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a b s t r a c t

Fungal endophytes are micro-organisms that colonize healthy plant tissues without causing disease
symptoms. They are described as plant growth and disease resistance promoters and have shown
antimicrobial activity. The spatial-temporal distribution of endophytic communities in olive cultivars has
been poorly explored. This study aims to investigate the richness and diversity of endophytic fungi in
different seasons and sites, within the Alentejo region, Portugal. Additionally, and because the impact of
some pathogenic fungi (e.g. Colletotrichum spp.) varies according to olive cultivars; three cultivars, Galega
vulgar, Cobrançosa and Azeiteira, were sampled. 1868 fungal isolates were identified as belonging to 26
OTUs; 13 OTUs were identified to the genera level and 13 to species level. Cultivar Galega vulgar and
season autumn showed significant higher values in terms of endophytic richness and diversity. At site
level, Elvas showed the lowest fungal richness and diversity of fungal endophytes. This study reinforces
the importance of exploring the combined spatio-temporal distribution of the endophytic biodiversity in
different olive cultivars. Knowledge about endophytic communities may help to better understand their
functions in plants hosts, such as their ecological dynamics with pathogenic fungi, which can be explored
for their use as biocontrol agents.
© 2018 The Authors. Published by Elsevier Ltd on behalf of British Mycological Society. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Fungal endophytes are micro-organisms that colonize healthy
plant tissues without causing disease symptoms or external
structural modifications and present an ubiquitous distribution in
nature (Hyde and Soytong, 2008; Kumaresan and Suryanarayanan,
2001; Pancher et al., 2012; Rodriguez et al., 2009; Schulz et al.,
2002). The composition of the endophytic communities is influ-
enced by a broad spectrum of factors such as plant physiology,
around environment, pathogen infections and anthropogenic in-
fluences (Araujo et al., 2002; Buyer et al., 2011; Islam et al., 2010;
Rasche et al., 2006; Saona et al., 2010; Yousaf et al., 2010). Fungal
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endophytes are suggested to act as plant growth promoters, to
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antagonistic effects and antimicrobial activity through bioactive
substances (Arnold et al., 2003; Bae et al., 2009; Kharwar et al.,
2010; Miller et al., 2008; Oono et al., 2015; Rocha et al., 2011;
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as endophytes, have been considered as determinant factors for
plant health and productivity (Berg et al., 2014), with emphasis on
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Mediterranean Basin is distinguished worldwide for the high levels
of olives and olive oil production, from a wide range of olive (Olea
europaea L.) cultivars; endophytic communities inhabiting olive
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knowledge on endophytic communities is of great interest since it
may help to better understand the roles of fungal endophytes in
plants hosts, that include ecological dynamics with pathogenic
fungi. This is particularly important because in the last decades, the
use of biological agents for fungal plant pathogens control gained a
considerable importance and endophytic microorganisms can be
potential bio-control agents (Alabouvette et al., 2006). Recently,
several studies have demonstrated that environmental conditions
(humidity, rain, temperature), virulence of the pathogen, fruit
maturity and integrity, combined with the type of olive cultivar, can
influence abundances and diversities of the endophytic commu-
nities. These factors have also been related to the high incidence of
anthracnose, the most devastating disease in the olive-producing
countries (Cacciola et al., 2012; Graniti et al., 1993; Moral et al.,
2008; Talhinhas et al., 2005). This disease, caused by fungi
belonging to the genus Colletotrichum can destroy entire pro-
ductions, but its impact varies according to olive cultivars. In
Portugal, the main olive oil cultivar is ‘Galega vulgar’, which is
greatly appreciated due to the unique characteristics of its olive oil
but very susceptible to anthracnose. Cultivars Cobrançosa and
Azeiteira are respectively considered as moderately and highly
tolerant to anthracnose (Gomes et al., 2009; Talhinhas et al., 2009).

The main aim of this study was to investigate the spatial and
temporal differences in patterns of endophytic fungal richness and
diversity through the evaluation, under field conditions, of endo-
phytic communities present in olive trees from three different
cultivars: Galega vulgar, Cobrançosa and Azeiteira; on three
different seasons: spring, summer and autumn; and grown in three
distinct sites: Vidigueira, Morforte and Elvas. Consequently, it was
hypothesised that this combined spatio-temporal variability could
contribute to the differences in the endophytic fungi in terms of
richness and diversity on the different cultivars. The following
research questions were addressed: Do the endophytic fungi rich-
ness and diversity (i) vary spatially and temporally in parallel with
the different sampling sites and seasons and (ii) do they vary
among the different olive cultivars? Understanding the distribution
patterns of the endophytic fungi and their interaction under
changing conditions as proposed here, is an important baseline for
ecological investigations on olive plant cultivars.

2. Materials and methods

2.1. Study area and sampling collection

Sampling was carried out during the year of 2016 in three
important olive oil producing sites within Alentejo region (south of
Portugal), all influenced by Mediterranean climate. The environ-
mental parameters used in this study; temperature (�C), rainfall
(mm) and relative humidity (%), were from the 30 d before the
biological sampling, and are presented as mean values. In Vidi-
gueira (38� 100 01.1700 N, 7� 440 16.7500 W) the altitude is 156m above
sea level and soils are of granite origin. The mean temperature
ranged from 14.6 �C in spring to 23.6 �C in summer, the mean
rainfall ranged from 0.3 mm in autumn to 3.1 mm in spring and the
mean relative humidity ranged from 53.3 % in autumn to 76.2 % in
spring (Table 1). In Monforte (39� 40 3.9900 N, 7� 280 1300 W) the
altitude is 376 m above sea level and soils are mostly of schist and
calcareous origin. The mean temperature ranged from 12.5 �C in
spring to 22.6 �C in autumn, the mean rainfall ranged from 0.5 mm
in autumn to 3.1 mm in spring and the mean relative humidity
ranged from 56.1 % in autumn to 79.3 % in spring (Table 1). In Elvas
(38� 540 31.3400 N, 7� 80 43.5200 W) the altitude is 220 m above sea
level and soils are mostly of schist and calcareous origin. The mean
temperature ranged from 13.8 �C in spring to 23.4 �C in autumn, the
mean rainfall ranged from 0.0 mm in summer and autumn to
1.4 mm in spring and the mean relative humidity ranged from
52.2 % in autumn to 77.7 % in spring (Table 1). The ages of all olive
trees sampled ranged from 10 to 30 y and trees were planted with a
spacing of 7 � 5 m. Sampled olive groves occupy an area of
320.000m2 inMonforte,150.000m2 in Vidigueira and 30.000m2 in
Elvas and are produced under intensive regime. All experimental
olive groves included programmed applications of fungicide and
insecticide products such as Copper hydroxide, Trifloxystrobin,
Deltamethrin and Dimethoate. Olive trees sampled belonged to
three different cultivars (Galega vulgar, Cobrançosa and Azeiteira).
In each site, the area of olive trees from each cultivar was divided in
several plots, and three experimental plots with ten olive trees each
(totaling 30 olive trees per cultivar) were randomly selected by a
uniform probability function. Total fungal richness was obtained by
considering the number of trees that present the fungus, out of a
cluster of ten trees. A total of 270 trees were sampled (3 sites � 3
cultivars � 30 trees per cultivar). Sampling was repeated in 3
different seasons (spring, summer and autumn), totaling 810
samples (270 trees � 3 periods). Ten leaves were cut from each
plant around the whole tree at 1.5 m above the ground. Sampling
was always made before the applications of chemical products.
Samples were transported to the laboratory in a refrigerated basket,
stored at 4 �C and processed within the next 48 h.

2.2. Endophytic community e fungal isolation and DNA extraction

To suppress epiphytic micro-organisms on the field-collected
samples, leaves were surface disinfected. Disinfection involved a
sequence of 3 min immersions in 96 % ethanol, followed by 3 %
sodium hypochlorite solution, 70 % ethanol, three times in ultra-
pure water and dried in sterile Whatman paper (Varanda et al.,
2016). All olive leaves sampled, from each tree, were cut into
small pieces of approximately 5 � 5 mm placed (six pieces per
plate) on Petri dishes of 9 cm diameter containing 3.9 % of Potato
Dextrose Agar medium (PDA, Merck, Germany). Flowers and
drupes collected in spring and autumn were separated and dis-
carded. The entire procedure was performed inside a sterile
laminar airflow chamber. Plates were incubated in darkness at
23e25 �C for four days. The fungi that grew from the leaves
sampled from each tree were then isolated by transferring a colony
to a new (PDA) plate for growing. Mycelia from isolated colonies
were ground in liquid nitrogen and stored at �80 �C for later use in
DNA extraction for further identification of species.

The DNA extraction was done using the CTAB (Cetyltrimethyl
ammonium bromide) method (Doyle and Doyle, 1987), with some
modifications. Briefly, fungal powder was re-suspended in 1.5 mL
microtubes with pre-warmed 600 mL of CTAB extraction buffer
(20 mM EDTA, 0.1 M TriseHCl pH 8.0, 1.4 M NaCl, 2 % CTAB, plus 4 %
PVP, and 0.1 % b-mercaptoethanol added just before use) and 0.5 %
Proteinase K. The solution was incubated at 55 �C for 90 min and
gently mixed by inversion every 15 min. Chloroform-isoamyl
alcohol (24:1) was added and the aqueous phase was transferred
to a new tube following the addition of 2.5 volumes of cold ethanol
(�20 �C) for nucleic acid precipitation. Samples were gently mixed
and centrifuged at 10 000g for 20 min, washed with 500 mL of 70 %
ethanol to eliminate salt residues adhered to the DNA and dried in a
speed vacuum for 20 min at 50 �C.

