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Abstract

Background Endophytes mediate the interactions between plants and other microorganisms, and the functional
aspects of interactions between endophytes and their host that support plant-growth promotion and tolerance
to stresses signify the ecological relevance of the endosphere microbiome. In this work, we studied the bacterial
and fungal endophytic communities of olive tree (Olea europaea L.) asymptomatic or low symptomatic genotypes
sampled in groves heavily compromised by Xylella fastidiosa subsp. pauca, aiming to characterize microbiota in
genotypes displaying differential response to the pathogen.

Results The relationships between bacterial and fungal genera were analyzed both separately and together, in
order to investigate the intricate correlations between the identified Operational Taxonomic Units (OTUs). Results
suggested a dominant role of the fungal endophytic community compared to the bacterial one, and highlighted
specific microbial taxa only associated with asymptomatic or low symptomatic genotypes. In addition, they indicated
the occurrence of well-adapted genetic resources surviving after years of pathogen pressure in association with
microorganisms such as Burkholderia, Quambalaria, Phaffia and Rhodotorula.

Conclusions This is the first study to overview endophytic communities associated with several putatively resistant
olive genotypes in areas under high X. fastidiosa inoculum pressure. Identifying these negatively correlated genera
can offer valuable insights into the potential antagonistic microbial resources and their possible development as
biocontrol agents.

Keywords Ecological function, Metabarcoding, Olive cultivars, Phaffia, Rhodotorula

*Correspondence:

Federico Vita

federico.vita@uniba.it

'Department of Biological and Environmental Sciences and Technologies,
University of Salento, Lecce, Italy

“Department of Biology, University of Bari"Aldo Moro’, Bari, Italy
3Department of Agricultural and Environmental Sciences, Production,
Landscape, Agroenergy, University of Milan, Milano, Italy

“Department of Soil, Plant and Food Science, University of Bari “Aldo
Moro”, Bari, Italy

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-024-04980-2&domain=pdf&date_stamp=2024-4-24

Vergine et al. BMC Plant Biology (2024) 24:337

Background

Endophytes are an endosymbiotic group of microor-
ganisms (bacteria and fungi) that colonize inter-and/or
intracellular sites of plants [1], whose study largely ben-
efited from recent advances in sequencing technologies
[2]. Their distribution is ubiquitous and, almost with-
out exception, they display interactions with their hosts,
involving mutualism, antagonism, or parasitism [3].

Bacterial and fungal endophytes act in different man-
ners to improve plant health [4]. This goal is achieved
in different ways according to symbiotic relationships,
enhancing host growth, improving the plant’s fitness to
biotic and abiotic stress, and improving nutrient gain
[5]. Indeed, specific microbial taxa can protect plants
by competing with phytopathogens for the same eco-
logical niche through the production of inhibitors or the
induction of systemic resistance in the host [6]. In addi-
tion, bacterial endophytes were shown to prevent disease
development through de novo synthesis of compounds
and antimicrobial metabolites [7].

From its first detection at the end of 2013 in the Salento
peninsula (Apulia region, southern Italy), Xylella fastidi-
osa represents an emerging threat in Europe, associated
with a previously unknown disease on olive trees (Olea
europaea L.) which causes leaf scorch, a rapid decline and
the death of trees (the so-called “olive quick decline syn-
drome”, OQDS) [8]. The symptoms are particularly severe
on large old plants of the most susceptible cultivars Cel-
lina di Nardo and Ogliarola [9], the most widespread in
the whole area. Moreover, the further unexpected detec-
tions in France and Spain allow it as an expanding global
pathogen [10], which could reshape not only agriculture
but the landscape and human relations with plants [11].
Unfortunately, no treatment is currently available to con-
trast the bacterium [12].

The research on the olive microbiome delivered
mounting evidence that specific microbial taxa co-
occurring with pathogens may impact the disease pro-
cess [13]. For example, some non-pathogenic bacteria
overlapping with Pseudomonas savastanoi pv. savas-
tanoi (Psv) were shown to increase resistance to olive
knot disease [14]. However, the role of the olive xylem
microbiota in pathogenesis has been poorly investigated
[15], despite the modification or attenuation of the diver-
sity and composition of xylem microbial communities
might result in different responses to vascular pathogens
[16, 17]. Understanding the close relationships between
xylem-inhabiting microorganisms and Xfp might help
researchers to identify microbial players associated
with resilience to the infection, which might enable to
restore landscape and agricultural settings destroyed by
Xfp [11]. Such microbiota could also be transmitted to
the progeny in olive trees vegetatively propagated, thus
representing a way to increase the possible presence of
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beneficial symbionts within the plant [18]. Furthermore,
other research explored the involvement of microbial
endophytes residing in the sapwood of Apulian olive
cultivars that might be a promising control strategy
for xylem-colonizing pathogens such as Xfp and in the
expression of resistance characteristics against OQDS
[19]. More specifically, Bacillus subtilis, Bacillus pumilus,
and Paenibacillus rigui were also able to secrete inhibi-
tory substances in cell-free suspensions [20]. These find-
ings suggest that further studies should be conducted
to gain deeper insights into the role of the endophytic
microbiome at the level of olive cultivars tolerance or
resistance to Xfp infections.

