Microbiological Research 245 (2021) 126693

e 4

ELSEVIER

Contents lists available at ScienceDirect
Microbiological Research

journal homepage: www.elsevier.com/locate/micres

Microbiological
Research

[luminating Olea europaea L. endophyte fungal community

Daniela Costa 2, Telma Fernandes

Check for

updates

2, Fatima Martins ", José A. Pereira ", Rui M. Tavares®,
Pedro M. Santos ¢, Paula Baptista”, Teresa Lino-Neto **

2 BioSystems & Integrative Sciences Institute (BioISI), Plant Functional Biology Centre, University of Minho, Campus de Gualtar, 4710-057, Braga, Portugal
Y Centro de Investigagio de Montanha (CIMO), Instituto Politécnico de Braganca, Campus de Santa Apolénia, 5300-253, Braganca, Portugal
¢ Centre of Molecular and Environmental Biology (CBMA), University of Minho, Campus de Gualtar, 4710-057, Braga, Portugal

ARTICLE INFO ABSTRACT

Keywords:
Ecological function
Endophytes

Fungi
Metabarcoding
Olive cultivars
Phyllosphere

A wide array of fungal endophytes is known to inhabit plant tissues and were recently recognized as essential for
plant health. A better description of the scarcely known endophyte microbiota in olive tree phyllosphere is the
first step for elucidating the microbial interactions that lead to olive disease establishment. In this work, the
fungal endophytic community of the phyllosphere of different olive tree cultivars (Cobrangosa, Galega vulgar,
Madural, Picual, Verdeal Transmontana) is revealed by using a metabarcoding strategy targeting ITS1 barcode. A
total of 460 OTUs were obtained, increasing the broad view of fungal endophytes inhabiting the olive tree

phyllosphere, in particular yeast endophytes. New endophytes were persistently found in all cultivar tissues.
Different olive tree cultivars depicted distinct endophyte communities. Olive cultivars exhibited dissimilar
amounts of fungi with distinct ecological functions, which could explain at least in part their differential sus-
ceptibility/tolerance to olive diseases.

1. Introduction

Healthy plants are commonly colonized by mutualistic or commensal
microbes, as well as pathogens. Modifications or imbalances in this
functional core microbiota have been described to lead to plant disease
(Gomes et al., 2019; Bettenfeld et al., 2020). The specific microbial in-
teractions occurring in the surface (epiphytes) or within (endophytes)
plant organs are thus responsible, at least in part, for disease establish-
ment and progression. For example, differences in the physicochemical
structure of plant organs from distinct olive cultivars were recently
described to affect the resident microbial communities, which could
partially explain differential susceptibility of cultivars to disease (Gomes
et al.,, 2019; Fernandez-Gonzalez et al., 2020; Mina et al., 2020a).
Playing such an important role for plant health, more information about
microbial communities interacting with plants should be available, in
particular for those crops that are facing stresses that limit their pro-
duction, as occurring in olive trees.

Olive (Olea europaea L.) is one of the most important crop within the
Mediterranean region, due to its high economic value and health ben-
efits. There are more than 800 million olive trees worldwide, of which
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more than 90 % are grown for olive oil production and the remaining for
table olives (Uylaser and Yildiz, 2014). Currently, one of the major
problems faced by olive producers is the reduction of olive oil produc-
tion and damages in olive groves caused by pests and diseases (Delrio
and Lentini, 2017). Although effective, the use of conventional chemical
methods has been recognized as causing serious problems to our health
and environment (Pingali and Gerpacio, 1997; Aktar et al., 2009). Also,
currently no treatment is available to some olive diseases, such as olive
quick decline syndrome caused by Xylella fastidiosa (Cariddi et al., 2014;
Cardinale et al., 2018; Giampetruzzi et al., 2020). New environmentally
friendly alternatives include the use of endophytes as biological control
agents (BCA) for controlling plant pathogens (Backman and Sikora,
2008; Eljounaidi et al., 2016; Raymaekers et al., 2020). The microbial
communities that are naturally associated with plants have been
recognized for long as a source of promising biocontrol candidates that
could be used for improving plant health (Aranda et al., 2011; Gomes
etal., 2019; Anguita-Maeso et al., 2020). Such emerging tools have been
widely reported (de Silva et al., 2019; de Lamo and Takken, 2020), some
of them including olive tree endophytes (e.g. Preto et al., 2017; Nigro
et al.,, 2018; Azabou et al., 2020). To get further insights on plant
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interacting microbes and search for putative biocontrol agents, several
studies have recently focused on the microbiota associated to olive tree,
but most of them have been performed using culture-dependent ap-
proaches (de Freitas Sia et al., 2013; Pascazio et al., 2015; Martins et al.,
2016; Preto et al., 2017; Gomes et al., 2018; Materatski et al., 2019;
Mina et al., 2020Db). Far less studies using non-cultured approaches (such
as metabarcoding) were performed, but these were mainly concerned to
rhizosphere microbiota (Miiller et al., 2015; Fernandez-Gonzalez et al.,
2019, 2020). As far as we know, few studies have used high-throughput
methods for studying olive phyllosphere and carposphere communities.
Abdelfattah et al. (2015) reported the fungal diversity from olive leaves,
flowers, and fruits, but only used a single olive tree cultivar (cv. Otto-
bratica) and did not discriminate among endophytic and epiphytic
communities. Recently, the bacterial and fungal endophytic commu-
nities associated with X. fastidiosa-infected and -uninfected olive trees
from two different cultivars (Vergine et al., 2020), and from susceptible
and resistant olive cultivars to olive quick decline syndrome (Giampe-
truzzi et al., 2020) were studied using metabarcoding approaches. The
results emphasized the importance of getting a broader view of micro-
bial communities from different olive cultivars. In this work, we present
the fungal endophytic communities inhabiting the phyllosphere (leaves
and twigs) of different olive tree cultivars (Cobrancosa, Galega vulgar,
Madural, Picual and Verdeal Transmontana) by using a metabarcoding
approach.

