sp. (ACTB-77) produced terpenes (21 and 52) as main
constituents, Amycolatopsis sp. (ACTB-290) yielded sulfur-containing compounds (4 and 8) as
predominant in its VOCs peak area. It should be said that, although dimethyl disulfide (4) and dimethyl
trisulfide (8) were not produced by Streptomyces sp. (ACTB-77), they have been included as two
common constituents on the list of putative VOCs from eleven Streptomyces strains isolated from a
Rhizoctonia-suppressive soil, as well as from a strain of S. lividans.*® Additionally, comparison between
VOCs profiles of actinobacteria ACTB-290 and C. musae showed no common compounds for these two

microorganisms.

3.6.4 mVOCs profile under co-culture

3.6.4.1 Co-culture of ACTB-77 and C. musae

During the co-culture experiment for mVVOCs extraction by HS-SPME it was clearly observed
the inhibition of the fungus growing, corroborating the already discussed antifungal activity of ACTB-
77 against C. musae. GC/MS analysis of the VOCs produced by the microorganisms in the co-culture
experiment yielded 26 peaks (Table 2). Among them, only 3 compounds (ca. 1.7% of the total area)
were not identified.

As already mentioned, compounds 3-methyl-butan-1-ol (1), 2-methyl-butan-1-ol (2) and f-
myrcene (9) were the only VOCs produced by both microorganisms under axenic culture. These three
compounds were also identified in the co-culture. Excluding these compounds, comparison of the VOCs
profile of the actinobacteria under axenic culture (24 exclusive peaks) and that from the co-culture with
the fungus revealed only ten compounds from ACTB-77. These were: linalool (21), a-terpineol (35),
thymol methyl ether (36), carvacrol methyl ether (37), geraniol (38), geosmin (52) and selina-3,7(11)-
diene (64), besides three non-identified. Therefore, fourteen VOCs produced by the actinobacteria under
axenic culture were not detected in the co-culture experiment. It is worth highlighting that, 21 and 52,
both major compounds produced by the actinobacteria under axenic culture, showed a lowed percentage
of peak area in the co-culture.

a-Phellandrene (12) and B-phellandrene (15), both compounds identified as C. musae VOCs
under the axenic culture, were the major constituents in the co-culture. In this latter experiment, a
considerable increment in the production of 15 by the fungus was observed. Studies from the literature
revealed the antibacterial activity of fruit and plant essential oils with high content of the sesquiterpene

15.5% % This suggests that the increment of this compound in the co-culture may be a fungal defense.
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The antifungal activity of VOCs produced by Streptomyces sp. (ACTB-77), may be due to the
presence of monoterpenes (especially linalool, 21) with the bioactivity already reported in the

literature.55°6:57:58,59

3.6.4.2 Co-culture of ACTB-290 and C. musae

As observed for the co-culture experiment of ACTB-77 and C. musae, during the VOCs
extraction of ACTB-290 co-cultured with the same fungus it was observed inhibition of the fungus
growing. GC/MS analysis of the VOCs produced in the co-culture experiment recorded 36 peaks, with
29 of them (81%; ca. 96% of the total area) being identified (Table 2). Comparison of the peaks recorded
in this experiment with those from the axenic cultures of the microorganisms, it was observed that 16
peaks (4 non-identified compounds) were related to compounds produced by the actinobacteria, 15 peaks
were produced by the fungus, and 5 peaks (3 non-identified compounds) were related exclusively to the
co-culture.

Among the 22 VOCs produced by the actinobacteria ACTB-290 cultured under axenic
condition, only 2-methyl-2-bornene (16), methyl(methylthio)methyl disulfide (27), 2-tetradecanone (65),
(2)-8-dodecen-1-ol acetate (66) and 1-tetradecanol (67), besides one of the non-identified compounds
(RT 10.87 min.), were not observed in the co-culture. Concerning to C. musae, only compounds 3-
methylbutan-1-ol acetate (5), p-menta-1,5-dien-8-ol (29) and aristolochene (59), which were produced
by the fungus under axenic culture, were not detected in the co-culture. Again, the fungal VOCs a-
phellandrene (12) and B-phellandrene (15) were the major constituents in the co-culture. There was a
significant increase in peak area the fungal compound o-terpinene (13) in the co-culture, compared with
the axenic culture.

Differently from what had been observed in the co-culture of the fungus and the actinobacteria
ACTB-77, the study involving strain ACTB-290 yielded five exclusive peaks, that include the two
identified mVVOCs 2-nonanol (23) and 2-undecanol (44). Interestingly, these alcohols may be thought as
bioreduction products of the respective Coand Ci1 ketones (VOCs from actinobacteria) from the fungus.
Thus, the antifungal activity of Amycolatopsis sp. (ACTB-290) against C. musae may be associated to
its sulfur-containing metabolites dimethyl disulfide (4) and dimethyl trisulfide (8), both previously

reported as potent fungicides.® &

3.7 Statistical analysis of the experiments

The statistical analysis discussed herein is related to the comparison between the relative

concentrations of the peak areas of each compound produced by the microorganisms under axenic culture
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and those produced in the co-culture (ACTB-77 and C. musae; ACTB-290 and C. musae). A principal
component analysis (PCA),%? was performed, which is an unsupervised pattern recognition algorithm
used to represent a high number of results through two graphics called scores and loadings. The scores
graph presents the similarity/differences between each culture while the loadings graphic displays the
constituent that is important for differences and similarities between each group. In summary, all peaks
are converted into new variables, called PCs, each one accounting for the data variability. Thus, similar
samples are close in the scores graphic while different samples are distant. The relative concentration of
each constituent is displayed in loadings graphics, which have the same axes presented in the scores
graphics. When the scores and loadings graphics are overlaid, it is possible to deduce that the relative
concentration of a constituent will be higher for the sample with high scores. Each number displayed in
loadings graphics represents a peak which it is identified in Table 2, and which was listed in increasing
order of the retention index.

3.7.1 ACTB-77, C. musae and their co-culture

PC1 and PC2 explain 80.36% of the data variance (Figure 6), being possible to analyze all
constituents in the samples using only these two variables. It was observed a natural separation tendency
of the groups, which are represented by red (ACTB-77 strain), dark blue (C. musae strain) and light blue
(co-culture) colors (Figure 6a). In this case, the highest separation was observed for the samples from
the axenic culture of the actinobacteria since these samples presented the highest scores values in PC1
(Figure 6a). The relative concentrations of the constituents are represented in the loadings graph (Figure
6b) by circles with three different colors, where red, dark blue and light blue are associated to the highest

concentration constituents from the actinobacteria (ACTB-77), C. musae and co-culture, respectively.
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blue) and the co-culture (light blue).
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Figure 6b shows 3-methyl-butan-1-ol (1), 2-methyl-butan-1-ol (2), a-phellandrene (12), B-
phellandrene (15), phenylethyl alcohol (24), p-mentha-1,5-dien-8-ol (29), menthol (31) and aristolochene
(59) as constituents from the C. musae group with the highest relatively concentrations. Among them,
compounds 1, 12, 15, 24 and 59 represent ca. 75% of the VOCs peak area of the fungus. Concerning the
constituents from the ACTB-77 group, geraniol (38), 1-decanol (41), not-identified (47), geosmin (52),
y-gurjunene (58) and mint sulfide (69) are displayed in Figure 6b as those mVVOCs with the highest
relatively concentrations. Although 38 and 52 are found in both co-culture and ACTB-77 axenic culture,
these constituents are represented in higher concentrations in the latter experiment. It worth highlighting
that o-phellandrene (12), B-phellandrene (15) and silphinene (46), already found in axenic culture of C.
musae, had their relative concentrations intensified in the co-culture experiment (Figure 6b).

PC1 scores were not significant to differentiate samples of C. musae and co-culture, since it is
possible to observe a correlation between the variables highlighted in blue (dark and light) in the loadings
graph (Figure 6b). It is noteworthy that 3-methyl-butan-1-ol (1) and B-phellandrene (15), both found as
main VOCs produced by C. musae, are the most important constituents for distinguishing the fungus
from the co-culture. These two chemical constituents are not correlated, and they present significant
difference in their relative concentrations in the two groups (C. musae and co-culture). The differentiation
between C. musae and co-culture groups can be observed through the different values of their PC2 scores
(Figure 6a).

In order to confirm the differences between the groups, a t-test was performed using the scores
of PC1 and PC2. In this case, it was observed that C. musae, ACTB-77 and their co-culture have

statistically significant differences between them.

3.7.2 ACTB-290, C. musae and their co-culture

Together, PC1 and PC2 explain 76.84% of the data variance (Figure 7), making possible the
analysis of similarities/differences of the groups using only these two variables. Comparison of this study
with the previously discussed for the experiments involving actinobacteria ACTB-77 revealed a higher
separation tendency of the groups for the studies with ACTB-290, that are represented by dark blue
(ACTB-290 strain), dark red (C. musae strain) and three different colors (light and dark orange; green)
for co-culture (Figure 7a). The use of three colors for co-culture experiments were needed to indicate

different composition in their replicates.



s on PC 2 (33.28%)

7
OACTB-290 (3) v ;.22
Al , 005+ 45"33 20..‘21
© ACTB-290 (4) ’ :
L
@ACTB-290 (2) - )
®ACTB-290 (1)
© C. musae (2) -0.15
«3
(a) §C. musae (3) (b)

@
T

Samples/Scores Plot of data

9C.musae x ACTB-290 (1)

L

Loadings on PC 2 (33.38%)

C.musae x ACTB-290 (4)
C.musae x ACTB-290 (3)

o
D
&

o
o

o
)

o

o
o
&

)

16

®9

© ,,gs 2930

47

Variables/Loadings Plot for data

T4l M8 Gag
17 s

Y e

C. musae (1) 0

5
6 4 2 0 2 4 6
Scores on PC 1 (43.46%)

2l " " L " i L L L " i J
-025 -02 -015 01 005 ©0 005 01 015 02 025
Loadings on PC 1 (43.46%)

Figure 7- Scores (a) and loadings (b) graphs obtained by PC1 and PC2 for the samples of ACTB-290 (dark blue), C. musae
(dark red) and the co-culture (light orange, dark orange and green).

As observed in the loadings graph (Figure 7b), the lowest scores of PC1 are the variables
highlighted in dark blue, which are related to the axenic culture of ACTB-290. In this graph, dimethyl
disulfide (4), dimethyl trisulfide (8) and methyl 2-ethylhexanoate (18), Table 2, are significant variables
to distinguish ACTB-290 from the other two groups (C. musae and co-culture). Additionally, these three
chemical constituents are found in relatively higher concentrations in the actinobacteria axenic culture
when comparing with the co-culture. a-Phellandrene (12), a-terpinene (13) and p-phellandrene (15),
Table 2, which are represented in the loadings graph (Figure 7b) with dark red circles, present positive
values of scores in PC2. This agrees with the fact of these mVVOCs had a significant increasing in the co-
culture experiment when compared to the axenic culture of the fungus.

The sulphur-containing compounds dimethyl disulfide (4), dimethyl trisulfide (8) and
methyl(methylthio)methyl disulfide (27), in Table 2, all VOCs exclusively produced by the
actinobacteria ACTB-290, are reported as potent fungicides. Interestingly, no correlation between these
compounds and the alcohols (23 and 44, Table 2) recorded exclusively in the co-culture experiment was
observed in the correlation map (Figure S6). This suggest that these alcohols are products of bioreduction
of actinobacteria produced ketones 22 and 43, respectively, by fungus strain.

A t-test was also performed at the scores and revealed that ACTB-290 strain is statistically
different from the fungal strain. This latter microorganism presented a significant difference when
compared to the co-culture (C. musae/ACTB-290) at the PC2 score, but not at PC1 (t=1,6696/tcrit=2.447
and p=0,1460). This corroborates the result already discussed, which showed that the co-culture (C.
musae/ACTB-290) is very similar to the axenic culture of ACTB-290, especially for the compounds
highlighted in PC1.

3.7.3 Global analysis
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A global analysis of the aforementioned experiments was performed since, opposite to a non-
statistical approach, PCA allows to evaluate all samples (ACTB-77, ACTB-290, fungus and co-cultures)
grouped in the same graphs (Figure 8). In this case, PC1, PC2 and PC3 explain 75.83% of the data
variance, allowing the analysis of similarities/differences of the groups using these three variables. It was
observed a high separation tendency of the groups, that are represented by dark red (ACTB-77), dark
blue (ACTB-290), cyan (C. musae) and green (ACTB-77/C. musae) and light blue (ACTB-290/C.
musae) colors in the scores graphs depicted in Figure 8a (PC1 vs. PC2) and Figure 8b (PC1 vs. PC3).
The ellipses are arbitrary included to indicate the differences between the classes, and the statistically

differences were calculated using t and F hypothesis test.

Samples/Scores Plot of data
: VariablesLoadings Plot for data

@ ®ACTB-290 (4)

#ACTB-280 )
#ACTB-290 (1)

o C.musae x ACTB-290 (1,

2 = 69
Z 550
2 ACTB-77(3) £ o0s 1
o P, b 64
8, ACTB77 (1) g 44
9 ACTB-77 (4) ~  of sigy
& Q s @9
<
§o § 005
H 4
L 3 o1
C. musae x ACTB-77 2) s
T\ [C musaexACTBTT () 015
" \
. (a) & (©)
~ /
— 025 R .
10 5 0 5 10 15 % 02 0.1 4] 01 02 03
Scores on PC 1 (37.48%) Loadings on PC 1 (37 48%)
1 & musao x ACTB-20011) VarabiesLoadings Plot o data
s R
02 oy
o
018 sﬁg
-~ bl
- (1)
7 H ® w ’
8 € emuses x ACTB200 0 ] W » Qé‘
g STz gow W
§ BT g o « o
3 C. musse XACTB-77 () sl §
£ H
musao 205 i
5o S st L § >
C. musae (3) S a1k
o
WACTB-200 (3) 15 L5
OREE L (d)
wwersheo ) i
" 0%
bt - o r % s w3 02 o 0 o1 02 03 o4 05
Scores 0n PC 1 (37.48%) Loadings 00 PC 1 (3748%)

Figure 8- Scores (a) and loadings (b) graphs obtained by PC1 and PC2 for the samples ACTB-77 (dark red), ACTB-290 (dark
blue), C. musae (cyan) and co-cultures ACTB-77/ C. musae (green) and ACTB-290/C. musae (light blue).Scores (c) and
loadings (d) graphs obtained by PC1 and PC3 for the same samples.

