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Abstract

Olive anthracnose is an important fruit disease in olive crop worldwide and no
effective method is currently available for their control. Fruit-associated
microorganisms may be explored for designing new strategies for the biological
control of this disease. The main aim of this work was to assess the diversity of fungal
endophytes and epiphytes inhabiting olive fruits of two cultivars with different
susceptibilities to olive anthracnose, and select the strains with the greatest
antagonistic effect against Colletotrichum acutatum, the main causal agent of this
disease. Culture-dependent method was used to assess fungal diversity in olives from
cvs. Madural (susceptible) and Verdeal Transmontana (moderately tolerant), and the
isolates obtained were identified for molecular identificantion using internal
transcribed spacer (ITS1, 5.8, ITS2) region of the rDNA. The in vitro effect of the
isolates against C. acutatum was analysed by the dual-culture method. Results
revealed that only endophytic fungal communities composition differ significantly
between cultivars. Cultivar Madural was distinguished by the higher abundance of
Gibberella spp. whereas cv. Verdeal Transmontana was characterized by the
exclusive occurrence of Neofabraea vagabunda. Although epiphytic community of
both cultivars overlapped, several fungal genera preferred either olives from cv.
Madural (e.g. Chaetomium) or from cv. Verdeal Transmontana (e.g. Cytospora,
Epicoccum and Quambalaria). All the seven fungal tested were able to inhibited C.
acutatum growth (inhibition coefficients up to 30.9), and caused morphological
changes in its hyphae. Some fungi also inhibited significantly C. acutatum sporulation
(from 46-86%) and germination (from 21-74%). Altogether, the results offer new
insights into plant-microbe-microbe interactions and highlighted the potential use of

these antagonistic fungi in the biocontrol of olive anthracnose.

Keywords: Olive anthracnose; endophytes; epiphytes; Olea europaea; biocontrol.
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Resumo

A antracnose da oliveira é uma doenca com grande importancia a nivel mundial, e ndo
existe nenhum método eficaz para o seu controle. Os microrganismos existentes nas
azeitonas podem ser explorados na tentativa de encontrar novas estratégias de luta
bioldgica contra esta doenca. Este trabalho teve como objetivo avaliar a diversidade
de fungos endofiticos e epifiticos existentes nas azeitonas de duas cultivares com
diferentes suscetibilidades a antracnose, e selecionar os isolados que apresentam
maior atividade antagonista contra o Colletotrichum acutatum, principal agente causal
desta doenca. A diversidade de fungos nas azeitonas das cultivares Madural
(suscetivel) e Verdeal Transmontana (moderadamente tolerante) foi avaliada atraves
da obtencéo de isolados em meio de cultura, seguida pela sua identificagdo molecular
através da sequenciacdo da regido ITS (ITS1, 5.8S, ITS2) do rDNA. A atividade
antagonista dos isolados contra C. acutatum foi avaliada usando o método de co-
cultura. Os resultados obtidos evidenciaram que apenas a composicdo da comunidade
de fungos endofiticos diferiu significativamente entre as cultivares. A cv. Madural
caracterizou-se pela elevada abundancia de Gibberella spp., enquanto a cv. Verdeal
Transmontana destacou-se pela ocorréncia exclusiva de Neofabraea vagabunda.
Apesar da composicdo de fungos epifiticos ser similar entre as cultivares, verificou-se
que alguns géneros de fungos ocorriam exclusivamente na cv. Madural (Chaetomium)
ou na cv. Verdeal Transmontana (Cytospora, Epicoccum e Quambalaria). Os sete
fungos testados foram capazes de inibir o crescimento de C. acutatum (coeficiente de
inibicdo superiores a 30,9), e causar alteracbes morfoldgicas nas suas hifas. Alguns
fungos ainda inibiram significativamente a esporulagéo (46-86%) e germinagéo (21-
74%) de C. acutatum. Os resultados contribuiram para um melhor conhecimento das
interacdes planta-microrganismo-microrganismo, e evidenciam o potencial uso destes

fungos como antagonistas na luta bioldgica da antracnose da oliveira.

Palavras-Chave: Antracnose; endofiticos; epifiticos; Olea europaea; luta bioldgica.
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1.1. Framework and objectives

Olive anthracnose, a disease of olive fruits mainly caused by diverse fungi
clustering in the Colletotrichum acutatum species complex (Talhinhas et al., 2005,
2009), is one of the most serious constrains to the olive crop production worldwide
(Cacciola et al., 2012). Their control has relied extensively on the use of chemical
pesticides, with limited efficacy (Cacciola et al., 2012) and not compatible with
sustainable production systems (organic and integrated production) which are the
pillars of the European Model for Agriculture, according the Directive 2009/128/EC.
In olive production, plant protection strategy must follow the Guidelines for
integrated production of olives (Malavolta & Perdikis, 2012). Thus, a need to develop
novel and environmental-friendly control strategies for management of olive
anthracnose is an important topic for research.

Fruit-associated microorganisms may be explored, in an integrative perspective,
for designing new strategies for the biological control of olive anthracnose.The aerial
parts of the plants (phyllosphere) are colonized by a diverse microbial community,
which can grow both epiphytically on the surface of plant tissues and/or
endophytically within the tissues (Lindow & Brandl, 2003; Vorholt, 2012). Many of
these microorganisms seem to play crucial roles in protecting plants from diseases
and in promoting their growth (e.g. Bulgarelli et al., 2013). Such importance was
specially recognized in leaf-associated bacteria (Ren et al., 2015). In opposite, other
group of microorganisms as well as other plant organs, such as fruits, has been less
studied. A better knowledge of both composition and function of microbiotas in and
onolive fruits will certainly contribute to develop new successful and sustainable
integrated crop protection against olive anthracnose. Actually, there is a growing
desire to model and manage host-microbiota interactions (Kembel et al., 2014), to
improve crop yields (Andreote et al., 2014). In this way, the development of so-called
"microbiome-driven cropping systems” might result in the next revolution in
agriculture, resulting in a more sustainable system for plant production (Andreote et
al., 2014).

In this work we intend to evaluate both epi- and endophytic fungal community
inhabiting olives from two cultivars with different susceptibilities to olive
anthracnose, and select the strains with the greatest antagonistic effect against the

causal agent of this disease, C. acutatum.



Specific objetives are:

1- Evaluate fungal composition of olives from two olive tree cultivars with
different susceptibilities to olive anthracnose: cv. Madural (susceptible) and
cv. Verdeal Transmontana (relative resistant), by using a culture-dependent
approach;

2- Select the microorganisms with antagonist potential against C. acutatum,

using in vitro cultures on agar plates;

The results from this study will form the basis for the identification of fungi
from olives for the biological control of olive anthracnose disease. Results will also
uncover previously unrecorded mechanisms of fungi-olive tree and microorganism-
microorganism relationships, which may be of relevance for plant health and for
designing a new strategy for the biological control of this disease.

This dissertation was organized in three chapters: the introduction (Chapter 2),
the research work that was present in the format of a scientific research paper
(Chapter 3), and finally the conclusions and recommendations for future work
(Chapter 4). The introductory chapter was organized to offer an overview of the
potential role played by phyllosphere microorganisms in host plant health, and
described how they can be explored mostly in the protection of host plant to
phytopathogen infection, as biological control agents or through their management in
order to reduce phythopatogens. Particularly attention will be given to olive tree

phyllosphere and their role in host protection against olive anthracnose.
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2.1. Olive anthracnose

Olive anthracnose is considered the most important fruit disease in olive crop
worldwide (Cacciola et al., 2012). Firstly reported in Portugal (Almeida, 1899), this
disease rapidly spread to all olive producing areas in the Mediterranean region, Asia,
North and South America, South Africa and Australia (Cacciola et al., 2012). This
disease affects mostly the fruits, and in less extended the flowers, leaves and shoots
(Moral et al., 2009; Sergeeva, 2011). Most common disease symptoms in fruits
include soft circular rotted spots with abundant pink/orange masses of spores that
appeared on the surface of ripe and overripe olives (Talhinhas et al., 2011). This
causes premature fruit drop and mummified fruits (Fig. 2.1). The last one may persist
on the tree, providing inoculum for new infections. In severe cases the vegetative
parts are also affected causing defoliation, shoot death and loss of tree vigour
(Cacciola et al., 2012).

C. gloeosporioides

Figure 2.1. Symptoms of olive anthracnose and colonies of the causal agents. (a) mummified and
dehydrate olives, (b) necrosis and production of pink/orange spores on the surface of the rotting olives,
(c) numerous infected fruits on the floor, (d) and colonies (upper surface) of Colletotrichum acutatum
and C. gloeosporioides growing in Potato Dextrose Agar medium (photos: Paula Baptista).

