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Resumo
As plantas medicinais tém sido reconhecidas como um repositério de fungos

endofitos com novos metabolitos de importancia antimicrobiana. Arbutus unedo L. é
uma planta endémica do Mediterraneo amplamente utilizada na medicina popular.
Este estudo tem como objetivo avaliar a diversidade de fungos endofitos associados
as partes desta planta mais frequentemente utilizadas para fins medicinais (raiz, folha,
caule e casca) e de explorar 0 seu potencial antimicrobiano. Os compostos volateis
produzidos por endofitos foram identificados por cromatografia gasosa/espectrometria
de massa e ainda correlacionadas com a atividade antimicrobiana. Foi obtido um total
de 288 isolados pertencentes a 118 espécies. Cryptosporiopsis diversispora foi a
espécie mais comum, representando 26% do total dos isolados, com uma taxa de
colonizacdo global de 3,4%. A diversidade e a frequéncia de colonizagdo de fungos
endofitos foram significativamente maiores na casca, face as outras partes da planta.
A composicao das espécies mostrou ser dependente do tipo de 6rgdo. Entre as cinco
espécies selecionadas para avaliar a sua atividade antimicrobiana, apenas C.
diversispora e Penicillium sp. 3, inibiram significativamente agentes patogénicos
humanos quando comparado com os medicamentos comerciais. Cryptosporiopsis
diversispora foi o mais eficaz na inibicdo de leveduras (até 1,9 vezes quando
comparado com o fluconazol, 25 ug/mL) e de bactérias gram-negativas (até 2,4 vezes
quando comparado com o cloranfenicol, 30 pug/mL), enquanto Penicillium sp. 3 foi
mais eficaz na inibicdo de ambas as bactérias gram-negativas e gram-positivas (até
2,0 vezes e 2,5 vezes quando comparado com o cloranfenicol, 30 ug/mL,
respectivamente). A composi¢do volatil do fungo que apresentou a maior (C.
diversispora) e menor (Penicillium glabrum) atividade antimicrobiana revelou a
presenca de 22 compostos pertencentes a diferentes classes quimicas (10
sesquiterpenos, 7 alcoois, 3 ésteres e 2 cetonas). A comparacao do perfil volatil dessas
duas espécies associadas com a analise de componentes principais sugeriu que a
atividade antimicrobiana apresentada por C. diversispora pode ser atribuida a sua
composicdo volatil, em particular ao seu elevado teor em volateis antimicrobianos 3-
metil-1-butanol e alcool fenetilico. Além de fornecer novas prespetivas sobre fungos
enddfitos de A. unedo, o presente trabalho mostrou o potencial desses fungos para
produzir compostos antimicrobianos.

Palavras-chave: medronheiro, 6rgdos da planta, Cryptosporiopsis diversispora,
bactérias, leveduras, HS-SPME/GC/MS.



Abstract

Medicinal plants have been recognized as a repository of fungal endophytes
with novel metabolites of antimicrobial importance. Arbutus unedo L. is a
Mediterranean endemic plant widely employed in folk medicine. This study aims to
assess the diversity of fungal endophytes inhabiting the parts most often used for
medicinal purposes (root, leaf, twig and bark) of this plant and to explore their
antimicrobial potential. The volatile compounds produced by endophytes were
identified by gas chromatography/mass spectrometry and further correlated with the
antimicrobial activity. A total of 288 endophyte isolates belonging to 118 fungal
species were isolated. Cryptosporiopsis diversispora was the most common specie,
accounting 26% of the total isolates, with an overall colonization rate of 3.4%. The
diversity and the colonization frequency of endophytic fungi were significantly
greater on bark in comparison to the other plant parts. The species composition was
found to be dependent on the organ type. Among the five species selected for screen
their antimicrobial activity, only C. diversispora and Penicillium sp. 3, inhibit
significantly human pathogens when compared to commercial drugs.
Cryptosporiopsis diversispora was the most effective in inhibiting yeasts (up to 1.9-
fold when compared to fluconazole, 25 ug/mL) and gram-negative bacteria (up to 2.4-
fold when compared to chloramphenicol, 30 pug/mL), whereas Penicillium sp. 3 was
most effective in inhibiting both gram-negative and gram-positive bacteria (up to 2.0
fold and up to 2.5-fold when compared to chloramphenicol, 30 pg/mL, respectively).
The volatile composition of the fungi that displayed the highest (C. diversispora) and
the lowest (Penicillium glabrum) antimicrobial activity revealed the presence of 22
compounds belonging to different chemical classes (10 sesquiterpenes, 7 alcohols, 3
esters and 2 ketones). The comparison of the volatile profile of these two species
associated to the principal component analysis suggested that the antimicrobial
activity displayed by C. diversispora may be ascribed to their volatile composition, in
particular to the high content in the antimicrobial volatiles 3-methyl-1-butanol and
phenylethyl alcohol. In addition to provide new insights into fungal endophyte of A.
unedo, the present work showed the potential of these fungi to produce antimicrobial
compounds.
Key-words: Strawberry tree, plant organs, Cryptosporiopsis diversispora, bacteria,
yeasts, HS-SPME/GC/MS.
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Enquadramento e Objetivos






Enquadramento e Objetivos

A bioprospecdo de fungos endofiticos de plantas medicinais constitui uma
atividade promissora na pesquisa e detecdo de novos compostos com atividade
bioldgica de interesse a nivel farmacéutico e medicinal. Este facto deve-se sobretudo
por estes fungos representarem uma fonte rica e diversa de compostos bioativos
naturais, contribuindo para a produgdo de uma vasta gama de metabolitos
biologicamente  ativos, tais como antibioticos, compostos antitumorais,
imunossupressores, antivirais, agentes antiparasiticos e compostos inativadores de
enzimas (Gunatilaka 2006; Olano et al. 2008; Donnez et al. 2009). A pesquisa destes
microrganismos em plantas medicinais tem sido alvo de intensos estudos nos ultimos
anos por se acreditar que algumas das propriedades terapéuticas atribuidas a estas
plantas possam estar relacionadas com a producdo de metabolitos secundarios pelos
fungos endofiticos.

O medronheiro (Arbutus unedo L.) € um arbusto nativo da regido
mediterranica, encontrando-se disseminado por todo o territorio nacional, inclusive
em Tras-os-Montes. Sdo varias as partes desta planta que tém reconhecida aplicacao
fitoterapéutica, destacando-se em especial as folhas, frutos, cascas e raizes (Oliveira
etal., 2011).

Tanto quanto é do nosso conhecimento, estudos sobre a diversidade de fungos
endofiticos associados ao medronheiro e consequentemente das suas propriedades
bioativas nunca foram realizados até ao momento. Estudos neste &mbito sdo de
extrema importancia uma vez que os fungos endofiticos podem também ser os
responsaveis pelas propriedades medicinais atribuida ao medronheiro. O
desconhecimento da diversidade fungica associada as suas potencialidades bioativas,
sugere a existéncia de uma grande quantidade de compostos bioativos naturais que se
encontram ainda por explorar. Até ao momento foram descritos mais de 20 000
compostos naturais novos e bioativos obtidos de fungos endofiticos (Ownley et al.,
2010), e 51% destes apresentam estruturas inéditas (Yang et al., 2012).

Neste contexto, o presente trabalho teve como objetivo geral isolar fungos
endofiticos de diversos orgdos do medronheiro e avaliar o seu potencial

antimicrobiano. Especificamente pretendeu-se:



1- Isolar e avaliar a diversidade de fungos endofiticos de folhas, ramos, raizes e
casca do medronheiro;
2- Caracterizar molecularmente os isolados fungicos com maior abundancia, pela
sequenciacdo da regido espagadora transcrita interna (ITS) do rDNA,;
3- Avaliar a atividade antimicrobiana dos isolados fungicos mais abundantes;
4- Identificar potenciais compostos volateis que possam ser responsaveis pela
atividade antimicrobiana exibida pelos enddfitos, por GC/MS.
Espera-se que este estudo seja um contributo para a identificacdo de espécies de
fungos endofiticos com propriedades antimicrobianas, que possam no futuro vir a ser

exploradas no desenvolvimento de novos antibi6ticos/antifungicos.

A dissertacdo foi elaborada no formato de artigo cientifico (capitulo 3), ao qual
se incluiu um capitulo inicial introdutério (capitulo 2) e, no fim, um capitulo de
conclusdes gerais (capitulo 4). Na introducdo serd feita referéncia aos fungos
endofiticos (definicdo e sua importancia a nivel medicinal, em especial ao seu
potencial antimicrobiano) e ao procedimento a seguir na bioprospec¢do de metabolitos
bioativos produzidos por estes fungos. Sdo ainda referidas as propriedades medicinais

atribuidas as diferentes partes do medronheiro (fruto, folha, raiz e casca).



Capitulo 2

Introducao






2.1. Fungos endofiticos

2.1.1. Definicao

A palavra enddfito significa Endo: dentro e Fito: planta. Desta forma, os fungos
endofiticos caracterizam-se por colonizarem os tecidos internos dos oOrgdos das
plantas (como folhas, ramos, raizes, frutos, sementes e flores), sem aparentemente
causarem quaisquer danos no hospedeiro (Hyde e Soytong, 2008). Neste tipo de
associacdo o fungo recebe nutrientes e protecdo da planta hospedeira. Por sua vez o
fungo confere a planta hospedeira resisténcia / tolerdncia a stresses bidticos
(patogénicos, herbivoros, entre outros) e abioticos (secura, salinidade, metais pesados,
entre outros) (Soliman et al., 2013). O caracter assintomatico da interacdo planta —
fungo endofito resulta de um equilibrio que varia do mutualismo ao antagonismo,
havendo sempre um grau de viruléncia por parte do microrganismo e, a0 mesmo
tempo, defesa por parte da planta hospedeira (Schulz e Boyle, 2005). Nesta interagdo
ocorre a producdo de metabolitos que vao desempenhar funcGes importantes em
ambos os intervenientes: os fungos secretam enzimas e outros metabolitos necessarios
ao processo de infecdo; por sua vez, a planta produz metabolitos responsaveis pela
contengédo da infecdo (Schulz e Boyle, 2005). Desta forma, durante a interagéo os
fungos endofiticos induzem alteracbes morfoldgicas, fisioldgicas e bioquimicas na
planta hospedeira melhorando o seu desempenho em condicdes de stresse e estimulam
0 seu crescimento (Schulz e Boyle, 2005).

Os fungos endofiticos sdo ubiquos tendo sido observada a sua presenca em
todas as espécies de plantas estudadas até ao momento. Por exemplo, foi ja descrita a
sua presenca em plantas pertencentes ao grupo das pteridéfitas (Del Olmo-Ruiz e
Arnold, 2014), angiospérmicas (Santiago et al., 2012), briofitas (U’Ren et al., 2011) e
gimnospérmicas (Soca-Chafze et al., 2011). A maioria das espécies flngicas
endofiticas colonizadoras destas plantas pertence ao filo Ascomycota e, em menor
numero, aos filos Basidiomycota e Deuteromycota.

De acordo com Kumar e Hyde (2004), os fungos endofiticos estdo associados
aos mais diversos 6rgéos e tecidos vegetais, incluindo folhas, ramos, caules, raizes e
estruturas florais como polen, ovario, anteras e estames. A comunidade flngica
presente numa determinada planta hospedeira difere entre os varios tecidos e 0rgaos

(Moricca et al., 2012). Este facto podera estar relacionado com diferencas de


http://www.ncbi.nlm.nih.gov/pubmed?term=Del%20Olmo-Ruiz%20M%5BAuthor%5D&cauthor=true&cauthor_uid=24459121
http://www.ncbi.nlm.nih.gov/pubmed?term=Arnold%20AE%5BAuthor%5D&cauthor=true&cauthor_uid=24459121

composicdo quimica entre os diferentes 0rgdos que, ao constituirem microhabitats
distintos, permitem apenas o desenvolvimento de uma determinada espécie fungica
endofitica.

Estima-se que a diversidade de fungos endofiticos seja enorme, cerca de 1,5
milhdes de espécies. Deste total, apenas 10% foram descobertas e estudadas até ao
momento, e apenas 1% foram alvo de estudo quanto a sua capacidade de producéo de
metabolitos secundarios (Guo et al., 2008). Estudos mais recentes, propdem que a
diversidade de fungos seja muito superior, ou seja, de aproximadamente 5,1 milhGes
de espécies (Blackwell, 2011). Normalmente, numa unica planta ocorrem dezenas de
espécies fungicas endofiticas, tendo sido verificado a ocorréncia de mais do que uma

espécie por 2 mm? de tecido foliar (Gamboa et al., 2002).