2.3. Endophytic community e identification

Fungal isolates were identified by PCR amplification of the in-
ternal transcribed spacer (ITS) region (ITS1, 5.8S rRNA, ITS2) using
ITS1 and ITS4 primers (White et al., 1990), and by amplification of
part of the b-tubulin 2 (tub2) gene using T1 and T22 primers
(O'Donnell and Cigelnik, 1997). PCR reactions were performed in a



Table 1
The mean values of Temperature (�C), Rainfall (mm) and Relative Humidity (%) measured at each sampling season and site.

Spring Summer Autumn

Vidigueira Monforte Elvas Vidigueira Monforte Elvas Vidigueira Monforte Elvas

T (�C) 14.6 12.5 13.8 23.4 21.0 23.3 23.6 22.1 23.4
R (mm) 3.1 3.1 1.4 0.7 0.8 0.0 0.3 0.5 0.0
RH (%) 76.2 79.3 77.7 57.1 63.5 56.0 53.3 56.1 52.2
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total volume of 50 mL, containing 30e80 ng of genomic DNA,10mM
TriseHCl (pH 8.6), 50 mM KCl, 1.5 mM MgCl2, 0.2 mM dNTPs (Fer-
mentas), 0.2 mM of each primer, and 2.5 U of DreamTaq DNA po-
lymerase (Fermentas). Amplification reactions were carried out in a
Thermal Cycler (BioRad) with an initial temperature of 95 �C for
2 min followed by 40 cycles of 95 �C for 30 s, 50 �C for 50 s, and
72 �C for 60 s and a final extension at 72 �C for 10 min.

Amplified products were analyzed by agarose gel electropho-
resis (1.5 % agarose gel with GelRed nucleic acid Stain) (Biotium,
USA) in TBE buffer and visualized with UV light using Gel Doc (Bio
Rad, USA). PCR products were purified with DNA Clean & Concen-
trator (Zymo Research) according to the manufacturer's in-
structions and sequenced in both directions by Macrogen (Spain).
Sequence analysis of the ITS and tub2 sequences was carried out
using MEGA 7 software (Kumar et al., 2015). The search for ho-
mologous sequences was done using Basic Local Alignment Search
Tool (BLAST) at the National Center for Biotechnology Information
(NCBI). Each endophytic isolate was named as taxonomic group
such as a species or genus, and classified as a single Operational
Taxonomic Unit (OTU). Isolates were classified into each OTU, based
on a match of 100 % identity with a single species (OTU ¼ species
level) or 100 % identity to a group of similar species within the same
genus (OTU ¼ genus level).
2.4. Endophytic community e data analysis

To estimate if the number of operational taxonomical units
(OTUs) obtained represented quality sampling efforts, a species
accumulation curve was performed using EstimateS software
(Colwell, 2013), with the protocol of randomize individuals without
replacement, using the classic formula for Chao 1 and Chao 2 and
Sobs (Mao Tau) algorithm. Several nonparametric estimators were
used to infer species richness: Bootstrap, Chao 1 and Chao 2, Jack 1
and Jack 2, ACE and ICE estimators. Singletons and doubletons were
also determined.

Univariate and multivariate analyses were performed to detect
significant differences in total richness in the endophytic fungi in
the olive trees on the factors season, site and cultivar. The statistical
analyses of the data was performed using the PRIMER v6 software
package (Clarke andWarwick, 2001) with the PERMANOVA add-on
package (Anderson et al., 2008). The PERMANOVA analysis was
carried out following the three factor design: Season; “Spring,
Summer and Autumn” (3 levels, fixed); Site: “Vidigueira, Monforte
and Elvas” (3 levels, random) and Cultivar: “Galega vulgar,
Cobrançosa and Azeiteira” (3 levels, random nested in Site). A
three-way permutational analysis of variance (PERMANOVA) was
applied to test the hypothesis that significant differences existed in
the total richness in the endophytic fungi among the factors season,
cultivar and site. Total endophytic data were square root trans-
formed in order to scale down the importance of highly abundant
OTUs and therefore increase the importance of the less abundant
ones in the analysis of similarity between communities. The PER-
MANOVA analysis was conducted on a BrayeCurtis similarity ma-
trix (Clarke and Green, 1988). The null hypothesis was rejected at a
significance level <0.05 (if the number of permutations was lower
than 150, the Monte Carlo permutation p was used). Whenever
significant interactions in effects of the factors were detected, these
were examined using a posteriori pairwise comparisons, using
9999 permutations under a reduced model. The similarity in the
endophytic fungi identified on each season, site and cultivar was
plotted by Principal coordinates analysis (PCO) using the
BrayeCurtis similarity measure based on each of the three factors;
season, site, and cultivar. The relative contribution of each OTU to
the average of similarity between a priori defined groups; season,
site and cultivar; was calculated using the one way-crossed simi-
larity percentage analysis (SIMPER, cut-off percentage: 100 %).
Several indices based on diversity: ShannoneWiener diversity (H

0
)

(Shannon and Weaver, 1963), Fisher's diversity (Fisher et al., 1943),
Simpson dominance (D) (Simpson, 1949) and Pielou's evenness (J0)
(Pielou, 1977) were calculated using the endophytic fungi dataset
from each parameter.

3. Results

3.1. Endophytic community e isolation and identification

The 270 olive trees sampled (810 field samples) harboured 1868
endophytic fungi. Fungal isolates were obtained in all samples
tested. All isolated fungi were successfully identified, through the
search for homologous sequences using BLAST at the NCBI, based
on ITS and tub2 sequences analysis. Fungi were identified at species
level in 50 % of the isolates and at genus level in 50 % of the isolates.
The size of the generated PCR products ranged from 500 to 700 bp
(ITS) and from 1300 to 1500 bp (tub2).

3.2. Endophytic community e structural diversity

The 1868 fungal isolates were identified as belonging to 26
OTUs; 13 OTUs were identified to the genera level and 13 identified
to the species level.

The OTUs: Alternaria spp. showed 100 % identity with 4 species;
Alternaria alternata, Alternaria compacta, Alternaria infectoria and
Alternaria murispora. Cladosporium spp. showed 100 % identity with
5 species; Cladosporium cladosporioides, Cladosporium delicatulum,
Cladosporium herborium, Cladosporium pseudocladosporioides and
Cladosporium tenellum. Fusarium spp. showed 100 % identity with 4
species; Fusarium verticillioides, Fusarium lateritum, Fusariummusae
and Fusarium tricinctum. Leptosphaerulina spp. showed 100 %
identity with 4 species; Leptosphaerulina australi, Leptosphaerulina
americana, Leptosphaerulina trifolii and Leptosphaerulina saccha-
ricola. Penicillium spp. showed 100 % identity with 3 species;
Penicillium echinulatum, Penicillium expansum and Penicillium spi-
nulosum. Peniophora spp. showed 100 % identity with 2 species;
Peniophora cinerea and Peniophora lycii. Phoma spp. showed 100 %
identity with 2 species; Phoma macrostoma and Phoma herbarum.
Stemphylium spp. showed 100 % identity with 2 species; Stemphy-
lium vesicarium and Stemphylium solani.

The species accumulation curve (Fig. 1), calculated using Mao
Tau algorithm, which gives confidence intervals of 95 %, indicated
that the sampling efforts made were suitable to recover most of
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Fig. 1. Species accumulation curve showing the relation between the number of individuals (plants sampled) tested and the total number of taxa obtained. Middle line: number of
fungal taxa calculated by the Mao Tau algorithm. Upper and lower lines: 95 % confidence limits of the estimate of taxa number. The curve is based on 100 randomizations.
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species diversity present in the phyllospheres of the plants sur-
veyed. The actual species number was estimated to be 27 using
Bootstrap estimators, 30 using Jack 1 and ACE, 33 using ICE, 34
using Chao 2 and Jack 2 and 37 using Chao 1, meaning that the 26
OTUs found in this study represent more than 70 % of the species
richness actually present. Most of the OTUs obtained in this study
showed to be very frequent, 20 (77 %) appeared in four or more
plants (plurals), one (4 %) in two plants (doubletons), and five (19 %)
only in one plant (singletons). Overall, nearly all isolates obtained
belong to Phylum Ascomycota (73.1 %), represented by four classes,
with the class Dothideomycetes the most representative (34.6 %),
followed by Sordariomycetes (15.4 %), Eurotiomycetes (11.5 %),
Leotiomycetes (11.5 %), 11.5 % of the isolates belong to Phylum
Basidiomycota, represented by two classes, class Agaricomycetes
(7.7 %) and Pucciniomycetes (3.8 %). 15.4 % of the isolates obtained
belong to unclassified Ascomycota. Ten genera: Alternaria (23.5 %),
Aureobasidium (15.5 %), Penicillium (14.0 %), Cladosporium (12.2 %),
Biscogniauxia (7.2 %), Colletotrichum (4.4 %), Aspergillus (4.1 %),
Botrytis (3.7 %), Drechslera (2.0) and Epicoccum (2.9 %) together
comprised nearly 90 % of the total fungal diversity.