As observed in Figures 8a and 8b, co-culture ACTB-77/C. musae has greater similarity with the
fungus group than with the actinobacteria group. Concerning the co-culture involving the actinobacteria
ACTB-290 (ACTB-290/C. musae), it was observed greater similarity with the actinobacteria group than
the fungus group. These suggest a more pronounced antifungal activity for ACTB-290 strain, which
agrees with the SEM images of the fungus filaments after its inhibition by ACTB-290 previously
discussed.

The loadings graphs displayed in Figure 8c (PC1 vc. PC2) and Figure 8d (PC1 vc. PC3) show
that mVOCs inside the red circle (Figure 8c) present significantly higher concentration for ACTB-77
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samples when compared with the other groups, besides higher loadings values in PC1. The mVVOCs
inside the blue circle present a significant higher concentration for both ACTB-290 and the co-culture
(ACTB-290/C. musae), indicating that these two groups present similar mVVOCs.

Dimethyl disulfide (4), 2-undecanone (43) and 2-tridecanone (54), Table 2, are present in
significatively lower concentration in the co-culture ACTB-290/C. musae when compared with the
axenic culture of the actinobacteria (Figures 8c and 8d). Ketones 43 and 54 are those produced
exclusively by the actinobacteria, while dimethyl disulfide (4) is a potent fungicide.

A t-test was performed using PC2 scores, it was observed that there are no statistically significant
differences between the ACTB-290 group and the C.musae/ACTB-290 group (t=-0.3265/tcrit= 2.447
and p=0.7551). Since these groups have similar values of scores in PC2, the same occurs to PC1. This
fact corroborates the result already discussed that the co-culture (C.musae/ACTB-290) is very similar to
the axenic culture of the actinobacteria. However, when both PC1 and PC2 are used, the variance
hypothesis test indicates statistically differences between them. This last approach is similar to the one
used in Soft Independent Method of Class Analogy (SIMCA).*

A correlation map of mVVOCs produced in all experiments is presented in Figure S7, where each
axis represents the constituents numbered according to Table 2. The correlation is calculated pair by pair
using the mVVOCs, and represented by squares in the map, in which dark blue means an inverse
correlation (r =-1) and dark red means a direct correlation (r = +1). The closer to +1/-1become, the higher
the correlation between the peaks will be. Analysis of this map reveals that the ketones 22 and 43, which
were suggested to be reduced by the fungus, present an inverse correlation with their respective alcohols
23 and 44 (Table 2), confirming the biotransformation occurrence in the co-culture. In addition, there is
a slightly positive correlation between these ketones and the sulphur-containing compound 4, suggesting
that when the ketones concentrations reduce, the concentration of 4 also reduces.

In summary, these analyses lead to the conclusion that the ACTB-290 strain presents a powerful
and specific fungicide effect against C. musae. This gives rise to the hypothesis that the sulphur-

containing constituents are responsible for their bioactivity.

4 CONCLUSION

In summary, rhizosphere soil of plants from Caatinga biome was shown to be source of
actinobacteria strains that produce volatile organic compounds (VOCs) with antifungal activity against
the phytopathogen C. musae. Among the investigated strains, the most active were Streptomyces sp.
(ACTB-77) and Amycolatopsis sp. (ACTB-290). The latter presented the highest growing inhibition of
the fungus, a behavior corroborated by the greatest damage of its VOCs on the fungal hyphae
morphology. HS-SPME-GCMS analyses of VOCs produced by ACTB-77 and ACTB-290, revealed

linalool and geosmin as major constituents for ACTB-77, and dimethyl disulfide and dimethyl trisulfide
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as major VOCs compounds produced by ACTB-290. No exclusive VOCs were observed in the co-culture
experiment involving ACTB-77, while co-culture with ACTB-290 yielded five new peaks, two of them
(alcohols) suggested as products of ketone bioreduction by the fungus. Statistical analysis showed that
co-culture ACTB-77/C. musae was the most similar to the fungus, while co-culture ACTB-290/C. musae
showed greater similarity with the actinobacteria. The more pronounced antifungal activity of ACTB-
290 was suggested that it was associated to its sulfur-containing metabolites, since this class of
compounds is known as a potent antifungal. Additionally, linalool was suggested as responsible for the
ACTB-77 activity.
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Figure S1. Representation of the experimental procedure of the screening on actinobacteria producing VOCs with antifungal

activity against C. musae.
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Figure S2. Representation of the experimental procedure of the antifungal activity of VOCs produced by ACTB-290 and

ACTB-77 strains against C. musae.
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Figure S3. Representation of the experimental procedure of VOCs extraction by HS-SPME.
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Figure S4. Representation of the experimental procedure of HS-SPME and GC-MS analysis of VOCs produced by

Amycolatopsis sp. (ACTB 290) and Streptomyces sp. (ACTB 77) under axenic culture and co-culture with C. musae.
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Figure S5. Mass spectra of the identified compounds (El, 70 eV).
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S5.8. Dimethyl trisulfide (8)
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S5.14. p-Cymene (14)
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S5.17. trans-p-Ocimene (17)
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S5.18. Methyl 2-ethylhexanoate (18)
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S5.22. 2-Nonanone (22)

x10 5 |+ Scan (9.525 min) 290_IV_CGQD5666.D

58
6 43

71
24 41
1] 55 142

|I 51, | eslﬁ?‘ 77 8285 91 95 99 405 113197 127 435 |

35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145
Counts vs. Mass-to-Charge (m/z)

S5.23. 2-Nonanol (23)
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S5.24. Phenylethyl Alcohol (24)
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$5.27. Methyl(methylthio)methyl disulfide (27)
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S$5.33. p-Mentha-1(7),2-dien-8-ol (33)
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S5.34. a-Terpineol (34)
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S$5.35. 2-Methylisoborneol (35)




65

x10 5 |+ Scan (11.013 min) 290_|_CGQD5663.D
95
8,
6,
4,
5] 43 108
55 67 93 135
59 71 79 8 || | 121 150 168
0 ||45 51I|II 63. L1 L1l 89||.|| mini L | ] 1
T T T T T T T T T T T T T T
40 50 60 70 80 90 100 110 120 130 140 150 160 170
Counts vs. Mass-to-Charge (m/z)
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S5.38. Geraniol (38)
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S5.41. 1-Decanol (41)
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S5.42. Not identified (42)
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S5.43. 2-Undecanone (43)
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S5.44. 2-Undecanol (44)
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S5.46. Silphinene (46)
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S5.52. Geosmin (52)
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S5.53. not identified (53)
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S5.54. 2-Tridecanone (54)
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S5.56. not identified (56)
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S5.57. B-Chamigrene (57)
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S5.60. a-Selinene (60)
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S5.62. not identified (62)
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S5.63. 7-epi-a-Selinene (63)
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S5.64. Selina-3,7(L1)-diene (64)
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S5.65. 2-Tetradecanone (65)
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S5.66. (2)-8-Dodecen-1-ol acetate (66)
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S5.67. 1-Tetradecanol (67)
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Figure S6. Correlation map for the VOCs analysis of axenic cultures (ACTB-290/C. musae) and co-culture (ACTB-290/C.
musae). Squares in dark blue refers to the high inverse correlation (r = -1) and the one in dark red are related to high direct
correlation (r = +1). Correlations from -1 to +1 are represented in gradient colors between dark blue and dark red as can be

seen at the vertical color bar on the right.
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Figure S7. Correlation map for VOCs of the samples ACTB-77, ACTB-290, C. musae and co-cultures ACTB-77/C. musae
and ACTB-290/C. musae. The correlation goes from -1 (dark blue) to 1 (dark red) scale and it was calculated pair by pair.
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Capitulo 2

Identificacdo de compostos da classe de piericidinas e isocumarinas

produzidos por Streptomyces (ACTB-242) usando a técnica UHPLC-

MS/MS associado a redes moleculares networking
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Identificacdo de compostos da classe de piericidinas e isocumarinas produzidos por Streptomyces

(ACTB-242) usando a técnica UHPLC-MS/MS associado a redes moleculares networking
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Resumo

Nesse capitulo mostramos os resultados para os estudos com metabolitos secundarios ndo volateis,
produzidos pelas cepas ACTB-242, identificada por biologia molecular como Streptomyces sp. As
porcentagens de inibicdo de crescimento para os Fusarium Oxysporum, Colletotrichum
brevisporum e C. musae tratados com extratos produzidos por essa cepa variaram de 65 a 80% a
concentragdo Unica de 0,5 mg/mL. Estudos de “desreplicagdo” usando UHPLC-MS/MS associado
a redes moleculares networking foram utilizados na identificacdo de seis compostos da classe de
isocumarinas e 12 da classe de piericidinas. A exploracdo das concentragdes inibitéria minima
(CIM) dos extratos ACTB-242-SR, ACTB-242-HP-20 e ACTB-242-XAD16N apresentaram
inibicéo total de crescimento micelial nas concentragdes de 250 pg/mL, 62,5 ng/mL e 31,25 pg/mL,

respectivamente para C. musae.

Palavras-chaves: Isocumarinas, Piericidinas, Streptomyces, Molecular networking, Antiflngica.
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1 INTRODUCAO

A maioria das doencas que acomete as safras economicamente importantes na agricultura sao
ocasionadas por ataques de fitopatdgenos, sendo que cerca de 85% dessas pragas sdo conhecidas como
fungos.LA ocorréncia de fitopatdgenos flingicos tais como Alternaria alternata, Alternaria brassicicola,
Fusarium moniliforme, Cercospora beticola, Colletotrichum acutatum, Rhizoctonia oryzae,
Colletotrichum gloeosporioides, Colletotrichum musae, Cladosporium herbarum entre outros micro-
organismos resistentes, apresentam grande ameaca a seguranga alimentar mundial, pois mais de 20%
dessas doengas afetam drasticamente as colheitas todo ano.??

O uso de pesticidas sintéticos no combate de fitopatdgenos tem sido uma das poucas vias de
tratamento desse problema na agricultura. No entanto a aplicacdo continua tem gerado resisténcia em
fitopatdgenos a fungicidas tradicionais.* Assim a aplicagdo de pesticidas em lavouras tem sido uma
solucdo invidvel na agricultura, tanto do ponto de vista de resisténcia dos micro-organismos, como do
ponto de vista da toxicidade, acarrentando problemas futuros a satde humana e ao meio ambiente. Logo,
0 uso de tais produtos quimicos devem ser restritos em campos agricolas.’

Considerando-se que as doencas de plantas e frutos precisam ser controladas para manter a
qualidade e a abundancia dos alimentos.* Assim, o controle bioldgico tornou-se uma abordagem opcional
e promissora no tratamento dessas doengas, devido a sua compatibilidade ambiental. Buscas por novos
compostos bioativos, que leve a reducdo ou eliminacdo do uso de agrotdxicos sdo incessantes por
pesquisadores da comunidade cientifica quimica e agrondmica.®

Os micro-organismos da rizosfera, zona que é diretamente influenciada pelas raizes das plantas,
abrigam comunidades microbianas complexas sustentadas por exsudatos liberados das raizes, e tem se
mostrado fonte motivadora na busca por substratos naturais que substitua os pesticidas quimicos. O fato
da existéncia de uma infinidade de interacGes, entre micro-organismos da rizosfera desencadeia um
caminho de investigacédo, dentro de rol de interacfes antagdnicas, nos quais provem controle bioldgico
frente a patdgenos, parasitas ou outros predadores, promovendo a reducdo dessa populagdo e
consequentemente a atividade patogénica desses organismos.”®

Entre 0os micro-organismos rizosféricos atuantes no biocontrole de fitopatdgenos destacam-se
0s actinomicetos, que sao bactérias filamentosas quimio-organotréficas que formam esporos assexuados.
Grandes concentracOes de populacdes dessas bactérias, sdo encontradas em solos rizosféricos se
comparados com solos n&o rizosféricos.**°

As actinobacterias do género Streptomyces em especial, sdo constantemente estudadas com
relagéo a produgdo de metabdlitos secundarios biativos, que incluem antiprotozoarios, antibacterianos,

antifingicos, antivirais e agrobioldgicos como inseticidas, pesticidas e herbicidas.™
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Metabdlitos bioativos sintetizados biologicamente por Streptomyces sdo frequentemente
biodegradaveis e podem ser Uteis para o desenvolver fungicidas agricolas especificos, com efeitos
colaterais minimos ao ecossistema. Estudos atuais exibem um vasto campo de atuacdo de metabdlitos
antifungicos produzidos por Streptomyces na inibicdo de crescimento de fungos fitopatogénicos que
atacam plantages de producao alimenticias ou frutos pos-coleta.'2131415

Com exemplo especificos de aplicacdo na agricultura cita-se: geldanamicina e nigericina,
antibidticos porduzidos por Streptomyces sp. no tratamento de fitopatdgenos.’® Além desses, um
antibidtico importante de ampla aplicacdo, incluindo a agricola é a “rapamicina” isolada de Streptomyces
hygroscopicus, cujos relatos da literatura descrevem sua atividade contra Candida albicans e outros
fungos. Posteriormente, estudos revelaram a aplicacdo desse antibidtico na inibi¢cdo contra Mucor
circinelloides e Rhizopus oryzae, responsaveis por doencas pos-colheita em frutas.’

Um outro antibidtico de destaque é a oligomicina A isolada de Streptomyces
diastatocromogenes e responsavel pela inibi¢do de fitopatogénicos, incluindo Alternaria alternata e
Aspergillus niger, Cladosporium cucumerinum, Magnaportheoryzae, Botrytis cinerea, Colletotrichum
lagenarium, Phytophthora capsici.t®

O interesse em investigar a presenca de compostos com potencial atividade antifingica tem
estimulado a busca por estratégias rapidas e eficientes na identificacéo de perfis de metabolitos bioativos.
Estratégias de desreplicacdo que incluem técnicas sofisticadas tais como HPLC-NMR, HPLC-MS,
HPLC-NMR-MS e HPLC-MS/MS associadas ao uso de redes moleculares,'® tem sido usado como
procedimentos de desreplicacdo ampla, rapido e eficiente na localizagdo e caracterizacdo de metabdlitos
conhecidos em extratos de matrizes biol6gicas complexas.?

A obtencdo de redes moleculares que auxiliem no processo de identificacdo de compostos requer
0 uso de dados MS/MS destes para construi-las. Para a identificagdo de compostos no processo de
desreplicacéo, os dados de MS/MS deverdo estar integrados ao site Molecular Global Natural Products
Social (GNPS), que inclui um conjunto de bibliotecas contendo um grande nimero de espectros MS/MS
de produtos naturais conhecidos.?