Olive anthracnose is caused by two complexes of species showing high
phenotypic and genotypic diversity, Colletotrichum gloeosporioides sensu lato (s.l.)
and C. acutatum s.l. (Fig. 2.1) (Sreenivasaprasad & Talhinhas, 2005; Damm et al.,
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2012; Weir et al., 2012), being the latter more prevalent and aggressive than the first
one (Talhinhas et al., 2005, 2011). A third complex, C. boninense, was recently
associated with olive anthracnose, but it does not appear to represent a serious threat
for olive production (Schena et al., 2014). According to Talhinhas et al. (2009), C.

acutatum s.l. is the most prevalent in Portugal.

2.1.1. Olives production losses caused by anthracnose

Olive anthracnose is reported to cause significant yield losses, poor fruit and
oil quality, in most olive-growing countries. For instances, in several Mediterranean
countries, such as Italy and Spain, olive anthracnose was reported to cause 80-100%
yield loss (review by Cacciola et al., 2012). According to Moral et al. (2009), only in
Spain, about $93.4 million are lost each year due to anthracnose prevalence. In
Portugal, severe epidemics of olive anthracnose occurs in wet regions, leading to
considerable yield losses up to 100% for the susceptible olive cv. Galega Vulgar
(Talhinhas et al., 2011). In Australia, under favourable environmental conditions, the
disease was reported to affect up to 80% of olives in susceptible cultivars such as
‘Barnea’ and ‘Manzanillo’ (Sergeeva, 2011). Yield losses of up to 70% have also
been registered in olive cv. Arauco in Argentina (review by Cacciola et al., 2012).

Anthacnose is also responsible for quality degradation of olive oils (Moral et
al., 2014), which was reported to be directly proportional to the infection levels
(lannotta et al., 1999; Carvalho et al., 2008). Olive oils extracted from infested olives
showed higher peroxide value and free acidity, and lower oxidative stability and
phenolic compounds (lannotta et al., 1999; Carvalho et al., 2008). At infection rates
up to 30%, olive oil quality is severely affected and fresh olive oils cannot be
classified as extra-virgin olive oils, being considered in the majority of the cases as

lampante due to both quality and sensorial defects (lannotta et al., 1999).

2.1.2. Disease management

Olive anthracnose is difficult to control after the symptoms appear, particularly
when environmental conditions are favourable for infection (Sergeeva, 2011). Thus,
control is essentially based on preventive methods, such as the use of resistant

cultivars, spray of trees with copper compounds (e.g. Bordeaux mixture, copper
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oxychloride), and cultural control (e.g. pruning the trees, early fruit harvesting)
(Cacciola et al., 2012). All these methods, with exception to the first one, are not
effective in suppressing olive anthracnose (Moral et al., 2014). There are also
environmental and toxicological concerns about the use of copper compounds,
because of possible copper residues in olive fruits and consequently in oil (Soares et
al., 2006). Therefore, there is a need to develop novel and environmental-friendly
control strategies for management of olive anthracnose. One of those strategies can be
the use of antagonist-mediated biological control which, to the best of our knowledge,
was never explored in olive anthracnose. Only recently, some fungi of Olea europaea
L. showed the hability to limit the growth of C. acutatum under in vitro conditions
(Landum et al., 2016). In this study were isolate epiphytic and endophytic fungi, from
olive leaves of cv. Galega Vulgar, and the fungi that inhibited mycelia growth of
C.acutatum were A. niger, N. oryzae and one unclassified endophytic fungus.
Although the use of less susceptible or resistant cultivars is an effective way to
control this disease, it has not been conveniently explored so far (Cacciola et al.,
2012). In addition costs associated with replacing an established crop with these
cultivars are very high (Landum et al., 2016). In what concerns Portuguese cultivars,
some are traditionally considered susceptible to anthracnose (e.g. Galega Vulgar)
whereas others are considered as resistant (e.g. Negrinha de Freixo) (Talhinhas et al.,
2015). In Tréas-os-Montes region, severe anthracnose infections were observed in cv.
Madural, and in opposite cv. Verdeal Transmontana was less affected (Pereira JA,

personal communication).

2.2. The Phyllosphere

The phyllosphere, defined as the above-ground plant parts, represents a habitat
for diverse organisms (Newton et al., 2010), including bacteria, yeast, filamentous
fungi, oomycetes, archaea and algae (Lindow & Brandl, 2003) and it represent the
largest biological habitat on Earth (Delmotte et al., 2009). Bacteria are, by far, the
most common (Lindow & Brandl, 2003) and therefore most studies focus on these. In
the aerial parts of the plants, these microorganisms can live on the surface of plant
tissues (epiphytes) and/or within living plant tissues (endophytes) (Newton et al.,

2010). Many of these microorganisms interact with their plant host intimately



improving plant growth and promoting protection against abiotic and biotic stresses,
such as pathogen infection (Fig. 2.2) (Lindow & Brandl, 2003; Muller & Ruppel,
2014). Most of the research on this topic has focused on the composition and
functional roles of bacteria inhabiting leaves (Whipps et al., 2008). In opposite, other
aerial plant parts (e.g. fruits) as well as other group of microorganisms (e.g.

filamentous fungi and yeasts) were less studied.

Pathogens Herbivories Abiotic stress

Endophytic and epiphytic

Improve plant | )
microorganisms

growth N

Figure 2.2. .Effect of endophytic and epiphytic microorganisms inhabiting phyllosphere on plant host
growth and protection against biotic and abiotic stress (Adapted from Partida-Martinez & Martin,

2011).

Phyllosphere associated-microorganisms promote plant growth from multiple
mechanisms such as i) the direct acquisition of mineral nutrients; ii) the production of
plant hormones like cytokinins (lvanova et al., 2000) and auxins (Omer et al., 2004);
iii) and indirectly by protecting plants against plant pathogens (Wang et al., 2009),
through the production of antimicrobial compounds (antibiosis), and competition for
nutrients and space (Berg, 2009).

Plant defense via endophytes are more commonly described than via epiphytes.
Endophytes can reduce the infection of plant tissues by pathogens either directly,
through the production of antagonistic molecules (antibiosis), mycoparasitism and
competition for resources (for niche, infection site or nutrients), or indirectly by

induction of plant resistance response (Fig. 2.3) (Lacava et al., 2014). These



mechanisms frequently operated simultaneously. The mechanism of antibiosis
includes production of antibiotics (e.g. terpenoids, alkaloids and polypeptides),
bioactive volatile organic compounds (e.g. acids, alcohols, alkyl pyrones, ammonia,
esters, hydrogen cyanide, ketones, and lipids), and enzymes (reviewed by Gao et al.,
2010 and Ownley et al., 2010). These enzymes are distinctly different from those
involved in mycoparasitism of phytopathogens, since they are mostly involved in the
suppression of pathogen activity and/or in the pathogen’skill (Ownley et al., 2010).
Mycoparasitism is a process by which endophyte act as mycoparasites and directly
parasitize phythopathogen. This process occurs in four steps: 1) endophyte growth
toward the pathogen that produces chemical stimuli (e.g. volatile chemoattractant); 2)
recognition between endophyte and pathogen, which was tought to be mediated by
lectins of pathogens and carbohydrate receptors on the surface of the endophyte; 3)
attachment of endophyte to pathogen either by coil around host hyphae or grow
alongside it, and cell wall degradation of pathogen through the production of lytic
enzymes by the endophyte like chitinases, B-1,3 gluconases, proteases and lipases; 4)
and finally, penetration of endophyte into the pathogen (Lo, 1998; Gao et al., 2010;
Ownley et al., 2010).

Competition

Direct Antibiosis

Mycoparasitism

Induction of plant resistance

Indirect response

Figure 2.3. Mechanisms of plant disease suppression by endophytes. Several mechanisms may control
diseases suppression, either directly on the pathogen by antibiosis, mycoparasitism and competition for
resources, or indirectly by induction of plant resistance response.

Endophytes can also reduce herbivory and influence the dynamics of
phytophagous insects and insect parasitoids (Lacava et al., 2014). Host plant

resistance to herbivores via endophytes may involve both the production of toxic



compounds (e.g. alkaloids) and the induction/priming of resistance-related genes by
the endophyte, or may be due to their function as entomopathogens and to enhance of
both genetic and biochemical diversity of their host (reviewed by Partida-Martinez &
Martin, 2011). These modes of action are not necessarily exclusive, as, for example,
fungal endophytes can act as entomopathogenic, antagonistic of plant pathogens and

might possibly even function as plant-growth promoting agent (Vega et al., 2009).