2.1.2. Importancia de fungos endofiticos como produtores de compostos
antimicrobianos

Durante a interacdo fungo endofitico — planta hospedeira ocorre a producdo de
metabolitos que favorecem o crescimento vegetativo e a competitividade do
hospedeiro. Prevé-se que a diversidade destes metabolitos seja elevada dada a
multiplicidade de vias biossintéticas que podem ocorrer durante a associacao
mutualista (Carter, 2011). A variabilidade de fatores bidticos (tais como as espécies
envolvidas na interacdo) e abidticos (como por exemplo fatores ambientais)
contribuem também para o incremento da diversidade de metabolitos produzidos
durante a interacdo fungo endofitico-planta (Soliman et al., 2013). Face ao exposto, 0s
fungos endofiticos constituem uma importante fonte de compostos bioativos naturais
com aplicacdo em diversas areas, nomeadamente na farmacéutica. A bioprospecao de
novos compostos antimicrobianos ao nivel de fungos endofiticos reveste-se, neste
ambito, de enorme importancia. Na atualidade, muitos dos antibioticos e antifingicos
disponiveis no mercado tém-se mostrado ineficazes no tratamento de infecbes
causadas por bactérias e fungos, respetivamente. O aumento do aparecimento de
estirpes bacterianas multirresistentes a antibioticos, devido sobretudo ao seu uso
irracional, é a principal causa da ineficacia destes agentes terapéuticos (ECDC, 2012).
Até o momento, sdo considerados, pela comunidade cientifica internacional,
patogénicos multirresistentes as espécies Enterococcus spp., Staphylococcus spp.,
Pseudomonas aeruginosa, Acinetobacter baumanii, e Enterobactérias, destacando-se

entre estas a Klebsiella pneumoniae e as espécies de Enterobacter spp. (Boucher et
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al., 2009). A dificuldade de eliminar infecbes provocadas pelos microrganismos
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumanii, Pseudomonas aeruginosa e Enterobacter spp., devido aos diversos
mecanismos de escape que apresentam, fez com que se atribuisse a este grupo de
microrganismos o acronimo de ESKAPE (Boucher et al., 2009). Este termo também
pretende alertar para a necessidade da descoberta de novos compostos
antimicrobianos capazes de eliminar as infecbes por eles causadas. Apesar da
necessidade da descoberta de novos medicamentos antimicrobianos para o tratamento
de infecGes resistentes, o sector farmacéutico ndo tem investido o suficiente nesta
area. Para fazer face a esta problematica, a Infectious Diseases Society of America
(IDSA), langou uma iniciativa que apoia o desenvolvimento de 10 novas classes de
antibioticos até 2020 (Wright, 2012). Os fungos endofiticos constituem uma enorme
fonte de compostos naturais que poderiam ser explorados no desenvolvimento de
novos compostos antimicrobianos.

Os diversos estudos efetuados ao nivel da prospecdo de metabolitos
secundarios em fungos endofiticos permitiram identificar, at¢ ao momento, mais de
20 000 compostos bioativos (Ownley et al., 2010). Estes compostos pertencem a
varias classes tais como alcaldides, terpenoides, flavonoides, esterdides, terpenos,
isocumarinas, quinonas, fenilpropandides, lignanas, &cidos fendlicos, entre outros
(Zhang et al., 2006; Yu et al., 2009). As atividades bioldgicas apresentadas por estes
compostos sao muito diversas incluindo, por exemplo, antimicrobiana, antiparasitaria,
neuroprotetiva,  antioxidante,  antidiabética, imunossupressora,  antiviral,
anticolinesterasica, antineoplasicos e citotdxica (Ondeyka et al., 1997 ; Zhang et al.,
1999 ; Guo et al., 2000 ; Zhang et al., 2006 ; Shweta et al., 2010 ; Aly et al., 2010,
2011; Wang et al., 2012).

No que concerne especificamente aos metabolitos secundarios produzidos por
fungos endofiticos e relacionados com atividade antimicrobiana, destacam-se
sobretudo os compostos fenolicos (e.g. quinonas e flavonoides), alcaloides, peptideos,
terpendides e esterdides (Yu et al., 2009) e, ainda, compostos volateis tais como
ésteres, lipidos, alcoois, acidos organicos, cetonas, entre outros (Banerjee et al., 2010;
Kudalkar et al., 2012).

Os compostos fendlicos sdo metabolitos secundarios aos quais se encontram
associados propriedades bioativas, sendo as propriedades antimicrobianas um dos

exemplos. Sdo varios 0s autores a evidenciar estas propriedades em metabolitos
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produzidos por fungos endofiticos. Hoffman et al. (2008) verificaram que um grupo
de compostos fendlicos (designados por acido usnico, cercosporamida e Phomodione)
produzidos pelo fungo endofitico Phoma sp. isolado da planta medicinal Saurauia
scaberrinae exibia atividade antibacteriana contra as bactérias Staphylococcus aureus
e Escherichia coli. Similarmente Han et al. (2008) identificaram dois novos
compostos fendlicos com atividade antimicrobiana contra Staphylococcus aureus
resistentes a meticilina, produzidos pelo fungo endofitico Penicillium sp. isolado de
Cerbera martghas. De entre os compostos fenolicos destacam-se os flavondides. Um
numero alargado de familias de compostos pertencentes aos flavonoides foi isolado
do fungo endofitico Nodulisporium sp. de Juniperus cedre e observada a sua acao
antimicrobiana contra Bacillus megaterium, Microbotryum violaceum, Septoria tritici
e Chlorella fusca (Dai et al., 2006). Aly et al. (2008) identificaram novos metabolitos
antimicrobianos da classe das quinonas no fungo endofitico Ampelomyces sp., isolado
da planta medicinal Urospermum picroides. Estas quinonas apresentavam atividade
antibacteriana contra Staphylococcus aureus, S. epidermidis e Enterococcus faecalis.

Os alcal6ides sdo metabolitos secundarios produzidos vulgarmente por fungos
enddfitos e, alguns dos quais, apresentam atividade antimicrobiana. Alguns exemplos
de compostos alcaldides com esta propriedade incluem: chaetoglobosinas A e C,
produzido pelo enddfito Chaetomium globosum isolado de Ginkgo biloba que
mostrou atividade antibacteriana contra Mucor miehei (Qin et al., 2009); pirrocidinas
A e B, produzido pelo fungo Acremonium zeae isolado de graos de milho (Zea mays),
que apresentou atividade antifingica contra Aspergillus flavus, Fusarium
verticillioides e Candida albicans e antibacteriana contra varias estirpes de bactérias
gram-positivas, incluindo estirpes multirresistentes a antibidticos (Wicklow et al.,
2005; Wicklow e Poling, 2009); Phomoenamide sintetizado pelo fungo Phomopsis sp.
isolado de Garcinia dulcis, que apresentou atividade antimicrobiana significativa
contra Mycobacterium tuberculosis (Rukachaisirikul et al., 2008).

Os peptideos produzidos por fungos endoéfitos tém igualmente exibido atividade
antimicrobiana. A titulo de exemplo destaca-se a cryptocandina, lipopeptideo
antimicético, produzido pelo fungo Cryptosporiopsis quercina isolado de
Tripterigium wiflordii que mostrou inibir C. albicans (Strobel et al., 1999). Um grupo
de peptideos da classe das equinocandinas (A, B, C, D, H) produzidos pelo fungo
Cryptosporiopsis sp. e Pezicula sp. isolados a partir de Pinus sylvestris e Fagus

sylvatica mostraram atividade antifingica contra leveduras (Noble et al., 1991). A
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partir da cultura do fungo endofitico Penicillium sp. isolado de Acrostichum aureum,
Cui et al. (2008), identificaram 2 novos peptideos ciclicos, (Pro-Thr) e (Pro-Tyr), que
mostraram ac¢ao antimicrobiana contra Staphylococcus aureus e Candida albicans.

Os sesquiterpenos, diterpenos e triterpendides sdo os principais terpendides
isolados de fungos endofitos (Yu et al., 2009). Os quatro antibiéticos diterpendides
novos, designados por guanancastepene A, guanacastepene, periconicin A e
perieoniein B, sdo apenas alguns exemplos de terpendides produzidos por fungos
endofiticos e com reconhecida atividade antimicrobiana (Brady et al., 2000, 2001;
Kim et al., 2004). Similarmente foi observada a acdo antimicrobiana de cinco
sesquiterpenos (cadinenos) produzidos pelo fungo endofitico Phomopsis cassiae
isolado de Cassia spectabilis (Silva et al., 2006).

Alguns compostos produzidos por fungos endofiticos pertencentes a classe
quimica dos esterdides tem exibido ac¢do antimicrobiana contra fungos e bactérias. De
entre 0s compostos produzidos e com atividade antimicrobiana destacam-se 0
ergosterol e 5a, 8Sa-epidioxyergosterol isolado do fungo Nodulisporium sp.
colonizador de Juniperus cedre (Dai et al., 2006). Foi ainda identificada uma série de
esterdides novos na espécie fangica Colletotrichum sp. isolada de Artemisia annua
que apresentou uma significativa atividade antimicrobiana contra os fitopatogénicos
Phytophthora capisici, Rhizoctonia cerealis, Gaeumannomyces graminis var. tritici e
Helminthosporium sativum (Lu et al., 2000).

No que concerne aos compostos volateis, Mitchell et al. (2010) verificaram
que o fungo enddfito Muscodor crispans isolado de Ananas ananassoides produzia
uma mistura de volateis, a maioria acido propandico, 2-metil-metil éster, 2-metil-
acido propanogico, 3-metil-1 butanol, acetato de 3-metil-1-butanol e etanol, que
inibiam o crescimento de microrganismos fitopatogénicos e patogénicos de humanos,
incluindo Yersinia pestis, Mycobacterium tuberculosis e Staphylococcus aureus. De
igual modo, foi observado que a mistura de compostos volateis, na sua maioria
naftaleno, 2-metil-acido propandico e éster metilico do acido propanoico, produzido
pelo endéfito Muscodor sp. inibia diversos microrganismos fitopatogénicos e
patogénicos de humanos, como Escherichia coli (Zhang et al., 2010).

De uma maneira geral, estes estudos demonstram o potencial antimicrobiano
dos fungos endofiticos. Alguns autores demonstraram que a percentagem de isolados
endofiticos com propriedades antimicrobianas poderia ser, em determinados casos,

superiores a 30% (Mussi-Dias et al., 2012). Por exemplo, Vaz et al. (2009) avaliaram

11


https://www.google.pt/search?q=2-metil-%C3%A1cido+propan%C3%B3ico&biw=1373&bih=686&tbm=isch&tbo=u&source=univ&sa=X&ei=bR5mVKzTKJXhas2JgrgI&ved=0CCkQ7Ak
https://www.google.pt/search?q=2-metil-%C3%A1cido+propan%C3%B3ico&biw=1373&bih=686&tbm=isch&tbo=u&source=univ&sa=X&ei=bR5mVKzTKJXhas2JgrgI&ved=0CCkQ7Ak
https://www.google.pt/search?q=2-metil-%C3%A1cido+propan%C3%B3ico&biw=1373&bih=686&tbm=isch&tbo=u&source=univ&sa=X&ei=bR5mVKzTKJXhas2JgrgI&ved=0CCkQ7Ak

a atividade antimicrobiana de fungos endofiticos associados a Orchidaceae e
verificaram que 33% das espécies isoladas inibiam pelo menos um dos

microrganismos analisados.

2.2. Bioprospecao de metabolitos com atividade antimicrobiana em
fungos endofiticos

A Dbioprospecdo de metabolitos com atividade antimicrobiana em fungos
endofiticos envolve geralmente quatro etapas: selecdo da planta hospedeira para
isolamento dos fungos endofiticos, isolamento e identificacdo de fungos endofiticos,
avaliagdo da sua atividade antimicrobiana e finalmente elucidacdo da natureza
quimica do metabolito (ou metabolitos) responséavel por esta propriedade. Cada uma

destas etapas € a seguir discriminada.