At the season level, the number of OTUs identified in spring was
11 and 100 % belonged to the phylum Ascomycota represented by
three classes; with the class Dothideomycetes being the most
representative (54.5 %), followed by Sordariomycetes (18.2 %) and
Eurotiomycetes (9.1 %). 18.2 % of the isolates obtained belong to
unclassified Ascomycota. SIMPER analysis revealed that, from the
11 OTUs identified in Spring, six OTUs; Alternaria spp. (51.3 %),
Aureobasidium pullulans (16.4 %), Biscognauxia mediterranea (8.5 %),
Cladosporium spp. (7.9 %), Colletotrichum nymphaeae (2.8 %) and
Drechslera avenae (1.0 %) represent 87.9 % of the similarities
(Table 2).

The number of OTUs identified in summer was 18, from which
77.8 % belonged to the phylum Ascomycota and were represented
by four classes; with the class Dothideomycetes being the most
representative (44.4 %), followed by Sordariomycetes (22.2 %),
Eurotiomycetes (5.6 %) and Leotiomycetes (5.6 %). Two OTUs rep-
resenting 11.1 % of the isolates, belong to class Agaricomycetes
(5.6 %) and Pucciniomycetes (5.6 %) both belonging to the phylum
Basidiomycota. 11.2 % of the isolates obtained belong to unclassified
Ascomycota. SIMPER analysis revealed that, from the 18 OTUs
identified in summer, six OTUs; Alternaria spp. (37.3 %), A. pullulans
(18.5 %), B. mediterranea (17.2 %), Cladosporium spp. (12.8 %),
Penicillium spp. (7.1 %) and C. nymphaeae (3.3 %), represented 96.1 %
of the similarities (Table 2).

The number of OTUs identified in autumn was 22, from which
73.3 % belonged to the phylum Ascomycota and were represented
by four classes; with the class Dothideomycetes being the most
representative (34.6 %), followed by Eurotiomycetes (13.6 %), Sor-
dariomycetes (13.6 %) and Leotiomycetes (13.6 %). One OTU repre-
senting 4.5 % of the isolates, belong to class Agaricomycetes,
phylum Basidiomycota. 18.2 % of the isolates obtained belong to
unclassified Ascomycota. SIMPER analysis revealed that, from the
22 OTUs identified in Autumn, six OTUs; Alternaria spp. (15.7 %),
Cladosporium spp. (18.4 %), A. pullulans (13.2 %), Penicillium spp.
(12.8 %), Botrytis cinerea (6.3 %), Aspergillus (5.7 %) represent 72.0 %
of the similarities (Table 2).

At the cultivar level, the number of OTUs identified in Galega
vulgar was 22, from which 77.3 % belonged to the phylum Ascomy-
cota and were represented by four classes; with the class Dothi-
deomycetes being the most representative (40.9 %), followed by
Sordariomycetes (13.6 %), Leotiomycetes (13.6 %) and Eurotiomycetes
(9.1 %). One OTU representing 4.5 % of the isolates, belong to class
Agaricomycetes, phylum Basidiomycota. 18.1 % of the isolates ob-
tained belong to unclassified Ascomycota. SIMPER analysis showed
that, from the 22 OTUs identified in Galega vulgar, six OTUs; Alter-
naria spp. (41.3 %), A. pullulans (15.9 %), B. mediterranea (9.9 %),
Penicillium spp. (9.3 %), C. nymphaeae (8.9 %) and Cladosporium spp.
(8.5 %), represented 93.8 % of the similarities (Table 2).

The number of OTUs identified in Cobrançosa was 20, from
which 85.0 % belonged to the phylum Ascomycota and were rep-
resented by four classes; with the class Dothideomycetes being the
most representative (40.0 %), followed by Sordariomycetes (20.0 %),
Eurotiomycetes (15.0 %) and Leotiomycetes (10.0 %). 15.0 % of the
isolates obtained belong to unclassified Ascomycota. SIMPER
analysis showed that, from the 20 OTUs identified in Cobrançosa,
six OTUs; Alternaria spp. (34.7 %), Cladosporium spp. (24.9 %), A.
pullulans (23.9 %), B. mediterranea (6.6 %), Penicillium spp. (5.1 %),
Epicoccum nigrum (0.9 %) represented 96.0 % of the similarities
(Table 2).

The number of OTUs identified in Azeiteira was 20, from which
80.0 % belonged to the phylum Ascomycota and were represented
by four classes; with the class Dothideomycetes being the most
representative (40.0 %), followed by Sordariomycetes (15.0 %),
Eurotiomycetes (10.0 %) and Leotiomycetes (10.0 %). One OTU



Table 2
Fungal OTUs that contribute most to the similarities identified by SIMPER analysis. A) Distinguishing the OTUs present in Seasons (Spring, Summer and Autumn); B) Dis-
tinguishing the OTUs present in Cultivar (Galega, Cobrançosa and Azeiteira); and C) Distinguishing the OTUs present in Site (Vidigueira, Morforte and Elvas).

OTUs Season Site Cultivar

Spring Summer Autumn Vidigueira Monforte Elvas Galega vulgar Cobrançosa Azeitera

% % %

Number of OTUs 11 18 22 22 21 16 22 20 20
Alternaria spp. 51.3 37.3 15.7 30.7 42.3 31.8 41.3 34.7 30.1
Aureobasidium pullulans 16.4 18.5 13.2 30.9 16.1 6.9 15.9 23.9 12.4
Biscognauxia mediterranea 8.5 17.2 3.4 4.2 5.5 22.7 9.9 6.6 13.2
Penicillium spp. 9.8 7.1 12.8 11.2 11.1 8.6 9.3 5.1 19.6
Colletotrichum nymphaeae 2.8 3.3 5.3 1.6 2.2 10.1 8.9 0.3 6.8
Cladosporium spp. 7.9 12.8 18.4 12.0 11.6 15.2 8.5 24.9 8.9
Epicoccum nigrum e 0.3 5.2 3.3 0.6 e 1.6 0.9 0.5
Botrytis cinerea e 0.0 6.3 2.0 1.0 e 1.4 0.6 0.4
Drechslera avenae 1.0 2.8 e 0.4 5.8 e 0.9 0.7 1.2
Fusarium spp. e e 1.0 0.2 0.3 e 0.6 0.1 e

Gloeotinia temulenta e e 4.3 0.5 0.3 0.9 0.6 0.3 0.9
Rhizopus spp. e e 4.8 0.9 1.1 e 0.5 0.6 0.6
Aspergillus spp. e e 5.7 e 0.4 2.9 0.3 0.5 1.3
Pteris vitata 2.4 0.2 e 1.7 0.2 0.1 0.2 0.2 1.7
Peniophora spp. e e e e e e e e e

Claetomium aureum e e e e e e e e e

Preussia africana e 0.4 e 0.3 e e e 0.1 0.1
Leptosphaerulina spp. e 0.1 e e 0.2 e e 0.1 0.1
Phoma spp. e e 3.5 0.1 1.3 0.7 e 0.5 2.3
Phyctema Vagabunda e e e e e e e e e

Stemphylium spp. e 0.1 0.3 0.1 0.2 e e 0.1 0.1
Neofabraea e e e e e e e e e

Neosartorya e e e e e e e e e

Pelosfora spp. e e e e e e e e e

Phlebiopsis gigantea e e e e e e e e e

Rhodotorula mucilaginosa e e e e e e e e e

Bold values highlight the number of OTUs obtained in each season, site and cultivar.
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representing 5.0 % of the isolates, belong to class Pucciniomycetes,
phylum Basidiomycota. 15.0 % of the isolates obtained belong to
unclassified Ascomycota. SIMPER analysis showed that, from the 20
OTUs identified in Azeiteira, six OTUs; Alternaria spp. (30.1 %),
Penicillium spp. (19.6 %), B. mediterranea (13.2 %), A. pullulans
(12.4 %), Cladosporium spp. (8.9 %) and C. nymphaeae (6.8 %), rep-
resented 91.0 % of the similarities (Table 2).

At the site level, the number of OTUs identified in Vidigueirawas
22, from which 77.3 % belonged to the phylum Ascomycota and
were represented by four classes; with the class Dothideomycetes
being the most representative (40.9 %), followed by Sordar-
iomycetes (18.2 %), Eurotiomycetes (9.1 %) and Leotiomycetes
(9.1 %). Two OTUs representing 9.1 % of the isolates belong to class
Agaricomycetes (4.5 %) and Pucciniomycetes (4.5 %), phylum Basi-
diomycota. 13.6 % of the isolates obtained belong to unclassified
Ascomycota. SIMPER analysis showed that, from the 22 OTUs
identified in Vidigueira, six OTUs; A. pullulans (30.9 %), Alternaria
spp. (30.7 %), Cladosporium spp. (12.0 %), Penicillium spp. (11.2 %), B.
mediterranea (4.2 %), E. nigrum (3.3 %), showed 92.3 % of the simi-
larities (Table 2).