With this study, we aim i) to get a deeper insight on microbial di-
versity of olive tree phyllosphere, ii) to decipher the effect of host ge-
notype (at cultivar level) and plant organs on the assembling of fungal
endophyte communities, iii) to suggest a core endophytic microbiota of
the phyllosphere of olive cultivars, and iv) to determine the ecological
function of endophytes from each cultivar.

2. Materials and methods
2.1. Sampling and DNA extraction

Olive trees (Olea europaea L.) from the cultivars Cobrancosa, Galega
vulgar, Madural, Picual and Verdeal Transmontana, presented in three to
five olive orchards in the Iberian Peninsula (Figure S1 and Table S1),
were used to collect the plant material. All these orchards encompass
olive trees with ages ranging from 30 to 40 years, planted at a density of
7 x 7 m, and have been managed by following the integrated production
guidelines (Malavolta and Perdikis, 2018). Some sampled orchards
contained up to three different cultivars (Cobran¢osa, Madural and Ver-
deal Transmontana in Braganca), but others only displayed a single
cultivar (Galega vulgar in Castelo Branco, Picual in Spain). Samples of
apparently healthy twigs and their adherent leaves were collected from
six to seven branches per tree, taking into consideration the four main
cardinal directions. Samples were collected in sterile plastic bags,
maintained at 4 °C and processed within two days. The surface sterili-
zation was performed by washing the plant material with deionized
water, followed by the sequential immersion in ethanol 70 % (v/v) for 2
min, bleach (3-5 % chlorine) for 3 min, and ethanol 70 % (v/v) for 1
min. Following 3 washes in sterile deionized water, the water excess was
removed, and plant samples were kept at —80 °C until DNA extraction.
After homogenizing the plant tissues with liquid nitrogen, the total DNA
extraction was performed with ZR Fungal/Bacterial DNA MiniPrep™ kit
(Zymo Research, USA), according to the manufacturer’s
recommendations.

2.2. Fungal ITS1 amplification and sequencing

To assess the extracted DNA integrity, the internal transcribed spacer 1
(ITS1) regions were amplified using the universal primers ITS1-F
(CTTGGTCATTTAGAGGAAGTAA, (Mitchell and Zuccaro, 2006) and
ITS2 (GCTGCGTTCTTCATCGATGC, (Mitchell and Zuccaro, 2006)). PCR
reaction mixture (25 pl) contained 1x reaction buffer, 100 uM of each
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dNTP (NZYTech, Portugal), 200 nM of each primer, 2 mM MgCl,, 0.05 U
Taq DNA Polymerase (Frilabo, Portugal) and 1 pl of DNA template (30
ng/pl). Amplifications were performed in a MJ Mini BioRad® thermocycler
using the following protocol: initial denaturation 4 min at 94 °C; 35 cycles
of 30 sat 94 °C, 30 s at 52 °C and 30 s at 72 °C; final elongation at 72 °C for
10 min. PCR products were run on a 1 % (w/v) agarose gel, stained with
Green Safe Premium (NZYTech, Portugal). The DNA concentration of those
samples that resulted in a successful amplification, were accurately quan-
tified by using a fluorescent DNA quantification assay with dsDNA BR
(Broad Range) Assay Kit (ThermoFisher Scientific, USA). DNA-specific
fluorescence was then detected with a Qubit 3.0 Fluorometer (Thermo-
Fisher Scientific, USA). Equimolar aliquots of 4-10 replicate tree samples
were then combined to get three to five biological replicates (orchards) per
organ and studied cultivar (except for cv. Galega vulgar twigs that
comprised only two samples). Fungal endophytic communities were
assessed by metabarcoding (lllumina MiSeq), through paired-end
sequencing (2 x 250 bp) for the ITS1 region using a sequencing service
provider (BaseClear, Netherlands). ITS1F and ITS2 primers with Illumina
Nextera adapters, barcode and linker (ITSIF AATGATACGGCGACCGA-
GATCTACACGGCTTGGTCATTTAGAGGAAGTAA; ITS2 CAAGCAGAA-
GACGGCATACGAGATTCCCTTGTCTCCCGGCTGCGTTCTTCATCGATGC
(Smith and Peay, 2014)) were used for sequencing with an amplicon size
around 320bp. Raw reads for each olive tree twig and leaf sample were
deposited in NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.
gov/sra) under BioProject number PRJINA588305.

2.3. Processing of sequencing data

FASTQ sequence files were generated using the Illumina Casava
pipeline version 1.8.3. Initial quality assessment was based on data
passing the Illumina Chastity filtering. Reads containing adapters and/or
PhiX control signals were removed using an in-house filtering protocol.
Read trimming based on quality scores was performed in Sickle (Joshi
and Fass, 2011) using the default parameters. Bayeshammer module
from SPAdes package (Nurk et al., 2013) was used to correct errors in
reads before merging. The merging of overlapping paired-end reads and
further quality filtering was performed using Usearch version 8.0.1623
(Edgar, 2010). Filtering based on sequence size was then applied with
fastg-mcf from ea-utils package (Aronesty, 2011). The micca version 1.7.0
software pipeline (Albanese et al., 2015) was performed i) to load the
datasets into a single FASTQ file, ii) to discard sequences with an ex-
pected error rate greater than 1 %, iii) to assign similar sequences
(threshold 97 %) to Operational Taxonomic Units (OTUs) and remove
chimeric sequences, and iv) to assign taxonomy to each sequence with a
reference database for fungi (UNITE database version 8.0, (Nilsson et al.,
2018). Sequences of unclassified OTUs were further searched using
NCBI-BLAST (Edgar, 2010) to understand their taxonomic classification.
OTUs that were not assigned to any taxonomic level (unclassified reads)
and with less than 5 sequences were not included in further analysis.
Since differences in sampling depth were detected and for mitigating
biases, all datasets were subsampled using QIIME 1.9.0 (Caporaso et al.,
2010) for an even number of sequences (1659 reads, found in a twigs
sample from cv. Verdeal Transmontana; Table S2). Subsampling led to
the exclusion of samples from cvs. Galega vulgar, Madural, Picual and
Verdeal Transmontana, which resulted in the use of only two samples
from certain cultivars.