2.2.1. The Phyllosphere of olive tree

The microbiota of the olive tree phyllosphere have been only recently analyzed
by using both culture-independent (Muller et al., 2015; Abdelfattah et al., 2015) and —
dependent (Martins et al., 2016) approachs. Analysis of endophytic communities from
olive leafs, allowed the detection of a high portion of bacteria taxa belonging to the
phylum Proteobacteria (21.3-69.6%) and of archaeal phyla Thaumarchaeota (0.6—
51.7%) and Crenarchaeota (1.9-28.6%) (Muller et al., 2015). Less abundant taxa that
were detected belonged to Firmicutes, Euryarchaeota, and Bacteroidetes. Similarly,
the fungal community associated with leaves, flowers and fruits of olive tree was
revelead to be rich, being the Ascomycota the most dominating phyla representing
more than 93% of the total number of detected sequences (reads) (Abdelfattah et al.,
2015). In general, a higher level of fungal diversity was revealed for leaves compared
to flowers and fruits. Incidence of Ascomycota was found to be generally higher in
fruits compared to flowers and leaves. Basidiomycota accounted for 2.5-3.5% of the
reads on leaves but were almost completely absent on flowers and fruits. Martins et
al. (2016) observed similar endophytic structure associated with leaves and twigs of
olive tree, with a dominance of fungi belonging to Ascomycota phylum. This study
also outlined the effect of tissue type, time of the season and host plant location on
fungal endophyte community structure of olive tree: endophyte community’s
similarity between above- and belowground organs, and between seasons (spring vs.
autumn) was found to be very low. Fungal communities from proximate sites were
more similar than those in more distant sites.

Overall, these studies highlight the existence of a complex microbial consortium
including pathogenic and potentially antagonistic microorganisms that can have a
significant impact on olive production. For instances, Abdelfattah et al. (2015) have

detected the presence of several plant pathogens (e.g. Colletotrichum spp.,
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Pseudocercospora spp.) on several olive tree organs (fruit, leaves and flowers). In
addition, endophytic bacteria (Muller et al., 2015) and fungi (Landum et al., 2016)
isolated from olive tree leaves were showed to inhibited the growth of olive-
pathogenic fungus Verticillium dahliae and C. acutatum, respectively, under in vitro
conditions.

However, all these studies have focused only on endophytic or epiphytic
community, and none of them consider interactions among these two groups of
microorganisms. We still have an incomplete understanding of how phyllosphere
microorganisms interact among themselves and with their plant hosts. Similarly,
phyllosphere microbiota functions and actual implications for plants, ecosystems, and
agriculture, are mostly unknown. A more integrative approach to the biodiversity of
the olive tree phyllosphere will facilitate the understanding of the complex
interactions between the plant and the resident microflora, including potential
pathogens and their antagonists. This information may be very usefull for the
development of novel sustainable agricultural practices. For instances, phyllosphere
microbiota could be managed to reduce the use of fertilizers and pesticides or to
control plant growth (Newton et al., 2010). Therefore, accurate knowledge of the
composition of olive tree phyllosphere microbiota may be essential to develop
effective biological disease control strategies. There has been additionally
considerable interest in screening of phyllosphere microorganisms for antagonisms to
plant pathogens, in order to identified potentially biological control agents against

diseases.
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3.1. Introduction

Olive anthracnose, a disease of olive fruits mainly caused by diverse fungi
clustering in the Colletotrichum acutatum species complex (Talhinhas et al., 2005,
2009), is one of the most serious constrains to the olive crop production worldwide
(Cacciola et al., 2012). In several Mediterranean countries, such as Italy, Spain and
Portugal, olive anthracnose was reported to cause 80-100% yield loss due to
premature fruit drop (Talhinhas et al., 2011; Cacciola et al., 2012). Anthracnose is
also responsible for quality degradation of olive oils by increasing the free acidity and
the peroxide values, and by decreasing oxidative stability and the contents on
phenolic compounds (lannotta et al., 1999; Carvalho et al., 2008). The use of copper
fungicides has been the main control strategy adopted against this disease (Cacciola et
al., 2012). Besides not being completely effective on preventing olive anthracnose
(Moral et al., 2014), there are numerous environmental risks and toxicity problems
associated with it because of possible copper residues in olive fruits and consequently
in oil (Soares et al., 2006). Chemical control measures are also not compatible with
sustainable production systems (organic and integrated production) which are the
pillars of the European Model for Agriculture.

Fruit-associated microorganisms may be explored, in an integrative
perspective, for designing novel and environmental-friendly control strategies for
management of olive anthracnose. The above-ground parts of plants, and called
phyllosphere, are colonized by a diverse microbial community that can inhabit the
interior of plant tissues (as endophytes) as well as plant’s surface (as epiphytes)
(Vorholt, 2012). Recent studies indicate that host plant genotype can influence the
microbiome composition by acting on keystone species, which in turn affects plant
colonization by many other microbes (Agler et al., 2016). In this changed microbial
community, species with diverse functional types, form complex, interconnected
microbial networks that could have important implications for plant health (Heijden &
Hartmann, 2016). These findings give rise to novel ideas for sustainable management
of plant diseases. For instances, genotype selection offers opportunities to select for
certain keystone taxa, which in turn might recruit beneficial organisms or prevent
invasion of pathogens (Heijden & Hartmann, 2016). However, knowledge about the
diversity of those plant-associated microbes as well as of how phyllosphere

microorganisms interact among themselves and with their plant hosts is still very
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incomplete, which could jeopardize that strategy. This is especially true for the olive
tree, being only recently analyzed the fungal community associated to their fruits
(Abdelfattah et al., 2015). This study highlights the existence of a complex fungal
consortium, including pathogenic (e.g. Colletotrichum spp.., Pseudocercospora spp..)
and potentially antagonistic, that can have a significant impact on olive production.
However, this study did not compare epiphytic and endophytic fungal communities
on single olives. Stressors that challenge epiphytes (mainly external environmental
factors such as temperature, humidity and solar radiation) are different from
endophytes (mostly plant defense reactions), which might have important effects on
both fungal communities composition (Rastogi et al., 2013).

In this work, we studied, for the first time, the culturable fungal epiphytes and
endophytes inhabiting olives from two Portuguese -cultivars with different
susceptibilities to olive anthracnose: Madural cultivar is susceptible and Verdeal
Transmontana is moderately tolerant to olive anthracnose. We wanted to determine
whether some fungi can systemically colonize olives of the two cultivars or whether
such cultivar eventually develops their own specific fungal communities. The
inhibitory efficacy of several fungi isolated from both cultivars against the
phytopathogenic C. acutatum was additionally evaluated, under in vitro conditions.
We wanted to determine whether inhibitory efficacy displayed by fungi is dependent
of their origin (i.e. olive cultivar) and to find new fungi with potential to be explored

as biocontrol agents against C. acutatum.

3.2. Material and methods

3.2.1. Sample collection

Olive fruits were collected in three organic olive (Olea europaea L.) groves
located in Mirandela (Northeast of Portugal, 41°33°29.6”N7°08°45.9”W), in
November of 2015. Each one comprises two different Portuguese olive cultivars,
Verdeal-Transmontana and Madural, with trees of medium size (ages ranging 60
years) and planted at 7 x 7m spacing. In each grove, seven olive trees of each cultivar
were randomly selected. From each tree, five symptomless olive fruits, at a maturity
index ranging from 0 to 3 (Hermoso et al., 1991), were aseptically handpicked all

around the perimeter of the tree at the operator height, and placed directly into sterile
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bags. The olives were transported to the laboratory in an icebox, and stored at 4°C

until isolation of epi- and endophytic fungi the following day.

3.2.2. Isolation of epiphytic and endophytic fungi from olives

Epiphytic fungi were obtained by imprinting the intact olive fruits samples
gently on Potato Dextrose Agar (PDA, Difco) plates supplemented with 0.01% (w/v)
chloramphenicol (Oxoid, Basingstoke, Hampshire, UK). Olives were rolled over the
agar surface (one fruit per plate), being used a total of 210 fruits (5 olives x 7 olive
trees x 3 orchard x 2 different cultivars) for the isolation of epiphytes. Endophytic
fungi were obtained from the same olives used to isolated epiphytes, after surface
sterilization of fruit tissues. Surface sterilization was performed through sequential
immersion of fruits in 70% (v/v) ethanol (1 min), 3% (v/v) sodium hypochlorite (2
min), 70% (v/v) ethanol (1 min), and further rinsed three times with sterile distilled
water (one min each). After being dried on sterile filter paper, each fruit was cut into
five segments (ca. 5 x 5 mm), and transferred into the same medium used to isolated
epiphytes (PDA). Therefore a total of 1050 segments (5 olives x 5 segments per olive
x 7 olive trees x 3 orchard x 2 different cultivars) were inoculated. Validation of the
surface sterilization procedure was done by imprinting the surface sterilized fruit
tissues onto PDA media. Plates were incubated at 25+2°C in the dark and were daily
observed for microbial growth and colonies counting. Single colonies were picked
and cultivated on new PDA plates to obtain pure isolates for subsequent
identification. Results of epiphytes were expressed as CFU/cm?, i.e. the number of
individual colonies of fungi adhered to fruit surface. For the approximate calculus of
fruit surface area was used the prolate spheroid formula (Weisstein, 2013) from the
longitudinal and transverse axes of fruits. For the Verdeal Transmontana and Madural
fruits used in the present study, the average area was 11.61 cm? and 9.88 cm?,
respectively. Pure cultures of each isolate were preserved in tubes with glycerol kept
at -20°C, and deposited in the culture collection of the Polytechnic Institute of

Braganca (School of Agriculture).