Neste trabalho se descreve o perfil de duas classes de metab6litos secundarios presentes no
extrato de Streptomyces sp. (ACTB-242), identificados por meio de desreplicacéo através da técnica de
UHPLC-MS/MS, utilizando-se uma abordagem de redes moleculares. E a atividade antifungica, frente a
fungos fitopatogénicos, foi determinada para os extratos contendo a mistura dos metabdlitos secundarios

identificados.

2 PROCEDIMENTOS EXPERIMENTAIS
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2.1 Origem dos micro-organismos e meios de cultura

Vinte cepas de actinobactérias da rizosfera de plantas da Caatinga (Tabela 1, IS), pertencentes
ao Laboratdrio de Fitopatologia da Embrapa Agropecuaria Tropical (CNPAT, Fortaleza, Ceara, Brasil)
foram investigadas.

A cepa do fungo fitopatogénico Colletotrichum musae (MMBF226/12) foi doada pela Micoteca
do Instituto Biolégico S&o Paulo. As cepas dos fungos C. Brevisporum (CMM-1174), L. Theobramae
(CMM-2199) sao de procedéncia da Universidade Federal Rural de Pernambuco, Colecéo de cultura de
fungos fitopatdgenos Profa. Maria Menezes-(CMM).

Todos os experimentos de inoculagcdo dos micro-organismos foram realizados utilizando os
meios de cultura batata dextrose (BD) e batata-dextrose-agar (BDA) comercial da Kasvi®. O meio BD
foi preparado com 200 g de batata inglesa, 20 g de glicose da Sigma-Aldrich® e 1 L de 4gua destilada.
Para 0 BDA empregou-se 39,0 gL do meio comercial contendo a composicéo de 84,4% de caldo de

batata, 8,4% de dextrose e 7,2% de &gar bacterioldgico.

2.2. Estudo das relacGes antagonistas entre actinobactérias e Colletotrichum musae

A cepa do fungo C. musae foi escolhida como fungo de interesse para realizagdo dos testes de
antagonismo, devido sua patogenicidade em plantas e frutos pos-coleta. Esse experimento foi realizado
com base no método de culturas pareadas.?2*As 20 cepas de actinobactérias e do fungo C. musae foram
cultivadas separadamente em BDA durante 5 dias. Em uma placa de Petri de 80 mm, contendo meio
BDA, depositou-se um disco de 5 mm da actinobactéria a uma distancia de 20 mm da borda da placa.
Apds 48h de incubacdo sob condicdo estatica a 28 °C, um disco de 5 mm do micélio do fungo foi
depositado na placa, sendo este a 20 mm da borda da placa e 40 mm da actinobactéria. Para cada
experimento, placas controle foram preparadas contendo somente o fungo. As placas foram envolvidas
com duplas camadas de parafilme Kasvi® e incubadas sob condicdes estaticas a uma temperatura de 28
°C por 5 dias (Figura 1). Os diametros foram medidos com um paquimetro digital, modelo DANIU
(100mm), da Vernier Compostos de Fibra de Carbono de Alta Preciséo. Os bioensaios foram realizados
em triplicata e os dados obtidos foram analisados segundo a one-way ANOVA, 0 que determinou
diferenca significativa com p<0,05 empregando-se o programa computacional GraphPad prism.


https://www.google.com/aclk?sa=l&ai=DChcSEwi_l5DHxb_hAhXECJEKHXPbC-0YABANGgJjZQ&sig=AOD64_0lvTLQkvM68KfBZ5Ok3FiNgIqrdA&ctype=5&q=&ved=0ahUKEwifoI3Hxb_hAhW1GLkGHcIGCjkQ2CkIqgI&adurl=
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Figura 1- Representacdo da metodologia de triagem de actinobactérias produtoras de metabélitos secundarios com potencial
antifungico.

2.3 Cultivo e obtencdo dos extratos da actinobactéria ACTB-242

Na obtencdo dos fermentados biol6gicos em pequena escala da cepa ACTB-242 a ser
investigada, a cultura pura da actinobactéria em BDA (3 discos de 5 mm) foi inoculada em 3 Erlenmeyers
de 500 mL contendo 250 mL de meio de cultura BD (batata, dextrose) cada. Os frascos foram mantidos
durante 14 dias a temperatura de 28 °C, sob agitacdo de 150 rpm em mesa agitadora CT-165 da Cientec.
Apos esse periodo, a fase aquosa de cada frasco foi separada da biomassa por filtracdo simples e,
separadamente, submetida a particdo com AcOEt (3 x 50 mL). As fragBes organicas foram destiladas em
evaporador rotativo, gerando seus respectivos extratos brutos. A massa obtida para um frasco de

experimento do cultivo foi 4,5 mg.

2.4 Potencial bioldgico do extrato ACTB-242 a fungos fitopatdgenos a concentracéo Unica.

Os experimentos foram realizados em placas de 24 po¢os por meio da técnica de difusdo em
meio de cultura BDA, usando uma concentracdo unica de 500 ppm (500 mg/L) para o extrato
testados em triplicata. Em cada poco da placa foi utilizado 1,5 mL de meio de cultura, assim foi
utilizado 0,75 mg de extrato dissolvidos em 30 pL de DMSO (menos de 2%). Essas solucGes em
DMSO foi dispersa em cada um dos 24 pogos da placa contendo 1,5 mL de BDA. No controle
positivo usou-se o fungicida Folicur® 200 EC Bayer S/A (Tebuconazol a 200 g/L-20% ml/v,
d=1,0237 g/mL), a concentragdo Unica 100 ppm (100 mg/L), que corresponde 0,733 pL por pogo.
No preparo do controle negativo usou-se apenas 30 uL de DMSO em cada 1,5 m/L de meio de
cultua por poco. Apos completa solidificagdo dos meios na placa de pocos, depositou-se um disco
de 3 mm de cada um dos micro-organismos testados em cada um dos pocos da placa. A placa foi
incubada a 28 °C por 48 horas. Os resultados foram analisados considerando o diametro de

crescimento micelial dos fungos ensaiados com 0s extratos de interesse em comparagdo com 0
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crescimento dos fungos no controle negativo. A inibi¢do de crescimento dos fungos foi calculada
de acordo com a férmula matematica em CMI (%) = (dc — df/dc) x100, onde dc (mm) € o diametro

médio da coldnia no controle e dt (mm) é o didmetro médio da colbnia de cada tratamento.?*

2.5 Extracdo do DNA gendmico, PCR e analises filogenéticas da cepa ACTB-242

O DNA gendmico da cepa foi extraido usando o kit Bacterial Genomic DNA purification
(HIMEDIA), de acordo com as instrucdes do fabricante. A quantificacdo do DNA foi realizada pelo
espectrofotdmetro NanoDrop® 2000c (Thermo Fisher Scientific), versao 1.0, sendo entdo diluido
a concentraco de 10 ngL* e armazenado a -20 °C. A sequéncia nucleotidica da regido gendmica
16S do DNA ribossémico (rDNA), foi amplificada por reagdo em cadeia da polimerase (PCR)
utilizando os primers 27F (5-GAGTTTGATCMTGGCTCAG-3) e 1492R (5-
ACGGYTACCTTGTTACGACTT-3'). As misturas de PCR (50 pL) continham 6,25 uL de DNA
gendmico (10 nguL™), 10 pL de buffer 5x, 1 uL de dNTP (10 mM), 2 uL de MgClz (25 mM), 0,8
uL de cada iniciador (10 mM), 0,5 uL de GoTaq polimerase (5 U puL™) e 28,65 L de 4gua ultrapura
estéril. O programa de termociclador Flexigene® usado na amplificacdo dos produtos de PCR
incluiu uma etapa desnaturacao inicial a 94 °C por 2 min, seguido por 35 ciclos de desnaturacdo a
94 °C por 60 s, anelamento a 56 °C por 45 s e extensdo 72 durante 60 s, com uma extensdo final a
72 °C por 10 min.® Os produtos de PCR foram separados por eletroforese em gel de agarose a 1,5%
em tamp&o Tris Borato EDTA 1X, corados com brometo de etidio (0,5 mg mL™) durante 1 min e
visualizados sob transluminador UV. Apos verificacdo das bandas amplificadas, aliquotas de 40 puL
de cada produto de PCR foram purificadas e sequenciadas pela empresa Macrogen Inc., Coreia do
Sul (http://www.macrogen.com).

As sequéncias nucleotidicas foram editadas usando o programa BioEdit versdo 7.0.5,%° foram
sujeitas a verificacdo da identidade através da ferramenta basica de busca de alinhamento local de
nucleotideos (Basic Local AlignmentSearch Tool = BLASTn) do GenBanke alinhadas manualmente
usando ClustalW com sequéncias previamente publicadas e depositadas no GenBank (NCBI,
http://www.ncbi.nlm.nih.gov). As relagbes filogenéticas foram inferidas pela analise de maxima
parcimonia (MP) e realizadas atraves de uma opgdo de busca heuristica por tree-bisection-reconnection
(TBR) no programa MEGA 7.% O suporte estatistico da arvore foi testado usando analise de bootstrap

com 1.000 repeticoes.

2.6 Cultivo de Streptomyces (ACTB-242) com e sem resina
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A cepa da Streptomyces sp. ACTB-242 foi cultiva com resinas de extracdo para fins de
comparacdo de rendimento com as extracdes realizadas com acetato de etila, além da busca por
seletividade de compostos extraidos durante o cultivo. O cultivo da actinobactéria (com e sem resina) foi
realizado em pequena escala (500 mL de meio de cultura) e em grande escala (10 L de meio de cultura).

Na obtencéo dos fermentados bioldgicos em pequena escala, a cultura pura de Streptomyces sp.
ACTB-242 em BDA (3 discos de 5 mm) foi inoculada em 3 Erlenmeyers de 1 L contendo 500 mL de
meio de cultura BD (batata, dextrose) cada. Em dois dos frascos foram adicionas 10 g das resinas Diaion
(HP-20) e Amberlite (XAD16N) Sigma-Aldrich®, sendo uma resina por frasco. Os Erlenmeyers foram
mantidos em mesa de agitacao (150 rpm), durante 14 dias a temperatura de 28 °C. Apds esse periodo, as
resinas de cada experimento foram separadamente filtradas com gazes, lavadas com agua desionizada e
eluidas com acetona. O solvente orgénico foi destilado sob pressdo reduzida, e a solugdo aquosa
resultante foi extraida com AcOEt (3 x 25 mL). O cultivo do experimento sem adicéo de resina foi
submetido diretamente ao procedimento de particao liquido/liquido com AcOEt (3 x 50 mL). Apos esses
processos, o solvente organico de cada experimento foi destilado em evaporador rotativo e forneceu os
seguintes extratos: ACTB-242-SR-1 (14,0 mg), ACTB-242-HP-20-1 (76,8 mg) e ACTB-242-XAD16N-
1 (66,3 mg).

O cultivo em grande escala foi realizado em frascos Erlenmeyers de 500 mL, usando um volume
de 250 mL de meio BD. Foram preparados 30 L de meio de cultura, sendo 10 L para cada experimento
(cultivos sem resina, com XAD16N e com HP-20). Foram empregados 10 g da resina/500 mL de meio
de cultura. Os frascos foram mantidos por um periodo de 14 dias a temperatura de 28 °C e sob agitacao
de 150 rpm. Em seguida, no experimento sem resina, 0 meio de cultura foi extraido com AcOEt (3 x 250
mL). Nos dois outros experimentos, as resinas foram separadas da biomassa e extraidas com 2 L de
acetona. Esta fase organica foi destilada em evaporador rotativo e a fase aquosa foi extraida com AcOEt
(3 x 100 mL). Apos destilacdo do AcOEt de cada fracdo, os seguintes extratos foram gerados: ACTB-
242-SR-2 (1,2 g), ACTB-242-HP-20-2 (4,0 g) e ACTB-242-XAD16N-2 (3,4 g).

Os extratos foram analisados em UPLC-HRMS e o estudo de fragmentacdo dos metabdlitos
secundarios foi realizado utilizado o experimento PRM (Parallel Reaction Monitoring — Monitoramento
de Reagdes Paralelas). Os dados analiticos foram processados na plataforma de gerenciamento de dados
Global Natural Product Social Molecular Networking (GNPS).

2.7 Determinacédo da concentracdo inibitoria minima (CIM) dos extratos ACTB-242-SR, ACTB-
242-HP-20 e ACTB-242-XAD16N contra C. musae.

Os valores de CIM para C. musae foram determinados usando um método de diluicéo seriada em

placas de 24 pocos, solucOes contendo 4 mL de BDA com as respectivas concentracdes (250, 125, 62,5,



90

31,25, 15,63 pg/mL) dos extratos soltveis em 50 uL DMSO (menos de 2%) foram dispersas em cada
poco da placa em triplicatas (1 mL de solucdo por pogo). Discos de 3 mm de didmetro com micélio de
C. musae foram colocados na superficie do meio de cultura com as respectivas concentracdes dos
extratos. O crescimento micelial foi avaliada durante o intervalo de 12 até 48 horas de incubagdo a 28
"C. Os experimentos foram avaliados com base no experimento controle negativo, sendo encerrado ao
total crescimento do micro-organismo nos pocos contendo apenas 0 meio BDA com 12,5 uL DMSO. A
concentragdo inibitéria minima (CIM) foi calculada de acordo com a formula matematica em CIM (%)
= (dc — df/dc) x100, onde dc (mm) é o diametro médio da col6nia no controle e dt (mm) é o diametro
medio da colbnia de cada tratamento. A menor concentracdo que inibiu completamente o crescimento do

fungo foi considerado a concentracao inibitéria minima (CIM).2"8

2.8 Extragdo em fase sélida (SPE)

As extragOes em fase solida foram realizadas em cartuchos de fase reversa (Supelclean™ ENVI™-
18 SPE Tube bedwt. 1 g, volume 6 mL e porosidade 20 pm) da Supelco Sigma-Aldrich®. O uso dos
cartuchos foi precedido por ativagdo do adsorvente com metanol, seguida de acondicionamento com agua

desionizada (Milli-Q), utilizando um volume equivalente a trés vezes o do cartucho.