2.4. Diversity and similarity analysis

The endophytic fungal diversity was evaluated by determining the
fungal richness (number of OTUs) and abundance (number of sequences
per OTU) among cultivars and organs. PAST3 (Hammer et al., 2001) was
used for estimating diversity indices [Simpson’s Index of Diversity (1-D)
and Shannon index (H’)], as well as for computing rarefaction curves
with individual-based rarefaction. Reads coverage for each sample was
determined using Good’s coverage estimator (Good, 1953). 1-D
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measures evenness of a community and represents the probability that
two individuals randomly selected from a sample will belong to different
species (Magurran, 1988; Hughes and Bohannan, 2004), while H’
measures diversity in a community by taking into account the number of
individuals as well as the number of taxa (Hughes and Bohannan, 2004;
Hill et al., 2003). Differences in the fungal endophytic composition and
diversity among cultivars and organs were compared by a one-way
ANOVA, followed by Tukey’s multiple comparison test, performed by
the analysis tools of GraphPad Prism 7.00 (GraphPad Software, La Jolla,
California, USA).

All subsequent analysis was performed using RStudio software and
considering the relative abundance of OTUs with more than 5 se-
quences. To compare the similarity of fungal community between cul-
tivars (Cobrangosa, Galega vulgar, Madural, Picual and Verdeal
Transmontana) and organs (twigs and leaves), a non-metric multidi-
mensional scaling (NMDS) was performed using square root trans-
formation of data for all olive tree replicates. NMDS was performed with
Bray-Curtis dissimilarity and Jaccard’s similarity coefficients using
vegdist() of the vegan package (Oksanen et al., 2019) to calculate indices
matrix and metaMDS() of the same package to obtain the ordination
graph. Kruskal’s stress was used as a measure of model’s goodness of fit
(stress values lower than 0.2 represents a good ordination and higher
than 0.3 indicates plots with poor representation; Kruskal and Wish,
1978). Analysis of similarity (ANOSIM) was performed with Bray-Curtis
coefficient using Community Package 5.0 (CAP 5.0, Henderson and
Seaby, 2014). ANOSIM allows to understand the significance (p < 0.05)
of similarity/dissimilarity of defined groups. Positive values (+1) in-
dicates that all the most similar samples are within the same group and
negative (-1) indicates that the most similar samples are all outside of
the groups. The similarity of Percentages (SIMPER) was also performed
using CAP 5.0 to understand which OTUs contributed the most to dis-
similarities in significantly different groups from ANOSIM. Multivariate
statistical tests of significance (PERMANOVA) were performed to un-
derstand which factors are more significant in shaping the community
structure. PERMANOVA was computed by adonis() function of vegan
package (Oksanen et al., 2019), taking into consideration p < 0.05 as
significant (Clarke, 1993). Core endophyte communities were defined
by the prevalent OTUs (present in all samples) of each cultivar or organ.
Determination of indicator species (or OTUs) of different groups was
performed using indval() function in the package labdsv of RStudio. The
association of OTUs to specific cultivars/organs was measured by IndVal
index (from O to 1), in which IndVal > 0.5 represents the most constant
and specific species (Dufrene and Legendre, 1997).

The functional group of each OTU was assigned using FUNGuild
(Nguyen et al., 2016). Corrections using literature search were per-
formed when necessary. Beneficial species include those promoting
plant growth or conferring tolerance to stress, while pathogens include
described pathogenic or opportunistic species to any plant host. Sym-
bionts include commensal or mutualist species, while saprobe corre-
sponds to species found in dead or decaying organic matter.

3. Results and discussion

This study presents the fungal endophytic community in the phyl-
losphere (twigs and leaves) of different olive tree cultivars (Cobrangosa,
Galega vulgar, Madural, Picual, Verdeal Transmontana), using the paired-
end Illumina MiSeq platform targeting the ITS1 region. A set of
4,323,154paired-end Illumina MiSeq ITS1 raw reads was generated from
36 orchard samples from five cultivars (Table S2), ranging from 61,513
to 274,045 raw reads per sample. From all high-quality sequences
(2,847,567), obtained after exclusion of singletons and chimeric se-
quences, almost 72 % of total reads were identified as non-fungal OTUs/
unclassified. These reads clustered into 588 OTUs with 280 OTUs
comprising more than 5 reads. From those with more than 5 reads, a
large number corresponded to plant (81 OTUs, 95 % of total reads) or
insect (10 OTUs, 3 % of total reads) OTUs, while the remaining 189 (1.7
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% of total reads) retrieved similarity with unclassified fungal taxa, ac-
cording to NCBI-BLAST. After subsampling, classified sequences (with
an amplicon average of 320 bp) were assigned into 460 fungal OTUs
(Table S3). Good’s coverage was higher than 0.98 to all samples. In the
end, a total of 460 OTUs were included in 3 phyla, 20 classes, 50 orders,
105 families, 137 genera and 54 species with more than 97 % of identity
(Tables S3 and S4). The high number of unclassified OTUs (280) and
unidentified families (39 % of all assigned OTUs) agrees with the huge
olive tree-associated fungal diversity yet to be discovered, as previously
suggested for the fungal rhizosphere communities of some olive culti-
vars (Fernandez-Gonzalez et al., 2019).