3.2.3. Identification of fungal isolates
Fungal isolates were identified by using morphological and molecular

approaches. At first, groups of strains were formed according their morphological
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similarity (culture colony, hyphae, spores and reproductive structures), and then one
representative isolate of each morphotype was selected for molecular identification,
using internal transcribed spacer (ITS) region of the nuclear ribosomal DNA (rDNA).
Total genomic DNA was extracted from myecelial/spores using the REDExtract-N-
Amp" Plant PCR kit (Sigma, Poole, UK). The ITS region (ITS1, 5.8S, 1TS2) was
amplified using the universal ITS1 and 1TS4 primers (White et al., 1990), in a PCR
protocol formerly described by Oliveira et al. (2012). The amplified products (~650
bp) were purified and sequenced using Macrogen Inc. (Seoul, South Korea) services,
using the same primers to initiate the reaction. The obtained DNA sequences were
analysed with DNASTAR v.2.58 software, and fungal identification was performed
using both NCBI (http://www.ncbi.nlm.nih.gov) and UNITE (https://unite.ut.ee/)
databases and BLAST algorithm. Blast results were sorted according to the higher
identity score and the lowest E-value. For sequence identities >98%, the genus and
species were accepted; for sequence identities between 95% and 97%, only the genus
was accepted; and for sequence identities <95%, isolates were labelled as ‘unknown’
fungi. The sequences obtained are available at GenBank (Table S1). Each fungal
taxon was taxonomically classified according to the Index Fungorum Database

(www.indexfungorum.org).

3.2.4. Diversity and composition of fungal communities

Occurrence of fungal endophytes and epiphytes was measured by calculating
the frequency of colonization (FC, %) and relative abundance (RA, %), respectively.
The frequency of colonization was calculated as the total number of olive tissue
segments colonized by each endophyte divided by the total number of olive segments
surveyed. The relative abundance was determined as the total number of isolates of an
epiphytic taxon divided by the total number of isolates of all taxa.

The diversity of fungal endophytes and epiphytes was evaluated at the level of
their richness (total number of different taxa, and average number of taxa per tree),
their abundance (total number of isolates, and average number of isolates per tree),
and also by computing Shannon-Wiener (H) index species diversity, which accounts
for both abundance and evenness of the species present (Magurran, 2004). This index
was computed in Species Diversity and Richnessv. 4.0 software (Seaby & Henderson,

2006). Species-richness estimation was also performed by using species accumulation
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curves, which were calculated using the sample-based rarefaction index (Mao Tau)
and computed in EstimateS v. 9.1.0 (Colwell, 2013) using 1000 runs of bootstrapping
with replacement. Results of diversity and abundance were presented as the mean of
21 independent experiments displaying the respective SE values or as the total
number (the values for all samples lumped together). Differences among the means
were determined by an analysis of variance (ANOVA) with SPSS v.21 software, and
the averages were compared using Tukey’s test (p<0.05).

Non-metric multidimensional scaling (NMDS) was carried out to explore the
similarity of fungal’s community among olive tree cultivars (Madural and Verdeal
Transmontana). This analysis ranks fungal communities of each cultivar (represented
by points) in ordination space in a way that the distance between two points is
inversely proportional to their similarity (Kruskal, 1964). NMDS was performed by
using Bray-Curtis similarities matrices (Bray & Curtis, 1957).. Analysis of similarity
(ANOSIM) was used to test for significant differences (p<0.05) between fungal
community groupings obtained in NMDS ordination, using the Bray—Curtis distance
matrices. This analysis compares species composition between-groups (olive tree
cultivars) and generates an R-value that gives the degree of discrimination between
groups. R-values range from 0 (completely similar) to 1 (completely dissimilar)
(Clarke & Gorley, 2001). When a significant difference was observed, similarity
percentage analyses (SIMPER) were performed to reveal which taxa contributed to
the dissimilarity between olive tree cultivars. All multivariate analyses were done

using the Community Analysis Packagev. 4.0 (Henderson & Seaby, 2007).

3.2.5. Antagonistic tests

The isolated fungal strains were screened for their antagonistic activity against
C. acutatum by dual culture method. This analysis was performed for seven fungal
species:  Chondrostereum  purpureum, Chaetomium globosum, Aspergillus
westerdijkiae and Aspergillus sp. 1 obtained from cv. Madural, and Quambalaria
cyanescens, Epicoccum nigrum and Aspergillus brasiliensis isolated from cv. Verdeal
Transmontana. Strains were selected based on their exclusively occurrence to one of
the cultivars, and their capacity to growth on synthetic media after several
subcultures. All these fungi were grown in PDA medium, for seven days at 25 + 2°C

in the dark, in order to provide mycelium/spores for the establishment of dual
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cultures. After that, mycelial discs (5 mm diameter) of each tested fungi and C.
acutatum were removed aseptically from the colony margins and inoculated 3 cm
apart on the surface of Petri dishes (9 cm diameter) containing 10 ml of PDA
medium. Inoculation of fungi belonging to the genera Aspergillus and Quambalaria,
was performed with 10 pL of a spore suspension (1x10° spore/mL, in 0.025% aq.
Tween 80), due to their high capacity to sporulate. Controls consisted of PDA plates
containing two inocula of the same taxa. Plates were incubated at 25 + 2°C in the
dark, and each treatment was replicated five times. During interaction, the radial
growth towards (internal radius) the interacting fungus and the distance between plant
pathogen and tested fungi colonies were measured daily by using a graduated ruler,
until the pathogen/fungi had reached the edge of the plate. With the data obtained was
calculated the maximum radial growth rate of the pathogen (A, in cm day™). When
the pathogen came into contact with the tested fungi, measurements of radial
extension made after this time were used to determine pathogen growth rates in the
zone-of-mixed culture (D). The inhibitory activity of each tested fungi was calculated
according to the equation devised by Cray et al. (2015): Inhibition coefficient = [(100-
B) x 0.4] + [(100-C) x 0.4] + [(100-E) x 0.2], where B is the growth-rate A as a
percentage of radial extension of pathogen in control cultures, C is the distance
travelled by the pathogen as a percentage of the distance between the sites of
inoculation, and E is the growth-rate D as a percentage of radial extension of
pathogen in control cultures. According to this equation, [(100- B) x 0.4] represents a
potential 40% contribution of distal inhibition (prior to contact) of growth rate of the
pathogen; [(100-C) x 0.4] represents a potential 40% contribution of prevention of
development of the pathogen colony in the vicinity of the tested fungi; and [(100-E) x
0.2] represents a potential 20% contribution of ability to inhibit pathogen growth rate
when in a zone-of-mixed culture (Cray et al., 2015). Significant differences on
inhibition coefficient among the fungi tested were verified using one-way ANOVA
with a Tukey test at p-value <0.05, conducted with SPSS v.21 software.

At the end of the dual culture assays, both sporulation and spore viability of C.
acutatum in the interaction zone with the tested fungi were evaluated. For the
assessment of sporulation, a spore suspension were prepared by vortexing three C.
acutatum mycelial plugs removed from the interaction zone, in 1 ml of sterile 0.025%
(v/v) Tween-80. The concentration of spores in this suspension (spores/mL) was then

determined with a Neubauer counting chamber. Germination, as a measure of
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viability, was assessed by inoculating 9-cm Petri dishes containing water agar (15g/L
agar-agar) with the same spore suspension used to quantify sporulation. After
incubation, at 25°C + 2°C in the dark for 12-24 hours, the percentage of germination
was evaluated microscopically by counting the number of germinated spores. The
ability of the tested fungi to reduced C. acutatum sporulation and viability was
evaluated by computing the percentage of inhibition in relation to control. Percentage
inhibition was calculated as difference between control and treatment, divided by the
control value and, multiplied by 100.

3.2.6. Macroscopic and microscopic analysis of the dual-culture interactions

The interaction between fungi-phytopathogen was described according to the
following categories: (1) contact inhibition, when growth of both species stops at the
line of contact (no clear zone is formed); (2) inhibition at distance, when neither
species can enter the area inhabited by the other (a clear zone is formed); (3)
overgrowth of a mycelium over the other; (4) replacement, where mycelia of one
fungus was replaced by its opponent; and (5) mutual replacement, where both fungi
gained some of the territory of the other.