2.9 Fracionamento cromatogréafico do extrato ACTB-242-HP-20-2 e isolamento de 6,8-
dihidroxi-3-metilisocumarina (1).

Uma porcéo (250 mg) do extrato ACTB-242-HP-20-2 foi dividido em 5 por¢des de 50 mg e
cada porcao foi dissolvida em 6 mL de MeOH/H.0 nas propor¢des em volumes descrito na tabela 1.
Essas soluces foram adicionadas a um cartucho Supelclean® ENVI®-18, previamente ativado e
equilibrado com a fase movel. O cartucho foi eluido com as misturas dos solventes H,O e MeOH, como
indicado na Tabela 1. Foram geradas 5 fracdes de aproximadamente 100 mL cada. A fracdo 3 apresentou-
se como um solido cristalino amarelado, sendo constituida exclusivamente por 6,8-dihidroxi-3-

metilisocumarina.

Tabela 1- Fracionamento cromatografico do extrato ACTB-242-HP-20-2.
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Eluente Fracdo  Massa Rend.

H20:MeOH (mg) (%)
(VIV)
1:0 1 21,0 140
7:3 2 8,4 5,6
11 3 357 238
3.7 4 435 29,0
0:1 5 146 97
TOTAL 1232 821

2.10 Cromatografia Liquida acoplada a Espectrometria de Massas de Alta Resolucdo (UHPLC-
MS/MS Orbitrap FT-MS)

Nas andlises dos extratos foi utilizado um Cromatdgrafo Liquido Ultimate 3000,
ThermoScientific, com coluna Zorbax Eclipse Plus fenil hexil — Agilent (4,6 x 100mm; 3,5 pm),
acoplado ao espectrémetro de Massas de Alta Resolucdo Q-Exactive, ThermoScientific, com fonte H-
ESI, operando em modo positivo e negativo, utilizando voltagem do spray 3,5 kV, gas de bainha 30, gas
auxiliar 10, temperatura do capilar 350°C, temperatura de gas auxiliar 250 °C, tube lens55 e faixa de
massas m/z 150-850.

A andlise por CLAE foi realizada com agua desionizada, acidificada com 0,1% de &cido
formico (Fase movel A, v/v), e acetonitrila acidificada com 0,1% acido férmico (Fase mével B — v/v). A
programagcao do gradiente iniciou com 70:30 (A:B %), 50:50 (A:B %) em 5 minutos, 30:70 (A:B %) em
3 minutos, 20:80 (A:B %) em 2 minutos, 100 (B %) em 3 minutos, permaneceu por 3 minutos, 30:70
(A:B %) em 2 minutos, permanecendo por 5 minutos.

O tempo de corrida foi de 23 minutos com fluxo de 0,3 mL/min, volume injecdo 5 pL e
temperatura da coluna 20 °C. Para o estudo de fragmentacdo foi utilizado o experimento PRM (Parallel
Reaction Monitoring — Monitoramento de Reacdes Paralelas) com energias de coliséo igual a 15, 30, 40
e 50 (NCE), usando como critério de selecdo a abundancia ions (picos mais intensos) presentes na
amostra. Nos dados obtidos com energia de colisdo de 30, foi encontrado os melhores perfis de
fragmentacdo dos compostos, sendo esses processados no software Xcalibur™. os compostos foram
identificados com base em seus tempos de retencdo, formula molecular, padrdo de fragmentacdo em

comparagdo com dados da literatura e com auxilio da investigacdo de rede molecular networking.

2.11 Ressonancia Magnética Nuclear (RMN)



92

Os espectros de Ressonancia Magnética Nuclear de Hidrogénio-1 (RMN H) e Ressonancia
Magnética Nuclear de Carbono-13 (RMN *3C), foram obtidos em um espectrometro Bruker, modelo
Avance DPX-300, pertencente ao Centro Nordestino de Aplicacdo e Uso da Ressonancia Magnética
Nuclear da Universidade Federal do Ceara (CENAUREMN-UFC). Os espectrémetros foram operados
nas freqiiéncias de 300 MHz (*H), 75 MHz (**C), sob um campo magnético de 11,744 T e 7,05 T,
respectivamente. A amostra foi dissolvida em 600 uL de metanol deuterado (CD3OD) e analisada em
tubo de 5 mm (WilmadLabglass, New Jersey, EUA). As multiplicidades das bandas de absor¢do dos
prétons nos espectros de RMN-H foram indicadas como: singleto (s), dupleto (d), tribleto (t) e multipleto
(m). Os dados espectrométricos referentes aos espectros de RMN *H e 3C estdo designados na forma de

deslocamento quimico (3).

2.12 Descricao dos parametros utilizados na construcéo da rede molecular networking

As redes moleculares networking séo ferramentas que vem sendo bastante utilizadas nos estudos
de desreplicacdo de metabodlitos secundarios. A formacdo de uma rede molecular depende do fato de que
0s metabdlitos estruturalmente semelhantes tém padrdes de fragmentacdo MS/MS semelhantes,
permitindo uma identificacdo instantanea de moléculas, analogos ou familias de compostos. Nas redes
moleculares cada n6 corresponde a um espectro coerente de MS/MS, e é normalmente rotulado com a
massa neutra do ion precursor.

Os nds com padrdes de fragmentacdo sdo conectados com bordas (linhas), essas linhas nos
fornecem valores de cosseno. Os valores de cosseno proximos de um, indica um excelente grau de
semelhanga com 0s compostos conectados entre 0s n6s em uma rede molecular. Compostos presente na
amostra e sugeridos pela biblioteca do GNPS, com cosseno proximo ou igual a um indica confiabilidade
entre os dados da amostra com os da biblioteca. Neste estudo os nds foram exibidos como um grafico de
pizza, referindo-se a abundéancia relativa de cada ion nos extratos obtido, pelo diferentes métodos de
extracéo.

As redes moleculares foram criadas analisando o perfil de metabélitos secundarios presente nos
extratos ACTB-242-SR, ACTB-242-HP-20 e ACTB-242-XAD16N, usando o fluxo de trabalho online
(https://ccms-ucsd.github.io/GNPSDocumentation/) no site do GNPS (http://gnps.ucsd.edu). Todos 0s

arquivos brutos de LCMS foram convertidos para o formato mzXML usando MSconvert “ProteoWizard
2. 1” e exportados para a plataforma GNPS, no qual forneceram informagdes necessarias para a analise.

A tolerancia de massa do ion precursor foi fixada em 0,02 Da e uma tolerancia de fragmento de
ion MS/MS de 0,02 Da. Uma rede foi criada onde as bordas (cosseno), foram obtidas apenas para valores
de cosseno acima de 0,7 e mais de 6 picos correspondentes. Além disso, as bordas entre dois nds eram

mantidas na rede se, e somente se, cada um dos nds aparecesse em cada um dos 10 n6s mais semelhantes.


http://gnps.ucsd.edu/
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O tamanho maximo de uma familia molecular foi definido como 100, e as bordas de pontuacdo mais
baixas foram removidas das familias moleculares até que o tamanho da familia molecular estivesse
abaixo desse limite. Os espectros na rede foram entdo pesquisados nas bibliotecas espectrais do GNPS.

Os resultados das redes moleculares obtidas foram exportados para serem visualizados em
Software Cytoscape 3.7.2 [https://cytoscape.org]. As bibliotecas espectrais do GNPS forneceram o
suporte necessario para a identificacdo de duas classes de compostos. Os espectros de MS/MS dos
compostos obtidos foram comparados aos espectros de MS/MS de compostos presentes na biblioteca
espectral da plataforma do GNPS.

3 RESULTADOS E DISCUSSOES

3.1 Relagdes antagbnicas entre C. musae e espécies de actinobactérias

Com relacdo a investigacdo da presenca de metabolitos secundarios com potencial antifingico,
foi empregado o método de culturas pareadas (cultivo direto), que consiste em estudar a interacdo entre
dois tipos de micro-organismos distintos sob condi¢fes controladas, com culturas compativeis para
ambos os parceiros. Nessa metodologia, a difusdo de metabolitos primarios e secundarios é observada
pela formagdo de uma distancia de inibigdo entre os micro-organismos.*

A Figura 2 mostra a distancia de inibicdo (mm) entre os micro-organismos apds 5 dias de
exposicao aos tratamentos com as cepas de actinobactérias em placas de Petri (cultivo direto). As cepas
ACTB-242, ACTB-77 e ACTB-290 promoveram as maiores distancias de crescimento entre 0s micro-
organismos (26,52; 24,20 e 21,74 mm, respectivamente), sendo selecionadas ACTB-242 (26,24 mm)
para o cultivo e producéo de extratos por desempenhar o maior efeito antagonico.

C. musae

ACTB-242

ACTB-77

Cepas de actinobactérias

ACTB-290

0 3 6 9 12 15 18 21 24 27 30
Distancia antagonica entre actinobacterias e C.musae (mm)

Figura 2-Distancia de inibicdo entre micro-organismos antagdnicos pelo método de culturas pareadas (cultivo direto).
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3.2 Potencial inibitério do extrato de Streptomyces ACTB-242 contra os fungos fitopatogénicos L.
theobromae, C. brevisporum e C. musae.

A atividade inibitoria do extrato de Streptomyces ACTB-242 (Figura 3) foi testada contra os
fungos fitopatégenos L. theobromae, C. brevisporum e C. musae, em relacdo ao controle negativo
(DMSO+meio de cultura). Os valores encontrados foram de 65% para L. theobromae, de 80% C.

brevisporum e C. musae (a uma concentracao de 0,5 mg/mL).
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Figura 3- Atividade antifingica de extratos de Streptomyces sp. (ACTB-242) a concentracdo de 0,5mg/mL.

3.3 Identificagdo molecular da cepa ACTB-242

A cepa ACTB-242 apresentou 99% de similaridade com Streptomyces spp., através da arvore
filogenética mais parcimoniosa (Figura 4), obtida a partir do conjunto de dados de sequéncias 16S do
rDNA de cepas do género Streptomyces. A sequéncia da cepa ACTB-242 agrupou-se em um clado
proximo a Streptomyces mobaraensis (com 99,4 % de similaridade). Portanto, por meio da caracterizacdo

molecular a cepa ACTB-242 pertence ao género Streptomyces.

HQ244461 1 Streptomyces platensis
JN566020.1 Streptomyces ramulosus
AY999778 1 Streptomyces catenulae
FJ406112.1 Streptomyces tubercidicus
29~ AB184817 1 Streptomyces angustmycelicts
JNS566018.1 Streptomyces lydicus
31— DQ026654.1 Streptomyces sioyaensis
£JN56602?_1 Streptomyces rimosus subsp. paromomycinus
33 JNSBE6021.1 Streptomyces nmosus subsp. nmosus
r!—\ﬁ 84755.1 Streptomyces californicus
AYIT0677.1 Streptomyces roseoflavus

|l KX266958.1 Streptomyces pactum
L] ACTB-B242

KX443339.1 Streptomyces mobaraensis
46 DQO026653 .1 Streptomyces varsoviensis

50 NR 043830.1 Streptomyces mobaraensis

_25_|: JN050256.1 Streptomyces chilikensis

AF114036.1 Streptomyces nodosus

43

37

77 — AB184232 1 Streptomyces pseudogriseolus
27 [AB‘I 84326.1 Streptomyces parvulus
95 KX775316.1 Streptomyces pactum
KF771262.1 Amycolatopsis roodepoortensis
—
10

Figura 4- Arvore filogenética inferida por maxima parciménia (MP) de dados da regido gendmica 16S do rDNA para
sequéncias do género Streptomyces. Os valores de bootstrap com 1000 repeticBes sdo mostrados no respectivo ramo.
Amycolatopsis roodepoortensis foi usado como grupo externo. A sequéncia deste estudo esta destacada em negrito.

3.4 Concentragéo inibitoria minima (CIM) dos extratos ACTB-242-SR, ACTB-242-XAD16N e
ACTB-242-HP20 contra C. musae

Nos ensaios de CIM para o extrato ACTB-242-SR (Figura 5), observou-se que o crescimento do

fungo comecou a diminuir a partir da concentracio de 62,5 ug mL* a 45%, sendo que a inibi¢do completa
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do crescimento micelial ocorreu na concentracio de 250 ug mL™. Nos tratamentos com o extrato ACTB-
242-XAD16N, o crescimento micelial do fungo diminui 66% na concentragdo de 15,6 ug mL™ e 71% na
concentracdo de 31,25 pg mLL. No entanto, somente na concentragdo 62,5 pg/mL ocorreu a inibigdo
total do crescimento micelial do fungo. Para o tratamento com o extrato ACTB-242-HP20, observou-se
a inibicdo do crescimento micelial de 72% na concentracdo de 15,6 pg mL?, com total inibicdo de
crescimento micelial na concentracdo de 31,25 pug mL*. Assim, o extrato ACTB-242-HP20 foi mais
ativo na inibicdo de C. muse, em comparagdo com 0s extratos obtidos sem resina e com a resina
XAD16N.

ACTB-242-SR

Controle
250 pg/mL
125 pg/mL
62,5 pg/mL
31,25 pg/mL
15,6 ng/mL

D¢ «d009

Crescimento micelial (mm)

250 pg/mL 125 pg/mL 62,5 pg/mL 31,25 pg/mL 15,6 pg/mL  Controle
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Figura 5-Graficos da relagéo crescimento do fungo (C. Musae) x tempo de incubagdo com diferentes concentragdes do extrato
de Streptomyces sp (ACTB-242) a diferentes condicdes de extragdo (A) Concentragdo inibitdria minima (CIM) do extrato
ACTB-242-SR, (B) Concentragéo inibitéria minima (CIM) do extrato ACTB-242-XAD16N e (C) Concentragdo inibitdria
minima (CIM) do extrato ACTB-242-HP20.

3.5 Estudo de desreplicacdo dos extratos de Streptomyces sp. ACTB-242 cultivada com e sem resinas

de extracao

O processo de desreplicagdo dos extratos obtidos de Streptomyces sp. ACTB-242 cultivada com
e sem resinas de extracdo foram realizados por cromatografia liquida acoplada a espectrometria de
massas (UPLC-HRMS), conforme descrito no item 2.10, p. 93. A analise dos resultados obtidos desse
processo permitiu verificar um perfil semelhante entre os extratos obtidos nos cultivos com resinas, sendo
estes seletivos para compostos que apresentaram tempo de retengdo superiores a 11 minutos, quando
comparados ao perfil cromatogréafico do extrato obtido com acetato de etila (Figura 6).
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Figura 6-Cromatogramas dos extratos AcOEt obtidos do cultivo de Streptomyces sp. ACTB-242 sem resinas (A) e com
XAD16N (B) e HP20 (C).