3.1. Discrimination of fungal endophytic communities

The fungal community diversity among cultivars/organs was
compared by computing rarefaction curves and determining the richness
(S) and diversity indices [Simpson’s (1-D) and Shannon’s (H’)]. Rare-
faction curves suggested that samples were well represented and could
give information about fungal communities, although some rarefaction
curves (mainly from twig communities) did not reach an asymptote,
suggesting that more OTUs could have been detected (Figure S2). The
comparison among olive tree cultivars revealed that Galega vulgar had
the highest richness (S) and diversity (1-D and H’) in both organs,
although only statistically significant for richness when comparing to
Cobrangosa, Picual and Verdeal Transmontana (Table 1). Indeed, lowest
richness and diversity were observed on both Picual organs, when
compared with all other cultivars. Previous studies also reported a
higher endophytic richness in cv. Galega vulgar leaves, when compared
to cv. Cobrangosa (Materatski et al., 2019), suggesting conditions in the
former cultivar for shaping a more diverse fungal endophyte commu-
nity. The diversity results also revealed that twig communities always
presented a higher number of detected taxa (S) in relation to leaf com-
munities, as previously reported when using culture-dependent methods
targeting olive tree microbiome (Gomes et al., 2018). In any case, sta-
tistically significant differences in diversity indexes (1-D and H’) among
twig and leaf communities were not detected (p > 0.05), suggesting a
relative evenness of their community abundances. Cluster analyses
(two-dimensional NMDS) of fungal endophytic communities, based on
Bray-Curtis and Jaccard’s similarity measures, resulted in a good rep-
resentation of olive tree endophyte communities (Kruskal stress <0.2)
(Fig. 1). In both, Picual samples (leaves and twigs) clustered together,
revealing the factor ‘cultivar’ as an important aspect for discriminating
endophyte communities. Also, ‘sampling site’ may have an influence on
fungal assemblages, as cultivars sampled in the same location (Cobran-
cosa, Madural and Verdeal Transmontana) were not discriminated.
Indeed, olive ‘cultivar’ factor was able to explain the dissimilarity in
fungal community (ANOSIM, R = 0.33, p < 0.001; Table S5), as well as
‘organ’ (ANOSIM, R = 0.32, p < 0.001). Although less significant,
‘sampling site’ (ANOSIM, R = 0.47, p < 0.05) and ‘sampling date’
(ANOSIM, R = 0.43, p < 0.05) also explained the variation among
samples. Among cultivars, fungal assembling on cv. Picual was signifi-
cantly distinctive from all other cultivars [cv. Galega vulgar (ANOSIM, R
= 0.89, p < 0.01), cv. Verdeal Transmontana (ANOSIM, R = 0.63, p <
0.001), cv. Madural (ANOSIM, R = 0.68, p < 0.001) and cv. Cobrangosa
(ANOSIM, R = 0.52, p < 0.001). Although less significant, the same
pattern was observed for fungal assemblages of cv. Galega vulgar. The
fungal endophyte communities present in leaves were quite homoge-
neous among cultivars (ANOSIM, R = 0.21, p < 0.05), even when they
were collected from farther sites, displaying different edaphoclimatic
conditions (Table S5). On the other hand, twig communities displayed
higher dissimilarity (ANOSIM, R = 0.50, p = 0.001). Indeed, cv. Picual
presented a significantly distinct fungal assembling from cvs. Cobrangosa
(ANOSIM, R = 0.74, p < 0.01), Madural (ANOSIM, R = 0.89, p < 0.05)
and cv. Galega vulgar (ANOSIM, R = 0.95, p < 0.05) in twigs community.
These results suggest the presence of particular factors shaping the
endophyte communities in cv. Picual. Being collected from the most
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Table 1
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Number of fungal taxa (S) and estimated alpha diversity indexes [Simpson’s Index of Diversity (1-D) and Shannon index (H")] in the phyllosphere of olive tree cultivars,
considering subsampled dataset. Results are represented by the mean value + SD. Different superscript letters denote statistically significant differences at p < 0.05,
where lower case letters refer to differences between organs (a-b) in each cultivar and capital letters refer to differences among cultivars (a-b), for each analysis.

Significant differences are highlighted in bold.

S 1-D H
Cultivar
Twig Leaf TOTAL Twig Leaf TOTAL Twig Leaf TOTAL
Cobrangosa 45.40 + 17.8°®  24.67 + 7.0 37.63 +17.6°  0.64+0.3** 057 +03* 062+03* 1.81+0.8" 1.42+08% 1.66+0.7"
Galega vulgar 95.00 + 9.9%* 54.00 + 4.2%4 74.50 + 24.5*  0.85+0.1** 0.84+0.2* 0.84+01* 281+0.3" 269+09* 275+05"
Madural 55.33 + 18.0*"  50.00 + 42.4**  53.20 + 24.9"® 079 + 0.1**  0.47 £ 0.5**  0.66 + 0.3 234 +£0.3** 149 +1.6" 200+ 0.9*
Picual 33.00 + 6.0°8 24.50 + 0.7% 29.71 + 7.5° 0.57 £0.3**  0.58+0.1°* 057 +0.2% 1.48+0.8" 1.30+02% 1.43+0.6"
Verdeal Transmontana ~ 48.00 + 18.7°®  30.50 + 3.5 41.00 + 16.4®  0.81 +0.1** 0.82+ 0.0 0.81 +0.1* 232404 214401 225+0.3"
TOTAL 49.56 + 22.42 35.09 + 19.6% 0.70 £0.2°  0.65+0.3" - 2.00 £ 0.7° 1.77 £ 0.9°
A
0.
0.4
A
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Fig. 1. Non-metric multidimensional scale (NMDS) plots for cluster analyses of the fungal endophyte community grouped by olive tree cultivars (Cobran¢osa, Galega
vulgar, Madural, Picual and Verdeal Transmontana) and their respective organs (Twigs and Leaves) using the Bray-Curtis coefficient (A) and Jaccard’s index (B). Fungal
communities of different olive tree cultivars/organs are represented by different colors/shapes.