For this reason, the main aims of this work were:
(i) assess the leaf petiole endophytic profile of several
selected genotypes by metabarcoding analysis, (ii) under-
stand whether disease resistance is associated with a
reference profile or with peculiar taxa and (iii) find rela-
tionships between genetic clusters of selected genotypes
and their microbiome profile. The results might represent
a step forward in understanding the plant-microbiota
relationship, whose high diversity can be beneficial in
contrasting the effect of Xfp infection and in devising a
quick method to identify potentially resistant genotypes
to this devastating pathogen.

Results

Composition of bacterial and fungal communities

The taxonomic assignment of prokaryotic OTUs
revealed nine phyla, 16 classes, 40 orders, 57 families,
and 72 genera belonging to the Eubacteria kingdom,
with no Archaea identification. Cyanobacteria were the
predominant phylum, with an average relative abun-
dance per sample of 60.61%, followed by Proteobacteria
(35.43%), Actinobacteria (1.44%), Bacteroidetes (1.05%),
Tenericutes (0.65%), Firmicutes (0.54%), Verrucomicro-
bia (0.23%) and ‘Candidatus Saccharibacteria’ (0.043%)
(Fig. 1A). The most abundant families were Spirulinaceae
(52.25%) and Pseudomonadaceae (18.12%).

The taxonomic assignment of eukaryotic OTUs
revealed four phyla, 21 classes, 64 orders, 109 families,
and 172 genera. Ascomycota represented the predomi-
nant phylum with an average relative abundance per
sample of 57.31%, followed by Basidiomycota (8.73%) and
Mucoromycota (0.028%). The presence of unidentified
fungi was also found (33.93%) (Fig. 1A). The most abun-
dant families were Teratosphaeriaceae (13.48%) and Sac-
cotheciaceae (12.83%).

A graph at the genus level was generated by compar-
ing the bacterial and fungal communities of SeGs against
CTLs (Fig. 1B-C). In both cases, the most abundant pro-
karyotic OTUs were Halospirulina and Pseudomonas
(Fig. 1B, Tab. S1). As for fungal OTUs, the communi-
ties identified in both conditions were very similar, and
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Fig. 1 (A) Relative abundance of bacterial and fungal OTUs, both selected genotypes (SeGs, asymptomatic or low symptomatic trees, left) and control

genotypes

CTLs, symptomatic trees, right) at taxonomic level phyla. (B, C) Taxonomy map related to control genotypes (CTLs) and selected genotypes

(SeGs) microbiome. The graphs show the 30 most abundant bacterial (B) and fungal (C) OTUs at taxonomic level genus (or closely related reliable taxo-

nomic rank), according to their best identification

displayed prevalence of Aureobasidium and Neophaeo-
thecoidea (Fig. 1C, Tab. S2).

Microbial diversity and variation in microbial community
For each taxonomic level, the a-diversity and S-diversity
metrics were calculated. A-diversity made it possible to
evaluate wealth (OTU number) and uniformity (the rela-
tive abundance of OTUs) in the samples, while S-diversity
allowed for an estimate of the distance or the degree of
diversity between samples from SeGs and CTLs.

Phylogenetic diversity (a-diversity), estimated using
the Chaol, Shannon, Simpson, and Fischer indexes, and
the number of observed OTUs, was not reduced in CTLs
compared to SeGs (Tab. S3A, B).

Despite that, differences in richness were generally
attributed to fungal samples compared to bacterial ones
because of higher a-diversity values.