Hyphae morphology in the interaction zone was evaluated by light microscopy.
Hyphal of the fungal colonies were removed from the interaction zone (bearing
growing colonies) and transferred aseptically to sterile slides. The samples were
examined under a light microscope (Leica DM 2000). Cultures of C. acutatum in

PDA without epi-and endophytic fungi inoculation served as control.

3.3. Results

3.3.1. Description of the community

The isolation of fungi from all olive tissues allowed the identification of 27
operational taxonomic units (OTUs), 19 of which were identified up to the species
level (Table S2). The ITS sequences of the remaining OTUs were not specified to the
species level (7 OTUs) or even to the genus level (1 OTU). The identified species

belonged to 17 genera and 14 families, all from the Ascomycota (22 taxa),
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Basidiomycota (3 taxa) and Zygomycota (2 taxa) phyla. Species accumulation curves
obtained for total endophytes and epiphytes reach an asymptote, suggesting that the
sampling effort was sufficient to discover most of the fungal species inhabiting olives
of both cultivars (Fig. 3.1).
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Figure 3.1. Species accumulation curves for all fungal endophytes and epiphytes isolated
from olives collected from 42 olive trees (Olea europaea L.) of cultivars Verdeal
Transmontana and Madural.

With regard to abundance, 1,100 fungal isolates were obtained from all olives
surveyed (Table 3.1), with the greatest percentage of the total isolates being from
Ascomycota (95.5%) and only 0.5% being from Zygomycota (Table S2). The most
representative genera were Cladosporium (62.1% of the total isolates), followed by
Biscogniauxia (8.1%) and Alternaria (6.9%) (data not shown). Among the species
identified in all analyzed olive tissues, Cladosporium cucumerinum (N=659) and
Biscogniauxia mediterranea (N=89) were the most frequently isolated, collectively
representing 68.0% of the total isolates (data not shown). Many species were
represented by few isolates (48.1% of the species were represented by only five or

fewer isolates).

3.3.2. Comparison of epiphytic and endophytic fungal community

Overall, the diversity of fungal epiphytes was significantly (p<0.001) higher
comparatively to endophytes, when considering either the total number of taxa (18 vs.
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10 taxa) or Shannon-Winer diversity index (Table 3.1). Similarly, the overall average
number of epiphytic taxa per tree was up to 3.1-fold significantly (p<0.001) higher
than of endophytes. The average number of isolates per tree was calculated using the
average number of all isolates in one tree, and with that average calculate the total

average of the 21 trees of each cultivar

Table 3.1. Abundance and diversity of fungal endophytes and epiphytes isolated from olives of the two
cultivars Verdeal Transmontana and Madural. Results of H index are present as the mean value + SD
(n=21) and as total number (in brackets). Different superscript lower case letters denote statistically
significant differences (p<0.05) between cultivars.

Verdeal
Parameters Madural Total
Transmontana
Total n° of isolates 63 41 104
Average n° of isolates per tree 3.00+0.51° 1.95+0.38° 2.48+0.35%
&
.é Total n° of taxa 7 8 10
S
S Average n° of taxa per tree 1.62+0.25% 1.29+0.21° 1.45+0.17*
L
Frequency of colonization (%) 11.9 7.8 9.9
. . 0.6 £0.13% 0.4 +£0.11% 0.5+0.12°
Shannon-Wiener index (H) (1.6) (1.7) (18)
Total n° of isolates (cfu) ) 503 493 996
(cfulcm?) 8.67 9.97 18.64
Average n° of (cfu) 22.3+2.68° 23.1+3.54° 22.7+2.4°
g ISOlates per tree (cfulcm?) 0.410.06° 0.45+0.07% 0.44+0.05°
]
>
S Total n° of taxa 15 12 18
E‘
Average n° of taxa per tree 5.000.42° 3.95+0.30° 4.48+0.24%®
o 1.1+0.08 0.8+0.07° 0.9+ 0.06®
Shannon-Wiener index (H) (15) (1.1) (1.4)

Epiphytes were also found to be more abundant than endophytes. Overall, either
the total or average number of epiphytic isolates per tree was up to 9.1-fold
significantly (p<0.001) higher than of endophytes (Table 3.1). Numbers of fungal
epiphytes of both cultivars were between 0.21 and 0.97 cfu/cm? (avg. 0.44 cfu/cm?).
Percentages of olive fruit colonization by fungal endophytes was 9.9% (Table 3.1),
when considering the global amount of samples assayed (1,050 segments).

Analysis of similarity (ANOSIM) showed that endophytic and epiphytic fungal

communities, found in all olives surveyed, are significantly different in terms of
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species compositions (R=0.850, p=0.001). In fact, each of the fungal communities
was dominated by different taxa. The most frequently isolated endophytes were
members of the genera Gibberella and Neofabraea, collectively representing 75.0%
of the total isolates, whereas within epiphytic community, Cladosporium,
Biscogniauxia and Alternaria were the genera most frequently found, accounting for
83.5% of the total epiphytic isolates (Fig. 3.2). According to SIMPER analyses, both
C. cucumerinum and B. mediterranea, contributing more than 58% of the average
dissimilarity found among fungal communities. These two species were exclusively
found in olive epiphytic samples and were by far the most abundant (Table S2). The
high number of exclusive fungal taxa associated to either endophytic (9) or epiphytic
(17) fungal community could also account for the differences found. Only one taxa
(Cladosporium cladosporioides), out of the 27 recovered in this study, was common
to both fungal communities (Table S2). Non-metric multidimensional scaling
produced a clear separation of the epiphytic and endophytic fungal communities (Fig.

3.3), which corroborates their low similarity in fungal species composition.
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Figure 3.2. Relative abundance of endophytic and epiphytic fungal genera/family associated
with olives from cvs. Verdeal Transmontana and Madural.
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Figure 3.3. Non-metric multidimensional scale (NMDS) plots corresponding to the clustering
of endophyte and epiphyte communities grouped by olive tree cultivar Madural and Verdeal
Transmontana. Cluster analysis was performed with Bray-Curtis coefficient (raw abundance
data). Kruskal’s stress values less than 0.2 represent good ordination plots.

3.3.3. Comparison of microbial communities between olive tree cultivars

Species diversity differs significantly between olive tree cultivars only within
epiphytic fungal community. This result was corroborated by corresponding species
diversity index (H). Both the total number of epiphytic taxa as well as the average
number of epiphytic taxa per tree was up to 1.3-fold significantly (p<0.05) higher on
cv. Verdeal Transmontana than on cv. Madural (Table 3.1). Within endophytic fungal
community, on the other hand, the species diversity did not differ significantly
between olive tree cultivars. The total species number reached an asymptote (for
epiphytes of cv. Madural and endophytes of cvs. Verdeal Transmontana and Madural)
or was close to it (for epiphytes of cv. Verdeal Transmontana) indicating that the
inventory was completed/near-completed, and that sampling has been sufficient to
reveal the species present in olives of both cultivars (Fig. 3.1).

In what concerns abundance (expressed as total number of isolates and average
number of isolates per tree) only within endophytic community was found significant
differences (p<0.05) among cultivars: a 1.5-fold increase from cv. Madural to cv.
Verdeal Transmontana (Table 3.1). The endophyte infection rates were similarly
higher (up to 1.5-fold) in cv. Verdeal Transmontana than in cv Madural. Epiphytic
fungal abundance did no differ significantly between olive tree cultivars, being
ranging between 0.12 and 1.17 cfu/cm?, or between 0.24 and 1.50 cfu/cm?, in the cv.

Verdeal Transmontana and cv. Madural, respectively.

27



The NMDS plot, based on Bray-Curtis index (Fig. 3.3), showed that only
endophytic fungal communities composition differ significantly between olive tree
cultivars (ANOSIM R=0.467, p=0.001), whereas epiphytic fungal communities
composition of olives from cv. Madural was very similar to cv. Verdeal
Transmontana (ANOSIM R=0.085, p=0.014). The differences in endophytic fungal
communities were predominantly caused by the higher abundance of Gibberella
genus (in particular of Gibberella baccata) in cv. Madural and the exclusive
occurrence of Neofabraea vagabunda with high relative abundance in cv. Verdeal
Transmontana (Fig. 3.2). Although epiphytic community inabithing olives of both
cultivars overlapped, several fungal genera preferred either olives from cv. Madural
(e.g. Chaetomium) or from cv. Verdeal Transmontana (e.g. Cytospora, Epicoccum
and Quambalaria) (Fig. 3.2).

