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Abstract: Olive knot disease (OKD) induced by the bacterium Pseudomonas savastanoi pv.
savastanoi seriously affects olive production in the Mediterranean basin. Nowadays, the only strate-
gies to control the disease are pruning and the application of cupric products. An essential strategy
to enhance protection is represented by the identification of resistant cultivars, which represents
a crucial opportunity for future investments and breeding. We undertook a three-year-long survey at
the International Olive Germplasm Collection of “Villa Zagaria” (Sicily, Italy) on thirty-six Sicilian
cultivars that were monitored for symptom development. Cultivars with different levels of suscep-
tibility were divided into five clusters. Moreover, in order to investigate possible interactions with
endophytic microbial communities, two cultivars with contrasting susceptibilities, Zaituna (highly
resistant) and Giarraffa (highly susceptible), were selected for an amplicon-based metagenomic
analysis. Distinct endophytic communities colonized the two cultivars, suggesting an interaction
between the resident bacterial community and the pathogen. Significantly higher bacterial richness
was detected in the shoots of the susceptible cv. Giarraffa, although it had lower diversity. The
opposite trend was observed for fungal communities. Among the microbes resulted to be enriched in
cv. Giarraffa, it is important to underline the presence of Pseudomonas among the bacterial genera,
and Alternaria, Neofusicoccum, Epicoccum, Ascochyta, and Elsinoe among the fungal genera, which
include many species often described as plant pathogens and biocontrol agents. Starting from this
basic information, new strategies of control, which include breeding for resistance and integrated
disease management, can be envisaged.

Keywords: breeding; resistance; pathobiome; metagenomic analysis

1. Introduction

The importance of olive cultivation in Italy, among other Mediterranean countries,
is well-known. According to ISTAT data, in 2020, more than 1 million hectares of occu-
pied land area in Italy were dedicated to olive cultivation, yielding a total of more than
l26 million quintals of olives produced (http://dati.istat.it/, accessed on 22 November
2022). In Sicily, olive production in 2022 covered more than 161,000 hectares of surface,
with 3 million quintals produced.

Serious losses in terms of production and olive oil quality can be caused by olive knot
disease (OKD), one of the most important olive tree (Olea europaea L.) diseases worldwide [1].
Its main symptom is the formation of overgrowth tissues (knots) in the aerial parts of olive
trees, mainly on twigs and branches [2]. Pseudomonas savastanoi pv. savastanoi (Psv) is the
causal agent of OKD and is considered one of the major threats to olive tree production,
especially in the Mediterranean region, where climatic conditions often favor the spread of
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the disease [3,4]. The disease rarely induces the death of a tree, but olive production can be
severely affected [1,5].

Psv lives epiphytically on the surface of the aerial parts of olive trees [5,6], and under
favorable weather conditions, it penetrates into olive tissues, leading to the formation
of tumorous overgrowths after a few weeks or several months, depending on climate
conditions and the timing of inoculum occurrence [5,7]. Moreover, wounds caused by
falling leaves or pruning release signals that activate the response of Psv, inducing tumor
formation [2]. Environmental stresses, such as mechanical wounding due to hail events
or intense frosts, are considered the main causes of bacterium entrance and symptom
development, especially in the northern regions of Italy [8].

Seasonal variation in Psv populations has also been shown to be higher in warm and
rainy months (fall and spring) and lower in hot and dry months (summer and winter) in
both the leaf and stem surfaces [9,10]. Psv cells growing on any part of a plant may serve as
inoculum reservoirs for infection.

Nonpathogenic bacteria belonging to the species Erwinia toletana, Pantoea agglomerans,
and Erwinia oleae are frequently associated with Psv within olive knots, communicating
with each other by quorum sensing signals and cooperating with the pathogen to increase
disease severity [11,12].

Currently, the only strategies to control the disease are pruning and the application
of cupric products. However, considering the EU limitations for the use of copper [13],
an essential strategy to enhance protection is represented by the identification of less
susceptible cultivars [14]. Previous observations (very limited and not complete) stated
that there were no cultivars resistant to OKD [15]. However, very few studies have been
undertaken to explore cultivar susceptibility to OKD, especially under field conditions [5,16–19].
Not enough data are available on the pathogen susceptibility of Italian cultivars and, in
particular, of Sicilian cultivars that have been gathered by field investigation or artificial
inoculation [16,20,21]. A correlation between cultivar susceptibility and late winter frost
was demonstrated among some Italian cultivars [22]. However, susceptibility to frost is not
homogeneous among cultivars [23,24] and is somehow related to late frost tolerance [25].