B-diversity data for bacteria and fungi (Fig. 2) at the
taxonomic level genus, indicates the total number of
identified genera, the number of differentially repre-
sented genera, the number of under-represented and
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over-represented genera. As shown in Figs. 2A and 72
bacterial genera were identified in the whole dataset.
Compared to the CTLs, SeGs displayed one over-rep-
resented genus (belonging to the Mollicutes) and two
under-represented genera (Xylella and an unidentified
genus of the Xanthomonadaceae family) (Fig. 2B).
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As reported in Fig. 2C, 172 fungal genera were iden-
tified, including three over-represented and four
under-represented with respect to CTLs. The three
over-represented genera were Pseudocercospora, Xeno-
sonderhenioides, and an unidentified genus of the Herpo-
trichiellaceae family; the four under-represented genera
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Fig. 2 Results from GAIA pipeline. Information referring to the bacterial (A, B) and fungal (C, D) genus taxonomic level (or closely related reliable taxo-
nomic rank). (A, C) Barplots report the total number of identified genus, the total number of differentially represented genera (Diff), and the number of
over-and under-represented genera (FDR < 0.05). (B, D) Volcano plots show the relationship between the fold-change (on the X-axis) and the significance
of the differential abundance test (Y-axis). Black dots represent the genera that are not significantly differentially, while red and green dots are the genera

that are significantly over- and under-regulated, respectively
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were Venturia, Fusicladium, Hormodochis, and Paracu-
curbitaria (Fig. 2D).

Read counts at “genus” taxonomic level were also used
to carry out principal component analysis (PCA) accord-
ing to the Bray-Curtis distance matrix for bacterial and
fungal data (Fig. 3) (Tab. S3, S4). Concerning bacterial
data, the first two components (PC1 and PC2) accounted
for 69% and 18.1% of the total variance, respectively
(Fig. 3A). CTLs formed a homogenous group, whereas
SeGs were more widely distributed, mostly according to
PC1. As for fungal data, PC1 and PC2 explained 62% and
9.9% of the total variance, respectively. SeGs formed a
more homogenous group with respect to CTLs.

Community profiling and correlation analysis using
MicrobiomeAnalyst

Data were also analyzed using a combination of pat-
tern correlation and heat map analyses, with the aim to
identify highly abundant bacterial and fungal genera dif-
ferentially occurring in sample groups. For this purpose,
OTU counts were rarefied using the minimum sample
size value which corresponded to 17,537 and 56,799
reads for bacteria and fungi, respectively. As a result,
rarefaction curves (Fig. S1 and S2) indicated that a suffi-
cient sequencing depth was achieved for all the analyzed
samples.

Strong relationships were identified among samples and
some specific taxa. A positive correlation between SeGs
and the bacterial genera Burkholderia, Dolicospermun,
Bacillus, Hymenobacter, and Sphingomonas was found,
whereas a negative correlation was highlighted between
SeGs and the genus Xylella (Fig. 3C). As for fungal taxa,
positive correlation was found between SeGs and Lem-
bosiella, Myriospora, Recurvomyces, Quambalaria, Phaf-
fia, and Phaephleospora, whereas negative correlation
was found between SeGs and Venturia, Alternaria, Fusi-
cladium, Epicoccum and Paracurbitaria (Fig. 3D).

Heat map analysis and clustering of the highly repre-
sented bacterial genera and fungal families (Fig. S3, S4)
showed as taxa form separated clusters according to
their abundances. Bacterial data at the genus level indi-
cates as five distinctive clusters were formed according to
Ward’s method, one of which grouped most of the highly
represented taxa (Fig. S3), with samples that were also
grouped in two main clusters. Looking at fungal data,
the heatmap reported in Figure S4 based on family rank
depicted a more complex scenario, with OTUs classified
in four main clusters, whereas samples were grouped in
three main groups.

Results from metagenomeSeq analysis allow us to
determine and confirm the presence of differentially
abundant genera in SeGs and CTLs. Analysis of bac-
terial data indicated that the CTLs had a significantly
higher abundance of the genera Xylella (FDR=0.0167)
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(Fig. 4A), while Kineococcus (FDR=0.0167) was more
abundant in the SeGs (Fig. 4B). By observing fungal data,
results indicated that CTLs had a significantly higher
abundance of the genera Taphrina (FDR=0.0439), Fusi-
cladium (FDR=0.0439), Uwebraunia (FDR=0.0439), and
Venturia (FDR=0.0489) (Fig. 4D-QG); while Xenosonder-
henioides had significantly higher abundance in SeGs
(FDR=0.0002) (Fig. 4C).

The identification of differentially regulated OTUs was
also assessed using the DeSeq2 method according to a
supplementary variable (Xfp concentration) for sample
differentiation. Data indicates that two genera (Xylella
and Burkholderia) turned into statistically significant and
showed an opposite trend based on Xfp concentration
(Fig. 5). Specifically, Burkholderia displayed high number
of reads for low Xfp concentration (classes 1 and 2) and
read detection, whereas displayed low number of reads
for high Xfp concentration (classes 3 and 4) (Fig. 5), thus
indicating a mutualistic exclusion linked to the health
plant status.