3.3.4. Interaction between C. acutatum and fungal isolates

Among the 27 OTUs obtained, four taxa from cv. Madural (i.e. C. purpureum,
C. globosum, A. westerdijkiae and Aspergillus sp. 1) and three taxa from cv. Verdeal
Transmontana (i.e. Q. cyanescens, E. nigrum and A. brasiliensis) were analysed to
identify isolates with the greatest antagonistic efect against C. acutatum, by using
dual-culture method. Antagonistic potency of fungal isolates was assessed by
calculating an inhibition coefficient and additionally by evaluating fungi effect on
both sporulation and germination of C. acutatum. This coefficient incorporated the
potential contributions of distal inhibition of pathogen growth-rate; prevention of
mycelium development in the vicinity of the tested fungi; and ability to inhibit
pathogen growth-rate in the zone of mixed culture (in a ratio of 2:2:1). All the fungal
tested were able to inhibited C. acutatum growth, with inhibition coefficients ranging
from 30.9 for C. purpureum to 71.3 for C. globosum, out of a theoretical maximum
value of 100 (Fig. 3.4). Inhibition displayed by the majority of the fungi was
promoted mostly in the vicinity of C. acutatum colonies, as evidenced by the high
contribution of this parameter for the calculated inhibition coefficient values. This
was particularly noticed for A. brasiliensis, Aspergillus sp. 1 and A. westerdijkiae.
Inhibition at distance and after contact between colonies had lower contribution.

Among the tested fungi, C. globosum was the most potent inhibitor at a distance,
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whereas Q. cyanescens was the most potent inhibitor following contact with

E. nigrum

pathogen.
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Figure 3.4. Inhibition coefficients (IC) of fungal isolates obtained from cvs. Verdeal
Transmontana and Madural against Colletotrichum acutatum in dual culture assay and
percentage contribution of each parameter to the isolate’s inhibitory efficacy. IC values are
expressed as mean + SE (n = 5). Negative values indicate that colony development of the
pathogen was promoted. Bars with different lowercase letters indicate significant differences
(p<0.05).

Macroscopic examination of pairings showed that interactions can result in
inhibition at mycelial contact, replacement and overgrowth of C. acutatum by endo-
or epiphytic fungi (Fig. 3.5). Changes on mycelium pigmentation of C. acutatum also
occurred during interspecific mycelial interactions, an effect that was not observed in
the control. Margins of C. acutatum colonies become yellow or brown pigmented in
the contact zone with E. nigrum, A. brasiliensis, C. purpureum, C. globosum and

Aspergillus sp.1, which was best observed on the reverse side of the colony (Fig. 3.5).
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Figure 3.5. Interactions on potato dextrose agar between Colletotrichum acutatum (Ca) and
fungal isolates obtained from cvs. Verdeal Transmontana and Madural, on the sixth day. In
the upper sides of the dual-cultures (Ca, right of Petri dish; and fungal isolates, left of Petri
dish) was noticed overgrowth of C. acutatum by C. purpureum (A) or Aspergillus sp.1 (D),
replacement of C. acutatum by A. brasiliensis (G) or C. globosum (B), and inhibited the
growth of C. acutatum through contact (contact inhibition) were A. westerdijkiae (C) and Q.
cyanescens (E). In the reverse sides (Ca, left of Petri dish; and fungal isolates, right of Petri
dish) margins of C. acutatum colonies become yellow or brown pigmented in the contact
zone with C. purpureum (A), C. globosum (B), Aspergillus sp.1. (D), E. nigrum (F) and A.
brasiliensis (G).

Observations made with a light microscope showed alterations on C. acutatum
hyphae morphology in the interacting zones of all pairings (Fig. 3.6). In contrast to
control (Fig. 3.6E), hyphae of C. acutatum become swollen and distended in co-
culture with C. globosum (Fig. 3.6C) or collapsed and necrosed in dual cultures with

A. brasiliensis, C. purpureum, Aspergillus sp.1 and Q. cyanescens (Fig. 3.6A and B).
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Collapse and twisting of C. acutatum hyphae were also the most common alterations
observed in the vicinity of A. westerdijkiae and E. nigrum (Fig. 3.6D).

Figure 3.6. Hyphal morphology of Colletotrichum acutatum in dual-culture with fungal
isolates obtained from cvs. Verdeal Transmontana and Madural. Collapse (small arrow) and
necrosis (large arrow) on hyphae in the dual culture with C. purpureum (A) or Aspergillus
sp.1 (B); Swilling (small arrow) and distention (large arrow) on hyphae in the dual culture
with C. globosum (C); Collapse and twisting of hyphae in the dual culture with A.
westerdijkiae (D); Normal hyphae (E) in control plates. Bar = 15 pm.

Effect of fungi isolates on C. acutatum sporulation and germination was also
different depending on the species (Fig. 3.7). Three, out of the seven fungi tested (i.e.
Q. cyanescens, E. nigrum and Aspergillus sp. 1) reduced significantly (p<0.05) the
sporulation of C. acutatum by 46-86% in comparison to control. In contrast, both C.
globosum and A. westerdijkiae promoted significantly (p<0.05) the sporulation of C.
acutatum (up to 135% when compared to control). All the tested fungi, with exception
of E. nigrum and C. purpureum, reduced significantly (p<0.05) the conidial
germination of C. acutatum by more than 21% in relation to the control, being the

highest inhibition displayed by Q. cyanescens (74%).
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Figure 3.7. Percentage inhibition of sporulation and conidial germination of Colletotrichum
acutatum in dual-culture with fungi isolated from cvs. Verdeal Transmontana and Madural.
Negative values indicate that sporulation/germination of the pathogen was promoted. Each
value is expressed as mean + SE (n=5). Bars with different lowercase (sporulation) and
uppercase (germination) letters indicate significant differences (p<0.05).
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3.4. Discussion

Most studies on phyllosphere microorganisms have focused only on
endophytic or epiphytic group, and have been restricted mostly to leaves (Lindow &
Brandl, 2003). In the present work, the diversity of fungi inhabiting the surface and
the inner tissues of olives from two different Portuguese cultivars (i.e. Verdeal
Transmontana and Madural) was evaluated for the first time. Following molecular
identification, it was possible to identify a total of 27 OTUs, belonging to 17 genera
and 14 families, from Ascomycota, Basidiomycota and Zygomycota phyla.
Cladosporium, Biscogniauxia and Alternaria were the most abundantly detected
genus, accounting for more than 77% of the total isolates. Most fungal taxa identified
belong to genera comprising relevant pathogens of other plant species (e.g.
Alternaria, Gibberella, Lewia, Biscogniauxia and Cytospora), but also of olive tree.
For instances, Neofabraea vagabunda, the causal agent of leprosy of olive (Romero et
al., 2016), was detected in high abundance in olives from cv. Verdeal Transmontana
as endophyte. The abundant detection of N. vagabunda on asymptomatic fruits was
quite surprisingly, suggesting a conspicuous colonization of olive tissues by this
fungus before the appearance of symptoms. At lower abundance, other olive fungal
pathogens represented by Colletotrichum spp.., a genus that contains different species
associated with olive anthracnose (Schena et al., 2014), were also detected as
endophyte in olives from cv. Madural. In this work was additionally found a number
of nonpathogenic taxa, being some of them described in the literature as presenting
the useful features of antagonism against phytopathogens, such as Chaetomium
globosum (Awad et al., 2014), Epicoccum nigrum (Favaro et al., 2012), Penicillium
brevicompactum (Jackson et al., 1997) and Trichoderma koningii (Nikolajeva et al.,
2012; Reddy et al., 2014), and/or entomopathogenecity (e.g. Aspergillus
westerdijkiae; Baggio et al., 2016). There is very limited information on isolation and
characterization of epiphytes and endophytes from fresh olives. As far as we known,
only Abdelfattah et al. (2015) have recently evaluated the diversity of fungi associated
to olive fruits of the Italian cultivar “Ottobratica” through metabarcoding. Although
the difficult in comparing our results with this study, in which fungal diversity was
assessed using culture-independent technique, both studies found that olive fruits
were numerically dominated by Ascomycota and comprised a number of taxa

belonging to the genera Cladosporium, Alternaria and Colletotrichum. Despite this,
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the degree of fungal genera shared between the present and previous work was
minimal. This suggests that, besides methodologic aspects, other factors may affect
fungal community structure in olive fruits.