Conforme descrito no item 2.12, p. 94, os cromatogramas obtidos do cultivo de Streptomyces sp.
ACTB-242 por UPLC-HRMS foram submetidas a um processo de tratamento de dados usando a
plataforma GNPS. Trés substancias ou anotacdes (isocumarina (1), piericidina A e reticulol) foram

identificadas por semelhanca espectral na biblioteca GNPS. A partir da analise dos ions principais obtidos
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dos cromatogramas foi possivel gerar duas redes separadamente, uma para 0 modo negativo e outra para
0 modo positivo de ionizagdo (Figura 7). As redes criadas permitiram a investigacdo de duas diferentes
classes de compostos e seus analogos. Na rede negativa foi observado a formacéo do cluster denominado
de A, no qual foi identificado uma classe de isocumarinas e seus analogos e na rede positiva observou

formacéo do cluster denominado de B com identificacdo da substancia piericidina A.
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Figura 7- Redes moleculares de dados de MS/MS obtidos a partir dos extratos de Streptomyces sp, modo negativo e positivo
usando um corte de similaridade de cosseno de 0,7.

3.5.1 Identificagdo de compostos da classe das isocumarinas detectados no modo negativo

Isocumarinas séo lactonas de ocorréncia natural, encontradas abundantemente em bactérias,
fungos e plantas. Trabalhos de revisdo recentes revelaram a descoberta de indmeras isocumarinas
farmacologicamente importantes.®»¥ Wu e colaboradores (2019) descreveram a atividade das
isocumarinas contra os fitopatdgenos Fusarium oxysporum, Penicillium italicum e Fusarium
graminearum, em comparacdo com o triadimefon (fungicida). A maior atividade inibitoria foi
apresentada contra Fusarium oxysporum.

Os extratos obtidos de Streptomyces sp. ACTB-242 estudados nesse trabalho, apresentaram
atividade de inibicdo de crescimento contra fungos fitopatdgenos superior a 65% (Item 3.2, p. 96). A

presenca das isocumarinas tornou-se um fator significativo na justificativa dessa atividade. A analise de
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desreplicacédo dos extratos por UPLC-HRMS levou a identificacéo de cinco isocumarinas. O isolamento
e a determinacdo estrutural da isocumarina 6,8-dihidroxi-3-metilisocumarina (1, Figura 8) do extrato
ACTB-242HP-20 auxiliou na identificac&o dessa classe de compostos no processo de desreplicagdo. Essa
isocumarina foi previamente isolada de Streptomyces sp. MBT76 e Streptomyces sp. CMU-MH021.343

Figura 8-Representacdo estrutural de 6,8-dihidroxi-3-metilisocumarina (1).

O espectro de massas de alta resolucdo (Figura 1 IS) mostrou um pico de ion quasi-molecular
correspondente a molécula desprotonada [M-H] em m/z 191,03397 (Calculado: m/z 192, 03397, erro-
0,085 ppm), indicando a férmula molecular C1oHgOsa.

O espectro de RMN 'H (CD30D, 300 MHz, (Figura 2 IS) descrito na tabela 3 mostrou sinais
de hidrogénio caracteristicos de um anel aromatico dissubstituido para dois hidrogénios na faixa on 6,27
e 0n6,28 (H-5 e H-7), um sinal de hidrogénio olefinico em 6,24 (d, H-4) e um sinal em oy 2,21 para trés
hidrogénio metilicos.

O espectro de RMN C (CD30D, 75 MHz, Figura 3 IS, Tabela 2) exibiu 10 sinais de carbono
bem definidos, com um carbono metilico, trés metinicos e seis de carbonos sp? ndo hidrogenados,

incluindo uma carbonila de éster em dc 166,61 (C-1).

Tabela 2- Dados espectrais de RMN 1H e 13C (CD30D, 300 e 75 MHz) de (1).

C oc Literatura OH
(multiplicidade, Jn,H)

1 166,61 -

3 154,30 -

4 10429 6,4(d,J=24,1H) 6,26 (d, J=3,1H)

5 102,20 6,28 6,29 (m, 1H)

6 166,06 -

7 101,21 6,27 6.29 (m, 1H)

8 163,58 -

4a 140,21 -

8a 98,28 -

9 1796 221(d,J=123H) 2,22(s),3H
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As informacgBes de isolamento e a caracterizacdo de 1, permitiu explorar a rede molecular
formada no cluster A (figura 9). O estudo do cluster A, confirmou as estruturas dos compostos 6,8-
dihidroxi-3-metilisocumarina (1) e reticulol (4), através da comparacdo do perfil de fragmentacdo
presentes na biblioteca do GNPS. As estruturas dos demais compostos foram identificadas pela anlise
dos fragmentos de massas.

B 323104

< pzT

£ 282077

-1585

1 298.072

Reticulol

" 207.066

205.05 -1gba2

K 9 191.034
6,8-dihidroxi-3- e 1“9"%’“_034
metilisocumarina

(Isolado)

Designag¢io das cores nos Cossenos

nos por extrato
191,034-->207,066-0,80

Extrato ATCB-242-HP20
191,034-->205,05-0,73

Extrato ATCB-242-XAD16N

205,05--> 221,045-0,81
Extrato ATCB-242-SR

Branco

Figura 9-Rede molecular dos compostos (Cluster A) para 0 modo negativo ionizagdo com anotagdes do GNPS dos ions de
massa precursora m/z 191,03397 e m/z 221.0449.

A identificacdo dos compostos com esqueleto de isocumarinas foi realizada com base na massa
do ion percursor m/z 191,034 (6,8-dihidroxi-3-metilisocumarina, 1), que coincidiu com a anotacéo pela
biblioteca espectral do GNPS. Nos nds presentes no cluster A foram encontradas combinagdes com
padrdes de isocumarinas ([M-H]- m/z 205,04898 e [M-H] m/z 207,0656), descritos recentemente na
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literatura em cultura do fungo endofitico Xylomelasma sp. Esses n6s encontram-se altamente agrupados
com grau de similaridade de cosseno superior a 0,73 ao se combinar com m/z 191,03397.

A estrutura do analogo 2 (Figura 11), identificada no pico com tempo de retencéo de 8,93 min,
foi sugerida como sendo a 8-hidroxi-6-metoxi-3-metilisocumarina. Esse analogo 2 foi detectado no
espectro de massas na forma desprotonada com m/z 205,0498 [M-H], referente a formula molecular
C11H9O4, com erro de 1,291 ppm (Figura 4 1S). Para a identificacdo desse composto levou-se em
consideracdo a diferenca entre 0 m/z 205,04898 de 2 e 0 m/z 191,03397 de 1, que diferem entre si em 14
Da, sugerindo a troca do hidrogénio por um grupo metila. As anélises dos espectros de MS/MS
forneceram os fragmentos principais que justificam essa proposta, com a presenca dos ions m/z 190,0137
(C10H604) correspondente a perda do fragmento 15,0362 Da [M-H-CHzs], m/z 174,0551 (C10HeO3) para
a perda do fragmento de 30,9948 Da [M-H-CH30] e m/z 162,0186 (C10H100>) para a perda do fragmento
de 43.9900 Da [M-H-CO].

Para o0 analogo 3 (Figura 11), identificado no pico com tempo de retencdo 9,10 min, foi sugerida
a estrutura da 8-hidroxi-6-metoxi-3-metilisocroman-1-ona, sendo detectada no espectro de massa na
forma desprotonada com m/z 207,0652 [M-H], referente a formula molecular C11H1104, com erro de
2,003 ppm (Figura 5 1S). A identificacdo desse composto foi guiada pela diferenca entre o m/z 207,0652
de 3 e 0m/z191,03397 de 1, os quais diferem entre si em 16 Da. Essa diferenca se explica pela troca do
hidrogénio pelo grupo metila e a ocorréncia de uma possivel reducdo da dupla ligacdo. As analises dos
espectros de MS/MS forneceram os fragmentos principais m/z 192,1260 (C1oHgO4), correspondente a
perda do fragmento 14,9396 Da [M-H-CHjs], m/z 190,0138 (C1:H1003) para a perda do fragmento de
17,0519 Da [M-H-OH] e m/z 163,0754 (C10H1102) para a perda do fragmento de 43.9902 Da [M-H-
CO2], os quais corroboram com essa proposta.

O composto 4 (reticulol, Figura 11) apresentou m/z 221,0449 referente a formula molecular
C11H9Os com erro 1.9282 ppm (Figura 6 IS) e foi identificado no pico com tempo de reteng¢éo 11,78 min.
Sua estrutura foi confirmada pela biblioteca espectral do GNPS com a nomenclatura 6,8-dihidroxi-7-
metoxi-3-metilisocumarina (reticulol). Na rede molecular o composto 4 estava diretamente relacionado
ao composto 2 com m/z 205,04898, diferindo entre si por 15,995 Da. Essa diferenca pode ser justificada
pela adicdo de uma hidroxila na posic¢éo de um hidrogénio. A Comparagdo dos espectros de fragmentos
de 4 com espectro referéncia do reticulol da biblioteca do GNPS apresentou cosseno de 0,88 (Figura 10),
confirmando tratar-se da mesma substancia. O estudo do perfil de fragmentacdo forneceu como ions
principais m/z 206,0210 (C10HsOs) correspondente a perda do fragmento 15,0238 Da [M-H-CHzs], m/z
190,0262 (C10HsO4) para a perda do fragmento de 31,0186 Da [M-H-OCHs] e m/z 177,0295 (C10H1003)
para a perda do fragmento de 44,0154 Da [M-H-CO]. Esses dados corroboram com os dados descrito

na literatura para esse composto, recentemente isolado do meio aquoso de Streptomyces sp. MBT76.%
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Figura 10-Comparacdo dos espectros de fragmentos de m/z 221,0449 anotado como reticulol com cosseno de 0,88 com
espectro referéncia da biblioteca do GNPS. O espectro superior (amostra) e o espectro inferior (referéncia da biblioteca do
GNPS).

O composto 5 (Figura 11) foi identificado, a partir das analises de fragmentacdo de MS/MS, no
pico com tempo de retencdo 8,68 min, na forma de um ion desprotonado com m/z 235,0607 [M-H]
referente a formula molecular C12H1:0s e com erro de 2.468 ppm (Figura 7 1S), indicando a presenca da
8-hidroxi-5,6-dimetoxi-3-metilisocumarina (5). O perfil de fragmentacdo exibiu os ions principais m/z
221,0450 [M-H-CHj3], m/z 205,0498 [M-H-OCHjs] e m/z 191,0341 [M-H-CO], estando de acordo como
descrito por Wu e colaboradores.*’

O composto proposto com sendo 3-acetil-6-hidroxi-8-metoxi-1H-isocromen-1-ona (6, Figura
11), presente no pico com tempo de retencdo de 10,72 min, foi detectado na forma de um ion
desprotonado com m/z 233,0449 [M-H] referente a formula molecular C12HyOs e com erro de 2.0909
ppm (Figura 8 IS). As analises dos espectros de MS/MS forneceram os fragmentos principais m/z
219,0291 [M-H-CHzs], m/z 190,0257 [M-H-C2H30] e m/z 189,0548 [M-H-CO2]. No entanto, néo foi
encontrado na literatura dados comparativos que justifiquem a identificacdo desse composto. Na figura
11 encontram-se as estruturas dos todos os compostos identificados (1-6). A tabela 4 resume todos as

informacdes de fragmentacdo de massas para os compostos 1-6, identificados na classe das isocumarinas.
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Tabela 3- Compostos identificados por UHPLC-MS/MS associado a redes moleculares networking no modo negativo de

ionizacdo.
Nr Rt/min Estrutura proposta Detectad MS/MS Formula Erro
0 molecular  (ppm)
[M-HJ
1 11,83 6,8-dihidroxi-3- 191,0339 176,0103; C10HsO4 0,085
metilisocumarina 149,0231; 123,0438
2 8.93 8-hidroxi-6-metoxi-3- 205,0498 190,0137; C11H9O4 1,291
metilisocumarina 174,0551; 162,0186
3 9,10 8-hidroxi-6-metoxi-3- 207,0652 192,1260; CuH1104 2,003
metilisocroman-1-ona 190,0138; 163,0754
4 11,78 6,8-dihidroxi-7-metoxi-3-  221,0449 206,0210; CuHyOs  1,9282
metilisocumarina 190,0262; 177,0295
5 8,68 7-hidroxi-6,8-dimetoxi-3-  235,0607 221,0450; CioH1105 2,468
metilisocumarina 205,0498; 191,0341
6 10,72 3-acetil-6-hidroxi-8-metoxi-  233,0449 219,0291; C12H9Os 2,090

1H-isocromen-1-ona

190,0257; 189,0548

3.5.2 Desreplicagdo dos compostos da classe das piericidina presentes no modo positivo

As piericidinas pertencem a uma familia de compostos estruturalmente relacionados, que inclui

um grupo de antibidticos, os quais sdo produzidas predominantemente pela biossintese de varias especies

de actinobactérias do género Streptomyces.®® Os compostos presentes na classe das piericidinas

apresentam diversas atividades biologicas,

antineoplasica.®

incluindo  pesticida,

antifangica,

antimalarica e
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O estudo do cluster B (Figura 12), sugeriu a estrutura do composto Piericidina A (7), através da
comparacdo do perfil de fragmentacdo presentes na biblioteca do GNPS (Figura 13). As estruturas dos
11 compostos anélogos foram identificadas pela analise dos fragmentos de massas como pertencentes a
classe das piericidinas.
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Figura 12- Rede molecular dos compostos (Cluster B) para 0 modo positivo de ionizagdo com anotacdo pelo GNPS da
piericidina A, ion de massa precursora m/z 416,2792.

O composto (7) foi encontrado no pico com tempo de retencdo 17,88 min, na forma de um ion
protonado com m/z 416,2792 [M+H] referente a férmula molecular C2sH3sO4N e com erro de 0,57237
(Figura 9 1S). Analise do espectro de MS/MS corroborou a estrutura da piericidina A, pela presenca dos
fragmentos principais m/z 398,2690 (C2sH3s03N), correspondente a perda do fragmento 18 Da [M+H-
H.0], m/z 182,0806 (CgH1203N) para a perda do fragmento de 234,1982 Da [M+H-C1sH250] e m/z
85,0653 (CsHyO) para a perda do fragmento de 331,2140 Da [M+H-C20H2003N]. A analise comparativa
do espectro obtido experimentalmente com espectro da biblioteca do GNPS (Figura 13) confirmou o
perfil de fragmentacdo da piericidina A com valor de cosseno de 0,75. Este composto foi descrito
inicialmente por Takahashi e colaboradores como um novo metabdlito inseticida produzido por culturas
de Streptomyces mobaraensis.*® A estrutura da piericidina A foi completamente proposta em 1965 com
base em estudos de RMN de *H. Estudos recentes relataram a presenca dessa molécula em espécies de
Streptomyces sp. IT-143, Streptomyces sp. e Streptomyces sp. ML5521, 414243
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Figura 13- Comparagao dos espectros de fragmentos de m/z 416,2792 anotado como piericidina A com cosseno de 0.75, com
espectro referéncia da biblioteca do GNPS. O espectro superior (amostra) e o espectro inferior (referéncia da biblioteca do
GNPS).