As for results obtained with fungal data, nine taxa
(Quambalaria, Filobasidium, Myriospora, Pseudocerco-
spora, Lasiodiaplodia, Phaffia and undetermined ones
within Basidiomycota, Exobasidiomycetes, Taphrino-
mycetes) and two taxa (Venturia and undetermined one
within Diaporthales) were linked to lower (Fig. 6A, B,
D, E, F G, I, ], K) and higher Xfp concentrations, respec-
tively (Fig. 6C, H).

Data were then further analyzed by selecting only
libraries related to SeG samples. The aim of this analy-
sis was to differentiate genera in relation with genetic
distance among SeGs, which was previously determined
by Pavan et al. (2021) [21]. Results reported in Table S6,
according to DESeq2 method, indicate that statistically
significant genera were reported for both datasets (Bacte-
ria and Fungi). Rhodotorula (Fig. 7) represented the most
significant taxon (log,FC=-54.356 FDR=0.019984; Tab.
S6B), whose occurrence was only associated with SeG
samples belonging to the Ciciulara genetic cluster, previ-
ously described by Pavan et al. 2021 [21].

Co-occurrence networks

The bacterial and fungal microbiome were also tested
to identify all the potential interactions according to a
co-occurrence network. Using the Cytoscape software
coupled with the CoNet package, out of 66 bacterial and
165 fungal OTUs passes the minimum threshold show-
ing at least one potential interactor in the network. These
interactions were supported by at least three out of four
computation methods used. In detail, 1380 potential
interactions (also called edges) were computed, 641 of
which are negative (mutual exclusion) and 739 positives
(copresence). Furthermore, the description of the rela-
tionships between Xfp and the potential interactors was
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improved by a specific focus reported in Fig. 8 (upper-
right). This focus allows a straightforward interpreta-
tion of network results, thus indicating as Xfp directly
interacts with ten genera. Among them, the only positive
bacterial interaction is with an unidentified bacterium
belonging to the Xanthomonadaceae family. Further-
more, the pattern showed that nine fungal genera are
negatively correlated with Xylella, indicating an inter-
kingdom interaction: Phaeosclera, Phaffia, Mrakiaceae,
Cystofilobasidiales, Pseudocercospora, Ochrocladodpo-
rium, Botryosphaeriaceae, Diploidia, Mycosphaerellaceae
(Fig. 8).

Discussion

The current lack of an effective method for pathogen
management, the increasing demand for ready-to-use
solutions to restore the territory landscape and the olive-
growing economic sector of Apulia have pushed research
towards the identification of germplasm displaying toler-
ant or resistant phenotype to Xfp infection. A few years
after the start of the epidemic, it was possible to observe
the presence of asymptomatic or low symptomatic gen-
otypes in highly compromised olive groves, including
the Leccino and FS17 cultivars that represent cases of
resistance [22]. Several defence mechanisms, including
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biochemical responses and plant structural characteris-
tics, have been proposed to contribute to the resistance
of different genotypes against Xfp. Those mechanisms
may operate within the xylem tissues contributing to
reduce systemic colonization by the pathogen and may
include: the build-up of vessel occlusions by gums or

tyloses, the accumulation of phenolics and lignin, the
induction of pathogenesis-related proteins, antioxidant-
related enzymes and the variation in the ionome content
[23-26]. A few studies described the microbiome com-
munity and the activity of some bacterial isolates against
Xfp [16, 17], still there is a lack of information on the
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endophytic communities in asymptomatic or low symp-
tomatic olive genotypes occurring in heavily infected
orchards of Salento area which may have originated
from sexual reproduction or represent clonal variants of
known cultivars [21].

This gap was bridged by the present work, where the
information about the involvement of endophytic com-
munities in counteracting the Xfp related disease was
deepened and then associated with genetic resources
collected during exploratory missions in olive orchards
severely affected by the OQDS. Cyanobacteria repre-
sent the most abundant phylum identified in the pres-
ent work. Metagenomic analyses have shown a diversity
of cyanobacterial phylotypes as common endophytes of
high-valued plant species like rice, wheatgrass, and Jing-
bai pear trees [27, 28]. This group of bacteria is able to
establish nitrogen-fixing symbiotic associations with rep-
resentatives of all four major phylogenetic divisions of

terrestrial plants [29]. These results could underline that
the presence of Cyanobacteria inside plants is increased
under nutrient-limiting conditions [30], such as those
caused by Xfp infection.