2.2.1. Sele¢do da planta para isolamento de fungos endofiticos

Muitas propriedades que eram atribuidas a producéo de substancias ativas pelas
plantas medicinais, foram recentemente verificadas que estdo na realidade
relacionadas com os endofiticos que as colonizam (Ji et al., 2005; Kusari et al., 2012).
O composto antitumoral, maytansinoid (ansamitocin), € um exemplo tendo sido
originalmente isolado de plantas pertencentes as familias Celastraceae, Rhamnaceae
e Euphorbiaceae, mas cuja producédo parece estar relacionada com um endofitico (Yu
et al., 2002). Varios estudos tém, igualmente, demonstrado a capacidade dos fungos
endofiticos de sintetizarem metabolitos secundarios idénticos ou semelhantes aos
produzidos pelas plantas hospedeiras. Por exemplo, o paclitaxel (Taxol®), uma
substancia isolada de plantas do género Taxus e utilizada na terapia do cancro da
mama e do utero, ja foi identificado em varios géneros de fungos que colonizam
espécies vegetais produtoras desse metabolito (Zhou et al., 2010). Estas descobertas
sdo extremamente importantes do ponto de vista biotecnolédgico e ecolégico uma vez
que para extrair 1 kg de Taxol a partir das cascas da planta, sdo necessarias cerca de
1000 arvores com 100 anos de idade, o que levou quase a extincdo desta importante
planta medicinal (Stinson et al., 2003). Os fungos endofiticos, com capacidade de
sintetizar os compostos das suas plantas hospedeiras, sob condi¢des 6timas de cultura,
pode ser um meio para a obtencdo de compostos bioativos a baixo-custo, ecologico,

reprodutivel e compativel com a sua exploracdo industrial (Kusari et al., 2012). Esta
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capacidade do fungo endofitico em biossintetizar metabolitos originalmente
produzidos pela planta hospedeira pode dever-se a transferéncia de genes da planta
para o fungo ou vice-versa (Kusari e Spiteller, 2011).

O facto das atividades biolégicas e os metabolitos produzidos pelos fungos
endofiticos se encontrar associado a planta hospedeira levou varios autores a adotar
uma nova abordagem na pesquisa de atividade das plantas medicinais (Kusari et al.,
2008). Nesta pesquisa, para além dos extratos vegetais, também 0s microrganismos
endofiticos presentes na planta medicinal deverao ser estudados (Kusari et al., 2008).
Face ao exposto, os endofitos e, em especial os colonizadores de plantas medicinais,
por sintetizarem metabolitos secundarios semelhantes as suas plantas hospedeiras, séo
considerados recursos naturais com grande potencial para a descoberta de novos
compostos bioativos (Kusari et al., 2008). Assim, quando se tém em vista a
exploracdo dos metabolitos de fungos endofiticos na area medicinal é aconselhavel
que estes sejam isolados de plantas que apresentem um histérico etnobotéanico, ou
seja, que sejam plantas medicinais. Strobel e colaboradores (2004), sugerem que
devem estar também incluidas nesta selecdo, plantas de ambientes peculiares,
especialmente aquelas que apresentam estratégias de sobrevivéncia pouco comuns;
plantas endémicas de determinadas regiGes que apresentam longevidade incomum e
que estdo localizadas em ambientes ancestrais; plantas cujo desenvolvimento ocorre
em areas de grande biodiversidade, como florestas temperadas e tropicais; e plantas
infetadas por fitopatogénicos e que ndo demonstrem sintomatologia. Estas plantas
encontram-se colonizadas por fungos endofiticos que produzem compostos
antimicrobianos. Por exemplo, Tuntiwachwuttikul et al. (2008) verificaram que o
fungo endofitico Colletotrichum musae exibia atividade antimicrobiana contra

agentes fitopatogeénicos.

2.2.2. Isolamento e identificacdo de fungos endofiticos

Os fungos endofiticos podem ser isolados dos diferentes 6rgdos da planta (folha,
caule, raiz, casca, entre outros). O material vegetal, depois de colhido no campo, é
lavado em &gua corrente, fragmentado e submetido a um processo de esterilizacao
(Hallmann et al., 2006). Neste processo, 0 material vegetal é exposto a um agente de
desinfecdo, sendo os mais vulgares etanol e lixivia, seguida por lavagens em agua

destilada esteril (Qadri et al., 2013). As concentragdes, bem como o tempo de
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exposicdo sdo variaveis de acordo com o material vegetal. Os fragmentos que foram
sujeitos ao processo de desinfecdo sdo colocados em caixas de Petri contendo meio
Batata Dextrose Agar (PDA), visto que este € 0 meio que normalmente se utiliza para
0 isolamento de fungos, podendo também ser isolado em outros meios. No meio
pode-se ainda adicionar um antibidtico (Hallmann et al., 2006). A fim de promover o
crescimento de espécies fungicas especificas da planta, por vezes, sdo adicionados ao
meio de cultura, tecidos ou extratos vegetais da planta hospedeira (Arnold et al.,
2003). Posteriormente, as caixas sdo incubadas numa estufa a 25°C (no escuro),
vigiadas diariamente para avaliacdo do crescimento fungico. Aquando do
desenvolvimento das colonias, estas sdo repicadas até se obter culturas puras, em
meio PDA (Hallmann et al., 2006).

A identificacdo de fungos endofiticos € feita com base na avaliacdo das
caracteristicas morfoldgicas das colonias fungicas, micélio e estruturas reprodutivas
(Devie e Prabakaran, 2014), complementado com a caracterizacdo molecular (Huang
et al., 2009; Lu et al.,, 2012). O método molecular mais utilizado baseia-se na
amplificagdo da regido espagadora transcrita interna (ITS, Internal transcribed
spacer) do DNA que contém o conjunto de genes que codificam 0 RNA ribossémico
(rRNA), seguida da sua sequenciacdo (Huang et al., 2009; Lu et al., 2012). O
conjunto de genes de rRNA existe em mltiplas cdpias e encontram-se alinhados em
tandem (Martin e Rygiewicz, 2005). Cada unidade repetitiva do rDNA é constituida
por (i) regides codificantes conservadas, correspondentes aos trés genes 18S, 5,8S e
26S; (ii) regibes ndo codificantes, que correspondem aos espacadores internos
transcritos (ITS) e espacadores intergénicos ndo transcritos (IGS), que separam as
diferentes unidades de transcricdo (Figura 1) (Martin e Rygiewicz, 2005). De entre as
regibes codificantes, 0 gene 26S apresenta sequéncias menos conservadas face aos
genes 18S e 5,8S. O par de iniciadores nucleotidicos frequentemente usados para
amplificar a regido ITS em fungos, recorrendo a reacdo da polimerase em cadeia
(PCR), ¢ ITS1  (5-TCCGTAGGTGAACCTGCGG-3') e ITS4 (5-
TCCTCCGCTTATTGATATGC-3) (Martin e Rygiewicz, 2005). Esta regido
corresponde a um fragmento do rDNA que inclui o gene 5,8S e as regides ITS1 e
ITS2 (Huang et al., 2009; Lu et al., 2012), e foi recentemente aceite como a regido
“barcoding” (cdédigo de barras do DNA) de fungos (Schoch et al., 2012). As

diferencas na regido ITS sdo detetadas normalmente por sequencia¢do dos produtos
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amplificados, utilizando neste processo 0 mesmo par de iniciadores nucleotidicos

usados na amplificacéo.
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Figura 1 - Representacdo esquematica da regido de rDNA, que contém as unidades repetitivas dos
genes que codificam o RNA ribossomico nuclear. Os retdngulos representam os genes com sequéncias
conservadas, enquanto as linhas representam as regides espacadoras mais variaveis.

2.2.3. Avaliagéo da atividade antimicrobiana

A composicdo do meio de cultura e as condi¢cdes ambientais onde o fungo é
posto a crescer afeta significativamente a producdo de metabolitos secundarios, uma
vez que pode favorecer ou ndo a producdo de substancias de interesse (Berdy et al,
2005). Assim sendo, a avaliacdo de qualquer propriedade bioativa de fungos
endofiticos requer a otimizacdo prévia das condi¢des de crescimento do fungo. As
condicBes Otimas para o crescimento e producdo de metabolitos variam muito de
espécie para espécie. A fonte de carbono e azoto do meio de cultura, assim como a
temperatura, arejamento, tempo de cultura, sdo exemplos de alguns factores que
influenciam o crescimento e a producdo de metabolitos secundarios por fungos
endofiticos (Scherlach e Hertweck, 2009; Tayung et al., 2011; VanderMolen et al.,
2013). Alguns fungos requerem ainda elicitores para poderem biossintetizar certos
compostos de interesse. Por exemplo, muitas vezes € adicionado ao meio de cultura
extratos da planta hospedeira com o intuito de incrementar a producdo de metabolitos
bioativos pelo fungo endofitico (Yenn et al., 2012).

Existe uma grande variedade de métodos que podem ser utilizados para avaliar
a atividade antimicrobiana de fungos endofiticos ou dos seus extratos. De entre estes,
0s mais utilizados sdo o método de difusdo em agar e 0 método da microdilui¢do. O
primeiro método € considerado qualitativo, uma vez que normalmente € utilizado para

demonstrar a presenca ou auséncia de compostos com atividade antimicrobiana. Por
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sua vez, o método da microdiluicdo € considerado quantitativo por permitir a
determinacédo da concentracdo minima inibitéria (CMI).

O método de difusdo em agar baseia-se na deposicdo sobre meio de cultura
gelificado, previamente inoculado com bactérias ou leveduras, de um papel de filtro
embebido em extrato fungico endofitico preparado a partir do meio de cultura ou do
micélio (Lu et al., 2000; Hoffman et al., 2008). Alternativamente, os extratos podem
ser depositados em pocos efetuados no meio de cultura solido, realizados com
cilindros de 6-8 mm de didametro (Krohn et al. 2009; Xing et al., 2011). A difuséo do
extrato fangico leva a formacdo de um halo de inibicdo de crescimento microbiano,
cujo diametro € indicativo da atividade antimicrobiana. O valor de halo estimado é
sempre comparado com um controlo positivo, onde se utiliza antibidticos ou
antifungicos, de acordo com o microrganismo testado (bactéria ou fungo/levedura,
respetivamente). Como controle negativo utiliza-se o solvente utilizado para a
dissolucao dos extratos, normalmente dimetilsulfoxido (DMSO).

Na microdiluicdo utilizam-se microplacas com 96 pocos, onde é colocado um
volume de meio de cultura (entre 0,1 e 0,2 mL), e um volume do extrato a analisar de
forma a obter um gradiente crescente de concentracGes de extrato (Hu et al., 2010;
Arivudainambi et al., 2011; Qadri et al., 2013). Cada poco €, em seguida, inoculado
com o microrganismo (normalmente & concentracdo de 10* UFC/poco). Sdo ainda
reservados alguns pocos da placa para efetuar o controlo positivo e negativo. As
placas sdo postas a incubar a uma temperatura controlada, normalmente a 37°C para
bactérias e 27°C para leveduras/fungos, durante 24 a 48h. Findo este tempo procede-
se & avaliagdo do crescimento microbiano num leitor de microplacas a um

determinado comprimento de onda.

2.2.4. Extracao e identificagdo do metabolito bioativo

Para avaliacdo das possiveis aplicacBes biotecnoldgicas dos metabolitos que
exibiram atividade antimicrobiana, & necessario proceder ao seu isolamento e
identificacdo. SO desta forma se pode contribuir para a descoberta de novas moléculas
com atividade antimicrobiana.

A elucidacdo da natureza quimica dos metabolitos produzidos pelo fungo
endofitico envolve a sua extracdo seguida da sua identificagdo. Devido ao

desconhecimento da natureza quimica dos metabolitos bioativos produzidos pelo
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fungo endofitico, ndo ¢é possivel estabelecer-se uma técnica especifica que garanta a
extracdo de todos os constituintes da mistura. Desta forma, a melhor abordagem
consiste na extracdo destes compostos do meio de cultura liquido (metabolitos
extracelulares) e/ou do micélio fungico (metabolitos intracelulares) através do uso de
solventes organicos com diferentes polaridades. Os solventes mais comuns utilizados
no processo de extracao, em ordem crescente de polaridade, séo o hexano (Gao et al.,
2011), acetato de etilo (Tayung et al., 2011) e metanol (Rukachaisirkul et al., 2008).
Ap0s a extragdo os metabolitos sdo concentrados, normalmente por evaporacao,
e a sua atividade antimicrobiana é testada. Em caso de possuir atividade
antimicrobiana contra microrganismos teste (bactérias e/ou leveduras), 0 composto €
identificado e patenteado, podendo ser utilizado na forma de farmacos. No processo
de identificacdo os metabolitos contidos no extrato sdo separados por técnicas
cromatograficas, como por exemplo Sephadex ou gel de silica (Jiao et al., 2013), ou
mais frequentemente por cromatografia liquida de alta pressdo (HPLC) (Sileshig et
al., 2013) ou mesmo cromatografia gasosa (GC) (Tayung et al., 2011). Apoés
separacdo, os metabolitos sdo identificados, recorrendo para tal a diversas técnicas,
sendo as mais comuns a espectroscopia de infravermelho, ressonancia magnética

nuclear (Wang et al., 2012) e espectrometria de massa (MS) (Tayung et al., 2011).