A recent comprehensive survey on cultivar susceptibility was carried out after the
screening of a worldwide germplasm olive collection maintained in California, USA (Na-
tional Clonal Germplasm Repository in Winters), containing 104 genotypes; among them,
15 came from Italy, with only cv. Ogliarola Messinese from Sicily [21].

The traditional idea that disease symptoms are caused by a single pathogen is chang-
ing toward a new concept that involves complex microbial interactions. The protection
of a plant, as well the decrease in health status, are dependent on the set of bacteria or
fungi living within the plant in a relationship of either cooperation or antagonism. The
microbial consortium that leads to the progression of a disease was recently termed the
pathobiome [26]. Microorganisms of different kingdoms can interact with each other, result-
ing in enhanced or decreased pathogenicity. For this reason, the pathobiome plays a crucial
role in the different manifestations of symptoms visible in a host, which can show different
rates of susceptibility. In this sense, the role of endophytic fungi has been recognized as cru-
cial in the protection of host plants against biotic adversities through cross-talking signals
that allow the onset of compatible interactions [27,28]. In perennial crops, such as olive,
where the factor of time has a great impact on cultivation, a strong equilibrium between the
endophytic microbiota and the host plant was clearly established [29]. Moreover, through
the production of bioactive compounds and stimulation of the defense reaction, endophytic
fungi were able to procure beneficial effects for their host plants [28].

A recent study on OKD used as a model demonstrated that the composition and
abundance of epiphytic and endophytic fungal communities were affected not only by
the presence or absence of the disease, but also by the host plant genotype [30]. Similarly,
OKD is the main driver of bacterial communities in olive plants showing different levels
of susceptibility, with higher effects on susceptible cultivars and endophytic communities.
This confirms that host plants and plant habitats have crucial roles in shaping pathobiome
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composition, and disease is the result of intricate relationships among all these factors [31].
With reference to the outbreak of the quick decline syndrome incited by Xylella fastidiosa in
southern Italy, research on the potential association with microbial endophytes was carried
out for two cultivars of high and low susceptibilities, revealing no effects on the mechanism
of resistance [32].

The main objectives of this research are: (1) to investigate OKD susceptibility on
a representative collection of Sicilian olive cultivars, located in Sicily in the International
Olive Germplasm Collection (IOGC) of “Villa Zagaria”, and (2) to describe the structure of
the endophytic microbial community of cultivars showing different levels of susceptibility.

2. Materials and Methods
2.1. Orchard, Plant Material, and Field Monitoring

We evaluated 36 Sicilian cultivars (Table 1) of cultivated olive trees conserved as
a live collection in the International Olive Germplasm Collection (IOGC) of “Villa Zagaria”
(lat. 37◦30′52” N; long. 14◦17′46” E) that hosts more than 400 cultivars distributed in
4 plots: plot A (local cultivars from Enna province), plot B (Sicilian cvs), plot C (Italian cvs),
and plot D (international cvs). The olive trees were planted in 2004 and are occasionally
treated with copper-based bactericides.

Symptoms of olive knot disease were visually monitored over 3 years (2018–2020).
In December of each year, we recorded the disease intensity for each variety (4 replicates)
according to a 0–4 scale [33], as follows: 0—no knots found on at least 10 branches, 1—a few
single knots, 2—many knots, usually well-separated from each other, 3—knots frequently
coalescing, and 4—knots covering branches, with separate knots no longer recognizable
(Figure 1).

Figure 1. Representative scale of symptoms used for the evaluation of the disease intensity according
to Pyrowolakis and Weltzien, 1974 [33]: level 0 (A), level 1 (B), level 2 (C), level 3 (D), and level 4 (E).