Our results suggest that the occurrence of Xfp reshapes
the composition of endophytes by altering microbial
structure and diversity. In this view, some bacterial and
fungal taxa appear to be statistically significant in the
CTL and SeG comparison, whose presence was also con-
firmed in our previous study [25] despite not having been
described in-depth, as these taxa did not appear as sta-
tistically significant in the previous experimental design
(21 vs. 1 SeG samples). Indeed, CTL plants showed a dra-
matic reduction of the bacterial genera predominant in
SeG vessels (i.e., Burkholderia, Dolichospermun, Bacillus,
Hymenobacter, and Sphingomonas). The same bacterial
genera were previously reported in other plant species,
including potato [31], sugarcane [32], or citrus [33],
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apple [34], and maple trees [35], and more specifically
as common xylem-inhabitants of woody crops includ-
ing olive and grapevine [36]. Bacterial species belonging
to the Burkholderia genus are ubiquitous in soil, mostly
in the rhizosphere [37], and were reported to heavily
colonize at least 30 plant species, as well as the fruiting

bodies of Tuber magnatum [38]. Here, we found a posi-
tive association between the genus Burkholderia and the
SeGs group, which was confirmed by the results from
DeSeq2 analysis using Xfp concentration as a supple-
mentary variable for computation (Fig. 5). In addition,
we found a mutualistic exclusion between Burkholderia
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and Xylella. Burkholderia reaches the highest level in
stage 3 (CFU/mL=100,001-1,000,000), thus highlight-
ing as it could contrast the presence of the pathogen until
a threshold limit. While this effect may not seem to be

confirmed by the network analysis, indicating that Bur-
kholderia does not have a direct link to Xylella (Fig. 8), a
more thorough investigation of the network suggests an
indirect action for mitigating the pathogen spread [39].
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Indeed, Burkholderia shows a direct (negative) correla-
tion with Xanthomonadaceae family, which has, in turn,
a direct (positive) correlation with Xylella. The role of
Burkholderia spp. against plant pathogens is currently
well-known and documented [40], including its role in
a more complex PGPR (Plant growth-promoting rhizo-
bacteria) network for better exerting its anti-pathogen
activity. Overall, we suggest that Burkholderia spp., that
can develop and compete for nutrients and colonization
in the xylem vessels, could enact survival strategies that
can help the plant health, such as the production of anti-
biotics, enzymes, and bacteriolytic molecules, similarly
to those they deploy when colonizing the rhizosphere
[41]. The other taxa positively associated with the SeGs
group are Dolichospermum and Bacillus spp., previously
inserted in the list of bacteria producing siderophores,
salicylic acid, cytokinins, and able to phosphate solubili-
zation in the treatment against Botrytis cinerea and Pseu-
domonas syringae [42]. Also, pathogenic bacteria such
as Ralstonia solanacearum, Pseudomonas savastanoi
and Xanthomonas axonopodis infect plants and gener-
ate diseases, whereas Bacillus spp. inoculation suppresses
pathogen growth and protects plants from diseases [43].
Bacillus-induced stress mitigation in crop plants bio-
synthesis of polyphenol compounds (lignin, flavonoids,
and phenylpropanoids) and triggering the plant resis-
tance against environmental stimuli [44]. Sphingomonas
and Hymenobacter have been described as bacteria with
several functional plant beneficial traits, including plant
growth promotion and plant protection and bioreme-
diation of heavy metal pollution in natural soils [45, 46].
Conversely, when observing results from metageno-
meSeq analyses (Fig. 4), only two differently significant
bacteria genera were observed Kineococcus and Xylella.
The presence of Kineococcocus in the SeGs group would
seem to be mirroring the presence of the pathogen
Xylella in the CTLs group. Cultivated members of Kineo-
coccus genera had been previously isolated from plant
stems [47] and were identified as members of the Acti-
nobacteria phylum; they have been proposed to increase
agricultural productivity through plant-growth promo-
tion and to have the potential to be used as an alternative
to chemical fertilizers [48].

Changes were also observed in xylem-associated fun-
gal communities, as genera like Lembosiella, Myriospora,
Recurvomyces, Quambalaria, Phaffia, and Phaephleos-
pora were positively associated with SeG group. Based on
our data, the fungal endophytic community would seem
to have a dominant role with respect to the bacterial one,
both in terms of quantity (number of reads) and quality
(number of identified genera); this trend also reflects a
fundamental antagonism to the presence of the pathogen
Xylella. In this view, the presence of Quambalaria and
Phaffia is relevant in SeGs and their significance was also
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confirmed by DeSeq2 analyses using the additional vari-
able for sample differentiation (Xfp concentration, Fig. 6).
Furthermore, the use of endophytic fungi against olive
pathogenic fungi like Colletotrichum acutatum, with the
aim to control its growth, sporulation, germination, or
cause hyphae abnormalities in vitro conditions, has also
been recently reviewed [49]. Some of these fungal endo-
phytes include Alternaria sp., Diaporthe sp., Nigrospora
oryzae, Chondrostereum purpureum, Chaetomium globo-
sum, Quambalaria cyanescens, Epicoccum nigrum, and
several Aspergillus species. The inhibitory effect explicate
by those endophytes was ascribed to the production and
release of various volatile organic compounds, such as
phenylethyl alcohol, benzothiazole, 4-methylquinazoline,
lilial, galaxolide and benzyl alcohol [50].