2.3. Propriedades medicinais do medronheiro

O Arbutus unedo L., é uma arvore de fruto que pertencente a familia Ericacea,
e ao género Arbutus. Encontra-se distribuida por varios paises, nomeadamente todo o
sul da Europa, norte de Africa e Palestina, podendo ainda ser encontrada em paises
como a Irlanda e Macaronésia (Canarias) (Celikel et al., 2008). Em Portugal, esta
arvore existe a sul do rio Tejo nomeadamente na regido das Serras do Caldeirdo e
Monchique (Algarve), podendo estar disseminada por todo pais inclusive em Tras-0s-
Montes (Pedro, 1994).

Desde o0s tempos ancestrais que esta especie € utilizada na medicina
tradicional em paises mediterraneos, onde infusdes e decoccbes de diferentes partes
do medronheiro (folhas, raiz e casca) eram aplicadas contra variados problemas de
salde (Oliveira et al., 2011). As folhas desta planta sdo utilizadas em infusées, devido
as suas propriedades antioxidantes, adstringentes, diuréticas, antissépticas,

antidiarreicas e depurativas. As folhas sdo também muito importantes para o
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tratamento de doencgas como hipertenséo, diabetes e problemas inflamatorios (Ziyyat
e Boussairi, 1998; Afkir et al., 2008; Mariotto et al., 2008). Na medicina popular,
aproveitam-se também as cascas e as raizes, para o tratamento de distdrbios
gastrointestinais e urolégicos e de problemas dermatolégicos (Novais et al., 2004;
Leonti et al., 2009). O fruto (medronho) é também muito utilizado na medicina
popular devido as suas propriedades diuréticas, antissépticas das vias urinarias e
laxativas (Ziyyat et al., 1997; Ziyyat e Boussairi, 1998; Mariotto et al., 2008, Afkir et
al., 2008; Pallauf et al., 2008; Oliveira et al., 2011). S&o ainda utilizados na terapia de
diversas doencas, como por exemplo distdrbios gastrointestinais, dermatolégicos,
urologicos, cardiovasculares (Leonti et al., 2009), doencas renais (El Hilaly et al.,
2003) e gastrite (Cornara et al., 2009).
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Abstract
Medicinal plants have been recognized as a repository of fungal endophytes

with novel metabolites of antimicrobial importance. Arbutus unedo L. is a
Mediterranean endemic plant widely employed in folk medicine. This study aims to
assess the diversity of fungal endophytes inhabiting the parts most often used for
medicinal purposes (root, leaf, twig and bark) of this plant and to explore their
antimicrobial potential. The volatile compounds produced by endophytes were
identified by gas chromatography/mass spectrometry and further correlated with the
antimicrobial activity. A total of 288 endophyte isolates belonging to 118 fungal
species were isolated. Cryptosporiopsis diversispora was the most common specie,
accounting 26% of the total isolates, with an overall colonization rate of 3.4%. The
diversity and the colonization frequency of endophytic fungi were significantly
greater on bark in comparison to the other plant parts. The species composition was
found to be dependent on the organ type. Among the five species selected for screen
their antimicrobial activity, only C. diversispora and Penicillium sp. 3, inhibit
significantly human pathogens when compared to commercial drugs.
Cryptosporiopsis diversispora was the most effective in inhibiting yeasts (up to 1.9-
fold when compared to fluconazole, 25 ug/mL) and gram-negative bacteria (up to 2.4-
fold when compared to chloramphenicol, 30 pug/mL), whereas Penicillium sp. 3 was
most effective in inhibiting both gram-negative and gram-positive bacteria (up to 2.0
fold and up to 2.5-fold when compared to chloramphenicol, 30 pg/mL, respectively).
The volatile composition of the fungi that displayed the highest (C. diversispora) and
the lowest (Penicillium glabrum) antimicrobial activity revealed the presence of 22
compounds belonging to different chemical classes (10 sesquiterpenes, 7 alcohols, 3
esters and 2 ketones). The comparison of the volatile profile of these two species
associated to the principal component analysis suggested that the antimicrobial
activity displayed by C. diversispora may be ascribed to their volatile composition, in
particular to the high content in the antimicrobial volatiles 3-methyl-1-butanol and
phenylethyl alcohol. In addition to provide new insights into fungal endophyte of A.
unedo, the present work showed the potential of these fungi to produce antimicrobial

compounds.

Key-words: Strawberry tree, plant organs, Cryptosporiopsis diversispora, bacteria,
yeasts, HS-SPME/GC/MS
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Introduction

Today, one of the major threats to public health in Europe, and globally, is the
increasing resistance to antimicrobials (Carlet et al., 2012). This is particularly notice
in gram-negative rods such as Escherichia coli, Salmonella spp., Klebsiella spp.,
Pseudomonas aeruginosa and Acinetobacter spp., which are resistant to almost all
currently available antibiotics (Carlet et al., 2012). One possible option to tackle the
problem, in the longer term, is the development of new antibiotics. Keeping this in
mind, the Infectious Diseases Society of America launched the “10%20 Initiative” in
2010 with the main objective to produce 10 new antibiotics by the year 2020 (IDSA,
2010). Fungal endophytes are considered a potential source for many novel secondary
metabolites, and thus may have been interesting for the discovery of new antibiotics
(Yu et al., 2010). These fungi are a very diverse polyphyletic group of
microorganisms characterized to colonise the plant tissues internally, for at least a part
of their life cycle, without causing any visible manifestation of disease (Hyde and
Soytong, 2008). They are distributed throughout the host in all plant organs such as
leaves, stems, roots, fruits, seeds and flowers (Arnold, 2007). Fungal endophytes
confer fitness benefits to their host plants by producing a plethora of secondary
metabolites that provide protection and ultimately survival value to the plant (Strobel
et al., 2004). Some of these compounds possess unique structures and have been
shown to exhibited antimicrobial properties against a vast array of plant and human
pathogens (Yu et al., 2010; Mousa and Raizada, 2013), which reinforce the role of
fungal endophytes as an important source of compounds with potential to enter the
field of drug development. Antimicrobials metabolites of various reported fungal
endophytes are very diverse and belonging to several chemical classes, including
alkaloids, peptides, steroids, terpenoids, phenols, phenylpropanoids, aliphatic
compounds, polyketides, quinones and flavonoids (Yu et al., 2010; Mousa and
Raizada, 2013), as well as volatile organic compounds (VOCs) such as esters, lipids,
alcohols, acids, ketones, among others (Banerjee et al., 2010; Kudalkar et al., 2012).

Some fungal endophytes have been shown the ability to produce the same
and/or similar bioactive chemicals with therapeutic value as those originated from
their host plants (Kusari et al., 2008, 2009, 2012a). Gene transference from the plant

to the endophyte and vice-versa is suggests to happen allowing common secondary
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metabolites production (Kusari and Spiteller, 2011). Motivated by this discovery,
many scientists have become increasingly interested in studying fungal endophytes
associated with traditionally used medicinal plants for the discovery of new
substances for human therapeutics, including antibiotics (Kaul et al., 2012). Such
plants, with established ethnobotanic values, would be more promising sources of
endophytes producing novel biologically active secondary metabolites (Strobel and
Daisy, 2003). Exploitation of endophytic fungi, especially those with capacity to
produce host plant compounds, for pharmaceutical purposes would be cost-effective,
reproducible and environmental friendly due to the preservation of the medicinal plant
(Kusari et al., 2012b).

Arbutus unedo L., commonly known as strawberry tree, is an evergreen shrub or
small tree, belonging to the Ericaceae family, endemic to Mediterranean region
(Celikel et al., 2008). Different parts of this plant have been used in traditional
medicine since ancient times (Oliveira et al., 2011). For instances, the leaves have
been used for their astringent, diuretic, urinary anti-septic, antidiarrheal, depurative
and in the therapy of hypertension, diabetes, and inflammatory diseases; while the
roots and barks have been used on gastrointestinal disorders, as well as for urological
and dermatologic problems (reviewed by Oliveira et al., 2011). The notable medicinal
properties mentioned make this plant as a good candidate for screening of fungal
endophytes with potential to produce novel bioactive compounds. Endemic plants,
such as A. unedo, are also more likely to lodge endophytes with active natural
products than other plants (Strobel and Daisy, 2003). To our knowledge, studies on
the diversity of endophytic fungi of A. unedo and consequently their bioactive
properties have never been made. Only, Qin et al. (2011) have isolate and identified
four new compounds, named as pestalotheols E-H, from ethyl acetate extracts of the
culture of an unidentified Ascomycete isolated from A. unedo. Those extracts have
shown strong antifungal activity and good antibacterial and antialgal activities.

Therefore, the main aim of this study was to isolate and assess fungal endophyte
diversity in different A. unedo organs (leaves, stems, roots and bark) and screen the
antimicrobial activity of the most frequent species against bacteria and yeasts
pathogens. In addition, the VOCs produced by the tested fungi were identified by gas
chromatography/mass spectrometry (GC/MS) and further correlated with the
antimicrobial activity with an attempted to identified potential components of the

antimicrobial activity. It is expected that the screening of endophytic fungi from A.
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unedo for antimicrobial activities will serve as a good basis for discovering new

antibiotic agents.

Materials and Methods
Plant sample collection

Seven healthy trees were randomly selected in natural populations of Arbutus
unedo L. located in Braganca (Northeast of Portugal). From each tree, was randomly
harvested one branch with leaves, one sample of roots and of barks, in January 2014.
The plant material was placed in individual plastic bags, labelled, and transported to
the laboratory in an icebox. All samples were stored at 4°C and processed within one

day.

Surface sterilization and isolation of endophytic fungi

All the plant material collected was firstly rinsed in water. After that, the
leaves were removed from the branches, and those with no obvious lesions, were
selected for assessment. Each twig, root and bark was further cut into 4 cm long
segments before surface sterilization. Five segments each of roots, twigs, barks and
five leaves per tree were randomly selected, and further surface sterilized through
sequential immersion in 70% (v/v) ethanol for 2 min, 3-5% (v/v) sodium hypochlorite
for 3 min (for leaves and twigs) or 5 min (for roots and barks), 70% (v/v) ethanol for
1 min and rinsed three times (1 min each) with sterile distillate water. After being
dried in sterile filter paper, each root and twig were cut in five segments of
approximately 4-5 mm, and for each leaf, four segments of ca. 5 x 5 mm from the
lamina and one from the petiole of approximately 4-5 mm were excised. The bark was
also cut in five segments of ca. 5 x 5 mm. These tissue segments were immediately
transferred to 9 cm diameter Petri plates, containing 10 ml of sterile potato-dextrose
agar (PDA) medium and incubated at 25 £ 2 °C in the dark. Each plate contained 5
tissue fragments for a total of 25 fragments assay per plant organ and tree. Therefore,
in total, 700 segments (7 trees x 4 plant organs x 25 tissue segments) were used in this
study. Efficiency of the surface sterilization procedure was ascertained by imprinting
onto PDA Petri plate randomly selected surface sterilized leaves, roots, barks and

twigs segments. The fungi growing out of the tissue segments were recorded as

35



endophytic fungi and were sub-cultured on individual PDA plates to obtain pure
isolates for subsequent identification. Pure cultures of each isolate were deposited in

the culture collection of the Polytechnic Institute of Braganca (School of Agriculture).

Identification of fungal isolates

A combination of morphological and molecular approach was used to identify
fungal isolates. At the first, isolates from pure cultures were grown on PDA medium
and maintained at 25 + 2 °C in the dark for 1-3 weeks, depending on their growth rate.
These fungal cultures were examined periodically, and groups of strains were formed
according to their morphological similarity. Isolates were divided based on the
morphology of the fungal culture colony (e.g. color, shape and texture) or hyphae, the
characteristics of the spores (e.g. size and shape) and reproductive structures, mainly
according to Yarrow (1998). One representative strain for each morphotype was
selected for further molecular identification using the internal transcribed spacer (ITS)
region of the nuclear ribosomal DNA (rDNA). This is the recommended genomic
region to be used as the DNA barcode marker for fungi (Schoch et al., 2012).