O composto 8 (Figura 14) foi detectado no pico com tempo de retencdo 19,56 min como ion
protonado m/z 430,2946 [M+H]" referente a formula molecular C26H100:N e com erro de 1,2503 (Figura
10 IS). O estudo das redes moleculares mostrou a presenga da piericidina B1(8), analoga a piericidina A
(7), pelo agrupamento do fragmento m/z 416,2792 com diferenca de 14,015 Da em relagdo a m/z
430,2946, levando a sugestdo de uma substituicdo um hidrogénio da hidroxila em C-10 por uma metila.
No espectro de MS/MS foi observado presenca dos fragmentos principais m/z 398,2684 (C2sH3s03N),
correspondente a perda do fragmento 32,0264 Da [M+H- CH3OH], m/z 182,0809 (CeH1.03N) para a
perda do fragmento de 248,2137 Da [M+H-C17H250], m/z 99,0807 (C¢H1:0) para a perda do fragmento
de 331,2140 Da [ M+H-C20H2903N] e m/z 304,1901 (C1sH2603N) correspondente a perda do fragmento
128,1045 Da [M+H-CgH140]. Esses dados estdo de acordo com os descritos anteriormente na

literatura.*4*°

No pico com tempo de retengédo 18,64 min observou-se um ion protonado com m/z 430,2947
[M+H]" referente a férmula molecular C26H1004N e com erro de 1,0375 (Figura 11 IS), o que indica
a presenca da substancia conhecida na literatura por Piericidina A5 (9, Figura 14). No espectro de

MS/MS observou a presenca dos fragmentos principais m/z 412,2843 (C2sH3sO3N) correspondente
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a perda do fragmento 18 Da [M+H-H20], m/z 330,2059 (C20H23803N) para a perda do fragmento de
100 Da [M+H-Cg¢H120], m/z 99,0806 (CsH110) para a perda do fragmento de 331,2140 Da [ M+H-
C20H2903N] e m/z 182,0809 (CoH1203N) correspondente a perda do fragmento 248,2140 Da [M+H-
C17H250, de acordo com os dados descrito na literatura.*®

Os compostos 8 e 9 apresentaram o0 mesmo perfil de fragmentacéo, o que sugere a presenca de
isdmeros com diferenca em relacdo a posicdo da metila na cadeia. Essa diferenca foi observada na
deteccéo do fragmento m/z 412,2840.

O composto 10 (Figura 14) foi detectado no pico com tempo de reten¢éo 13,56 min como ion
protonado com m/z 426,3000 [M+H]" referente a formula molecular C27H403N e com erro de 0,6634 (
Figura 12 IS). A presenca dos fragmentos principais m/z 408,2894 (C27H3sNO,) correspondente a perda
do fragmento 18 Da [M+H-H.0], m/z 300,1953 (C19H2sNO2) para a perda do fragmento de 126,1040 Da
[M+H-CgH140], m/z 193,1096 (C1:H15NO) para a perda do fragmento de 233,1904 Da [M+H-C1sH250],
m/z 153,0784 (CgH1102N), para a perda do fragmento de 273,2217 Da [ M+H-C19H290] e m/z 125,0961
(CgH130) correspondente a perda do fragmento 301,2029 Da [M+H-C19H27NO2] levaram a identificacdo
desse composto. Esses dados ndo foram comparados com a literatura, visto que ndo foi encontrado
molécula com mesmo perfil estrutural.

O composto 11 (Figura 14) foi detectado no pico com tempo de retencdo 16,14 min na forma de
fon protonado com m/z 432,2737 [M+H]" referente a formula molecular C2sH3sNOs e com erro de 1,4704
(Figura 13 1S). A presenca dos fragmentos principais m/z 414,2636 (C2sH3sNO4) correspondente a perda
do fragmento 18 Da [M+H-H.0], m/z 330,2059 (C20H2sNO3) para a perda do fragmento de 102,0678 Da
[M+H-CsH1002], m/z 290,1748 (C17H24NO3), para a perda do fragmento de 142,0990 Da [M+H-
CgH1402] e m/z 182,0809 (CeH12NO3) correspondente a perda do fragmento 250,1928 Da [M+H-
Ci16H2602], encontrados no espectro de MS/MS permitiram a hipdtese da existéncia dessa molécula. Para
essa estrutura ndo foram encontrados dados na literatura que justificasse a descricdo desse composto
anteriormente.

O composto 12 (Figura 14) foi detectado no pico com tempo de retencdo 14,43 min na forma de
ion protonado com m/z 432,2735 [M+H]" referente a formula molecular C2sHzsNOs com erro de 2,1970
(Figura 14 1S) e conhecido na literatura de piericidina C1.*” A presenca dessa molécula € justificada pelos
seguintes fragmentos principais m/z 414,2632 (C2sH3sNO4) correspondente a perda do fragmento de 18
Da [M+H-H20], m/z 330,2059 (C20H2sNO3) para a perda do fragmento de 102,0675 Da [M+H-CsH1002],
m/z 222,1121 (C12H16NO3) para a perda do fragmento de 210,1614 Da [M+H-C13H2202], m/z 209,1538
(C13H210>), para a perda do fragmento de 223,1197 Da [M+H-C12H17NO3s] e m/z 182,0809 (CoH12NO3)
correspondente a perda do fragmento 250,1926 Da [M+H-C16H2602] encontrados no espectro de MS/MS.
Observa-se que os dois compostos 11 e 12 sdo isémeros, apresentando mudangas de posi¢do das duas

ligagOes duplas nos carbonos 4 e 6 para 5 e 7 na cadeia lateral.
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No pico com tempo de retencdo 14,03 min observou-se o ion protonado com m/z 440,3156
[M+H]" referente a formula molecular C2sH42NO3 e com erro de -0,8378 (Figura 16 IS), indicando a
presenca do composto 13 (Figura 14). A existéncia desse composto foi justificada pela presenca dos
fragmentos principais m/z 422,3049 (C2sHs0NO>) correspondente a perda do fragmento de 18 Da [M+H-
H20], m/z 300,1952 (C19H26NO>) para a perda do fragmento de 140,1204 Da [ M+H-CyH160], m/z
192,1017 (C11H14NO2) para a perda do fragmento de 248,2139 Da [ M+H-C17H280], m/z 153,0782
(CgH1:NO>) correspondente a perda do fragmento de 287,2374 Da [M+H-CxH3:0] e m/z 109,1013
(CgH13) correspondente a perda do fragmento de 331,2142 Da [M+H-CxH29NO3] encontrados no
espectro de MS/MS. No entanto, ndo foi encontrado na literatura relato desse composto.

O composto 14 (Figura 14) foi encontrado no pico com tempo de retencdo 18.75 min na forma
de um ion protonado com m/z 442,2948 [M+H]" referente a férmula molecular C27H4NO4 e com erro
de 0,9404 (Figura 17 IS). Este foi caracterizado pelo perfil MS/MS presente nos fragmentos principais
m/z 424,2841 (C27H3sNO3) correspondente a perda do fragmento de 18 Da [M+H-H20], m/z 330,2059
(C20H2sNOs3) para a perda do fragmento de 112,0888 Da [M+H-C7H120], m/z 182,0809 (CyH12NO3) para
a perda do fragmento de 260,2139 Da [M+H-C1sH280] e m/z 113,0962 (C7H130) correspondente a perda
ado fragmento de 329,1986 Da [M+H-C20H27NO3]. Ndo foram encontrados dados sobre este composto
na literatura.

O composto 15 (Figura 14) foi detectado no pico com tempo de retencdo de 19,20 min e
apresentou o fragmento protonado com m/z 456,3106 [M+H]" referente a formula molecular C2sH42NO4
e com erro de 0,4314 (Figura 18 IS), designado na literatura pelo cdigo de 1T143B por ter sido isolado
de Streptomyces 1T143.%? Esse composto foi justificado pela exploracdo da rede molecular com o
agrupamento do fragmento m/z 416,2792 e diferenca de 40,031 Da em relacdo ao m/z 456,3106,
indicando a incorporacdo do grupamento sec-but-2-enila. Os fragmentos principais m/z 438,3000
(C28H40NO3) correspondente a perda do fragmento de 18 Da [M+H-H,0], m/z 330,2058 (C17H24NO3)
para a perda do fragmento de 166,1362 Da [M+H-C1:H1s0], m/z 182,0861 (CoH12NOs) correspondente
a perda do fragmento de 274,2297 Da [M+H-CisH300] e m/z 125,0962 (CsH130) para a perda do
fragmento de 331,2146 Da [M+H-C20H29NO3] foram encontrados no espectro de MS/MS.

O composto 16 (Figura 14) encontrado no pico com tempo de retengdo 17,35 min,
apresentou fon protonado com m/z 402,2637 [M+H]" referente a formula molecular C24H3sNO4 €
com erro de 0,4541 (Figura 19 IS). Esta substancia é designada na literatura como de-Me-piericidina
A1.% Esse composto foi agrupado diretamente com m/z 416,2792 com diferenca de 14,016 Da em
relacdo ao fragmento m/z 402,2637, atraves da troca do grupo metila por hidrogénio na posicéo C-
9 da cadeia lateral. A presenca dessa molécula é também justificada pelo perfil de fragmentagéo
m/z 384,32529 (C24H34NO3) correspondente a perda do fragmento de 18 Da [M+H-H20], m/z
318,2059 (C19H28NO3) para a perda do fragmento de 84,0578 Da [M+H-CsHgO], m/z 182,0810
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(CoH12NO3) correspondente a perda do fragmento de 220,1827 Da [M+H-C15H240] e m/z 85,0652
(CsH9O) para a perda do fragmento de 317,1985 Da [M+H-C19H27NQO3] encontrados no espectro
de MS/MS.

O composto 17 (Figura 14) foi detectado no pico com tempo de retengdo 12,19 min e
apresentou o ion protonado com m/z 386,2687 [M+H]" referente a formula molecular C24H3sNOs e
com erro de 0,6814 ( Figura 20 1S). Este composto foi descrito na literatura com cddigo Mer-
(A2026B), sendo isolado de Streptomyces pactum Me2108.*8 A presenca dessa molécula é
justificada pelo perfil de fragmentacdo encontrado no espectro de MS/MS com o0s principais
fragmentos em m/z 368,2581 (C24H34NO>) correspondente a perda do fragmento de 18 Da [M+H-
H>0], m/z 300,1952 (C19H26NO>) para a perda do fragmento de 86,0735 Da [M+H-CsH100], m/z
192,1052 (C19H26NO2) correspondente a perda do fragmento de 194,1670 Da [M+H-C13H220] e
m/z 85,0653 (CsH9O) para a perda do fragmento de 301,2035 Da [M+H-C19H27NO-].

O composto 18 (Figura 14) foi detectado no pico com tempo de retencdo 16,62 min,
apresentou o ion protonado com m/z 448,2691 [M+H]", referente a férmula molecular C2sH3sNOg
e com erro de -0,5011 (Figura 21 IS). A presenca dessa molécula é justificada pelo perfil de
fragmentacdo encontrado no espectro de MS/MS tendo com ions principais m/z 430,2575
(C25H3sNOs), correspondente a perda do fragmento de 18 Da [M+H-H.0], m/z 236,1278
(C13H18NO3) para a perda do fragmento de 212,1414 Da [M+H-Ci2H2003], m/z 208,0967
(C11H14NO3) correspondente a perda do fragmento 194,1670 Da [M+H-C13H220] e m/z 85,0653
(CsHq0), para a perda do fragmento de 301,2035 Da [M+H-C19H27NO;]. E vélido ressaltar que nio
foi encontrado na literatura a descricdo desse composto que justifique essa estrutura. Na figura 14
encontram-se as estruturas dos todos 0os compostos identificados (7-18). A tabela 4 resume todos as
informacdes de fragmentacdo de massas para 0s compostos 7-18, identificados na classe das
piericidina.

Tabela 4- Compostos identificados por UHPLC-MS/MS associado a redes moleculares networking no modo positivo de
ionizacao.

Nr. Rt/min Estrutura Detectado MS/MS Formula Erro
proposta [M+H]* molecular (ppm)

7 17,88  Piericidina A 416,2792  398,2690; 182,0806; 85,0653  CzsH3sOsN  0,5723

8 19,56 PiericidinaB1 ~ 430,2946  398,2684; 304,1901; 182,0809; C26H404N  1,2503
99,0807
9 18,64 Piericidina A5~ 430,2947  412,2843; 330,2059; 182,0809; Co26Hs00sN  1,0375
99,0806
10 1356  Composto (10)  426,3000  408,2894; 300,1953; 193,1096; Cz7H403N  0,6634
153,0784; 125,0961
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12

13

14

15

16

17

18

16,14

14,43

14,03

18,75

19,20

17,35

12,19

16,62

Composto (11)
Piericidina Cla
Composto (13)
Composto (14)
IT143B
De-Me-
piericidina Al
Mer-(A2026B)

Composto (18)

432,2737
432,2735
440,3156
442,2948
456,3106
402,2637
386,2687

448,2691

414,2636; 330,2059; 290,1748;
182,0809
414,2632; 330,2059; 222,1121;
209,1538; 182,0809
422,3049; 300,1952; 192,1017;
153,0782; 109,1013
424,2841; 330,2059; 182,0809;
113,0962
438,3000; 330,2058; 182,0861;
125,0962
384,32529; 318,2059;
182,0810; 85,0652
368,2581; 300,1952; 192,1052;
85,0653
430,2575; 236,1278; 208,0967;
85,0653

Cas5H3sNOs
Ca5H3sNOs
C2H42NO3
C27H4oNO4
CaH42NO4
C24H3sNO4
C24H3sNO3

Ca5H3sNOs

110

1,4704
2,1970
0,8378
0,9404
0,4314
0,4541
0,6814

0,5011
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9) (10)

Figura 14- Estrutura dos compostos da classe das piericidinas identificados no modo positivo de ionizagéo.