Two of the main findings of the present work are the
identification, in SeGs, of the genus Rhodotorula and
Phaffia.

Rhodotorula is a fungal genus that was only identified
in SeG plants, mostly in the Ciciulara group samples.
Species belonging to this genus show different lifestyles,
which can change basing on the host species. In humans,
they are considered opportunistic pathogens whereas in
plants they can have negative or beneficial effects. In the
latter case, some consistent examples are represented by
Rhodotorula graminis strain WP1 v1.1, a yeast involved
in the auxin production in poplar species [51], R. muci-
laginosa, which exerts a biocontrol activity against fun-
gal and bacterial species in rice [52] and R. dairenensi
isolated in CVC-asymptomatic sweet orange plants and
tangerine (C. reticulata) plants [53]. Rhodotorula was
also already identified in olive tree microbiota, mostly in
the cultivar Cobrancgosa [54]. Despite that, their lifestyle
strategies and how these species interact with plants is a
topic not been deeply investigated [53], still representing
an interesting research field for future applications. The
second finding, the identification of the genus Phaffia,
was also confirmed by the results of a robust co-occur-
rence analysis (Fig. 7) led to highlighting a negative cor-
relation between Phaffia and Xfp.

The Phaffia genus consists of only one Phaffia rhodo-
zyma species, which is involved in astaxanthin produc-
tion [55]. The antimicrobial activity of astaxanthin was
previously associated with the protection of human
gastric epithelial cells from the harmful effects of Heli-
cobacter pylori infection, with a mechanism based on
the attenuation of reactive oxygen species (ROS) pro-
duction and the increase of antioxidant enzyme activ-
ity [55]. Thus, astaxanthin may contrast the action of
oxidative enzymes, which are known to generate ROS-
mediated cell wall degradation by plant pathogens [56].
Novelli et al. (2019) [57] reported that Leccino samples
have a higher concentration of ROS compared to Cellina
di Nardo, an olive cultivar susceptible to Xf. In this way,
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the increased production of ROS may not just switch
on plant defence signaling pathways; it may represent a
key factor for increasing the astaxanthin production P
rhodozyma in counteract Xf infection. The role of ROS
as a trigger for the production of antimicrobial-based
compounds was previously reported by Chauhan et al.
(2022) [58] where the presence of environmental factors
like high light radiation causes elevated levels of ROS,
which in turn promotes the accumulation of astaxan-
thin [59]. Overall, our results suggest an antagonist role
by the fungal endophytic community, previously associ-
ated with the protection of plants from abiotic and biotic
stresses, and enhanced plant competitive ability [60]. In
addition, they provide a basis for unraveling the impact
of Xfp infection on the xylem microbial communities,
and for the identification of microorganisms associated
with tolerant or resistant genotypes. As previously shown
for the Paraburkholderia phytofirmans strain Ps]N,
which appears highly efficient for the control or eradi-
cation of the Pierce’s disease [61], the genera Burkhold-
eria, Quambalaria, Phaffia and Rhotodorula might be of
interest to the development of defence strategies against
Xfp. Nevertheless, although the identification of most
of these species was also reported in our previous work
[25], further analyses are ongoing to evaluate the effect of
these putatively beneficial species in contrasting the Xfp
infection.

Conclusions

Endophytic microbiota mediates the interactions
between the plant and other microorganisms through
competition for nutrients and spaces, synthesizing mol-
ecules with antibiotic action or activating the plant’s sys-
temic defences. In our work, the relationships between
bacterial and fungal species were first analyzed separately
and then through correlation analysis to resolve the intri-
cate relations system between the identified OTUs of
both kingdoms.