Genomic DNA was extract from spores or mycelial mat following the protocol
of Oliveira et al. (2012). The ITS region (ITS1, 5.8S, ITS2) was amplified using the
universal ITS1 and ITS4 primers (White et al., 1990), in a PCR protocol formerly
described by Oliveira et al. (2012). Amplified products (~600 pb) were purified using
JETQUICK PCR Product Purification Spin Kit (Genomed) following the
manufacturer’s instructions. Clean PCR products were sequenced using the
STABVida services (Oeiras, Portugal). The obtained DNA sequences were analysed
with DNASTAR v.2.58 software, and fungal identification was performed using the
NCBI database (http://www.ncbi.nlm.nih.gov) and the BLAST algorithm. Blast
results were sorted according to the higher identity score and the lowest E-value and
sequence similarity was only accepted for maximal identity values >95% and = 0.0

E-values.
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Endophyte community analysis

Species diversity

The diversity of fungal endophytes within tissues samples (root, leaf, twig,
bark and total plant organs) was evaluated at the level of their richness (number of
different taxa) and abundance (number of isolates per taxa), and also by computing
the most widely used indices of species diversity, such as Simpson's Reciprocal Index
(1/D) and Shannon—Wiener (H). Both indices combine species richness and
abundance, in different ways (Magurran, 2004). Both indices were computed in
Species Diversity and Richness v. 4.0 (Seaby and Henderson, 2006), and were
presented as the mean of seven independent experiments displaying the respective SD

values or as total number (value for all samples lumped together).

Overall colonization

Measurement of fungal occurrence in each plant organ surveyed was
established by calculating the frequency of colonization and relative abundance. The
frequency of colonization (FC, %) was calculated as the total number of plant tissue
segments colonized by each endophyte divided by the total number of plant segments
surveyed (Suryanarayanan et al., 2003). The relative abundance (RA, %) of a fungal
taxon was determined as the total number of isolates of a taxon divided by the total

number of isolates of all taxa.

Similarity

Non-metric multidimensional scaling (NMDS) was carried out to explore the
similarity of fungal endophytes community among plant organs (bark, twig, root and
leaf). This analysis ranks fungal endophytes of each plant organ (represented by
points) in ordination space in a way that the distance between two points is inversely
proportional to their similarity (Kruskal, 1964). Therefore, points closer together are
more similar in microorganism species composition than those further apart. The
correspondence of the ordination diagram to the distances is described by a stress
value (Kruskal's stress), with values less than 0.2 representing good ordination plots

and greater than 0.3 provides a poor representation (Clarke, 1993). NMDS was
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performed using the Bray-Curtis similarity matrice (Magurran, 2004). This index
compares taxa presence or absence and abundance among samples. This coefficient
ignores cases in which the species is absent in both community samples, and is
strongly influenced by the abundant species so rare species add very little influence
(Bray and Curtis, 1957). The ordination analyse was conducted on Ln(x+1)

transformed data.

Screening of fungal endophytes for antimicrobial activity

The screening of fungal endophytes for antimicrobial activity was only
performed for those species with greatest frequency of colonization and those that are
easily grown in artificial media. According to these criteria’s, five species were
selected: Penicillium glabrum (Wehmer) Westling, Penicillium crustosum Thom,
Penicillium commune Thom and Cryptosporiopsis diversispora Robak, all isolated
from bark, and Penicillium sp. 3 isolated from roots (please see results and discussion

section).
Microbial strains

The antimicrobial activity of endophytes was evaluated against three gram-
positive bacteria (Bacillus cereus, Bacillus subtilis and Staphyloccocus aureus), two
gram-negative bacteria (Escherichia coli and Pseudomonas aeruginosa) and three
yeasts (Candida albicans, Candida glabrata and Candida parapsilosis). All the
microorganisms were obtained from the Biology Department - University of Minho
(Braga, Portugal). Yeast strains were maintained at 4°C in YEPDA medium [1%
(w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) glucose and 2% (w/v) agar], and sub-
cultured periodically. Growth was promoted aerobically at 28°C. Bacterial stocks
cultures were maintained at 4°C on LB agar [tryptone 1% (w/v), yeast extract 0.5%
(w/v), NaCl 1% (w/v) and agar 2% (w/v)], being sub-cultured periodically at 37°C.

Antimicrobial activity by bioassay method

The screening of fungal endophytes for antimicrobial activity was performed
by using the bioassay method developed by Pereira et al. (2013). This method has the
advantage of being less time consuming and allows the direct detection of
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antimicrobial activity of growing fungi against single cell microorganisms without the
prior isolation of the active substance(s). Also, this method allows to study the
dynamics of antimicrobial compounds production by filamentous fungi.

Petri dishes (9 cm diameter) containing PDA medium were centrally
inoculated with 10 pL of a spore suspension (1x10° spore/mL) of each P. glabrum, P.
crustosum, P. commune, Penicillium sp. 3 and C. diversispora fungus. Spore
suspensions were obtained by flooding fungal cultures growing on PDA medium with
2 mL of sterile aqueous solution of 0.02% (v/v) Tween 80. The spore concentration
was adjusted to 1x10° spore/mL with a Nelibauer haemacytometer, under light
microscope (Leica, CTR 5000). After incubation at 25°+1°C, in the dark, for 3 (P.
glabrum, P. crustosum, P. commune and Penicillium sp. 3) and 7 days (C.
diversispora), the inoculated plates were overlaid with the sensitive indicator strain.
To prepare the sensitive microbial suspension, yeast and bacteria biomass were
scraped from a 24h YPDA or LB culture plate, respectively, and suspended in 1 ml of
NaCl 0.85% (w/v). Suspensions of the microorganisms were prepared and mixed with
melted-agar 0.8% (w/v) in order to obtain 10° CFU (colony forming units)/ml. A
volume of 3 ml of the mixture was then seeded as a lawn onto the surface of the plates
previously inoculated with endophytic fungi. The plates were incubated at 25°C / 48h
and 32°C / 24h for yeasts and bacteria, respectively. Standard discs of
chloramphenicol (30 pg/ml) and fluconazole (25 pg/ml) were obtained from Oxoid
Ltd. and served as positive controls for antibacterial and antifungal activity,
respectively. Antimicrobial activity was observed when the fungal inoculum was
surrounded by a clear zone of growth inhibition and evaluated by determining both
the diameter of the fungal colony and the diameter of the inhibition halo. Values were
used to calculate the areas occupied by the fungus and by the inhibition halo formed
by its antimicrobial activity. Data are presented as the mean of 3 to 4 independent
experiments, with 3 replicas each. The corresponding standard error values are

displayed.

Analysis of volatile compounds

Secondary metabolites presents in the volatile fraction of the endophytic fungus
specie that showed the highest antimicrobial activity (i.e. C. diversispora, please see

results and discussion section) were studied, as an attempt to identify compounds
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responsible for such activity. This study was performed in fungus growing in PDA
medium, in order to get a more realistic picture of the microbial volatile organic
compounds released from the endophyte. The fungus specie that showed the lowest
antimicrobial activity (i.e. P. glabrum, please see results and discussion section) was
used as negative control. The comparison of the volatile profile of the two fungal
species will allow a more accurate identification of volatile antimicrobials

compounds.

In vitro fungal cultures

The fungi were grown in 50 mL flasks (Duran Gaines Synth, Bioblock),
containing 10 mL of PDA medium, sealed with a polypropylene cap with
PTFE/silicon septum (Duran) (Fig. S1, Supporting information). The inoculation of
culture medium was performed by transferring 10 pL of a spore suspension (1x10°
spore/mL) of each P. glabrum and C. diversispora fungus. Four replicates per fungal
species were performed; and flasks containing exclusively PDA medium were also
included as control. The cultures were incubated at 25 °C in the dark, for 3 (P.
glabrum) and 7 days (C. diversispora), and further used to analyse the volatile

compounds.

Extraction of volatile compounds by headspace solid-phase microextraction

The extraction of volatile compounds from P. glabrum and C. diversispora
growing under in vitro conditions was performed by headspace solid-phase
microextraction (HS-SPME). The volatiles were extracted using a fiber coated with
divinylbenzene/carbonex/polydimethylsiloxane  (DVB/CAR/PDMS  50/30 pm)
(Supelco, Bellefonte, USA). The entire procedure was carried out in a horizontal
position in a gas emission system (isolation) at 40°C (Fig. S1, Supporting
information). The flasks with the respective fungus were placed for 10 minutes in an
oven at 40°C for an effective release of the volatile compounds. After this period, the
SPME fiber was exposed during 60 minutes for the compounds adsorption in the
headspace. The fiber was collected and inserted into the injection port of the gas

chromatography system. The HS-SPME procedure was performed in quadruplicate.
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The same procedure was performed with a control sample containing only PDA

medium.

Gas Chromatography-Mass Spectrometry (GC/MS) analysis

The retained compounds were eluted from the fiber by thermal adsorption for 1
minute. For cleaning and conditioning of further analyzes the fiber was maintained
during 10 minutes at 220 °C in the injector port of the chromatography system. The
volatile compounds detection and quantification were performed in a gas
chromatographer Shimadzu GC-2010 Plus equipped with a mass spectrometer
Shimadzu GC/MS-QP2010 SE detector. A TRB-5MS (30 m x 0.25mm x 0.25um)
column (Teknokroma, Spain) was used. The injector was set at 220 °C and the manual
injections were made in splitless mode. The mobile phase consisted in helium
(Praxair, Portugal) at a linear velocity of 30 cm/s and a total flow of 24.4 mL/min.
The oven temperature was fixed at 40 °C during 1 minute and then raised 2 °C per
minute to 220 °C, and held at this temperature during 30 minutes. The ionization
source was maintained at 250 °C with an ionization energy of 70 eV, and with a
ionization current of 0.1 kV. All mass spectra were acquired by electron ionization.
The ionization was left off during the first 3 minutes. The MS spectra fragments were
compared with those obtained from a database (NIST 11).

For quantification purposes, each sample was injected in quadruplicate, and the
areas of the chromatographic peaks were determined integrating the re-constructed
chromatogram from the full scan chromatogram using for each compound the ion
base (m/z intensity 100%). Data from each volatile (as peak area / 1000) were
respectively reported as the mean of four independent experiments with the respective
standard deviation.

Data analysis
Principal component analysis (PCA)

Principal components analysis (PCA) was applied for reducing the number of
variables regarding the volatile composition of C. diversispora and P. glabrum

growing under in vitro as well as their antimicrobial activity (diameter of the

inhibition halo) against several microorganisms (22 variables corresponding to

41



volatile components, and 8 variables corresponding to inhibition halo values; with a
total of 30 variables) to a smaller number of new derived variables (principal
component or factors) that adequately summarize the original information, i.e., the in
vitro volatile composition of both fungi in study and their capability to inhibit
microbial growth. Moreover, it allowed recognizing patterns in the data by plotting
them in a multidimensional space, using the new derived variables as dimensions
(factor scores). PCA was performed by using SPSS software, version 21.0 (IBM
Corporation, New York, U.S.A.).

Other statistical analysis

Significant differences among samples were determined by analysis of
variance (ANOVA), using SPSS software, version 21.0 (IBM Corporation, New
York, U.S.A.) and averages were compared using Tukey’s (p<0.05).

Results and discussion

The screening of antimicrobial compounds from fungal endophytes is currently
being widely studied to meet the increasing threat of drug-resistant strains of human
pathogens. Studies focusing antimicrobial compounds derived particularly from
fungal endophytes of medicinal plants have attracted much interest, since endophytes
have been shown the capacity to synthesize the same metabolites produced by the
host plant (Kusari et al., 2008, 2009, 2012a). Therefore, the current study was
undertaken to isolate endophytic fungi from the medicinal plant A. unedo, and screen
them for the presence of antimicrobial activity. Fungi were isolated from roots,
leaves, twigs and barks, because they are the plant's most used organs in folk
medicine (Oliveira et al., 2011). To our knowledge, there are no previous reports on
the isolation and cultivation of endophytes from A. unedo. The composition of the
volatile organic compounds of endophytes is also presented aiming to relate with their

antimicrobial activities.