112

4 CONCLUSAO

As informacOes expostas nesse trabalho, permitem-nos concluir que o solo da rizosfera de
plantas do bioma Caatinga é fonte promissora de actinobactérias antag6nicas, produtoras de
metabdlitos secundarios com atividade antifingica contra o fitopatdgeno F. oxysporum, C.
brevisporum e C. musae, para esse ultimos sendo potencialmente mais ativo. Os extratos preparados
com a resina XAD16N e HP-20 mostraram seletividade na extracdo para os compostos da classe
de isocumarinas e piericidinas presentes nesses extratos. As analises de UHPLC-MS/MS associado
a redes moleculares networking permitiu a identificacdo de 6 isocumarinas e 12 piericidinas, sendo
esses 0s possiveis compostos responsaveis pela atividade antifungica. A exploragdo das CIM dos
extratos preparados sem resinas com as resinas XAD16N e HP-20 apresentaram total inibicdo do
crescimento micelial para C. musae as concentragdes de 250 ug/mL, 62,5 pg/mL e 31,25 pg/mL,
respectivamente. Esse estudo sugere a investigacdo de outras relagdes antagOnicas através da
inoculacdo de cepas do isolado Streptomyces sp. ACTB-242 em solos de plantagdes afetadas por
outras espécies de fitopatogénos no campo agricola, além da tentativa de biocontrole pela aplicagdo
direta da biomassa de Streptomyces sp. ACTB-242 no solo de plantacBes infectadas pelo

fitopatogénos F. oxysporum, C. brevisporum e C. musae.
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Tabela 1. Cepas de actinobactérias da rizosfera da Caatinga estudadas e suas procedéncias.
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Codigo das Planta de origem Local no Ceara Localizacdo Cor da cepa
cepas geogréfica
ACTB-10 Mimosa arenosa Serra das Almas 4°11'26,62"S Amarelo opaco
ACTB-25 M. arenosa 38°29'50,78"0 Amarelo opaco
ACTB-32 Bauhiniaforficata Branco
ACTB-77 Combretumleprosum Quixeramobim 6°6'1.18"S incolor
39°23'0.29"0
. - . 4°33'4.44"S
ACTB-166 Sideroxylonobtusifolium Itatira 39°37'53.18"0 Amarelo
. . 5°12'55.97"S
ACTB-171 Crotonblanchetianus Itatira 37° 0'57.07"0 Marrom
ACTB-172 Myracrodruonurundeuva Amarelo-Branco
ACTB-177 Cordiatrichotoma Amarelo
ACTB-227 C.trichotoma Amarelo-Branco
ACTB-242 Cereus jamacaru Amarelo escuro
ACTB-246 C. jamacaru Branco
ACTB0-282 Commiphoraleptophloeos ltatira 4°33'4.44"S creme
ACTB-285 Anadenanthera colubrina 39°37'53.18"0 Branco
ACTB-286 A. colubrina Branco
ACTB-290 A. colubrina Marrom
ACTB-291 A. colubrina Amarelo Claro
ACTB-292 A. colubrina Marrom
ACTB-296 A. colubrina Branco
ACTB-299 Crotonblanchetianus Branco
T . 4°33'7.98"S
ACTB-305 Licaniarigida Itatira 9°38'24.48"0 Rosa

Figura 1 IS. Espectro de massas (modo negativo) de alta resolucéo de (1).
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Figura 2 1S. Espectro de *H RMN (CD3OD, 300 MHz) de (1).
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Figura 3 1S. Espectro de 3C RMN (CDsOD, 75 MHz) de (1).
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Figura 4 IS. Espectros de massas modo negativo dos fragmentos MS/MS de (2).



RT: 0.00 - 23.00

100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10

5
0

0.18

0

191

379 439 450| 662

7.48

13.11

13.16
8.50

9.40 13.68
5.76 951 11.88 [
10.25

4 6 8 10 12 14 16
Time (min)

AC242_D1_PRM30_250219_neg #1657 RT: 7.39 AV:1 NL: 7.54E6
T: FTMS - p ESI Full ms [150.00-850.00]

100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10

5

162.0186

165.0546
CoHgo O3
ar T

174.0551

191.0341
175.0585 187.0967 CyoH704
C7H110s CoH1504

172.0870 178.9769 192.0658

Ci12H120 / I 193.1338
|

18

197.8071

20

1393 1545 1640 18.75 1898 1931 20.66 22.01

22

205.0500
C11HgO4

160

T

T

t

LA
165

T
170 175 180 185 190 195
m/z

168.8353 | [ L |179,.,9353
T e R e e e e e

Figura 5 IS. Espectros de massas modo negativo dos fragmentos MS/MS de (3).

| 200.9854
e
200

205

116

NL:

1.66E7

m/z=
204.55-
205.55 MS
AC242_D1_
PRM30_250
219 _neg



RT: 0.00 - 23.00
100 9.10

95

90

85

80

75

70

65

60

55
50
45
40
35
30
25
20
15
10

AC242_D1_PRM30_250219_neg #2041 RT: 9.10 AV:1 NL: 1.61E8
T: FTMS - p ESI Full ms [150.00-850.00]

100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10

163.0754
Ci10H11 02

172.0870
C12H120

5

10

112,10
1241

14.22 1500 15.86

17.94 19.02
T

20.68
T

117

NL:

1.66E8

m/z=
206.65-
207.65 MS
AC242_D1_
PRM30_250
219_neg

22.99

12
Time (min)

179.0565

[ARAALARAR MRS RAAS \RAM ARARS )

14 16

191.1181

T

T T

18

T
20

T

22

207.0656
C11H11 04

208.0689
209.1288

210.1320
{

155.3584 161.6028 1]@4,.,0788
LN B I B B S B ER B B B B B B
155 160 165

0
150

T T T T T

170 175

T

CeH11 06
——rTT

180

190.0138 | 192.1260

LI s

190

T T

195

199.6759
T T T T
200

T

Figura 6 IS. Espectros de massas modo negativo dos fragmentos MS/MS de (4).

T

T

T 1T 1 ] T T T T

T
205 210



118

RT: 0.00 - 23.00
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120

RT: 0.00 - 23.00
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AC242_D1_PRM30_250219_neg #2409 RT: 10.74 AV: 1 NL: 9.23E5
T: FTMS - p ESI Full ms [150.00-850.00]
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AC242 D1 PRM30_250219 neg #2410 RT. 10.74 AV: 1 NL: 5.83E4
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Figura 9 IS. Espectros de massas modo positivo dos fragmentos MS/MS de (7).
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AC242 D1 PRM30 220219 #4011 RT: 17.88 AV:1 NL: 6.75E9
T: FTMS + p ESI Full ms [150.00-850.00]
416.2792
C25Hzg O4 N=416.2795
-0.7190 ppm

15 398.2685

10 217.1042 261.1305 305.1565 C 5 Hag O3 N =398.2690
5 CeHi1303Ng=217.1044 CgH17 04Ng=261.1306 C19H; OsNg=305.1568 -1.1206 ppm
-0.6080 ppm -0.2138 ppm -0.8834 ppm l. UJ

L et e e L B L

T T T T
180 200 220 240 260 280 300 320 340 360 380 400 420

mls

AC242_D1 PRM30_220219 #4011 RT: 17.88 AV:1 NL: 9.83E6
T: FTMS + p ESI Full ms [150.00-850.00]
332.2215
C20Hzp O3 N=332.2220

100 -1.4846 ppm

95
90
85
80
75
70
65
60
55
50
45
40
35

30

25 333.2249
C13H20 04 Ng =333.2245

20 1.2129 ppm

15

10

O e L s B e o o e e e e B B B B B LA B s o o e o e e B e e e B LA B s s s s s s s s s e |
329.5 330.0 330.5 331.0 3315 332.0 3325 333.0 3335 334.0 3345 335.0 335.5
m/z
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AC242_D1_PRM30_220219 #4011 RT: 17.88 AV:1 NL: 1.48E6
T: FTMS + p ESI Full ms [150.00-850.00]
182.0806
CgHi2 O3 N=182.0812

100 -3.0623 ppm

T T T T LA DA LR RS LI BRI RARAE RAAAY RS KRS RSN RAAS NI RARAS LRSS MAMMS RAMM) RAAR] RARAS RARAY RAAM) AAARY NAARE RAMM R RARAS RARM MARSE |
182.0 182.2 182.4 182.6 182.8 183.0 183.2

m/z

T T T T T LASAM M
180.8 181.0 181.2 181.4 181.6 181.8

Figura 10 IS. Espectros de massas modo positivo dos fragmentos MS/MS de (8).

RT: 7.90 - 23.01
19.56 NL:
100 2.15E9
95 m/z=
429.79-
90 430.79
MS
85 AC242_D1
80 _PRM30_2
20219
75

70
65
60
55
50

45
40
35
30
25
20
15

10

18.25
5 L2

840 9.08 945 10.32 1142 11.82 1198 1337 1421 15.,6747715'91 16.73 17.35
T T

IS e B e s

8 9 10 11 12 13 14 15 16 17 18
Time (min)

19.94
2036 21.39 2298

20 21 22 23




125

AC242_D1_PRM30_220219 #4388 RT: 19.56 AV: 1 NL: 1.46E8
T: FTMS + p ESI Full ms2 430.30@hcd30.00 [50.00-895.00]
99.0807
Cg H11 0=99.0804
2.4924 ppm

398.2682
C23 H34 O2 Ny =398.2676
00 1.4077 ppm

182.0809
20 CoHi2 O3 N=182.0812

15 -1.2186 ppm
250.1433 334.2002 4302946

119.0856 -
C14Hz0 03 N=250.1438 -

10 CoHi1=119.0855 T 368 pom Ci17Hz26 03 N4 =334.1999 C26 Hao 04 N =430.2952
5 0.8210 ppm 8398 PP 0.8487 ppm -1.2503 ppm
S I T N e il N A O ot ]

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

T
100 150 200 250 300 350 400
m/z

T T T T T

T
450

Figura 11 IS. Espectros de massas modo positivo dos fragmentos MS/MS de (9).

AC242_D1_PRM30_220219 #4183 RT: 18.64 AV:1 NL: 2.78E8
T: FTMS + p ESI Full ms [150.00-850.00]
430.2947
C26 Hao O4 N =430.2952
-1.0375 ppm

% 409.0789
C20Hg O3 Ng=409.0792
-0.7192 ppm

55 387.0970
C7H21 015 N3 =387.0967
%0 0.6100 ppm

25 261.1304
20 217.1044 CgH17 04 Ne =261.1306

313.1769
CeH1303Ng=217.1044 -0.5644 ppm C16H21 ONg =313.1771
-0.0457 ppm :

10 -0.8173 ppm

hE L 1 L L L . | ‘|.l I ly 1 L ) 1|

—Tr rr~r | o~~~ o oo+ rrr [ +~rrr [’ T T T T

160 180 200 220 240 260 280 300 320 340 360 380 400 420 440
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AC242_D1_PRM30_220219 #4183 RT: 18.64 AV:1 NL: 1.06E7
T: FTMS + p ESI Full ms [150.00-850.00]
412.2843
C26 H3g O3 N=412.2846

100 -0.6992 ppm

95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10

o

T
412.8

AC242 D1 PRM30 220219 #4183 RT: 18.64 AV:1 NL: 3.73E6
T: FTMS + p ESI Full ms [150.00-850.00]
330.2059

329.2470 C20 H2g O3 N =330.2064
C22 H33 02 =329.2475 -1.4177 ppm

100 -1.6038 ppm
95
90
85
80
75
70
65
60
55
50
45
40

35
331.2090

" C13H27 O4 N =331.2088
2 0.6509 ppm

20
15
10

5

0T
328.8 329.0

T T T T T LI R N B A B I B B B NN B B B E SR B B R B B B NN B B B B B B B B B
330.2 3304 330.6 330.8 331.0 331.2 3314 3316

m/z

L T 7 LI L L
329.2 329.4 329.6 329.8 330.0



AC242_D1_PRM30_220219 #4182 RT: 18.64 AV:1 NL: 7.09E3
T: FTMS + p ESIFull ms2 402.26@hcd30.00 [50.00-840.00]

100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10

(%))

182.0809
CgHi1203N=182.0812
-1.3862 ppm

188.8808
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Figura 12 IS. Espectros de massas modo positivo dos fragmentos MS/MS de (10).

RT: 0.00 - 23.01
100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10

5
1.17
O—frrrrprrerprreey T

256 3.34 4.39 7.67 881
T T T

13.50

10.55 11,55 12.73
T T

T
0 2 4 6 8

T

T T
12
Time (min)

10

14

14.09 1471 1644 15 g4

16 18

18.8737 1898 5021

20

22.30
22

NL:

1.29E9
m/z=
425.53-
426.53

MS
AC242_D1
_PRM30_2
20219



AC242_D1_PRM30_220219 #3043 RT:13.56 AV: 1 NL: 1.10E9
T: FTMS + p ESI Full ms [150.00-850.00]

372.2528
C23H3s O3 N=372.2533
-1.4595 ppm

426.3000

C27 Hao O3 N =426.3003

408.2894
C27 Hag O2 N =408.2897
-0.6790 ppm

394.2348
C21 H2g O N7 =394.2350
-0.5411 ppm

414.3000
C26 Hao O3 N =414.3003
-0.682/6 ppm
/

/

/
/

-0.6634 ppm

n 1
L I L ) B B B B B B S O B I B O B B B B I B S B B B B B

355

360

365

370 375 380

385

AC242 D1 PRM30 220219 #3042 RT: 13.56 AV:1 NL: 1.47E7
T: FTMS + p ESI Full ms2 426.30@hcd30.00 [50.00-890.00]

100
95
90
85
80
75
70
65
60
55
50

40
35
30
25
20
15

(5]

153.0783

CgH11 02N=153.0784

135.1167

C10H15=135.1168

-0.7202 ppm

-0.7971 ppm

178.0860

-1.3553 ppm

C10H12 02 N=178.0863

390 395

m/z

400 405

193.1096
C11H15 02 N=193.1097
-0.7334 ppm

225.0992
C11 His 04 N =225.0996
-1.7440 ppm

410 415 420

260.1642
C16 H22 O2 N =260.1645
-1.1161 ppm

274.1797

C17H24 02N
-1.5957

425 430 435 440

300.1953
C19 Ha26 O2 N =300.1958
-1.5409 ppm

=274.1802
ppm

|I|IL
e L

T
160 180

L
-

|||I
|ABARE aARAS asas snaey T
200 220
m/z

128
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AC242_D1_PRM30_220219 #3042 RT: 13.56 AV:1 NL: 3.45E6
T: FTMS + p ESIFull ms2 426.30@hcd30.00 [50.00-890.00]
125.0961
CgH130=125.0961

1004 0.1270 ppm

95
90
85
80
75
70
65
60
55
50
45
40
35

25
123.1168

20 CoHis=123.1168

15 -0.2327 ppm

10 126.6011

T T T T T T T T

T T T T T L T T T LA M T
123.0 1235 1240 1245 125.0 1255 126.0 126.5 127.0

m/z

Figura 13 IS. Espectros de massas modo positivo dos fragmentos MS/MS de (11).