The number of OTUs identified in Monforte was 21, fromwhich
81.0 % belonged to the phylum Ascomycota and were represented
by four classes; with the class Dothideomycetes being the most
representative (42.9 %), followed by Sordariomycetes (14.3 %),
Leotiomycetes (14.3 %) and Eurotiomycetes (9.5 %). However, 19.0 %
of the isolates obtained belong to unclassified Ascomycota. SIMPER
analysis showed that, from the 21 OTUs identified in Monforte, six
OTUs; Alternaria spp. (42.3 %), A. pullulans (16.1 %), Cladosporium
spp. (11.6 %), Penicillium spp. (11.1 %), D. avenae (5.8 %), B. medi-
terranea (5.5 %), represented 92.4 % of the similarities (Table 2).

The number of OTUs identified in Elvas was 16, fromwhich 81.3 %
belonged to the phylum Ascomycota and were represented by four
classes; with the class Dothideomycetes being the most
representative (31.3 %), followed by Eurotiomycetes (18.8 %), Sordar-
iomycetes (18.8 %) and Leotiomycetes (12.5 %). One OTU representing
6.3 % of the isolates, belong to class Agaricomycetes (4.5 %), phylum
Basidiomycota. 12.5 % of the isolates obtained belong to unclassified
Ascomycota. SIMPER analysis showed that, from the 16 OTUs identi-
fied inElvas, sixOTUs;Alternaria spp. (31.8%),B.mediterranea (22.7%),
Cladosporium spp. (15.2 %), C. nymphaeae (10.1 %), Penicillium spp.
(8.6 %), A. pullulans (6.9 %), represented 95.2 % of the similarities
(Table 2).

Diversity based on ShannoneWiener values (H') (Fig. 2) showed
significant differences for factor season (p ¼ 0.0463) and “site”
(p ¼ 0.022) (Table 3). Despite not differing substantially, diversity
among olive trees across different seasons was higher in autumn
when compared to spring (Pairwise Tests, p Autumn vs.

Spring ¼ 0.0383). The diversity differed considerably among sites,
diversity was significant higher in Vidigueira and Monforte than in
Elvas (Pairwise Tests, p Vidigueira vs. Elvas ¼ 0.005; p Monforte vs.

Elvas ¼ 0.0102), and between Vidigueira and Monforte no significant
differences existed (Pairwise Tests, p Vidigueira vs. Monforte ¼ 0.5896).

Season (p ¼ 0.0121) and site (p ¼ 0.0241) affected significantly
fungal diversity based on Fisher's alpha Index (Fig. 2) (Table 3).
Diversity was higher in autumn in comparison to spring and
summer and Vidigueira was significantly higher in comparison to
Monforte and Elvas (Pairwise Tests, p Vidigueira vs. Monforte ¼ 0.0482
and Vidigueira vs. Elvas ¼ 0.0153).

Season and cultivar affected significantly (p ¼ 0.0103 and
p¼ 0.0113, respectively) fungal dominance based on Simpson index
(Fig. 3) (Table 3). While diversity did not differ substantially among
olive trees across seasons, diversity was higher in autumn and
summer in comparison to spring (Pairwise Tests, p Autumn vs.

Spring ¼ 0.0337; p Summer vs. Spring ¼ 0.024). Fungal endophytic di-
versity was significant higher in Galega vulgar when compared to
Cobrançosa in Vidigueira (Pairwise Tests, p Galega vs.
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Fig. 2. Mean fungal ± standard error (SE) of ShannoneWiener index (H0) and Fisher's alpha indices at each season (Spring, summer and autumn), site (Vidigueira, monforte and
elvas) and cultivar (Galega vulgar, cobrançosa and azeiteira).

Table 3
Details of the three-factor PERMANOVA test on the endophytic fungal dataset for the factors; "Season" Spring, Summer and Autumn (3 levels, fixed), “Site” Vidigueira, Monforte
and Elvas (3 levels, random), “Cultivar” Galega, Cobrançosa and Azeiteira (3 levels, random nested in “Site”) for all variables analyzed.

Source of variation Degrees of freedom Sum of squares Mean squares Pseudo-F perms P (perm)

Fungal richness Site 2 18 566 9282.8 3.9459 280 0.0054
Season 2 29 978 14 989 3.6882 6115 0.0123
Cultivar (Site) 6 14 115 2352.5 4.4701 9906 0.0001
Season � Site 4 16 256 4064.1 4.4855 9924 0.0001
Cutivar (Site) � Season 12 10 873 906.05 1.7216 9880 0.0069
Residual 54 28 420 526.29
Total 80 118 210

ShannoneWiener index Site 2 407.14 203.57 11.128 280 0.0059
Season 2 2451.3 1225.6 7.5498 6141 0.0327
Cultivar (Site) 6 109.76 18.293 0.96764 9937 0.4699
Season � Site 4 649.36 162.34 3.6153 9964 0.0325
Cutivar (Site) � Season 12 538.84 44.903 2.3753 9928 0.0131
Residual 54 1020.8 18.904
Total 80 5177.2

Fisher index Site 2 511.14 255.57 6.6372 280 0.0241
Season 2 3981.6 1990.8 12.743 6150 0.0121
Cultivar (Site) 6 231.03 38.505 0.60922 9946 0.744
Season � Site 4 624.91 156.23 1.3443 9955 0.2995
Cutivar (Site) � Season 12 1394.6 116.21 1.8387 9916 0.06
Residual 54 3413 63.204
Total 80 10 156

Simpson index Site 2 78.962 39.481 7.9706 280 0.0177
Season 2 486.31 243.16 3.6376 6106 0.1255
Cultivar (Site) 6 29.72 4.9533 0.50641 9949 0.8133
Season � Site 4 267.38 66.845 5.532 9958 0.0094
Cutivar (Site) � Season 12 145 12.083 1.2353 9939 0.2862
Residual 54 528.19 9.7813
Total 80 1535.6

Pielou's evenness index Site 2 11.177 5.5885 0.71908 280 0.5306
Season 2 34.085 17.042 1.1978 6117 0.3933
Cultivar (Site) 6 46.631 7.7718 2.5543 9953 0.0292
Season � Site 4 56.91 14.228 2.1378 9965 0.14
Cutivar (Site) � Season 12 79.862 6.6551 2.1873 9946 0.025
Residual 54 164.3 3.0426
Total 80 392.97

Bold values highlight significant effects and interactions (p < 0.05).
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Cobrançosa ¼ 0.0068), and to Azeiteira in Elvas (Pairwise Tests, p Galega

vs. Azeiteira ¼ 0.0229).
The fungal evenness estimated by Pielou's (J0) index was only

significantly (p ¼ 0.0001) affected by the factor “cultivar” (Fig. 3)
(Table 3). Although the variability of the cultivars was high between
sites, when cultivars were compared within each site, diversity did
not differ substantially, and a significant higher evenness was only
observed in Galega vulgar when compared to Azeiteira (Pairwise
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Fig. 3. Mean fungal ± standard error (SE) of Pielou's (J0) and Simpson indices at each season (Spring, summer and autumn), site (Vidigueira, monforte and elvas) and cultivar (Galega
vulgar, cobrançosa and azeiteira).
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Tests, p Galega vs. Azeiteira ¼ 0.0002) and in Cobrançosa when
compared to Azeiteira (Pairwise Tests, p Cobrançosa vs.

Azeiteira ¼ 0.0005), both in Elvas.
3.3. Endophytic community e multivariate data analysis

The mean fungal richness ± SE (per 10 trees) was 15.5 ± 1.1 in
spring, 17.0 ± 1.4 in summer and 36.7 ± 2.7 in autumn (Fig. 4).
PERMANOVA analyses showed significantly higher fungal richness
in autumn (factor “Season”, p ¼ 0.0075) (Table 3) when compared
to spring and summer. No significant differences (p ¼ 0.5339) in
fungal richness were detected between spring and summer. These
results are also supported by the PCO ordination plot and clearly
reflect a distinct pattern for endophytic richness in autumn
compared to spring and summer. The PCO ordination of the
endophytic richness showed that the first two components (PCO1,
28.2 % and PCO2, 22.7 %) accounted for 50.9 % of the variability of
the data (Fig. 5).

The mean fungal richness ± SE (per 10 trees) at site level was
23.8 ± 1.3 in Vidigueira, 25.8 ± 3.4 in Monforte and 19.7 ± 2.6 in
Elvas (Fig. 4). PERMANOVA showed significant differences in fungal
richness on factor “site” (p ¼ 0.0043) (Table 3). Individual pairwise
comparisons confirmed the high variability in terms of fungal
endophytic richness in Elvas when compared to Vidigueira and
Monforte (Pairwise Tests, p Vidigueira vs. Elvas ¼ 0.0088). (Pairwise
Tests, p Monforte vs. Elvas¼ 0.0364). These results are supported by the
PCO analysis that confirms a high variability between-sites of
endophytic richness and clearly reflect a distinct pattern of “Elvas”
from “Vidigueira” and “Monforte”. The PCO ordination of the
endophytic richness showed that the first two components (PCO1,
28.2 % and PCO2, 22.7 %) accounted for 50.9 % of the variability of
the data (Fig. 6).