distant sampling site, the microclimate could be an important driving
force for structuring the endophytic fungal communities present in cv.
Picual, as already reported for the olive tree phyllosphere using
culture-dependent methods (Gomes et al., 2018). Indeed, from all the
collection sites used in this study, Jaén (the sampling site of cv. Picual)
was further apart and presented slightly higher average temperatures (in
the year before collection) and lower average precipitation than the
sampling sites of cvs. Cobrangosa, Madural and Verdeal Transmontana
that share the same edaphoclimatic conditions. Furthermore, the fungal
communities inhabiting leaves and twigs were quite heterogeneous
mainly considering distinct cultivars (Table S5). Although cultivar and
organ were more significant in shaping fungal communities, this also
agrees with importance of ‘sampling site’ factor.

The whole fungal communities differed significantly among cultivars

(PERMANOVA, R? = 0.297, p = 0.001), which explained about 30 % of
the variation among fungal communities (Table S6). The organ (twigs or
leaves) also contributed for fungal distribution (PERMANOVA, R? =
0.095, p = 0.001), but explaining only 10 % of community variance.
Although less significant, sampling site contributed to 12 % of com-
munity variance (PERMANOVA, R?= 0.119, p = 0.01). No contribution
of sampling date was detected. Many biotic and abiotic factors are
currently known to shape the microbiota of phyllosphere, including
environmental variables, season, soil management systems, host geno-
type (cultivar), and geographical location (Copeland et al., 2015; Har-
doim et al.,, 2015; Compant et al., 2019). Regarding olive tree
microbiota, Martins et al. (2016) suggested that differences in fungal
endophyte community were explained by organ type (root, twig and
leaf), sampling site, and season, although they have used a reduced
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number of phyllosphere isolates (44). In a more extensive study (using
125 isolated fungal OTUs), the major drivers shaping the endophytic
composition were also found to be the plant organ and climatic factors,
such as rainfall and temperature (Gomes et al., 2018). In the present
work, where five different cultivars were studied, the factor that
contributed the most to fungal variation was ‘cultivar’ rather than ‘plant
organ’ or ‘sampling site’. This result agrees with the assumption that
cultivar specific traits, such as chemical composition and physical fea-
tures, are responsible for shaping the phyllosphere communities, in
particular endophyte communities (Mina et al., 2020b). Furthermore,
‘cultivar’ was also reported to be the main factor to structure the
endophyte bacterial and fungal communities residing in belowground
tissues of 36 olive cultivars from the World Olive Germplasm Collection,
instead of geographical origin (Fernandez-Gonzadlez et al., 2019).

3.2. Composition of fungal endophytic communities among olive cultivars

Ascomycota and Basidiomycota OTUs were the richest phyla in the
whole fungal community (78 % and 15 %, respectively), followed by
Mucoromycota phylum (0.22 %) (Figure S3A). This trend was also
observed for the abundance of each phylum (Ascomycota: 92 %; Basi-
diomycota: 4.5 %; Mucoromycota: 0.02 %; Figure S3B). Among the
Ascomycota, Dothideomycetes (40 %) and Sordariomycetes (12 %) were
the richest classes. However, while Dothideomycetes still presented the
highest abundance (76 %), being followed by Leotiomycetes (7 %),
Sordariomycetes displayed a reduced number of reads (1 %). The pre-
dominance of Ascomycota members within olive tissues has already
been reported. The high abundance of Dothideomycetes and Sordar-
iomycetes classes was previously described in the olive phyllosphere,
carposphere, and rhizosphere, using metabarcoding approaches
(Abdelfattah et al.,, 2015; Fernandez-Gonzalez et al., 2019). Also,
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Leotiomycetes were described in the olive phyllosphere using
culture-dependent methods (Materatski et al., 2019). From the top 25
most abundant families, about one third have never been described as
olive tree endophytes in previous studies, using either culture-based
and/or metagenomics approaches, such as Phaeosphaeriaceae (Para-
stagonospora avenae), Sporidiobolaceae (Rhodotorula sp.) and Phaffo-
mycetaceae (Wickerhamomyces anomalus), many corresponding to yeast
fungi. At species level, from the 20 most abundant OTUs, only 5 spe-
cies/genera had been previously described as olive tree endophytes,
including Neofabraea vagabunda, Pseudocercospora, Aureobasidium, Cla-
dosporium, and Alternaria alternata (Abdelfattah et al., 2015; Martins
et al., 2016; Preto et al., 2017; Gomes et al., 2018; Materatski et al.,
2019; Giampetruzzi et al., 2020; Vergine et al., 2020). In addition, the
identified Foliophoma fallens and Mycena OTUs belong to previously
detected families (Coniothyriaceae and Tricholomataceae, respectively;
Gomes et al., 2018). More than 50 % of the total abundance comprised
only five fungal species. From Dothideomycetes, Parastagonospora ave-
nae, a plant pathogen associated with leaf spots and stem canker in ce-
reals (Quaedvlieg et al., 2013), comprised 19 % of identified reads,
followed by a Pleosporales member (14 %), a Pseudocercospora sp. (12
%) and Foliophoma fallens (8 %). This later species has been associated
with leaf spots in olive trees (Crous and Groenewald, 2017), also dis-
playing antifungal activity (Crespo et al., 2020). The Leotiomycetes se-
quences were almost exclusively from the causal agent of olive leprosy,
Neofabraea vagabunda (12 %).