RT: 0.00 - 23.01

100 15.97 NL:

1.15E8
o5 15.36 miz=
431.77-
90 432,77

19.58 MS
85 AC242_D1

80 _PRM30_2
20219

75
70
65
60
55
50
45
40
35
30
25
20

19.66

15 14.10

10 11.63 12.19

Time (min)



AC242_D1_PRM30_220219 #3622 RT: 16.14 AV:1 NL: 2.57E5
T: FTMS + p ESIFull ms2 432.27@hcd30.00 [50.00-900.00]

100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15

85.0651
104 Cs Hg O =85.0648

135.1167 \
C10H15=135.1168

3.2873 ppm

-0.9461 ppm \

182.0809
CoHi12 03 N=182.0812
-1.4700 ppm

175.3063
\

\

330.2055

C1g H26 O2 N4 =330.2050

290.1748
C17H24 O3 N=290.1751

-1.0199 ppm

250.1431
C14 H20 O3 N =250.1438
-2.5078 ppm

1.4470 ppm

360.2156
C19 H2g O3 N4 =360.2156
04124/8 ppm

130

432.2737

C23H3s 04 Ng=432.2731

1.4704 ppm

5
e T 1
T T T T T

100

T |x | T | T
T T

150 200

AC242 D1 _PRM30_220219 #3622 RT: 16.14 AV:1 NL: 1.00E5
T: FTMS + p ESIFull ms2 432.27@hcd30.00 [50.00-900.00]

100

90
85
80
75
70
65
60
55

45
40
35
30
25
20
15
10

o

414.2636

C25 H3s O4 N=414.2639

-0.6620 ppm

\
|
250

T

m/z

T
300

424.6614

T T y
350 400

432.2737
C23H3s 04 Ng =432.2731
1.4704 ppm




AC242_D1_PRM30_220219 #3623 RT: 16.15 AV: 1 NL: 9.93E5
T: FTMS + p ESI Full ms [150.00-850.00]
330.2059
C20H2g O3 N=330.2064

100 -1.4177 ppm

95

85
80
75
70
65

55
50
45
40
35

25
20
15
10
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331.2080
C11 H25 O3 Ng =331.2075
1.6642 ppm

T T T T T

T T ™ T T
329.6 329.8 330.0 330.2 330.4

m/z

T T T T T T

T T T ™
331.0 331.2 3314 331.6

Figura 14 IS. Espectros de massas modo positivo dos fragmentos MS/MS de (12).

AC242 D1 PRM30_220219 #3238 RT: 14.43 AV:1 NL: 1.24E5
T: FTMS + p ESIFull ms2 432.27@hcd30.00 [50.00-900.00]
332.2213

C18 H2g O2 N4 =332.2207

100 1.9139 ppm

95
90
85
80
75
70
65
60
55
50
45
40
35
30

25 255.1096
20 C11Hi1 Ng=255.1101
15 -2.1386 ppm

10

290.1743
C15H22 02 N4 =290.1737
2.1348 ppm

432.2735
C23H3ze O4 N4 =432.2731
0.9056 ppm

414.2632
C23H34 O3 N4 =414.2625
1.4741 ppm

396.2523
C23 H32 02 Ng =396.2520
0.8620 ppm

401.4586 423.8538

T

1 | T
240 260 280 300 320 340

T T T T T T T
380 400 420 440
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AC242 D1 PRM30 220219 #3239 RT: 1443 AV:1 NL: 2.36E7
T:. FTMS + p ESI Full ms [150.00-850.00]

100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10

(&)

330.2059

C20H2g O3 N =330.2064

-1.5101 ppm

|

336.2318
C23H30 ON=2336.2322
-1.2197 ppm

354.2423
C23 H32 O2 N=354.2428
-1.2596 ppm
394.2348
C21 H2g ON7=394.2350
-0.4637 ppm
400.2842
C25 H3g O3 N =400.2846
-1.0251 ppm

|

362.1494 386.2686
C21H20 O3 N3 =362.1499 C24Has O3 N =386.2690

-1.5601 ppm -1.0764 ppm

L

LIS N L B B B

325

T

| 1 | 1 !
LI O O N D O I O I B

330 335 340 345

350

!
L L L L L

AC242_D1 _PRM30_220219 #3238 RT: 14.43 AV:1 NL: 5.62E3
T: FTMS + p ESI Full ms2 432.27@hcd30.00 [50.00-900.00]

100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10

5
0

355 360 365 370 375 380 385 390 395 400 405
m/z
2221121
C12H16 O3 N=222.1125
-1.5681 ppm

T

2215

221.6 221.7 2218

221.9

2220 2221 222.2 222.3 2224 2225 222.6 222.7 2228
m/z
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AC242 D1 PRM30_220219 #3237 RT: 14.43 AV:1 NL: 2.80E5
T: FTMS + p ESI Full ms [150.00-850.00]
209.1538
C13H21 02=209.1536

100 1.1125 ppm

95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15
10

T (MM Mk Rt bl i M LA Lttt M) LA Mkt M) Liad LMY ML MAAM A MM e At Mt LAk MAARY ML) LM Mt ML) Lhaad LAY MM LAY M LM ki L M
209.5 210.0 210.5 211.0 2115 212.0

m/z

™ T T T
207.5 208.0 208.5 209.0

AC242_D1_PRM30_220219 #3238 RT: 14.43 AV:1 NL: 8.53E4
T: FTMS + p ESIFull ms2 432.27@hcd30.00 [50.00-900.00]
182.0809
CgH1203N=182.0812

100 -1.4700 ppm

190.7979




Figura 15 IS. Espectros de massas modo positivo dos fragmentos MS/MS de (13).

AC242_D1 PRM30_220219 #3149 RT: 14.03 AV:1 NL: 3.76E8
T: FTMS + p ESI Full ms [150.00-850.00]

368.2582

C24 H3z4 O2 N=368.2584
-0.5338 ppm

C20H19 03 Ng=391.1513 |

400.2843
C25 Hag O3 N =400.2846
-0.7964 ppm

408.2892
C27 Hzg O2 N=408.2897
-1.1275 ppm
/ 4223049
/ C 28 Hao O2 N =422.3054
391.1511 | -1.0049 ppm

-0.4907 ppm [ /
|
t
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440.3156
C28 Ha2 O3 N =440.3159
-0.8378 ppm

437.8598 | )

LA B RAAN RN AR AR RARE]

LA RARE RARE RARE AR RARE}

I}
T

T

T
390

AC242_D1_PRM30_220219 #3148 RT: 14.03 AV:1 NL:5.81E5
T: FTMS + p ESI Full ms2 440.32@hcd30.00 [50.00-915.00]

100
95
90
85
80
75
70
65
60

55
50
45
40

% 109.1013

304 CgH13=109.1012

25 1.2258 ppm

20
15

193.1096

C11 His O2 N=193.1097

-0.5754 ppm

300.1952
C19 H26 O2 N=300.1958
-2.1508 ppm

260.1637
C14H20ON4=260.1632
2.0506 ppm
286.8701

T T

T T T T T T

T

389.1933
C18H25 O4 Ng =389.1932
0.2263 ppm

440

422.3044
C26 H3g O N4 =422.3040
1.0183 ppm

T T T T T T T T

10

€l

o3 LU
100

Figura 16 IS. Espectros de massas modo positivo dos fragmentos MS/MS de (14).

il
T

15

||{ LI
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I ||‘
T T T T T T T T
200

250 300 350

m/z

400
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RT: 12.81-23.01

18.61 NL:
1093 2.05E8
m/z=
441.77-
442.77
MS
AC242_D1
_PRM30_2
20219

% 18.64

_19.23 20.09 20.66 21.45,,21.60772;77 2263
21 22 23

Time (min)

AC242_D1_PRM30_220219 #4207 RT: 18.75 AV:1 NL: 1.22E8
T: FTMS + p ESI Full ms [150.00-850.00]
416.2791
C25 H3g O4 N=416.2795

100— -1.1589 ppm

95
90
85

80 4202971

75 C 23 Har Oz Ng = 429.2973

-0.4491 ppm 4422048

C 27 Hao O4 N = 4422052
65 -0.9404 ppm

60
55
50

45

40 418.2853

C27H3s ON3=418.2853
0.1197 ppm

70

35

30 |
25 432.3008
20 “ C 28 Hag O N3 =432.3009

| -0.2245 ppm
15 | 424.2841
10 | C27Hag O3 N =424.2846 4390902
| -1.2548 ppm CgHi9 O15 Ng =439.0903
oL L | N A | | [ -0.1132 ppm

L L — T TT T T T T T T T T T T LI B B B B S S S B N B S B B E S R S B B B B S
416 418 420 422 424 426 428 430 432 434 436 438 440 442 444
m/z

o




AC242 D1 PRM30 220219 #4207 RT: 18.75 AV:1 NL: 6.78E6

T: FTMS + p ESIFull ms [150.00-850.00]
327.1927
C17H23 ONg =327.1928
-0.2992 ppm

328.1960
C12H24 O3 Ng=328.1966
-1.8411 ppm

330.2059
C20H2s O3 N=330.2064
-1.3253 ppm

331.2092
C13H27 04 Ng=331.2088
1.2038 ppm

333.2249

136

C13H29 O4 Ng =333.2245
1.3960 ppm

AC242 D1 PRM30 220219 #4208 RT: 18.75 AV:1 NL: 2.12E5
T: FTMS + p ESI Full ms2 445.16 @hcd30.00 [50.00-925.00]

100
95
90
85
80
75
70
65
60
55
50
45
40
35
30
25

15
10

o

327.0

T T 17T

3275

T T [ 1 T 1117

328.0 328.5

L

329.0

T

T

L

329.5

LI
330.0
m/z

LR

LI L L B N B B B

330.5 331.0 3315

182

.0809

CoHi1203N=182.0812
-1.3862 ppm

L L L L L L B

332.0 3325 333.0

183.0843
C2H11 04 Ng =183.0836
3.6061 ppm

L

3335

T
183.0

T
1835
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AC242_D1 PRM30_220219 #4208 RT: 18.75 AV:1 NL: 3.63E4
T: FTMS + p ESIFull ms2 445.16@hcd30.00 [50.00-925.00]
113.0962
C7H130=113.0961

100 0.8151 ppm

95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20
15

10 114.0736

(4]

T T T T

T T T T T T T T T
113.2 1134 113.6 113.8 114.0

m/z

Figura 17 IS. Espectros de massas modo positivo dos fragmentos MS/MS de (15).

RT: 4.44 - 22.51
17.86 NL:
100 1.21E10
95 TIC MS
AC242_D1
90 _PRM30_2
g5 20219

80
75
70

65
60 18.92

117.97

55
50
45
40

35 11.83
30

25
20
15
10 5.82  6.74

1229 1348

13.44 |

1162
11978 20.60

2072 21.76

9.02 908 1087

13 14 15 16 17 18 19 20 21 22

Time (min)




138

AC242_D1_PRM30_220219 #4309 RT: 19.20 AV: 1 NL: 3.79E8
T: FTMS + p ESI Full ms [150.00-850.00]

456.3106
C28 Ha2 O4 N=456.3108
100 -0.4314 ppm
95

416.2793
C25H38 O4 N=416.2795
35 -0.6457 ppm
30

438.3000
421.3308 C a8 Hao O3 N = 438.3003

5 C26 Has 04 =421.3312 -0.6452 ppm
393.2097 409.0791 -0.9382 ppm

10 2 C 20 He O3 Ng = 409.0792 9382 pp

C14 Ha9 O7 Ng = 393.2092
5 1.1765 ppm -0.1970 ppm
03—

) . | | | l|
B e
385 390 395 400 405 410 415 420 425 430 435

m/z

|
L L L L L L L L L

440 445 450 455 460

AC242_D1_PRM30_220219 #4308 RT: 1020 AV: 1 NL: 2.22E6
T: FTMS + p ESI Full ms2 456.31@hcd30.00 [50.00-950.00]
182.0810
125.0961 CoHiz O3 N =182.0812
CgH130=125.0961 -1.1348 ppm
-0.0559 ppm :

208.0966
C11 H14 O3 N=208.0968
-1.1134 ppm

330.2058
C20 H2g O3 N =330.2064
120.7890

-1.7874 ppm
| 159.1167

250.1435 290.1744
\ C12H15=159.1168 C14H2003N=250.1438 C17H24 O3 N=290.1751
\ -0.8034 ppm -0.9828 ppm -2.2819 ppm

\ 301.3416
T A T Y Y | ]

T T T T T T T T T T T T T T T T [ T e T T T T T
120 140 160 180 200 300 320 340 360

Figura 18 IS. Espectros de massas modo positivo dos fragmentos MS/MS de (16).
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RT: 4.44 -2251
100
95
90
85
80
75
70
65
60
55
50

17.45 NL:

7.30E8
m/z=
401.62-
402.62

MS
AC242_D1
_PRM30_2
20219

17.50

45
40
35
30
25
20
15
10

449 556 649 6.88 8.12 9.02 918 1502 15, 17.96 1837 19.46

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
Time (min)

AC242 D1 PRM30_220219 #3893 RT: 17.35 AV:1 NL: 3.09E8
T: FTMS + p ESI Full ms [150.00-850.00]
402.2637
C24 H3s O4 N=402.2639

100 -0.4541 ppm

95
90
85
80
75
70
65
60
55
50
45
40
35
30
25
20

15 305.1568 384.2529
10 284.3310 Ci10Hz1 Os N6 =305.1568 349.1829 Co4Hsa O3 N=384.2533
C1oHaz N=284.3312 0.1167 ppm C12 Has Os N6 = 349.1830 -1.0169 ppm
5 -0.4228 ppm
-0.6443 ppm | |
T e L AL, T SRV BRI L S
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Figura 20 IS. Espectros de massas modo positivo dos fragmentos MS/MS de (18).
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