Overall, the total species number and fungal isolates was greater on surface than
in the interior of olive of both cultivars (up to 1.8- and 9.1-fold higher, respectively).
Very few studies have compared endophytic and epiphytic fungi, especially in fresh
fruits. Comparison of epiphytic and endophytic fungal communities on single leaves
of deciduous shrubs (Osono, 2007) or of woody plants, such as Coffea arabica
(Santamaria & Bayman, 2005), Camellia japonica (Osono, 2008), Alnus nepalensis,
Castanopsis hystrix and Schima walichii (Kayini & Pandey, 2010), supporting our
findings. The higher number of epiphytes recovered suggests that the external
environment suits the fungal population colonizing the surface of olive fruit, despite
the harsh environmental conditions that typify this habitat (e.g. harmful UV light,
high temperatures, low humidity, osmotic stress, and scarcity of nutrients) (Rastogi et
al., 2013); whereas internal microenvironment of olive fruits appears to restricts the
fungal population to a certain extent, probably due to the presence of antimicrobials in
their tissues (e.g. phenolic compounds) and/or host plant defense reactions (Rastogi et
al., 2013). In fact, several phenolic compounds present in olives, such as tannic acid,
quercetin 3-methyl ether and gallic acid (Vinha et al., 2005), have been described to
exhibited antimicrobial proprieties (Lacey & Mercadier, 1998; Parvez et al., 2004;
Ahn et al., 2005). Similarly, the composition of fungal communities inhabiting the
surface of olives was completed different from that found in internal olive tissues, a
pattern which has also been noted in previous studies performed in leaves (Santamaria
& Bayman, 2005; Osono, 2007, 2008). Only Cladosporium cladosporioides, out of
the 27 fungal taxa recovered in this study, was common to both fungal floras. The
most abundant endophytes were the phytopathogens Gibberella baccata and
Neofabraea vagabunda. The former specie, which is associated with dieback, cankers
and bud rots of woody trees and shrubs (Chen et al., 2016), has also been commonly
encountered as endophytes of other woody plants, such as Taxus spp. (Xiong et al.,
2013). The most abundant epiphytes were Cladosporium cucumerinum and
Biscogniauxia mediterranea, both plant-pathogens that cause scab of cucurbits on
cucumbers and charcoal canker in particular on the genus Quercus, respectively.

The diversity of epiphytic fungi in olives surface was found to be different in

the two cultivars (up to 1.3-fold higher on cv. Verdeal Transmontana than on cv.
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Madural), but their communities composition was not. In the three olive orchards
surveyed, trees of the two cultivars are relatively close to each other, and thus
exposed to the same aerial inoculum, which could account for the high similarity
found in the epiphytic fungal communities between cultivars. Despite this high
similarity, we have noticed that several epiphytes preferred either olives from cv.
Madural (Chaetomium spp.) or from cv. Verdeal Transmontana (Cytospora spp.,
Epicoccum spp. and Quambalaria spp.). Thus, being exposed to the same fungal
inoculum, olive tree cultivar seems also to shape the detected epiphytic fungal
communities. A similar finding was reported for fungi colonizing the leaf surfaces of
different cultivars of the same woody plant species (Kembel & Mueller, 2014) or
berries of several grapevine varieties (Bokulich et al., 2013). In contrast, the
composition of endophytic fungal communities harbored by olives was found to be
different between cultivars, as reported in other studies (Gazzis & Chaverri., 2010).
The exclusive presence of N. vagabunda with high relative abundance in cv. Verdeal
Transmontana was the major contributor for the differences found in the endophytic
fungal communities among cultivars. As mentioned earlier, the cultivars Verdeal
Transmontana and Madural, have different susceptibilities towards diseases (in
particular to olive anthracnose), which might be an important factor in shaping not
only phytopathogen (e.g. N. vagabunda and Colletotrichum spp., were virtualy
exclusively present in cv. Verdeal Transmontana and Madural, respectively), but also
entire fungal communities. However, no clear correlation was found between known
disease resistances in two cultivars and the endophytic fungal communities (data not
shown). Similarly, Pan et al. (2008) found that resistance towards Uromyces maydis
in genetically distinct maize recombinant inbred lines did not correlate with
endophyte communities. Phenotypic characteristics exhibited by the cultivars may
also influence fungal community composition of olives (Whipps et al., 2008). Overall,
the results suggest that host genotype at cultivar level plays a somewhat more
significant role in defining endophyte than epiphyte communities.

Dual-culture experiments showed that all the seven fungal tested were able to
reduced C. acutatum growth, being the most potent inhibitors the epiphytes C.
globosum (CI=71.3), A. westerdijkiae (CI=57.9) and E. nigrum (C1=57.2). Previous
studies have also reported the potential of C. globosum and E. nigrum to reduce the
growth of several phytopathogenic fungi (e.g. Larena et al., 2005; Lahlali & Hijri,
2010; Favaro et al., 2012; Aggarwal, 2015), however, this is the first work showing an
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effective antagonist activity of these two species against C. acutatum. As far as we
known, previous works reported only the capacity of E. nigrum to inhibited other
species belonging to Colletotrichum genus, such as C. gloeosporioides (Pandey et al.,
1993), C. kahawae (Guerra-Guimardes et al., 2007) and C. falcatum (Favaro et al.,
2012). Similarly, studies examining antagonistic effect of A. westerdijkiae against
phytopathogens have never been performed, being only tested its entomopathogenic
properties against Periplaneta americana (Baggio et al., 2016).

In this work the suppression of C. acutatum growth by fungal isolates was
mediated mostly at distance and/or in its vicinity, and in less extended following
contact. Although initially all fungi formed an inhibition zone, they continued to grow
at a higher rate than the C. acutatum leading a direct contact between colonies.
Therefore, the investigated fungi might probably suppress C. acutatum growth either
through general inhibition (e.g. involvement of inhibitory substances) and competition
for space (due to their advantage of rapid growth).

Most of the fungal isolates (five, out of seven) also strongly reduced C.
acutatum germination, and all of them induced morphological abnormalities in C.
acutatum hyphae, highlighting the antagonist effectiveness of the isolates
investigated. The observed effects were presumably the result of the lytic action of
enzymes or inhibitory compounds, secreted by the antagonistic isolates, which seems
to act synergistically. Some possible mechanisms behind antagonist activity of
biocontrol agents included production of antibiotics, siderophores and a variety of
enzymes, to supress phytopathogens (Peng & Ding, 2015; Spadaro & Droby, 2016).
Therefore, it is likely that such bioactive compounds may act on C. acutatum. In fact,
C. globosum has been known to produce many bioactive compounds, such as
chaetoglobosins, chaetomin and chaetoviridins, that have revealed the capacity to
inhibit colony growth of several phytopathogenic fungi (Biswas et al., 2012
Aggarwal, 2015). Similarly, biocontrol activity of E. nigrum against several
phytopathogens has been associated with the production of antimicrobial compounds,
such as flavipin, which prevents the germination of conidia (Madrigal et al., 1991;
1995). In our work, the antagonism displayed by A. westerdijkiae might be related to
the release of toxic metabolite (e.g. ochratoxin A) by this fungus (Han et al., 2016).
Both C. globosum (Aggarwal, 2015) and E. nigrum (Favaro et al., 2012) are known to

produce lytic enzymes (e.g. xylanase and B 1,3-glucanase).
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During interaction the mycelium of C. acutatum become yellow/brown
pigmented in the contact zone with E. nigrum, A. brasiliensis, C. purpureum, C.
globosum and Aspergillus sp.1. Mycelium pigmentation may indicate the formation of
melanin and melanin-like compounds. Many fungi produce melanins to protect cells
against environmental factors such as visible and ultraviolet light, lytic enzymes, toxic
metals and antagonistic microorganisms (Butler et al., 2009). Therefore the formation
of pigments in C. acutatum mycelium may be a mechanism of the pathogen to protect
hyphae from the antagonistic fungi by preventing access by cell wall degrading
enzymes, a finding also reported by others (Larran et al., 2016; Begum et al., 2008).
The lack of significant correlation between the sources of investigated fungal isolates
(i.e. olive tree cultivars) and antagonist effectiveness (data not shown), suggested that
the antagonistic activity of the isolates exhibited under in vitro conditions depended
much more on the fungi than on their provenances.

In summary, host plant genotype at cultivar level seems to play a significant
role in the selection of fungal communities associated to their fruits, particularly in
inner tissues of olives. This selection might have important implications for olive tree
health and growth since phyllosphere microorganisms are known to have a variety of
positive or negative effects (Heijden & Hartmann, 2016). Olives of both cultivars
harbour distinct fungal communities containing pathogenic (e.g. Colletotrichum spp..,
N. vagabunda), and potentially antagonistics. In fact, all the seven fungal tested in our
work exhibited antagonistic activity against C. acutatum by inducing inhibition of
germination, lysis of fungal mycelia, or by exerting fungicidal/fungistatic effects.
Further investigations are required to better ascertain the role of these fungi under
natural conditions, and to assess their potential in the biocontrol of C. acutatum. The
studies detailed here indicate that Q. cyanescens, E. nigrum and C. globosum holds

great promise for this purpose.
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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.

Isolated (GenBank Acc. no. of the | Query | Sequence E- Organism
ITS sequence) coverage | similarity | value* with the

highest
sequence
identity,
GenBank
Acc. no.