Composition of fungal endophytes in strawberry tree

The results indicate a great diversity and richness of fungal endophytes

associated to this specie. All the seven strawberry trees sampled harbored fungal
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endophytes, with a mean of 20.6 fungal taxa/tree and 41.1 fungal isolates/tree (Table
1). A total of 118 morphospecies were identified from 288 isolates. The high diversity
found was corroborated by the Simpson and Shannon-Wiener indices estimate (Table
1). This high diversity could be due to the greater number of rare species present and
low number of individuals. Studies in the Mediterranean region for other woody plant
species, such as Quercus cerris, Quercus pubescens (Moricca et al.,, 2012) and
Quercus suber (Linaldeddu et al., 2011), have reported lower number of endophyte
species. For plant species of the same family as A. unedo (Ericaceae), such as
Rhododendron (Okane et al., 1998; Purmale et al., 2012), Enkianthus perulatus and
Pieris japonica (Okane et al., 1998), was also reported a lower number of fungal
species compared to the present study. This variation may be due to differences in the
number of plant organs surveyed. In fact, in all of those studies the surveyed of
endophytic fungi was done in few plant organs, just on leaves and twigs (Moricca et
al., 2012), or twigs, branches and trunk (Linaldeddu et al., 2011) or solely on leaves
(Okane et al., 1998; Purmale et al., 2012). In the present study, the sampling of
several plant organs (roots, leaves, twigs and barks) was performed with the intention
of isolating as many endophyte species as possible from A. unedo. Another reason
could be related with differences on plant species and sampling sites, as previously
reported (Sebastianes et al., 2013). In addition, the study of culturable endophytes is
recognise to be a method-dependent process (Hyde and Soytong, 2008), being the
identity and number of isolates obtained influenced by several experimental variables
that can affect the comparability of endophytes datasets. The mean overall
colonisation of endophytes from A. unedo was 41%, which is very similar to that
reported for other woody plant species elsewhere in the Mediterranean region
(Linaldeddu et al., 2011), as well as elsewhere in the world (Guo et al., 2008; Sun et
al., 2012).

The identity of the species with greatest frequency of colonization was further
confirmed by their ITS-rDNA sequences (Table S1). Among the 33 taxa selected for
this analysis, only 15 taxa were identified to the species level (Table 2). The ITS
sequence of the remained species (18 taxa/OTUs) were not specified to the species
level or even to the genus level in the GenBank fungal sequence database to name
them to species. The species molecularly identified belonged to 10 families and 11
genera, being Penicillium the genera with greatest number of species (10) followed by

Umbelopsis (3 species). The remaining genera were represented by only one taxa. The
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endophytic assemblages of A. unedo comprised a number of taxa belonging to
ubiquitous genera. Fungi belonging to the genera Alternaria, Cladosporium and
Penicillium (Linaldeddu et al., 2011; Sun et al., 2012; Moricca et al., 2012) as well as
some isolates identified as Umbelopsis spp. (Hoff et al., 2004), Aureobasidium
pullulans (Pancher et al., 2012) and Microsphaeropsis olivacea (Li et al., 2007) have
commonly been cited as endophytes of several woody plant species. Similarly, the
species identified as Stemphylium globuliferum (Debbab et al., 2010) and
Allantophomopsis lycopodina (Shiono et al., 2010), were previously described as
endophytes and found to be producers of new secondary metabolites with potent
antimicrobial and cytotoxic activity, respectively. Curiously, one of the isolates
identified as Discostroma sp. has been previously found to be one of the most
common fungal endophytes inhabiting ericaceous plants, namely Rhododendron
indicum, Rhododendron macrosepalum and Rhododendron obtusum (Okane et al.,
1996).

Cryptosporiopsis diversispora was the most common, accounting 26% of the
total isolates, with an overall colonization rate of 3.4% (Table 2). There are few
reports about this specie. Only Eo et al. (2014) have identified this fungus as
endophyte of the woody plants Acer tagmentosum, Larix kaempferi, Abies holophylla

and Pinus koraiensis.
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Table 1 — Richness, diversity and frequency of colonization of fungal endophytes by strawberry tree organ. The results are present as the
mean value £ SD (n=7) and as total number (in brackets). Different superscript lower case letters denote statistically significant differences

(p<0.05) between plant organs.

Parameters Root Twig Leaf Bark Total
Total number of isolates 73 32 41 142 288
Average number of isolates per tree 10.4+1.9° 4.6+4.3" 5.9+3.1¢ 20.3+4.4° 41.1+9.3°
Total number of taxa 39 22 13 48 118
Average number of taxa per tree 6.1+2.5° 3.741.6° 3.3+1.3° 7.6+2.5° 20.6+4.8°
_ _ 9.146.7° 8.9+4.2° 5.2+4.7° 6.9+3.6° 18.0+8.2°
Simpson's Reciprocal Index (1/D)
(39.8) (27.6) (6.4) (20.9) (59.1)
o 1.6+ 0.5° 0.9+ 0.4° 1.0+ 05" 1.740.4° 2.7+0.3
Shannon-Wiener index (H)
(3.5) (2.9) (2.1) (3.9) (4.9)
Frequency of colonization (%) 41.7+7.6° 18.3+16.4° 23.4+12.7° 81.1+17.5° 41.149.3°




Table 2 — Frequency of colonization (FC, %) and relative abundance (RA, %) of the most common fungal endophyte isolated from roots, twigs,

barks and leaves of Arbutus unedo. The RA is shown in brackets.

Root Twig Leaf Bark Total
Family, genera and species
FC(RAY% FC(RA% FC(RA% FC(RA%  FC (RA)%
Amphisphaeriaceae
Discostroma sp. 0 (0) 0.57 (5.0) 0 (0) 0 (0) 0.14 (1.1)
Cladosporiaceae
Cladosporium sp. 0 (0) 1.71 (15.0) 0.57 (20.0) 0 (0) 0.57 (4.3)
Dermateaceae
Cryptosporiopsis
C. diversispora Robak 0(0) 0 (0) 0(0) 13.7 (43.6) 3.43 (25.8)
Dothioraceae
Aureobasidium
A. pullulans (de Bary) G. Arnaud 0 (0) 0 (0) 0 (0) 0.57 (1.8) 0.14 (1.1)
Montagnulaceae
Microsphaeropsis
M. olivacea (Bonord.) Hohn. 0 (0) 0 (0) 0 (0) 0.57 (1.8) 0.14 (1.1)
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Table 2 — Continuation.

Family, genera and species Root Twig Leaf Bark Total
FC (RA)% FC (RA)% FC (RA)% FC (RA)% FC (RA)%
Pezizaceae
Chromelosporium
C. carneum (Pers.) Hennebert 0 (0) 0 (0) 0.57 (20.0) 0 (0) 0.14 (1.1)
Phacidiaceae
Allantophomopsis
A. lycopodina (Hohn.) Carris 0 (0) 0 (0) 0 (0) 0.58 (1.8) 0.14 (1.1)
Pleosporaceae
Alternaria
A. alternata (Fr.) Keissl. 0 (0) 0.57 (5.0) 0 (0) 0 (0) 0.14 (1.1)
Stemphylium
S. globuliferum (Vetergr.) E. G. Simmons 0 (0) 0 (0) 0.57 (20.0) 0 (0) 0.14 (1.1)
Trichocomaceae
Penicillium
P. brevicompactum Dierckx 0 (0) 0 (0) 0(0) 0.57 (1.8) 0.14 (1.1)
P. commune Thom 0 (0) 0 (0) 0 (0) 2.9(9.1) 0.71 (5.4)
P. crustosum Thom 0 (0) 0 (0) 0 (0) 2.9 (9.1) 0.7 1(5.4)
P. glabrum (Wehmer) Westling 0 (0) 0 (0) 0 (0) 0.57 (1.8) 0.14 (1.1)
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Table 2 — Continuation.

Family, genera and species Root Twig Leaf Bark Total
FC (RA)% FC (RA)% FC (RA)% FC (RA)% FC (RA)%

P. griseolum G. Sm. 1.14 (15.4) 0 (0) 0 (0) 0 (0) 0.29 (2.2)
P. sanguifluum (Sopp) Biourge 0.57 (7.7) 0 (0) 0 (0) 0 (0) 0.14 (1.1)
P. thomii Maire 0(0) 0(0) 0(0) 0.6 (1.8) 0.14 (1.2)
Penicillium sp. 1 1.1 (15.4) 0 (0) 0 (0) 0 (0) 0.29 (2.2)
Penicillium sp. 2 0 (0) 0.6 (5.0) 0.57 (20.0) 1.1 (3.6) 0.57 (4.3)
Penicillium sp. 3 1.71 (23.1) 0 (0) 0 (0) 0 (0) 1.7 (3.2)

Umbelopsidaceae

Umbelopsis

U. vinacea (Dixon-Stew.) Arx 0 (0) 0.57 (5.0) 0 (0) 0 (0) 0.14 (1.1)
Umbelopsis sp. 1 0.57 (7.7) 0 (0) 0 (0) 0 (0) 0.14 (1.1)
Umbelopsis sp. 2 0.67 (7.7) 0 (0) 0 (0) 0 (0) 0.14 (1.1)

Unidentified species

Fungal sp. 1 0 (0) 0.57 (5.0) 0 (0) 0 (0) 0.14 (1.1)

Fungal sp. 2 0 (0) 0 (0) 0 (0) 0.57 (1.8) 0.14 (1.1)

Uncultured Ascomycota 0 (0) 0.57 (5.0) 0.57 (20.0) 0 (0) 0.29 (2.2)

Uncultured Cladosporium clone 0 (0) 0 (0) 0 (0) 0.57 (1.8) 0.14 (1.1)

Uncultured fungus clone 1 0 (0) 5.71 (50.0) 0 (0) 0 (0) 1.41 (10.8)

48



Table 2 — Continuation.

Family, genera and species Root Twig Leaf Bark Total
FC (RA)% FC (RA)% FC (RA)% FC (RA)% FC (RA)%
Uncultured fungus clone 2 0 (0) 0 (0) 0 (0) 0.57 (1.8) 0.14 (1.1)
Uncultured Rhizoctonia 0 (0) 0 (0) 0 (0) 5.71 (18.2) 1.41 (10.8)
Helotiales sp. 0.57 (7.7) 0 (0) 0 (0) 0 (0) 0.14 (1.1)
Pezizomycetes sp. 0 (0) 0.57 (5.0) 0 (0) 0 (0) 0.14 (1.1)
Phialocephala sp. 0.57 (7.7) 0 (0) 0 (0) 0 (0) 0.14 (1.1)
Trichocomaceae sp. 0.57 (7.7) 0 (0) 0 (0) 0 (0) 0.14 (1.1)
Total 7.43 (100) 11.4 (100) 2.86 (100) 31.4 (100) 13.3 (100)
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Endophyte community variations between plant organs

Various A. unedo parts differed significantly in the diversity and richness of
fungal endophytes. The fungal community from the bark was most diverse (48 taxa) and
rich (142 isolates), followed by the roots (39 taxa, 73 isolates), twigs (22 taxa, 32
isolates) and leaves (13 taxa, 41 isolates) (Table 1). The average number of fungal taxa
and isolates obtained from each organ per tree was also statistically significant, being
highest in barks (Table 1). Differences in the assemblages of endophytic fungal species
between tree organs have also been reported in previous studies (Fisher et al., 1993;
Moricca et al., 2012; Qi et al., 2012; Sun et al., 2012; Sebastianes et al., 2013). For
example, in Eucalyptus nitens was observed more endophytic fungal isolates in barks
than in leaves (Fisher et al., 1993). Similarly, Qi et al. (2012) recovered more fungal
endophyte taxa and isolates in barks than in annual twigs of Acer ginnala. However,
there was no statistically significant difference in Simpson and Shannon diversity
indices between the various A. unedo parts.

The four organs of A. unedo also differed significantly on endophytic colonization
rate (Table 1). Overall colonization rate were highest in barks, as reflected by the
highest mean colonization rate values (81%), followed by roots (42%), leaves (23%)
and twigs (18%). Differences in the colonization frequency of endophytes between tree
organs have also been reported for other plant species (Collado et al., 2000; Nalini et al.,
2005; Guo et al., 2008; Moricca et al., 2012; Sun et al., 2012). For example, Collado et
al. (2000) revealed much higher colonization rates of endophytic fungi from bark (65%)
than leaves (25%) of Quercus ilex and from bark (75.6%) than leaves (36.3%) of
Quercus faginea Lam., respectively. Similarly, in Pinus tabulaeformis, the colonization
frequency was recorded much higher in bark (ranging from 53-96%) than in needles
(ranging from 9-36%) (Guo et al., 2008).