Different fungal endophyte profiles were found for each olive
cultivar (Fig. 2). Ascomycota was always the richest and most abundant
phylum, followed by Basidiomycota. As detected for the entire endo-
phytic community, the Dothideomycetes class was the richest and most
abundant in all cultivars, being the Pleosporales order (comprising
Parastagonospora and Foliophoma genera) the richest in all olive cultivars

B Chaetothyriales .
Eurotiomycetes
B Eurotiales
B Capnodiales
Bl Dothideales
B Myriangiales Dothideomycetes
Bl Pleosporales g
Venturiales g
Helotiales | Leotiomycetes %
B Pezizales | Pezizomycetes
I Saccharomycetales | Saccharomycetes
Bl Diaporthales
Hypocreales Sordariomycetes
Bl Xylariales -
Bl Agaricales | Agaricomycetes g
Bl Sporidiobolales |Microb0try0mycetes g
Tremellales | Tremellomycetes E
Bl Other order below 1.5%
Bl Unknown order

0 20 40 60 80
Abundance (%)

Fig. 2. Endophytic community structure of fungal orders in different olive tree cultivars and organs represented by richness (A) and abundance (B). Other orders
comprise data with less than 1.5 % of abundance/richness. Results for each cultivar are presented as the sum of organs for that cultivar, while for olive organ is the

sum of all cultivars for each organ.
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(ranging from 33 % to 15 %), followed by Capnodiales order (9 % to 4 %,
mainly Pseudocercospora and Cladosporium genera). A different relative
abundance profile for each cultivar was already reported for the phyl-
losphere fungal communities detected by cultural methods in different
olive cultivars (Cobrangosa vs. Galega vulgar vs. Azeiteira, (Materatski
et al., 2019); Cobrangosa vs. Verdeal Transmontana vs. Madural, Gomes
et al., 2019), as well as for the root endosphere of 36 different cultivars
from the World Olive Germoplasm Collection (Fernandez-Gonzalez
et al., 2019). In the present work, while the most distinct community
(cv. Picual) presented 78 % of detected sequences belonging to Pleo-
sporales, cv. Galega vulgar only presented 14 % (comprising different
Pleosporales spp.), but a higher relative abundance of Myriangiales (14
%) and Agaricales (12 %). In any case, Pleosporales was one of the most
abundant orders in all cultivars and Pleosporales OTUs (Para-
stagonospora avenae 7 and Foliophoma fallens) helped to explain the
dissimilarity of cv. Picual to cvs. Cobrangosa and Galega vulgar (SIMPER
results, Table S7). Also, Leotiomycetes (Dermateaceae family) only
revealed a high abundance in some cultivars (mostly in cvs. Cobranc¢osa
and Madural), which were all sampled in the same geographic location.
Indeed, a Dermateaceae OTU (Neofabraea vagabunda) contributed for
discriminating these cultivars from the others, explaining 2.8-5.1 % of
their dissimilarity (Table S7). Nearby olive tree orchards have been also
described to display similar fungal endophytic communities (Martins
et al., 2016).

Specific orders presented higher relative abundance in particular
cultivars (Fig. 2). For example, Saccharomycetales were highly abun-
dant in cv. Cobrang¢osa (9 %, mainly from Candida, Torulaspora, and
Issatchenkia genera) and Helotiales in cv. Madural (15 %, mainly Neo-
fabraea vagabunda). A Basidiomycota order (Agaricales; 12 %, mainly
Mycena) was also highly abundant in cv. Galega vulgar. The best indi-
cator taxa (IndVal > 0.6; Table S4) were Candida sp. 2 and Rhodotorula
sp. for cv. Cobrangosa; Cladosporium sp. 2, Preussia sp. 5, Mycena sp. 1, as
other unclassified OTUs for cv. Galega vulgar; Taphrina sp. for cv.
Madural; Parastagonospora avenae 36 and Foliophoma fallens for cv. Pic-
ual. Indicator species to cv. Verdeal Transmontana were not identified to
lower taxonomic classification than order (unknown Chaetothyriales 2).

All these results suggest a cultivar-specific fungal community, which
is further noticed after analyzing the number of shared and exclusive
OTUs (Fig. 3A). The cv. Galega vulgar had the highest number of
exclusive OTUs (113), followed by cvs. Cobrangosa (65), Madural (53),
Picual (41) and Verdeal Transmontana (40). Only 21 OTUs were shared

A Cobrancgosa

Verdeal
transmontana

Picual

Galega

Madural
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among all cultivars (Table 2 and Table S4). This core olive community
was mostly from Pleosporales order (7 OTUs) and Capnodiales order (2
OTUs) and included the previously reported olive endophytes Pseudo-
cercospora, Aureobasidium and Cladosporium (Table S4). Indeed, these
genera seem to be ubiquitous in olive tree, as they were identified in
several other studies including other olive cultivars (Abdelfattah et al.,
2015; Preto et al., 2017; Gomes et al., 2018; Materatski et al., 2019;
Giampetruzzi et al., 2020; Vergine et al., 2020).