Our work highlighted the presence of a specific com-
munity associated with the SeGs, thus indicating the
presence of well-adapted genetic resources able to sur-
vive after years of pathogen-applied pressure, according
to the detection of microorganisms of the genera Burk-
holderia, Quambalaria, and Phaffia. Also, the identifi-
cation of Rhodotorula represents an interesting starting
point for developing synthetic community to improve the
natural resistance of olive tree. The pioneering proposal
of this work on the olive-Xf pathosystem demonstrated
that in susceptible plants, there is a significant change in
the associated microbiota with a drastic loss of beneficial
genera. Despite the presented evidence that suggests a
role of the endophytic community in this resistance phe-
nomenon, we may not exclude the possibility that the
absence of helpful microorganisms in CTL plants may be
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caused by the presence of Xfp itself, being an effect rather
than a cause of the pathogen’s spread.

This is the first study that provides an overview of
endophytic communities associated with several puta-
tively resistant olive genotypes located in areas under
high Xfinoculum pressure. While aware that approaches
such as artificial inoculations in controlled environ-
ments can guarantee much more reliable results, we are
confident that the data presented in this study will be
useful to the scientific community, as well as the whole
agricultural sector. Identifying these negatively corre-
lated genera provides valuable insights into the potential
antagonistic microbial resources and their possible devel-
opment as biocontrol agents against Xf, which could con-
tribute to the development of novel strategies for disease
management. Future studies could maximize their ben-
eficial effects to help farmers select the more appropri-
ate genetic resource to restore the olive growing and the
area’s landscape.

Methods

Plant material

Twenty-one selected genotypes (SeGs), previously
described as asymptomatic or low symptomatic in olive
groves heavily compromised by Xfp [21], were used as
starting material of this study. SeGs displayed a disease
severity index< 1.5, based on the 0-3 using a rating scale
proposed by Luvisi et al. (2017) [23]. From each SeG,
about one-year-old twigs with attached leaves were col-
lected from several canopy points (apical, median, and
basal portion), placed in plastic bags, and labelled for
their registration and traceability once in the laboratory.
In addition, 63 olive trees (disease severity index>1.5)
belonging to susceptible cultivar Cellina di Nardo were
also collected. For each SeG has been defined a CTL
obtained from a mix of three infected plants randomly
chosen in the proximity of each SeG to represent the
microbiome in susceptible cultivars in the same area. Xf
concentration (C), expressed as bacterial cfu ml™!, was
inferred by the standard calibration curve, using Cqs
from qPCR as described by D’Attoma et al. (2019) [36].
Information describing SeG properties in this study is
obtained from Pavan et al. (2021) [32] and is reported in
Tables S7 and S8.

DNA extraction, amplification, and endophyte sequencing
Before DNA extraction, samples were washed with
deionized water, surface-sterilized by sequential immer-
sion in ethanol 70% (v/v) for 1 min, bleach (3-5% chlo-
rine) for 5 min, and ethanol 70% (v/v) for 30 s, and
washed three times with sterile deionized water. Approx-
imately 1 g of leaf petioles from each SeG sample were
transferred into an extraction bag (BIOREBA, Switzer-
land) and subjected to DNA extraction according to the
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protocol of Edwards and co-workers (1991) [27]. The
same procedure was applied to CTL samples obtained by
pooling petioles from three olive trees of the Cellina di
Nardo cultivar located in proximity to the corresponding
SeG sample.

The extracted DNA was used to perform a two-step
amplification protocol in which the core PCR primer
and the adaptors CS1 (forward) and CS2 (reverse)
were included in a single oligonucleotide as previously
described by Vergine et al. (2020) [16]. The oligonucle-
otide sequences were (core PCR primer in bold) 5.8S-Fun
(5-ACACTGACGACATGGTTCTACA-AACTTTYR-
RCAAYGGATCWCT-3’) and ITS4-Fun (5-TACGGTA
GCAGAGACTTGGTCT-CCTCCGCTTATTGATAT-
GCTTAART-3) [62] for fungi, 341 F (5 ACACTGACG
ACATGGTTCTACA-CCTAYGGGDBGCWSCAG-3)
and 806R (5-TACGGTAGCAGAGACTTGGTC
T-GGACTACNVGGGTHTCTAAT-3) for prokaryotes
[63]. A mixture of peptide nucleotide acid (PNA) block-
ers oligos (PNA Bio Inc., Thousand Oaks, CA,

USA) targeted at plant mitochondrial and plastidic
genomes was added, to increase the fraction of.

bacterial sequences, reduce the PCR-bias, and thus
result in more accurate sequencing [63, 64]. The PCR
assay was carried out in triplicate using DNA samples
extracted following the protocols described by Vergine et
al. (2020) [16], and the integrity and quality of the PCR
products were checked on an agarose gel. PCR replicates
were pooled and sequenced on an Illumina MiSeq plat-
form (v3 chemistry) at the Génome Québec Innovation
Center (McGill University, Montréal, Canada).