Different endophyte taxa dominated the four organs of A. unedo (Table 2). In
barks, C. diversispora (43.6%), Uncultured Rhizoctonia (18.2%), Penicillium commune
(9.1%) and Penicillium crustosum (9.1%), were the dominant species and were isolated
only from this organ. The roots were dominated by species of the genus Penicillium,
namely Penicillium sp.3 (23.1%), P. griseolum and Penicillium sp.1 (15.4% each), and
were isolated only from this organ. Uncultured fungus clone 1 (50.0%) and
Cladosporium sp. (15.0%) were the most dominant species in twigs, being the first one

exclusively isolated from twigs whereas the former was also occurred in leaves. The
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fungal endophyte community of the leaves was co-dominated by Cladosporium sp.,
Chromelosporium carneum, Stemphylium globuliferum, Penicillium sp.2 and
Uncultured Ascomycota (20.0% each). Among these species, C. carneum and S.
globuliferum, were isolated only from leaves. These results indicate organ- or tissue-
specificity in endophytes which are in agreement with previous studies (Nalini et al.,
2005; Guo et al., 2008; Moricca et al., 2012; Sun et al., 2012). These differences in the
species composition of endophytes recovered from different organs might be a
reflection of tissue preference of individual taxa which may be attributed to the distinct
substrate utilization patterns developed by the endophytic fungi (Petrini et al., 1992).
This indicates that distribution of endophytic fungi depends on adaptation to particular
tissue chemistry of host plant organs (Petrini et al., 1992).

Cluster analyses of fungal endophyte community based on Bray-Curtis similarity
presented in two dimensional NMDS plots corroborate the differences found on
endophytic assemblage between organs (Fig. 1). In this analysis was observed that, in
general, the endophytes clustered according to the plant organ from which have been
isolated. This is particularly noticed for leaf and roots endophytes. The separation of
endophyte communities is mainly due to the presence of both dominant and exclusively
species in each organ. The confidence of this pattern is very high due to the low
Kruskal's stress value (<0.01) obtained in this analysis.

=
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Figure 1 - Non-metric multidimensional scale (NMDS) plots corresponding to the
clustering of fungal endophytes grouped by plant organ (bark, leaf, root and twig).
Clustering analysis was performed with Bray-Curtis coefficient by using Ln(x+1)
transformed data. Kruskal’s stress values inferior to 0.2 represent good ordination plots.
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Antimicrobial activity of endophytes

Five fungal endophytes, P. glabrum, P. crustosum, P. commune and C.
diversispora, all isolated from bark, and Penicillium sp. 3 isolated from roots, were
screened for their antimicrobial activity against gram-positive and gram-negative
bacteria and yeasts. These species were chosen due to their high abundance and
frequency of colonization. Results of antimicrobial activity are presented in Figure 2.
Only two endophytes, C. diversispora and Penicillium sp. 3, displayed significant
antimicrobial activity against the tested microorganisms when compared to control.
Cryptosporiopsis diversispora was the most effective in inhibiting microorganisms with
a widest spectrum. This fungus was the only one out of five endophytes with capacity to
inhibit significantly the yeasts than the control. When compared with the fluconazole,
C. diversispora reduced significantly the growth of C. glabrata (up to 1.9-fold), C.
albicans (up to 2.7-fold) and C. parapsilosis (up to 3.1-fold). This endophyte was also
the most effective in inhibiting the gram-negative bacteria E. coli and P. aeruginosa (up
to 2.4-fold and 4.5-fold, respectively when compared to chloramphenicol). There are
few reports about C. diversispora including of their antimicrobial proprieties. Only
Hwang et al. (2011) reported that C. diversispora isolated from lichen displayed
antifungal activity against C. albicans. Several bioactive metabolites, including
antimicrobial compounds, have been previously isolated from the Genus
Cryptosporiopsis and its teleomorph, Pezicula (Strobel et al., 1999; Verkley, 1999; Zilla
et al., 2013). Therefore, the present study provides, for the first time, evidences on the
antimicrobial potential of C. diversispora, which exhibited promising and broad
spectrum of antagonistic activity against clinical microorganisms, including E. coli and
P. aeruginosa. This is of much importance due to the increasing resistance to antibiotics
of these two gram-negative bacteria, including in Europe, especially in Portugal and
Italy (Nordberg et al., 2013). The distinctive feature of gram-negative bacteria is the
presence of a double membrane surrounding each bacterial cell. This outer membrane
excludes certain drugs and antibiotics from penetrating the cell, partially accounting for
why gram-negative bacteria are generally more resistant to antibiotics than are gram-
positive bacteria (Nordberg et al., 2013). The endophyte Penicillium sp.3 was also
shown to be efficient in inhibiting these two gram-negative bacteria and also one gram-
positive bacterium (Fig. 2). Therefore, this specie could also be of considerable interest

to be exploited as a source of novel antimicrobials compounds to overcome the
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Figure 2 - Antimicrobial activity (halo of inhibition, in area) against yeasts (A), gram-
positive bacteria (B) and gram-negative bacteria (C) displayed by the endophytic fungi
Penicillium glabrum, Penicillium crustosum, Penicillium commune, Cryptosporiopsis
diversispora, and Penicillium sp. 3. Each value is expressed as mean + standard error of
3 independent experiments performed in triplicate. Bars with different letters indicate
values with significant differences at p<0.05, within each microorganism.
Chloramphenicol (30 pg/ml) and fluconazole (25 pg/ml) were used as positive controls
for antibacterial and antifungal activity, respectively.
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resistance from time to time. When compared with the control chloramphenicol,
Penicillium sp.3 reduced significantly the growth of E. coli (up to 2.0-fold), P.
aeruginosa (up to 3.3-fold) and B. subtilis (up to 2.5-fold). Species belonging to
Penicillium genus are well known for their capacity to produce a vast array of bioactive
secondary metabolites (Nicoletti et al., 2014), including antimicrobial compounds (Yu

etal., 2010).
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Analysis of volatile compounds

Results of antimicrobial activity showed that among the five endophytes analysed,
C. diversispora was the most effective, whereas P. glabrum was one of the fungi with
lowest activity against bacteria and yeasts. Therefore, the composition of volatile
organic compounds (VOCs) of both fungi growing in PDA medium under in vitro
conditions was analysed by GC/MS and the profiles obtained will be compared in an
attempt to identify the compounds potentially responsible for the antimicrobial activity
displayed by C. diversispora. Controls consisted of uninoculated PDA medium. The
compounds appearing in the control were subtracted from those acquired from the C.
diversispora and P. glabrum growing in PDA medium.

With the HS-SPME technique, 22 volatiles were extracted and identified by
GC/MS in the two endophytic species. The volatiles identified belong to different
chemical classes: 10 sesquiterpenes; 7 alcohols; 3 esters; and 2 ketones (corresponding
to those reported in Table 3 and represented in Figure 3). In C. diversispora was
identified a total of six volatiles compounds, being the most abundant phenylethyl
alcohol and 3-methyl-1-butanol, representing 46% and 33% of the total volatile fraction,
respectively (Table 3; Figure 3). The remaining volatile compounds were exclusively
found in this fungus and comprised two esters (acetic acid, 2-phenylethyl ester and
3,7,12-tridecatrienoic acid, methyl ester), one ketone (ochracin) and one sesquiterpene
(B-himachalene).

In P. glabrum was identified highest number of volatiles (18), being the
sesquiterpene a-guaiene the most abundant, accounting 69% of the total volatile fraction
identified in this specie (Table 3; Figure 3). This compound was exclusively identified
in this fungus. Also, present exclusively in this specie were a series of sesquiterpenes
(B-elemene, ylangene, (E)-p-farnesene, a-guaiene, valencene, a-selinene, 3-selinene and
two more sesquiterpene-like compounds not identified), alcohols (juniper camphor, and
three more alcohol-like compounds not identified), one ketone-like compound and one
ester (acetic acid, 2-phenylethyl ester), altogether accounting 31% of the total volatile
fraction identified in this specie. Both the alcohols compounds, phenylethyl alcohol and
3-methyl-1-butanol, were also identified in P. glabrum, but in lower amounts when
compared to C. diversispora (0.7-fold lower, each).

In an attempted to elucidate the contribution of the several identified volatile

compounds on the antimicrobial activity displayed by the two endophytes, a PCA was
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performed by using the data of volatile compounds of the two fungus as well as their
inhibition halos (in cm?) against bacteria and yeasts. The PCA obtained was able to
distinguish the two species (Figure 4) explaining in two principal components 85.51%
of the total variance captured. The first principal component clearly separate C.
diversispora from P. glabrum, due to the higher content of the first specie on 3-methyl-
1-butanol and phenylethyl alcohol. As already stated these two compounds were part of
the volatile fraction of both fungi, but in considerable higher amounts in C. diversispora
(p<0.001). The remaining volatiles characterized P. glabrum. An important information
retained from PCA is that 3-methyl-1-butanol and phenylethyl alcohol are associated
with C. diversispora, as well as the higher inhibition halos verified for all
microorganisms (with exception of B. subtilis). Such information suggested the
involvement of these two volatile compounds in the inhibition displayed by C.
diversispora against these microorganisms. The inhibition displayed by P. glabrum
against B. subtilis, could be similarly related with the production of volatiles
compounds as highlighted in the figure 4. These hypotheses require however
confirmation by performing bioassays with synthetic standards of the respective
identified VOCs. Despite this, previous studies have been reported the antimicrobial
potential of 3-methyl-1-butanol. For example, the VOCs produced by the endophyte
Muscodor crispans, with 3-methyl-1-butanol as the major compound, have been shown
to inhibited the growth of several phytopathogens (Mitchell et al., 2010). Similarly,
Fialho et al. (2011) have reported the high antimicrobial effect of the 3-methyl-1-
butanol against an array of phytopathogens under in vitro conditions. Phenylethyl
alcohol is a well-known bacteriostatic agent that, at low concentrations, can inhibit the
growth of gram-negative bacteria, including Salmonella, Shigella, Aerobacter,

Klebsiella, Escherichia, Pseudomonas and Proteus (Naz et al., 2013).
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Table 3 — Relative percentage of volatile compounds of the endophytic fungi Penicillium glabrum and Cryptosporiopsis diversispora growing
under in vitro conditions (mean + standard deviation, n=4). Compounds found in the control PDA are not included in this table. Different

superscript lower case letters denote statistically significant differences (p<0.05) between fungal species.

Compound RT! Characteristic ions (m/z) (13(:0(5/2 ;E Mvc\JlLezi(;l;l[tar '\?grlfgﬁ:gr P.glabrum  C. diversispora
1 3-Methyl-1-butanol 4,705 42/55/70 55 88 CsH4,0 4.01+0.73% 32.75+1.97°
2 Butanoic acid, 2-methyl-, 3-methyllbutyl ester ~ 23.575 43/57/70/85 70 172 Ci10H2002 0.63+0.13 _
3 Phenylethyl alcohol 24.05 91/92/122 91 122 CgH100 5.33+2.50° 45.83+2.26"
4 Acetic acid, 2-phenylethyl ester 34.065 43/104 104 164 C10H120, _ 2.94+0.94
5 B-elemene 43.14 68/81/93/107 81 204 CisHos 9.06+2.04 _
6 Ylangene 46.535 93/105/119/161 105 204 CisHyy 0.21+0.05 _
7 (E)-B-farnesene 47.4 41/69/93 69 204 CisHaa 0.20+0.05 _
8 Sesquiterpene-like compound 47.82 105 105 204 CisHag 0.33£0.10 _
9 Sesquiterpene-like compound 48.28 91/105/133/189 133 204 CisHag 0.32£0.11 _
10 o-Guaiene 49.02 93/105/107/147/189 105 204 CisH24 68.55£1.75 _
11 Valencene 49.355 79/93/107/161 161 204 CisHos 2.72+0.62 _
12 a-Selinene 49.445 81/93/107/189/204 189 204 CisHaa 0.86+0.22 _
13 B-Himachalene 49.57 41/105/119/134/204 119 204 CisHas _ 2.71+0.63
14 Ochracin 51.895 134/160/178 134 178 C10H1004 _ 6.57+0.61
15 3,7,12-Tridecatrienoic acid, methyl ester 57.39 55/67 67 222 C14H2,0, _ 9.20+1.28
16 Alcohol-like compound 57.52 43/69/81/95/109/161 43 _ _ 0.34+0.05 _
17 B-selinene 58.51 41/81/107/161/189/204 107 204 CisHzs 4.16+0.50 _
18 Juniper camphor 58.66 43/161/189/204 161 222 CisH260 0.22+0.11 _
19 Alcohol-like compound 58.945 41/81/91/107/131/145 41 _ _ 0.11+0.03 _
20 Alcohol-like compound 62,225 43/79/105/119/147/162 162 _ _ 0.13+£0.04 _
21 Unknown compound 63.995 135/150 135 _ _ 2.62+0.46 _
22 Ketone-like compound 66.43 147/161/218 218 0.24+0.03

'Retention time; “Quantification ions.
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Figure 3 - Full scan chromatographic profile obtained from the endophytic fungi
Penicillium glabrum and Cryptosporiopsis diversispora growing in vitro by HS-SPME
using DVB/CAR/PDMS fiber (identification numbers correspond to those compounds
reported in Table 3).
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Figure 4 - Principal component analysis obtained using the volatile composition of
Penicillium glabrum (®) and Cryptosporiopsis diversispora (®) growing in vitro and
antimicrobial activity displayed by these fungi against bacteria and yeasts, evaluated as
halo inhibition (in cm?). The PCA factors explain 85.51% of the total variance. The
numbers represented correspond to those compounds presented in Table 3.