3.3. Composition of fungal endophytic communities associated with olive
twigs and leaves

Among olive tree organs, the richness of fungal orders was very
similar, also presenting Pleosporales, Chaetothyriales and Capnodiales
as the richest orders (24 %-25 %, 6 %-8 % and 6 %—6 % in twigs-leaves,
respectively). However, twigs presented a higher relative abundance in
Pleosporales (52 %, compared with 36 % detected in leaves, including
Parastagonospora avenae and Foliophoma fallens genera), followed by
Helotiales (11 % compared with 0.5 % in leaves). Indeed, Pseudocerco-
spora sp. and Parastagonospora avenae 7 OTUs explained 12.8 % of the
dissimilarity found between organs (SIMPER, Table S7). In contrast,
leaves revealed a higher relative abundance in Pleosporales (36 %),
Capnodiales (31 %, mainly Pseudocercospora), Saccharomycetales (4 %,
mostly from Candida, Torulaspora, Issatchenkia and Rhodotorula genera)
compared with twigs (1.3 %). Interestingly, these highly abundant leaf
endophytes revealed to be rather specific for each cultivar. Yeasts
(Candida, Torulaspora, Issatchenkia, and Rhodotorula) were particularly
found in cv. Cobrangosa. These results agree with IndVal analyses that
revealed that Candida sp. 2 and Rhodotorula sp. were good indicator taxa
for cv. Cobrangosa (IndVal of 0.500 (p=0.025) and 0.478 (p=0.023),
respectively; Table S4).

Due to the higher richness found in twigs, a higher number of
exclusive OTUs was observed in this organ (237, in comparison with the
90 exclusively found in leaves, Fig. 3B). From these, only 9 OTUs were
found in all cultivar leaves and 16 in all cultivar twigs (Figure S4). Only
6 OTUs were found in both organs in all cultivars, including Cladospo-
rium sp. 1, Aureobasidium sp., Alternaria alternata, unknown Dothidea-
ceae, unknown Pleosporales 1, and unknown Pleosporales 11 (Table 2
and Table S4). Furthermore, from the detected olive core community
(comprising the 21 OTUs), Parastagonospora avenae 7 and unknown
Pleosporales 1 were found with high abundance in the twigs of all

B

Twigs Leaves

| I

Twigs Leaves

Fig. 3. Venn diagrams of shared and exclusive fungal OTUs of olive tree cultivars (A), organs (B) and core microbiome (C). The 460 OTUs were classified with
identity higher than 97 %. Results for each cultivar are presented as the sum of organs for that cultivar, while for olive organ is the sum of all cultivars for each organ.
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Table 2
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Differential abundance of core fungal endophytes in different olive cultivars and organs (twigs and leaves). Core endophytes were determined considering OTUs that
were present in all cultivars. Those OTUs present in all cultivars and organs (twigs and leaves) are depicted in bold.

Twigs

Leaves

Taxonomy
Cobr Gal Mad

Pic Verd Cobr Gal Mad Pic Verd

Ascomycota
Dothideomycetes

Cladosporiaceae
Cladosporium sp. 1 i *
Mycosphaerellaceae
Pseudocercospora sp. o
Aureobasidiaceae
Aureobasidium sp. ol
Dothideaceae
Unknown Dothideaceae il i ok
Coniothyriaceae
Foliophoma fallens * o
Cucurbitariaceae
Unknown Cucurbitariaceae * i
Didymosphaeriaceae
Paraconiothyrium sp. * *
Phaeosphaeriaceae
Parastagonospora avenae 7 el *
Pleosporaceae
Alternaria alternata * * *
Unknown Pleosporales 1 ek o el
Unknown Pleosporales 11 * *
Unknown Myriangiales 1 i sk b
Unknown Dothideomycetes 2 o * *
Eurotiomycetes
Herpotrichiellaceae
Capronia sp. 1 * *
Lecanoromycetes
Stictidaceae
Schizoxylon albescens *
Saccharomycetes
Saccharomycetaceae
Saccharomyces sp. *
Unknown Ascomycota 1 o *
Basidiomycota
Malasseziomycetes
Unknown Malasseziales 1 *
Tremellomycetes
Bulleribasidiaceae
Vishniacozyma sp. 2 * * *
Unknown Fungi
Unknown Fungi 16 * *
Unknown Fungi 19 * o i

ok Kk ke sk * Fdedk

* sk * 3k 3k *

ok * *

* ok *

*Represents more than 5, ** more than 50, *** more than 500 and **** more than 1500 sequences.

cultivars. Analysis of indicator species revealed that the indicator OTUs
of twigs included some unclassified OTUs from Dothideomycetes, Neo-
fabraea vagabunda (IndVal = 0.568, p = 0.03), Comoclathris spartii
(IndVal = 0.527, p = 0.02), while Pseudocercospora sp. (IndVal = 0.809, p
= 0.001) was an indicator OTU for leaves. Also, the divergence of the
fungal community found in the twigs of cv. Picual (from the twigs
communities of cvs. Cobrangosa, Galega vulgar and Madural) was
explained by several OTUs, including Parastagonospora avenae 7 and
unknown Pleosporales 1, which explained 7.9 % and 5.7 % of their
divergence, respectively, as detected by SIMPER analysis (Table S7).
Furthermore, Neofabraea vagabunda was found in higher abundance in
the cultivars collected in Braganca (Cobranc¢osa, Madural and Verdeal
Transmontana). Indeed, Gomes et al. (2019) found the genus Neofabraea
in the same cultivars by culture-dependent methods, although this genus
was not the most abundant.