The mean fungal richness ± SE (per 10 trees) at cultivar level was
23.2 ± 2.6 in Galega vulgar, 21.1 ± 1.9 in Cobrançosa and 24.9 ± 3.2 in
Azeiteira (Fig. 4). The variation of the endophytic richness between
cultivars and sites (“cultivar” nested in “site”) showed significant
differences (p ¼ 0.0001) (Table 3). In Vidigueira the mean fungal
richness ±SE was 26.3 ± 2.5 in Galega followed by 24.3 ± 2.0 in
Cobrançosa and 20.7 ± 2.1 in Azeiteira (Fig. 4). Individual pairwise
comparisons for endophytic richness revealed high variability be-
tween cultivars (factor “cultivar” nested in “site”) at Vidigueira, with
significant higher richness in Galega when compared to Cobrançosa
(Pairwise Tests, p Galega vs. Vidigueira ¼ 0.0004) as well as in Galega
when compared to Azeiteira (Pairwise Tests, p Galega vs.

Azeiteira ¼ 0.0029). No significant differences were observed between
cultivars Cobrançosa and Azeiteira (Pairwise Tests, p Galega vs.

Azeiteira ¼ 0.0658). In Monforte the mean endophytic richness ±SE
was 22.75± 3.8 in Galega vulgar followed by 21.4± 3.7 in Cobrançosa
and 33.1± 8.8 in Azeiteira (Fig. 4). Individual pairwise comparisons at
Monforte showed significant higher endophytic richness in Galega
vulgar when compared to Cobrançosa (Pairwise Tests, p Galega vs.

Vidigueira ¼ 0.0012), in Azeiteira when compared to Galega (Pairwise
Tests, p Azeiteira vs. Galega¼ 0.0064) and in Azeiteira when compared to
Cobrançosa (Pairwise Tests, p Azeiteira vs. Cobrançosa ¼ 0.0004). In Elvas
the mean fungal richness ±SE was 20.5 ± 6.7 in Galega vulgar fol-
lowed by 17.5 ± 3.7 in Cobrançosa and 21.0 ± 2.8 in Azeiteira (Fig. 4).
Individual pairwise comparisons also showed significant higher
endophytic richness in Galega vulgar than in Cobrançosa (Pairwise
Tests, p Galega vs. Vidigueira ¼ 0.0037), as well as in Galega vulgar when
compared to Azeiteira (Pairwise Tests, p Galega vs. Azeiteira ¼ 0.0055)
and in Cobrançosa when compared to Azeiteira (Pairwise Tests, p
Galega vs. Azeiteira ¼ 0.0002). These results are also supported by PCO
ordination plot and clearly reflect the high variability on factor
“cultivar”. The PCO ordination of the endophytic richness showed
that the first two components (PCO1, 28.2 % and PCO2, 22.7 %)
accounted for 50.9 % of the variability of the data (Fig. 7).
4. Discussion

This study describes the composition of endophytic fungal
communities within the phyllosphere of olive trees from different
cultivars, in different seasons and sites located in the Alentejo re-
gion, the main olive producing region, located in the South of
Portugal. Until now, no studies have been conducted in olive (O.
europaea L.) combining spatio-temporal variability of the richness
and diversity of endophytic fungi. Overall, in the present study, 26
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Fig. 4. Mean endophytic fungal richness ± standard error (SE) at each season (Spring, summer and autumn), site (Vidigueira, monforte and elvas) and cultivar (Galega vulgar,
cobrançosa and azeiteira).

Fig. 5. Principal coordinates analysis PCO based on the endophytic fungal richness
dataset for the factors “Seasons” Spring, Summer and Autumn (3 levels, fixed).
PCO1 ¼ 23.8 % and PCO2 ¼ 20.6 %.

Fig. 6. Principal coordinates analysis PCO based on the endophytic fungal richness
dataset for the factors “Cultivar” Galega vulgar, Cobrançosa and Azeiteira (3 levels,
random nested in “Site”). PCO1 ¼ 31.7 % and PCO2 ¼ 18.6 %.
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endophytic OTUs were characterized; 13 were identified to the
genera level and 13 to the species level, from a total of 270 trees,
representative of Alentejo. The present results reveal higher values
in terms of endophytic fungal diversity than the ones obtained by
Fisher et al. (1992), but lower than the ones obtained by Martins
et al. (2016) and Gomes et al. (2018), all in O. europaea L. These
differences in the endophytic communities may be associated with
several factors such as: an underestimated fungal diversity due to
low spatialetemporal sampling, the type of vegetative tissue (e.g.
leaves, twigs, flowers, branches, fruits), endophytic or epiphytic
communities of these tissues and environmental factors at sample
sites.

Ascomycota represents the majority (73.1 %) of the identified
endophytic taxa in this study, being the dominant Phylum found in
all cultivars, seasons and sites. This seems to be a general charac-
teristic of the endophytic communities in olive as well as in other
plants (Fisher et al., 1992; Martins et al., 2016; Moricca et al., 2012;
Varanda et al., 2016). The low proportions of Basidiomycota (11.5 %)
could probably reflect sampling bias (Mueller et al., 2004; Pinruan
et al., 2010), but studies in olive trees with an acceptable robustness



Fig. 7. Principal coordinates analysis PCO based on the endophytic fungal richness
dataset for the factors “Site” Vidigueira, Monforte and Elvas (3 levels, random).
PCO1 ¼ 23.8 % and PCO2 ¼ 20.6 %.
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of the sampling confirmed similar results (Gomes et al., 2018;
Martins et al., 2016).

In general, the genera Alternaria (23.5 %), Aureobasidium (15.5 %),
Penicillium (14.0 %), Cladosporium (12.2 %), Biscognauxia (7.2 %),
Aspergillus (4.1 %), Colletotrichum (4.4 %), Botrytis (3.7 %), Epicoccum
(2.9 %), Rhizopus (2.5 %), Drechslera (2.0 %), Phoma (1.8 %), Gloeotinia
(1.8 %) and Pteris (1.3 %) together comprised 97.0 % of the total
fungal diversity, most of them already referred as leading the di-
versity in olive tree (Abdelfattah et al., 2015; Fisher et al., 1992;
Gomes et al., 2018; Martins et al., 2016; Sia et al., 2013). Alternaria
spp. was the OTU that most contributed to the similarities in sea-
son, site and cultivar. The aforementioned OTU is commonly the
principal component of endophytic communities in olive phyllo-
spheres, likely due to their particular life style, which includes
producing highly melanised hyphae capable to resist and grow
under intense UV radiations (Fisher et al., 1992; Gomes et al., 2018;
Martins et al., 2016; Sia et al., 2013). Recently, a frequent asymp-
tomatic olive endophytic fungus A. alternata, has been described as
pathogenic and responsible for high losses in Turkey (Basim et al.,
2017) and Greece (Lagogianni, 2017), whilst no symptoms of
pathogenicity caused by the A. alternata have been seen in the olive
trees sampled for this study. B.mediterranea showed high presence
in the present study, this fungus is also described as a relevant plant
pathogen but did not cause any visible symptoms of pathogenicity.
In fact, many fungal pathogens present endophytism as a common
phase in the life cycle (Carroll, 1988; Joshee et al., 2009; Rodriguez
and Redman, 1997; Schulz and Boyle, 2005) and asymptomatic
endophytes can easily switch to necrotrophism (Delaye et al., 2013).
Cladosporium spp. together with A. pullulans are described as sec-
ondary invaders of necrotic tissues or as weak pathogens in many
different host plants and occur as cosmopolitan saprophytic fungi
(Tashiro et al., 2013). In favorable conditions, both fungal species
may produce a compact sooty thallus on the fruit surface, which
can change the olive fruit quality (Grabowski, 2007). Nevertheless
both A. pullulans and C. cladosporioides have been reported as
effective bio-control agents (Wang et al., 2013).