Alternaria alternata 100 99 0.0 KX179489.1

KY001590

Alternaria brassicae 66 99 0.0 KF871433.1

KY001589

Alternaria sp. 1 100 100 0.0 KX156938.1

KY001588

Alternaria sp. 2 66 99 0.0 KF871433.1

KY001599

Aspergillus brasiliensis 100 100 0.0 KU325087.1

KY001612

Aspergillus sp. 1 100 100 0.0 KU681408.1

KY001603

Aspergillus westerdijkiae 100 100 0.0 | NR_135389.1

KY001601

Biscogniauxia mediterranea 100 100 0.0 KU325025.1

KY034428

Chaetomium globosum 100 100 0.0 KT832070.1

KY001609

Chondrostereum purpureum 100 93 0.0 GQ411519.1

KY001582

Cladosporium cladosporioides 91 98 0.0 FJ932747.1

KY001584

Cladosporium cucumerinum 100 99 0.0 KR912311.1

KY001597

Cladosporium sp.1 100 99 0.0 KX082931.1

KY001610

Colletotrichum sp. 1 100 100 0.0 KU612886.1

KY001583

Coprinellus micaceus 100 100 0.0 JX160060.1

KY001591

Cytospora sp. 1 100 100 0.0 KJ739458.1

KY034429

Didymellaceae sp. 1 98 100 0.0 JX243762.1

KY001596
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Epicoccum nigrum 99 100 0.0 KT192200.1
KY001595

Gibberella avenacea 86 99 0.0 KT804130.1
KY001585

Gibberella baccata 100 99 0.0 KU214542.1
KY001592

Lewia sp. 1 97 99 0.0 EF432297.1
KY001594

Mucor fragilis 99 99 0.0 FJ904925.1
KY001587

Mucor hiemalis 100 100 0.0 KT896656.1
KY034430

Neofabraea vagabunda 100 100 0.0 KU325344.1
KY001598

Penicillium brevicompactum 100 100 0.0 KM265115.1
KY001611

Quambalaria cyanescens 100 100 0.0 KU663655.1
KY001602

Trichoderma koningii 100 100 0.0 295495
KY001593
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Table S2 —Frequency of colonization (FC, %) of each endophyte (End) and relative abundance (RA, %) of each epiphyte (Epi) isolated from
olives of the cultivars Verdeal Transmontana and Madural.

Family, genera and species Verdeal Transmontana Madural Total
End Epi End Epi End Epi
FC % RA % FC % RA % FC % RA %
Chaetomiaceae
Chaetomium
C. globosum Kunze 0.00 0.00 0.00 0.41 0.00 0.20
Cladosporiaceae
Cladosporium
Cladosporiumsp. 1 0.00 0.80 0.00 0.00 0.00 0.40
C. cladosporioides (Fresen.) G.A. de Vries 1.52 0.80 0.95 0.61 1.24 0.70
C. cucumerinum Ellis & Arthur 0.00 61.63 0.00 70.70 0.00 66.16
Cyphellaceae
Chondrostereum
C. purpureum (Pers.) Pouzar 0.00 0.00 0.19 0.00 0.10 0.00
Dermateaceae
Neofabraea
N. vagabunda (Desm.) Rossman 5.90 0.00 0.00 0.00 2.95 0.00
Didymellaceae
Didymellaceae sp. 1 0.00 4.57 0.00 0.41 0.00 2.51
Epicoccum
E. nigrum Link 0.00 5.17 0.00 0.00 0.00 2.61
Glomerellaceae
Colletotrichum sp. 1 0.00 0.00 0.57 0.00 0.29 0.00
Hypocreaceae
Trichoderma
T. koningii Oudem 0.76 0.00 0.19 0.00 0.48 0.00
Mucoraceae
Mucor
M. fragilis Bainier 0.00 0.20 0.00 0.81 0.00 0.50
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M. hiemalis Wehmer
Nectriaceae
Gibberella
G.avenacea R.J. Cook
G. baccata (Wallr.) Sacc
Pleosporaceae
Alternaria
Alternaria sp. 1
Alternaria sp. 2
A. alternata (Fr.) Keissl
A. brassicae (Berk.) Sacc
Lewia
Lewiasp. 1
Psathyrellaceae
Coprinellus
C. micaceus (Bull.) Vilgalys, Hopple & Jacg. Johnson
Quambalariaceae
Quambalaria
Q. cyanescens (de Hoog& G.A. de Vries) Z.W. de
Beer, Begerow & R. Bauer
Trichocomaceae
Aspergillus
Aspergillus sp. 1
A. brasiliensis Varga, Frisvad & Samson
A. westerdijkiae Frisvad & Samson
Penicillium
P. brevicompactum Dierckx
Valsaceae
Cytosporas p. 1
Xylariaceae
Biscogniauxia
B. mediterranea (De Not.) Kuntze

0.00

0.76
2.67

0.19
0.00
0.00
0.00

0.19

0.00

0.00

0.00
0.00
0.00
0.00

0.00

0.00

5.26

0.00
0.00

0.00
2.58
1.19
0.00

0.00

6.67

0.20

0.00
0.19
0.00
3.78

3.18

7.75

0.00

1.33
4.19

0.19
0.00
0.00
0.19

0.00

0.00

0.00

0.00
0.00
0.00
0.00

0.00

0.00

0.00

0.00
0.00

0.00
4.87
6.09
0.00

0.00

1.52

0.00

0.61
0.00
0.41
3.25

0.00

10.14

0.00

1.05
3.42

0.19
0.00
0.00
0.10

0.10

0.00

0.00

0.00
0.00
0.00
0.00

0.00

0.00

0.20

0.00
0.00

0.00
3.71
3.61
0.00

0.00

4.10

0.10

0.30
0.60
0.20
3.51

1.61

8.94
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4.1. Conclusions and future perspectives

The olive tree is an extremely important crop for the Mediterranean countries,
including Portugal. The olive anthracnose, mainly caused by the fungus
Colletotrichum acutatum, is one of the most serious constrains to the olive crop
production worldwide. Their control has relied extensively on the use of chemical
pesticides. This poses significant risks to the environment and non-target organisms,
including humans. Both epiphytic and endophytic fungal community associated with
olive fruits may be explored in an integrative perspective in order to design new
strategies for the biological control of this disease.

In this work we intend to explore microbiome mediated beneficial effects on
olive crop protection against anthracnose disease, aiming at finding an alternative to
chemical pesticide use. For this, both epiphytic and endophytic fungi were assessed
by culture-dependent method, in olives of two cultivars with different susceptibilities
to anthracnose: Madural (susceptible) and Verdeal Transmontana (relative resistant).
The capacity of native isolates to antagonize C. acutatum was further evaluated by
using the dual-culture method.

The results indicate that olives from both cultivars supported great species
richness and diversity. A total of 1,100 fungal isolates (104 endophytes and 996
epiphytes) belonging to 27 OTUs, 19 of which were identified up to the species level
(17 genera, 14 families) were isolated from cv. Madural and cv. Verdeal
Transmontana. Ascomycota was the most dominating phyla, representing more than
95% of the total isolates. Fungal community found on olives of both cultivars
encompassed a complex species consortium including both phytopathogenic (of olive
tree as well as of other plant species) and potentially antagonistic microorganisms.

Fungal communities were also found to differ in size and in composition
between the surface and the interior tissues of olives of both cultivars. These
variations could be caused by differences in the physical and chemical nature of the
two habitats, and the type and survival strategies of colonizing fungal populations.
Host genotype, at cultivar level, was found to affect endophytic fungal community
composition, but not of epiphytic. This suggests that cultivar plays a somewhat more
significant role in defining endophyte than epiphyte fungal communities. Overall, the
results suggest that the survival and grow of fungal populations in olive fruits are

dependent on the environment, and on physicochemical and genetic features of the
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cultivar, which together determine the structure and diversity of the fungal
community. This finding could offer opportunities to select specific beneficial
microbiomes by selecting particular cultivar. In fact, the manipulation of the plant
microbiome is seen as vital for sustaining plant production in a changing world,
because has the potential to reduce the incidence of plant disease and increase
agricultural production.

All the seven fungal isolates tested showed potentialities in the biocontrol of C.
acutatum, being the most proeminent candidates Chaetomium globosum (isolated
from cv. Madural), Epicoccum nigrum and Quambalaria cyanescens (both isolated
from cv. Verdeal Transmontana). In general, the antagonistic activity displayed by the
fungal tested was mediated at a distance and following contact, leading an inhibition
of C. acutatum growth, germination, sporulation and exerthing abnormalities in
fungal mycelia. The antagonistic activity of the isolates exhibited seems to depend
much more on the fungi than on their provenances (i.e. type of cultivar).

In addition to providing insights into fungal endophyte and epiphyte
community structure, our survey provides candidates for further evaluation as
potential management tools against olive anthracnose disease. More studies including
field trials must be performed to better ascertain the role of these fungi under natural

conditions, and to assess their potential in the biocontrol of C. acutatum.
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