3.4. The functional role of endophytic fungal community

The olive tree is continuously challenged by diverse fungal patho-
gens that could compromise olive crop production. From the fungal
species known as olive tree pathogens (Chliyeh et al., 2014), Verticillium
dahliae, Venturia oleaginea, and Colletotrichum spp. are real threats to

olive cultivation, as they are responsible for diseases like verticillium
wilt, peacock spot and anthracnose, respectively. Except for Colleto-
trichum (only present in cv. Galega vulgar) we have not detected the other
referred pathogens. However, from the most abundant OTUs, the
pathogen Neofabraea vagabunda, known to cause olive leprosy or lepra
fruit rot, branch cankers and dieback of twigs on olive tree (Romero
etal., 2017) was detected in all cultivars (except on cv. Picual). Although
in this work this pathogen was not detected in cv. Picual, this olive
cultivar was the first to reveal symptoms of this disease in the Medi-
terranean Basin (Romero et al., 2015). The cv. Picual also presented a
reduced abundance of Pseudocercospora sp., in contrast to the high
abundance found in all other olive cultivars. P. cladosporioides have been
recognized as the causal agent of a serious defoliating disease of olives,
known as cercospora leaf spot (Avila et al., 2005). As the sampled olive
trees were apparently healthy, these results suggest that the presence of
pathogens was not directly related to olive disease symptoms and other
factors are needed for disease establishment.

When evaluating the ecological functions of detected fungal endo-
phytes in studied olive cultivars, a different abundance profile was
found for each olive cultivar (Fig. 4). Although cvs. Madural, Picual and
Verdeal Transmontana revealed a high abundance of pathogen-
associated OTUs, which included taxa with olive and non-olive disease
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Fig. 4. Relative abundance of functional groups of fungal endophytes identified in olive tree cultivars. Results for each cultivar are presented as the sum of organs for

that cultivar.

reports, cv. Cobrangosa and particularly cv. Galega vulgar presented a
high rate of beneficial taxa. Such differences could, at least in part, in-
fluence their tolerance or susceptibility to certain diseases. Accordingly,
cv. Picual has been described as susceptible to Verticillium wilt, while
cv. Cobrangosa is described as tolerant (Lopez-Escudero et al., 2004).
However, despite the opposing ecological profile depicted by endo-
phytes on cvs. Galega vulgar and Madural, they have been both described
as susceptible to anthracnose (Gomes et al., 2009; Torres, 2007), while
Cobrangosa, Picual and Verdeal Transmontana are referred as tolerant
(Gomes et al., 2009; Moral and Trapero, 2009; Preto et al., 2017).
Accordingly, cv. Cobrangosa revealed a high relative abundance of
native yeasts (mainly Rhodotorula, Candida, Aureobasidium, Torulaspora,
Issatchenkia, and Saccharomyces OTUs), some of which have already
revealed a potential antifungal activity against the causal agent of
anthracnose (namely, Candida spp., Pesce et al., 2018; Saccharomyces
sp., Lopes et al., 2015 and Aureobasidium sp., Nigro et al., 2018). How-
ever, the colonization of plant tissues/organs by a single microorganism
(pathogen or beneficial) does not render higher or reduced susceptibility
of a plant to a certain disease. Recent reports suggest that the estab-
lishment and progression of plant diseases is determined by the wide
diversity of microbial taxa inhabiting plant tissues (either pathogenic,
beneficial or neutral) as well as by the interactions among them and
plant host (Bettenfeld et al., 2020). The contribution of olive genotype
(at cultivar level) for the assembling of olive-associated microbiota was
recently described to be related to increased or reduced susceptibility to
olive diseases (Gomes et al., 2019; Giampetruzzi et al., 2020; Mina et al.,
2020b; Vergine et al., 2020). Accordingly, modifications in the micro-
bial networks in the presence of a pathogen have been associated with
higher susceptibility/tolerance to olive diseases, such as verticillium
wilt (Fernandez-Gonzalez et al., 2020), anthracnose (Preto et al., 2017),
olive quick decline syndrome (Vergine et al., 2020) or olive knot caused
by Pseudomomas savastanoi pv. savastanoi (Gomes et al., 2019; Mina
et al., 2020a).

4. Conclusions

The description of whole microbiota in different olive cultivars can
open new opportunities for understanding the microbial interactions
that lead to olive disease establishment/progression. In this work, the
fungal endophytes inhabiting the phyllosphere (leaf and twigs) of
different olive cultivars were revealed. Besides the already described
common endophytes present in these tissues, as detected by culture
dependent approaches, a deeper insight was made by using a meta-
barcoding approach. Using this methodology, a still hardly studied
fungal community, such as yeasts, was uncovered. However, there is still

a large amount of fungal diversity to be discovered, due to the large
amount of unclassified OTUs detected. Previous identified olive endo-
phytes were likewise recognized in this work as components of the core
olive tree microbiota, including Pseudocercospora sp., Aureobasidium sp.,
Cladosporium sp., and Alternaria alternata, but others were similarly
recognized in all cultivars (for example, Parastagonospora avenae,
Foliophoma fallens, as well as Vishniacozyma sp. and Saccharomyces sp.
yeasts, among others).

Different endophyte communities were detected in distinct olive
cultivars, in agreement with the already reported role of genotype (at
cultivar level) on the assembling of microbial communities. The cv.
Galega vulgar exhibited the most diverse fungal community, contrasting
with cv. Picual, which depicted the most divergent endophyte commu-
nity from the other cultivars. However, a different trend was observed
for each olive organ. While leaf communities of different cultivars were
highly homogenous, twig endophyte communities were more divergent
among distinct cultivars. This result could be related with the physical
features of twigs that are more prone to retain microbial communities
than leaves, whose fungal communities are more exposed to environ-
mental conditions. The particular fungal composition exhibited by each
olive cultivar could play a role on the facilitation of specific disease
progression. For example, cv. Cobrangosa was singled out by displaying a
highly abundant yeast community (mainly on leaves), some members of
which have already been recognized as biocontrol agents against
anthracnose. Different cultivars also exhibited dissimilar amounts of
fungi with distinct ecological functions, which could explain their dif-
ferential susceptibilities/tolerances to olive diseases.
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