The spatial and temporal distribution of endophytic commu-
nities revealed significant differences in terms of endophytic
richness and diversity according to cultivar, season and site. In
terms of season, the diversity of fungal communities was shaped by
autumn, showing consistently significant higher fungal diversity
and dominance. Fungal endophytic richness also showed higher
values in autumn. Indeed, the changes on the environmental fac-
tors across seasons have been described as the major drivers that
shape endophytic fungal communities (Fisher et al., 1992; Gomes
et al., 2018; Martins et al., 2016; Sia et al., 2013). Despite the dif-
ferences in the sampling robustness between studies, the highest
diversity and fungal richness in autumn is surprising compared to
other works, which seem to find highest diversity and fungal
richness in spring (Collado et al., 1999; Martins et al., 2016; Gomes
et al., 2018). Some authors suggest that both rainfall and humidity
are the key factors for the pattern of endophytes, shaping com-
munities due to their importance on fungal spores dispersion and
colonization (Rastogi et al., 2012; Gomes et al., 2018; Martínez-
�Alvarez et al., 2012; Vacher et al., 2016). The sampling sites are
usually rainier in autumn and the humidity created by the rain in
this season (Gomes et al., 2018) may be the explanation for the
highest endophytic diversities and richness in this season. In
addition, the presence of endophytes and other fungi in leaf litter,
may be particularly relevant to seasonal differences in endophyte
communities (Christian et al., 2017). Despite olive fruits were not
used for this study, their presence since the early stages on trees
can be one of the factors indirectly shaping the high species rich-
ness in autumn, due to the increased nutrient conditions associated
with the high humidity, which can benefit the endophytic com-
munity in other plant tissues (e.g. leaves) (Rastogi et al., 2012). As
previously stated, rain and high humidity have a direct effect on
both endophytic fungal colonization and dispersion (Gomes et al.,
2018), which may also help to explain why Elvas showed the
lowest fungal endophytic diversities and richness when compared
to Vidigueira and Monforte, as Elvas presents the lowest values of
rainfall and relative humidity. Conclusions made by Bokulich et al.
(2014) reveal that nonrandom regional distributions of endophytic
microbiota exist across large geographical scales (different regions),
but also reveal that the potential role of biogeography may have a
crucial impact in shaping microbial within the region, when there
are marked differences between production sites. It was also
interesting to verify that Elvas showed the lowest endophytic di-
versity and highest incidence of C. nymphaeae, leading to speculate
if the low presence of endophytic fungi contributed to the increase
of this pathogenic fungus. It is known that although some Colleto-
trichum species can also exist as endophytes and even be protective
of certain hosts (Christian et al., 2017; Mejía et al., 2014; Arnold
et al., 2003), however, in olive, Colletotrichum spp. has been
widely described as pathogen (Talhinhas et al., 2009; Moral et al.,
2009).

A. pullulans was the OTU that most contributed to the similar-
ities in Vidigueira. A. pullulans has been commonly reported as one
of the most abundant fungal colonizers of phyllosphere and car-
posphere in different plant species and may be present as both
epiphyte and endophyte (Andrews et al., 1994; Deshpande et al.,
1992). In addition, this fungus has been described to exhibit
antagonistic activity against several plant pathogens (Hartati et al.,
2015; Turk and Cene Gostincar, 2018; Wachowska and Głowacka,
2014). Although no previous study has confirmed its antagonistic
activity in olive trees against Colletotrichum spp., the high incidence
of A. pullulansmay be related to the low richness of this pathogenic
fungus.

The cultivar Galega vulgar showed significant differences in the
evenness and dominance of endophytic community, showing
higher values when compared to Cobrançosa and Azeiteira.
Although there are no studies on the endophytic communities in
these three cultivars, Schulz and Boyle (2005) suggest that the
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differences between host plants and their endophytic colonizers
may be associated to the plant prevailing microhabitats, stress, host
senescence and host defense responses, indicating that the degree
of susceptibility (pathogenic fungi) or type of cultivar/fungi inter-
action (non-pathogenic fungi) may be the major drivers modu-
lating the fungal community.

Additionally, Fang et al. (2013) also suggest that chemistry of
plant and the interspecific competition among fungi can regulate
endophytic community. In this study, Galega vulgar cultivar
showed higher endophytic richness than cultivars Cobrançosa and
Azeiteira. The fungal richness is based on a competitive interaction
between the endophytic species and the olive plant, making these
communities more specialized. Fungal endophytic specialization is
an adaptive process that leads to a niche restriction and this biotic
mechanism varies according to internal and external factors from
the plant, such as host resistance, co-evolution, reproductive bar-
riers, competition, parasitism and environmental variables
(Moricca et al., 2012; Moricca and Ragazzi, 2008). In addition,
endophytic fungi are usually specialized or exclusive in plant genus
or species and together with the other fungi, form a distinct com-
munity on the plant, as it has already been observed in olive (Fisher
et al., 1992; Gomes et al., 2018; Martins et al., 2016) and other trees
(Cohen, 2004; Moricca et al., 2012). More recently some studies
have demonstrated that endophytic richness differs between olive
cultivars (Gomes et al., 2018; Martins et al., 2016). Therefore, the
characteristics that influence olive cultivars at small scale may have
an impact on the differences between sites. Contrary to this, some
authors suggest that in the same olive cultivars the endophytic
communities cannot reflect habitat variability evenwhen they have
a higher horizontal patchiness in macro-scale (e.g. hundreds kilo-
metres scale) (Muzzalupo et al., 2014) and different soil and cli-
matic characteristics (e.g. different regions).

In conclusion, the present study provides a comprehensive
picture of the spatial and temporal distribution of the endophytic
richness and diversity in the phyllosphere of different olive culti-
vars. The results described here demonstrate that changes in sea-
son, site and cultivar shape the endophytic fungi, and reinforce the
significance of exploring fungal biodiversity in olive cultivars. The
existent information was very limited regarding the isolation and
characterization of endophytes from important Portuguese culti-
vars such as Galega vulgar, Cobrançosa and Azeiteira and on their
spatial and temporal distributions, and results here presented give
an important contribution to this field. The olive fungal community
was found to contain known benefic and phytopathogenic micro-
organisms that can have a significant impact on olive production.
Beneficial endophyte colonizers, may be further explored as an-
tagonists of important olive pathogens, and possibly be developed
as effective biocontrol agents.
Acknowledgments

This work and P. Materatski post-doctoral fellowship were
supported by the project ‘Integrated protection of the Alentejo olive
grove. Contributions to its innovation and improvement against its
key enemies’ with the reference ALT20-03-0145-FEDER-000029,
co-financed by the European Union through the European
Regional Development Fund, under the ALENTEJO 2020 (Regional
Operational Program of the Alentejo). Carla M. R. Varanda received
a post-doctoral fellowship from the Foundation for Science and
Technology (FCT): SFRH/BPD/76194/2011, funded by QREN e POPH
eTypology 4.1 e co-funded by MES National Funding and The Eu-
ropean Social Fund. This work is also funded by National Funds
through FCT e Foundation for Science and Technology under the
Project UID/AGR/00115/2013.
References

Abdelfattah, A., Li Destri Nicosia, M.G., Cacciola, S.O., Droby, S., Schena, L., 2015.
Metabarcoding analysis of fungal diversity in the phyllosphere and carposphere
of olive (Olea europaea). PLoS One 10.

Alabouvette, C., Olivain, C., Steinberg, C., 2006. Biological control of plant patho-
gens: the European situation. Eur. J. Plant Pathol. 114, 329e341.

Anderson, M.J., Gorley, R.N., Clarke, K.R., 2008. PERMANOVA Aþ for PRIMER: Guide
to Software and Statistical Methods. PRIMER-E, Plymouth, UK.

Andrews, J.H., Harris, R.F., Spear, R.N., Lau, G.W., Nordheim, E.V., 1994. Morpho-
genesis and adhesion of Aureobasidium pullulans. Can. J. Microbiol. 40, 6e17.

Araujo, W., Marcon, J., Maccheroni, W.J., Van Elsas, J., Van Vuurde, J., Azevedo, J.,
2002. Diversity of endophytic bacterial populations and their interaction
with Xylella fastidiosa in citrus plants. Appl. Environ. Microbiol. 68,
4906e4914.

Arnold, A.E., Mejía, L.C., Kyllo, D., Rojas, E.I., Maynard, Z., Robbins, N., Herre, E.A.,
2003. Fungal Endophytes Limit Pathogen Damage in a Tropical Tree. Pro-
ceedings of the National Academy of Sciences, USA, pp. 15649e15654.

Bae, H., Sicher, R., Kim, M., Kim, S.H., Strem, M., Melnick, R., Bailey, B., 2009. The
beneficial endophyte Trichoderma hamatum isolate DIS 219b promotes growth
and delays the onset of the drought response in Theobroma cacao. J. Exp. Bot.
60, 3279e3295.

Basim, E., Basim, H., Abdulai, M., Baki, D., Oztürk, N., 2017. Identification and
characterization of Alternaria alternata causing leaf spot of olive tree (Olea
europaea) in Turkey. Crop Protect. 92, 79e88.

Berg, G., Grube, M., Schloter, M., Smalla, K., 2014. Unraveling the plant microbiome:
looking back and future perspectives. Front. Microbiol. 5, 148.

Bokulich, N.A., Thorngate, J.H., Richardson, P.M., Mills, D.A., 2014. Microbial bioge-
ography of wine grapes is conditioned by cultivar, vintage, and climate. Proc.
Natl. Acad. Sci. USA 111 (1), E139eE148.

Buyer, J., Zuberer, D., Nichols, K., Franzluebbers, A., 2011. Soil microbial community
function, structure, and glomalin in response to tall fescue endophyte infection.
Plant Soil 339, 401e412.

Cacciola, S., Faedda, O., Sinatra, R., Agosteo, F., Schena, G., Frisullo, L., di San, S.M.,
Lio, G., 2012. Olive anthracnose. J. Plant Pathol. 94, 29e44.

Carroll, G.C., 1988. Fungal endophytes in stems and leaves: from latent pathogen to
mutualistic symbiont. Ecology 692e699.

Clarke, K., Green, R., 1988. Statistical design and analysis for a biological effects
study. Mar. Ecol. Prog. Ser. 46, 213e226.