Metabarcoding libraries are available at https://doi.
org/10.6084/m9.figshare.20448513 (bacteria) and https://
doi.org/10.6084/m9.figshare.20448540 (fungi).

Bioinformatic analysis of the sequences

Raw reads were processed with FASTQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) to eval-
uate sequencing quality. Then the software Trimmomatic
(http://www.usadellab.org/cms/page=trimmomatic)
[65] was used to remove adapters and low-quality bases
using a windows-based approach, by setting a window
size of 5 bp and a minimum quality of 20. In addition,
reads shorter than 35 bp were removed. Finally, trimmed
data were processed with the Metagenomics GAIA 2.0
tool (http://www.metagenomics.cloud, Sequentia Bio-
tech, Barcelona, Spain, 2017) using a database of all the
classified 16 S or ITS sequences downloaded from the
NCBI nr database on February 2021. The identities used
to classify the reads into the different taxonomic catego-
ries (domain, phylum, class, order, family, genus, spe-
cies) were 75, 78, 85, 89, 91, 93, and 97%, respectively.
Uniquely mapped reads classified in a species are also
classified in the strain of the reference they map.
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Bacterial and fungal community profiling was also per-
formed using the GAIA pipeline by a- and B-diversity
analyses. In particular, the diversity within the samples
(a-diversity) was calculated using the Chaol, Shannon,
Fischer, and Simpson indices. The diversity among sam-
ples (8-diversity) was calculated by Bray Curtis index and
visualized in a two-dimensional principal component
analysis (PCA). An adjusted p-value cutoff (FDR) of 0.05
was considered in both cases.

The output from GAIA (OTU table and related taxon-
omy) was converted to a .biom file and used with Micro-
biomeAnalyst [66] for data visualization and statistical
assessment. Data were filtered to remove low-quality and
not informative features as described by Sillo et al. (2022)
[38].

The differential abundance analysis analyses were car-
ried out by DESeq2 method (FDR=0.05) and performed
by grouping samples according to two additional vari-
ables. The first one was based on the Xfp concentra-
tion data (Table S7) obtained through qPCR, whose
range were manually determined (CFU/mL; 0=1-100;
1=101-10,000; 2=10,001-100,000; 3=100,001-
1,000,000; 4=1,000,001-over), and the Ilatter that
describes the genetic group associated with each SeG,
whose information is provided by Pavan et al. (2021)
[21] and reported in Table S8. Specifically, according to
DNA fingerprinting and hierarchical clustering by Pavan
et al. (2021) [21], most of the SeGs were assigned to the
K1 genetic cluster. Within K1, three genotypes (SX25, 27,
29) grouped in a subcluster closely related to the local
cultivars Ciciulara (K1_Ciciulara) and nine SeGs (SX31,
61, 65, 67, 77, 79, 81, 83, 89) grouped in a sub-cluster of
genotypes closely related to the cultivar Leccino (K1_
Leccino). The other three plants (SX73, 75, 87) assigned
to the K1 genetic cluster could not be related to Leccino
or Ciciulara but to other cultivars (K1_Others). The six
remaining SeGs (SX30, 32, 71, 69, 63, 85) were not clus-
terized into any group (Not_K).

Co-occurrence network

Potential bacterial and fungal interactors with Xfp were
identified using the software packages Cytoscape (ver-
sion 3.9.1) [67] and CoNet package (version 1.1.1 beta)
[68]. Non-rarefied OTU tables were used as input tables
and then coupled, then prefiltered based on the sum of
each OTUs that should be equal to or larger than a speci-
fied value (row_miniocc=30). Data were then standard-
ized using the column normalization option (col_norm),
where each column of data is divided by its sum, then
abundances were converted using the column-wise
proportions. Statistically significant OTUs were then
assessed using four different p-value basing methods:
Pearson and Spearman (correlations based) and Bray
Curtis and Kullback-Leibler (dissimilarities based). The
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following threshold settings were applied: edge selection
based on edge number limiting the edge number to 2000
using the top and bottom. This data was selected accord-
ing to preliminary matrix analyses (Compute matrix
info). The Force intersection option was enabled.

Data were merged based on the mean, using the min.
support option (minimum number of methods for sup-
porting edges=3). Next, 100 iterations were calculated
within each method using the edgescores routine, with
bootstrap option for resampling. Data from p-value bas-
ing methods were then merged using the p-value option
(brown method) by filtering the uneven edges. Finally,
the Benjamini Hochberg test was used, and multiple test
correction for OTU selection was achieved by setting
0.05 as the threshold.
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