Conclusion

The results presented in this work show appreciable fungal diversity recovered
from A. unedo that are relatively unexplored as hosts for fungal endophytes. The
considerable high number of fungal endophytes observed combined with the apparent
organ specificity exhibited makes this plant specie suitable in search for novel
metabolites. The evaluation of capability of five fungal endophytes from A. unedo to
produce compounds with antibacterial or antifungal activity indicates that both C.
diversispora and Penicillium sp. 3 have great potential for exploitation in the
development of new drugs. The antimicrobial activity displayed by C. diversispora may
be ascribed to the volatile compounds 3-methyl-1-butanol and phenylethyl alcohol,
which requires confirmation. Further investigations will be planned to identify and

characterize active principles, and assess toxicity by laboratory assays.
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Supporting information

Table S1 - Fungal taxa isolated in this study and the summary of BLAST results,
showing the coverage of the sequences and sequence similarities with the most closely
related organisms.

Organism with the highest

Isolated (GenBank Acc. no. of the Query S_eq_uen'ce E-value*  sequence identity, GenBank
ITS sequence) coverage similarity
Acc. no.
Allantophomopsis lycopodina
_p pets eop 81% 95% 3,00 JX981469
(submitted)
Alternaria alternata
. 86% 96% 0.0 JN867471
(submitted)
Aureobasidium pullulans
. 100% 99% 0.0 KC897669
(submitted)
Chromelosporium carneum 112
) 99% 88% 4,00E JF440586
(submitted)
Cladosporium sp.
) 99% 100% 0.0 KJ598873
(submitted)
Cryptosporiopsis diversispora
» . poriop P 99% 98% 0.0 JF714251
(submitted)
Discostroma sp. 133
. 99% 96% 8,00E" JN545795
(submitted)
Fungal sp.
) 100% 100% 0.0 KC867746
(submitted)
Fungal sp.
) 100% 99% 0.0 HM123559
(submitted)
Helotiales sp.
) 100% 98% 0.0 KC180699
(submitted)
Microsphaeropsis olivacea
. 99% 99% 0.0 JX681101
(submitted)
Penicillium brevicompactum
) 100% 99% 0.0 KF876834
(submitted)
Penicillium commune
) 80% 99% 0.0 KF938402
(submitted)
Penicillium crustosum
) 64% 96% 0.0 LN482509
(submitted)
Penicillium glabrum
100% 99% 0.0 AY373915

(submitted)
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Penicillium griseolum
(submitted)

Penicillium sanguifluum
(submitted)

Penicillium sp
(submitted)

Penicillium sp.
(submitted)

Penicillium thomii
(submitted)
Pezizomycetes sp.
(submitted)
Phialocephala sp.
(submitted)
Stemphylium globuliferum
(submitted)
Trichocomaceae sp.
(submitted)

Umbelopsis sp.
(submitted)

Umbelopsis sp.
(submitted)

Umbelopsis vinacea
(submitted)

Uncultured Ascomycota
(submitted)

Uncultured Cladosporium clone
(submitted)

Uncultured fungus clone
(submitted)

Uncultured fungus clone
(submitted)

Uncultured Rhizoctonia

(submitted)

95%

100%

99%

96%

100%

100%

100%

93%

100%

100%

100%

100%

96%

94%

100%

100%

100%

99%

100%

95%

99%

100%

97%

99%

99%

100%

100%

99%

97%

99%

88%

99%

100%

99%

0.0

0.0

7,00E70

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

3,00

0.0

1,004

0.0

5,00E%®

0.0

EF422848

JX140866

JF429680

KF367506

JX140779

JQ759165

KJ425309

KF871456

KC007327

JQ912671

KC816011

GU183114

FR682256

JF449738

HMO044625

JF720038

DQ061931

*BLAST expected value represents the number of sequence matches expected by
random chance (the smaller the value, the better the match to the reported NCBI

database sequence)
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Figure S1 — In vitro fungal culture flasks (50 mL) sealed with a cap containing a
silicone septum. This system was used to evaluate the production of volatile organic
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Capitulo 4

Conclusao
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Conclusao

A bioprospecdo de metabolitos com atividade antimicrobiana em fungos
endofiticos isolados de plantas medicinais tem despertado a atencdo dos investigadores,
pelo facto de sintetizarem metabolitos secundarios semelhantes as suas plantas
hospedeiras. Os fungos endofiticos, com capacidade de sintetizar os compostos das suas
plantas hospedeiras, sob condi¢Ges 6timas de cultura, pode ser um meio para a obtencéo
de compostos bioativos a baixo-custo, ecologico, reprodutivel e compativel com a sua
exploracdo industrial. O medronheiro (Arbutus unedo L.) é uma arvore fruteira
endémica da regido mediterranica, pertencente a familia Ericacea e ao género Arbutus.
Em Portugal existe preponderantemente a sul do rio Tejo podendo contudo, encontrar-
se difundido por todo o pais, inclusive em Tras-os-Montes. Desde 0s tempos ancestrais
que diversas partes desta arvore, em especial folhas, raizes, casca e fruto, sdo utilizadas
na medicina tradicional. Tanto quanto € do nosso conhecimento, a comunidade fungica
endofitica associada a esta espécie bem como o potencial antimicrobiano destes fungos
nunca foi explorado. Assim, neste trabalho avaliou-se pela primeira vez a comunidade
fangica endofitica associada as diversas partes desta planta utilizadas vulgarmente na
medicina tradicional (folhas, ramos, raizes e cascas) e 0 seu potencial antimicrobiano
contra bactérias gram-positivas e gram-negativas, e leveduras patogénicas humanas. A
composicdo volatil de alguns endofitos foi ainda analisada e correlacionada com a

atividade antimicrobiana exibida pelos endofitos.

A comunidade fungica endofitica associada ao medronheiro demonstrou ser
muito abundante e diversa. Dos 700 segmentos vegetais analisados, foi obtido um total
de 288 isolados pertencentes a 118 taxa. Todas as arvores analisadas encontravam-se
colonizadas por fungos endofiticos, apresentando cada arvore uma média de 20,6 taxa e
41,1 isolados. A sequenciacdo da regido ITS do rDNA das 33 espécies mais abundantes,
permitiu a identificacdo até a espécie de 15 taxa. As restantes 18 taxa ndo foram
identificadas até a espécie pelo fato de ndo se encontrarem especificadas na base de
dados GenBank. As espécies identificadas molecularmente pertencem a 10 familias e 11
géneros, sendo o género Penicillium (10 taxa) e Umbelopsis (3 taxa) os mais
diversificados. A espécie Cryptosporiopsis diversispora foi a mais comum,
representando 26% do total de isolados e com uma frequéncia de colonizagdo de 3,4%.
As diferentes partes da planta analisadas apresentaram diferencas em termos de

composicao, riqueza e diversidade de fungos endofiticos. As cascas apresentaram um
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maior numero de espécies (48) e de isolados (142), comparado com as raizes (39 taxa,
73 isolados), ramos (22 taxa, 32 isolados) e folhas (13 taxa, 41 isolados). A frequéncia
de colonizagdo também foi superior nas cascas (81%) face as raizes (42%), folhas
(23%) e ramos (18%). A comunidade fungica endofitica variou ainda de acordo com o
orgdo da planta, verificando-se diferencas de predominéncia de determinadas espécies
entre os 6rgdos amostrados. Este resultado reflete a preferéncia individual das espécies
endofiticas para um determinado 6rgdo/tecido. Este fato pode estar relacionado com
diferencas de composicdo quimica entre os diferentes 6rgdos da planta permitindo o

desenvolvimento de determinada espécie fungica.

De entre as espécies identificadas selecionaram-se as cinco mais abundantes
para avaliar a sua capacidade antimicrobiana contra bactérias gram-positiva e gram-
negativa e leveduras. As espécies selecionadas foram Penicillium glabrum, Penicillium
crustosum, Penicillium commune e C. diversispora, isoladas das cascas, e Penicillium
sp. 3 isolada da raiz. De entre estas, apenas C. diversispora e Penicillium sp. 3,
mostraram capacidade para inibir significativamente os microorganismos testados face
aos antibidticos / antifingicos comerciais. A espécie C. diversispora apresentou um
amplo espetro, sendo a Unica que apresentou capacidade em inibir significativamente as
leveduras Candida glabrata, Candida albicans e Candida parapsilosis mais de 1,2
vezes face ao antifungico fluconazole (25 ug/ml). Esta espécie também mostrou ser a
mais eficaz contra as bactérias gram-negativas Escherichia coli e Pseudomonas
aeruginosa, inibindo significativamente o seu crescimento em mais de 2,4 vezes face ao
antibiotico cloranfenicol (30 ug/ml). Por sua vez, Penicillium sp.3 demonstrou ser mais

eficaz do que os antibioticos comerciais contra bactérias gram-positiva e gram-negativa.

A avaliacdo dos compostos volateis por GC/MS dos fungos que apresentaram
maior (C. diversispora) e menor (P. glabrum) atividade antimicrobiana, em crescimento
sob condicBes in vitro, permitiu identificar um total de 22 compostos pertencentes a
quatro classes quimicas: sesquiterpenos (10), alcoois (7), éstere (3), e cetonas (2). Na
especie C. diversispora foi identificado um total de seis volateis sendo os mais
abundantes, o fenil-etil alcool e o 3-metil-1-butanol, representando 46% e 33% do total
da fracdo volatil, respectivamente. Por sua vez, na espécie P. glabrum foi identificado
um namero superior de compostos volateis (18 no total), sendo o sesquiterpeno a-
guaiene o mais abundante representando cerca de 69% do total da fracdo volatil.

Identificou-se, nesta espécie, a producdo exclusiva de 16 compostos volateis. A maioria
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dos compostos volateis identificados encontram-se descritos como possuindo
propriedades antimicrobianas o0 que poderd explicar, em parte, a atividade
antimicrobiana exibida pelos dois endofitos. A comparagdo do perfil volatil de C.
diversispora e P. glabrum associada a uma analise de componentes principais
demonstrou o envolvimento dos compostos volateis na atividade antimicrobiana exibida
pelas espécies enddfitas. Esta analise evidenciou o envolvimento de 3-metil-1-butanol e
fenil-etil alcool, produzido por C. diversispora, no processo de inibicdo deste fungo

contra as leveduras e as bactérias gram-negativas.

Os resultados obtidos evidenciam, pela primeira vez, o potencial antimicrobiano
de espécies fungicas endofiticas do medronheiro. A espécie C. diversispora parece ser a
mais promissora como fonte de antibidticos/antiflngicos naturais que poderdo, no
futuro, ser exploradas ao nivel da industria farmacéutica. No entanto, os resultados
obtidos abrem novas perspetivas para o estudo mais detalhado da comunidade fangica
associada ao medronheiro e a bioprospecdo de outros isolados obtidos. E ainda
necessario proceder-se a elucidacdo da natureza quimica dos metabolitos produzidos e

da avaliacdo da sua capacidade antimicrobiana.
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