Clarke, K.R., Warwick, R.M., 2001. Changes in Marine Communities: an Approach to
Statistical Analysis and Interpretation, second ed.

Cohen, S.D., 2004. Endophytic-host selectivity of Discula umbrinella on Quercus
alba and Quercus rubra characterized by infection, pathogenicity and mycelial
compatibility. Eur. J. Plant Pathol. 110, 713e721.

Collado, J., Platas, G., Gonz�alez, I., Pel�aez, F., 1999. Geographical and seasonal in-
fluences on the distribution of fungal endophytes in Quercus ilex. New Phytol.
144, 525e532.

Colwell, R., 2013. EstimateS: Statistical Estimation of Species Richness and Shared
Species from Samples. Version 9 User’s Guide and Application Published at:
http://purl.oclc.org/estimates.

Christian, N.S., Whitaker, B.K., Clay, K., 2017. A novel framework for decoding fungal
endophyte diversity (Chapter 5). In: Dighton, John, White, James F. (Eds.), The
Fungal Community: its Organization and Role in the Ecosystem, fourth ed. CRC
Press Taylor & Francis Group.

Delaye, L., Garcia-Guzman, G., Heil, M., 2013. Endophytes versus biotrophic and
necrotrophic pathogens are fungal lifestyles evolutionarily stable traits? Fungal
Divers. 60, 125e135.

Deshpande, M.S., Rale, V.B., Lynch, J.M., 1992. Aureobasidium pullulans in applied
microbiology: a status report. Enzym. Microb. Technol. 14, 514e527.

Doyle, J., Doyle, J., 1987. A rapid DNA isolation procedure for small quantities of fresh
leaf tissue. Phytochem. Bull. 19, 11e15.

Fang, W., Yang, L., Zhu, X., Zeng, L., Li, X., 2013. Seasonal and habitat dependent
variations in culturable endophytes of Camellia sinensis. J. Plant Pathol.
Microbiol. 4, 169.

Fisher, R.A., Corbet, A.S., Williams, C.B., 1943. The relation between the number of
species and the number of individuals in a random sample of an animal pop-
ulation. J. Anim. Ecol. 12, 42e58.

Fisher, P.J., Petrini, O., Am�ezquita, M.M., 1992. Endophytic fungi from alpine and
mediterranean species of thymus. Nova Hedwigia 55, 473e477.

Gomes, S., Martins-Lopes, P., Lopes, L., Guedes-Pinto, H., 2009. Assessing genetic
diversity in Olea europaea L. using ISSR and SSR markers. Plant Mol. Biol. Rep.
123, 82e89.

Gomes, T., Pereira, J.A., Benhadi, J., Lino-Neto, T., Baptista, P., 2018. Endophytic and
epiphytic phyllosphere fungal communities are shaped by different environ-
mental factors in a mediterranean ecosystem. Microb. Ecol. 1161e1169.

Grabowski, M., 2007. The study of new fungus species causing apple sooty blotch.
Folia Hort. Ann. 19, 89e97.

Graniti, A., Frisullo, S., Pennisi, A., Magnano di San Lio, G., 1993. Infections of
Glomerella cingulata on olive in Italy. EPPO Bull. 23, 457e465.

Hartati, S., Wiyono, S., Hidayat, S.H., Sinaga, M.S., 2015. Mode of action of yeast-like
fungus Aureobasidium pullulans in controlling anthracnose of postharvest chili.
Int. J. Sci. Basic Appl. Res. (IJSBAR) 20, 253e263.

Hyde, K.D., Soytong, K., 2008. The fungal endophyte dilemma. Fungal Divers. 33,
163e173.

http://refhub.elsevier.com/S1878-6146(18)30368-4/sref1
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref1
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref1
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref2
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref2
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref2
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref3
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref3
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref3
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref4
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref4
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref4
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref5
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref5
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref5
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref5
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref5
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref6
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref6
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref6
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref6
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref7
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref7
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref7
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref7
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref7
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref8
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref8
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref8
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref8
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref9
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref9
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref0080
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref0080
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref0080
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref0080
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref10
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref10
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref10
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref10
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref11
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref11
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref11
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref12
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref12
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref12
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref14
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref14
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref14
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref15
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref15
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref16
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref16
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref16
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref16
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref17
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref17
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref17
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref17
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref17
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref17
http://purl.oclc.org/estimates
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref19
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref19
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref19
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref19
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref19
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref20
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref20
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref20
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref20
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref21
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref21
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref21
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref22
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref22
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref22
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref23
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref23
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref23
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref24
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref24
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref24
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref24
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref25
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref25
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref25
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref25
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref26
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref26
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref26
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref26
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref27
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref27
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref27
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref27
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref28
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref28
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref28
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref29
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref29
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref29
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref30
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref30
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref30
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref30
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref31
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref31
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref31


P. Materatski et al. / Fungal Biology 123 (2019) 66e7676
Islam, S.M.A., Math, R.K., Kim, J.M., Yun, M.G., Cho, J.J., Kim, E.J., Lee, Y.H., Yun, H.D.,
2010. Effect of plant age on endophytic bacterial diversity of balloon flower
(Platycodon grandiflorum) root and their antimicrobial activities. Curr. Micro-
biol. 61, 346e356.

Joshee, S., Paulus, B.C., Park, D., Johnston, P.R., 2009. Diversity and distribution of
fungal foliar endophytes in New Zealand Podocarpaceae. Mycol. Res. 113,
1003e1015.

Kharwar, R.N., Gond, S.K., Kumar, A., Mishra, A., 2010. A comparative study of
endophytic and epiphytic fungal association with leaf of Eucalyptus citriodora
Hook., and their antimicrobial activity. World J. Microbiol. Biotechnol. 26,
1941e1948.

Kumar, S., Stecher, G., Tamura, K., 2015. MEGA7: molecular evolutionary genetics
analysis version 7.0. Mol. Biol. Evol. 33, 1870e1874.

Kumaresan, V., Suryanarayanan, T.S., 2001. Occurrence and distribution of endo-
phytic fungi in a mangrove community. Mycol. Res. 105, 1388e1391.

Lagogianni, C.S., 2017. First report of Alternaria alternata as the causal agent of
Alternaria bud and blossom blight of olives. Plant Dis. 101, 2151.

Lindow, S.E., Brandl, M.T., 2003. Microbiology of the phyllosphere. Appl. Environ.
Microbiol. 69, 1875e1883.

Martins, F., Pereira, J.A., Bota, P., Bento, A., Baptista, P., 2016. Fungal endophyte
communities in above- and belowground olive tree organs and the effect of
season and geographic location on their structures. Fungal Ecol. 20,
193e201.

Martínez-�Alvarez, P., Alves-Santos, F.M., Diez, J.J., 2012. In vitro and in vivo in-
teractions between Trichoderma viride and Fusarium circinatum. Silva Fenn. 46,
303e316.

Mejía, L.C., Herre, E.A., Sparks, J.P., Winter, K., García, M.N., Van Bael, S.A., Stitt, J.,
Shi, Z., Zhang, Y., Guiltinan, M.J., Maximova, S.N., 2014. Pervasive effects of a
dominant foliar endophytic fungus on host genetic and phenotypic expression
in a tropical tree. Front. Microbiol. 5, 479.

Miller, J.D., Sumarah, M.W., Adams, G.W., 2008. Effect of a rugulosin-producing
endophyte in Picea glauca on Choristoneura fumiferana. J. Chem. Ecol. 34,
362e368.

Moral, J., Bouhmidi, K., Trapero, A., 2008. Influence of fruit maturity, cultivar sus-
ceptibility, and inoculation method on infection of olive fruit by Colletotrichum
acutatum. Plant Dis. 92, 1421e1426.

Moral, J., Oliveira, R., Trapero, A., 2009. Elucidation of the disease cycle of olive
anthracnose caused by Colletotrichum acutatum. Phytopathology 99, 548e556.

Moricca, S., Ginetti, B., Ragazzi, A., 2012. Species and organ specificity in endophytes
colonizing healthy and declining Mediterranean oaks. Phytopathol. Mediterr.
51, 587e598.

Moricca, S., Ragazzi, A., 2008. Fungal endophytes in mediterranean oak forests: a
lesson from discula quercina. Phytopathology 98, 380e386.

Mueller, G.M., Bills, G.F., Foster, M.S., 2004. Biodiversity of Fungi: Inventory and
Monitoring Methods. Elsevier Academic Press, Amsterdam.

Muzzalupo, I., Vendramin, G.G., Chiappetta, A., 2014. Genetic biodiversity of Italian
olives (Olea europaea) germplasm analyzed by SSR markers. Sci. World J. 12.

O'Donnell, K., Cigelnik, E., 1997. Two divergent intragenomic rDNA ITS2 types
within a monophyletic lineage of the fungus Fusarium are nonorthologous. Mol.
Phylogenet. Evol. 7, 103e116.

Oono, R., Lefevre, E., Simha, A., Lutzoni, F., 2015. A comparison of the community
diversity of foliar fungal endophytes between seedling and adult loblolly pines
(Pinus taeda). Fungal Biol. 119, 917e928.

Pancher, M., Ceol, M., Corneo, P., Longa, C., Yousaf, S., Pertot, I., Campisano, A., 2012.
Fungal endophytic communities in grapevines (Vitis vinifera L.) respond to crop
management. Appl. Environ. Microbiol. 78, 4308e4317.

Pielou, E.C., 1977. Mathematical Ecology. John Wiley and Sons, New York.
Pinruan, U., Rungjindamai, N., Choeyklin, R., Lumyong, S., Hyde, K., Jones, E., 2010.

Occurrence and diversity of basidiomycetous endophytes from the oil palm,
Elaeis guineensis in Thailand. Fungal Divers. 41, 71.

Rasche, F., Hodl, V., Poll, C., Kandeler, E., Gerzabek, M., Van Elsas, J., Sessitsch, A.,
2006. Rhizosphere bacteria affected by transgenic potatoes with antibacterial
activities compared with the effects of soil, wild-type potatoes, vegetation stage
and pathogen exposure. FEMS Microbiol.Ecol. 56, 219e235.

Rastogi, G., Sbodio, A., Tech, J.J., Suslow, T.V., Coaker, G.L., Leveau, J.H.J., 2012. Leaf
microbiota in an agroecosystem spatio temporal variation in bacterial com-
munity composition on field-grown lettuce. ISME J. 6, 1812e1822.

Rocha, A.C.S., Garcia, D., Uetanabaro, A.P.T., Carneiro, R.T.O., Araújo, I.S.,
Mattos, C.R.R., G�oes Neto, A., 2011. Foliar endophytic fungi from Hevea brasi-
liensis and their antagonism on Microcyclus ulei. Fungal Divers. 47, 75e84.

Rodriguez, R.J., White, J.F., Arnold, A.E., S, R.R., 2009. Fungal endophytes: diversity
and functional roles. New Phytol. 182, 314e330.

Rodriguez, R.J., Redman, R.S., 1997. Fungal life-styles and ecosystem dynamics:
biological aspects of plant pathogens, plant endophytes and saprophytes. Adv.
Bot. Res. 24, 170e193.

Saona, N., Albrectsen, B., Ericson, L., Bazely, D., 2010. Environmental stresses
mediate endophyte-grass interactions in a boreal archipelago. J. Ecol. 98,
470e479.

Schulz, B., Boyle, C., 2005. The endophytic continuum. Mycol. Res. 109, 661e686.
Schulz, B., Boyle, C., Draeger, S., Rommert, A.K., Krohn, K., 2002. Endophytic fungi: a

source of biologically active secondary metabolites. Mycol. Res. 106, 996e1004.
Selim, K.A., El-Beih, A.A., AbdEl-Rahman, T.M., El-Diwany, A.I., 2011. Biodiversity and

antimicrobial activity of endophytes associated with Egyptian medicinal plants.
Mycosphere 2, 669e678.

Shannon, C.E., Weaver, W.W., 1963. The Mathematical Theory of Communications.
University of Illinois Press, Urbana.

Sia, E.F., Marcon, J., Luvizotto, D.M., Quecine, M.C., Tsui, S., Pereira, J.O., Pizzirani-
Kleiner, A.A., Azevedo, J.L., 2013. Endophytic fungi from the Amazonian plant
Paullinia cupana and from Olea europaea isolated using cassava as an alter-
native starch media source. SpringerPlus 2, 579.

Simpson, E.H., 1949. Measurement of diversity. Nature 163, 688.
Talhinhas, P., Neves-Martins, J., Oliveira, H., Sreenivasaprasad, S., 2009. The

distinctive population structure of Colletotrichum species associated with olive
anthracnose in the Algarve region of Portugal reflects a hostepathogen di-
versity hot spot. FEMS Microbiol. Lett. 296, 31e38.

Talhinhas, P., Sreenivasaprasad, S., Neves-Martins, J., Oliveira, H., 2005. Molecular
and phenotypic analyses reveal the association of diverse Colletotrichum acu-
tatum groups and a low level of C. gloeosporioides with olive anthracnose. Appl.
Environ. Microbiol. 71, 2987e2998.

Tashiro, N., Noguchi, M., Ide, Y., Kuchiki, F., 2013. Sooty spot caused by Cladosporium
cladosporioides in postharvest Satsuma mandarin grown in heated green-
houses. J. Gen. Plant Pathol. 79, 158e161.

Turk, M., Cene Gostincar, C., 2018. Glycerol metabolism genes in Aureobasidium
pullulans and Aureobasidium subglaciale. Fungal Biol. 122, 63e73.

Vacher, C., Hampe, A., Port�e, A.J., Sauer, U., Compant, S., Morris, C.E., 2016. The
phyllosphere: microbial jungle at the plant-climate interface. Rev. Ecol. Evol.
Syst. 47, 1e24.

Varanda, C.M.R., Oliveira, M., Materatski, P., Landum, M., Clara, M.I.E., F�elix, M.R.,
2016. Fungal endophytic communities associated to phyllospheres of grapevine
cultivars under different types of management. Fungal Biol. 1e12.

Wachowska, U., Głowacka, K., 2014. Antagonistic interactions between Aureobasi-
dium pullulansand Fusarium culmorum, a fungal pathogen of winter wheat.
BioControl 59, 635e645.

Wang, N., Thomson, M., Bodles, W.J.A., Crawford, R.M.M., Hunt, H.V.,
Featherstone, A.W.E.A., 2013. Genome sequence of dwarf birch (Betula nana)
and cross-species RAD markers. Mol. Ecol. 22, 3098e3111.

White, T., Bruns, T., Lee, S., Taylor, J., 1990. Amplification and direct sequencing of
fungal ribosomal RNA genes for phylogenetics. In: Innis, M.A., D.H.G.,
Sninsky, J.J., White, T.J. (Eds.), PCR Protocols: A Guide to Methods and Appli-
cations. Academic Press, San Diego, CA, pp. 315e322.

Yousaf, S., Andria, V., Reichenauer, T., Smalla, K., Sessitsch, A., 2010. Phylogenetic
and functional diversity of alkane degrading bacteria associated with Italian
ryegrass (Lolium multiflorum) and Birdsfoot trefoil (Lotus corniculatus) in a
petroleum oil- contaminated environment. J. Hazard Mater. 184, 523e532.

http://refhub.elsevier.com/S1878-6146(18)30368-4/sref32
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref32
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref32
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref32
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref32
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref33
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref33
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref33
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref33
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref34
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref34
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref34
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref34
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref34
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref35
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref35
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref35
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref36
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref36
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref36
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref37
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref37
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref38
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref38
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref38
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref39
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref39
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref39
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref39
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref39
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref40
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref40
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref40
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref40
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref40
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref41
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref41
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref41
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref41
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref42
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref42
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref42
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref42
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref43
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref43
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref43
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref43
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref0085
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref0085
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref0085
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref44
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref44
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref44
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref44
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref45
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref45
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref45
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref46
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref46
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref47
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref47
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref48
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref48
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref48
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref48
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref49
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref49
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref49
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref49
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref50
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref50
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref50
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref50
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref51
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref52
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref52
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref52
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref53
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref53
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref53
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref53
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref53
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref54
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref54
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref54
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref54
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref55
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref55
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref55
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref55
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref55
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref56
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref56
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref56
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref57
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref57
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref57
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref57
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref59
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref59
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref59
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref59
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref61
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref61
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref62
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref62
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref62
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref63
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref63
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref63
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref63
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref64
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref64
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref65
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref65
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref65
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref65
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref66
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref67
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref67
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref67
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref67
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref67
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref67
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref68
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref68
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref68
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref68
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref68
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref69
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref69
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref69
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref69
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref70
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref70
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref70
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref71
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref71
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref71
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref71
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref71
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref72
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref72
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref72
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref72
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref72
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref73
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref73
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref73
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref73
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref74
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref74
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref74
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref74
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref0090
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref0090
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref0090
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref0090
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref0090
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref75
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref75
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref75
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref75
http://refhub.elsevier.com/S1878-6146(18)30368-4/sref75

	Spatial and temporal variation of fungal endophytic richness and diversity associated to the phyllosphere of olive cultivars
	1. Introduction
	2. Materials and methods
	2.1. Study area and sampling collection
	2.2. Endophytic community – fungal isolation and DNA extraction
	2.3. Endophytic community – identification
	2.4. Endophytic community – data analysis

	3. Results
	3.1. Endophytic community – isolation and identification
	3.2. Endophytic community – structural diversity
	3.3. Endophytic community – multivariate data analysis

	4. Discussion
	Acknowledgments
	References