2.2. Pseudomonas savastanoi pv. savastanoi Isolation and Molecular Confirmation

Bacterial colonies were isolated from young knots collected from olive stems and
branches during December 2018. After removal of the external layers of knot surfaces
with the help of a sterile scalpel, small fragments (5–10 mm) were aseptically cut and
placed in a sterile Petri dish. Each fragment was reduced to smaller pieces in 100 µL
of sterile water, allowing bacterial spill (exit). About 20 µL of contaminated water was
spread on plates containing King’s medium B (KB) [34] and cycloheximide (100 µg/mL)
and incubated at 26 ◦C for 3 days. Single fluorescent representative colonies of predominant
morphological types of bacterial isolates were re-streaked onto new KB plates to obtain
pure single colonies. Bacterial lysates were prepared by dissolving 1 colony in 200 µL of
sterile water in a 1.5 mL Eppendorf tube, boiling in water for 10 min, and cooling on ice.
An amount of 2 µL of bacterial lysate was used as a target template for PCR identification
of Psv using the following primers: IAALF (5′-GGCACCAGCGGCAACATCAA-3′) and
IAALR (5′-CGCCCTCGGAACTGCCATAC-3′) [35]. Briefly, PCR was performed in a Veriti
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96-well Thermal Cycler (Applied Biosystems, Foster City, CA, USA) at a total volume
of 25 µL. PCR mixtures contained 1 µL of bacterial lysate, 0.6 µM of each primer, and
1x PCR DreamTaq Green PCR Master Mix (Thermo Scientific Inc., Waltham, MA, USA).
Amplification conditions constituted an initial denaturation step of 5 min at 94 ◦C, followed
by 40 cycles of 30 s at 94 ◦C, 30 s at 62 ◦C, and 30 s at 72 ◦C, with a final elongation step of
5 min at 72 ◦C. Amplified products (5 µL) were separated by electrophoresis (100 V) on 1.5%
agarose gel stained with GelRed (Invitrogen Co., Carlsbad, CA, USA). Amplicons of 454 bp
were obtained for a total of 39 Psv colonies, which were stored in 20% glycerol at −80 ◦C.

2.3. Sample Collection and Processing for Microbiome Analysis

Endophytic microbiomes were analyzed from six field-grown olive trees of the suscep-
tible Giarraffa and resistant Zaituna cultivars (three each) exposed to natural Psv infection
at “Villa Zagaria”. Trees were sampled in Spring 2021 from the cv. Giarraffa, showing
high numbers of confluent knots around branches (disease severity score of 4), and cv.
Zaituna, which were symptomless with no relevant knots (disease severity score of 0). Ten
twigs of about 0.5 cm in diameter were collected from each tree in the middle part of the
canopy from the four cardinal points, avoiding tissues in an advanced stage of desiccation.
Samples were immediately stored in sealed plastic bags and kept refrigerated at 4 ◦C
to avoid dehydration until processing in the laboratory within the following 24 h. For
microbiome DNA extraction, twigs from each tree sample were cut into small pieces and
washed with running tap water before surface sterilization by sequential dipping in 2%
sodium hypochlorite for 2 min, 70% ethanol for 2 min, and three rinses in sterile, distilled
water. Sterilized tissues were kept at −80 ◦C for around 1 week and then were shaken with
TissueLyser (Qiagen, Milan, Italy) at 4 ◦C for 5 min at 30 Hz. One hundred milligrams
were used for DNA extraction with a DNA Plant mini kit (Qiagen, Milan, Italy) following
the manufacturer’s instructions. The presence of Psv in the DNA extracts was assessed by
quantitative polymerase chain reaction (qPCR) according to Bella et al. [36].

2.4. 16S and ITS Metagenomic Sequencing Library Preparation, Sequencing, and Analysis

Next-generation sequencing experiments composed of quality control and a primary
bioinformatics analysis were performed with Genomix4life S.R.L. (Baronissi, Salerno, Italy).
DNA quality control was performed using a NanoDropOne spectrophotometer (Thermo
Scientific Inc., Waltham, MA, USA) and a Qubit Fluorometer 4.0 (Invitrogen Co., Carlsbad,
CA, USA). The 16S amplifications were performed with the following primers: forward (5′-
CCTACGGGNGGCWGCAG-3′) and reverse (5′-GACTACHVGGGTATCTAATCC-3′) [37].
These targeted the hypervariable V3 and V4 regions of the 16S rRNA gene. ITS amplification
was performed with the ITS3–ITS4 primers of forward (5′-GCATCGATGAAGAACGCAGC-
3′) and reverse (5′-TCCTCCGCTTATTGATATGC-3′). Each PCR reaction was assembled
according to Metagenomic Sequencing Library Preparation (Illumina, San Diego, CA, USA).
For the PCR, we used two PNA oligos (PCR Blockers, PNA Bio, Newbury Park, CA, USA)
against chloroplast and mitochondrial 16S sequences from diverse plant species to correct
amplification bias and sequencing errors. A negative control without a DNA template
was included in the workflow, and it consisted of all the reagents used during sample
processing (16S amplification and library preparation) but did not contain a sample to
ensure no contamination. Libraries were quantified with a Qubit fluorometer (Invitrogen
Co., Carlsbad, CA, USA) and pooled to an equimolar amount of each index-tagged sample
to a final concentration of 4 nM, including the Phix Control Library. Pooled samples were
subject to cluster generation and sequenced on MiSeq (Illumina, San Diego, CA, USA)
in a 2 × 300 paired-end format. Data analysis was performed with GAIA pipeline [38],
which uses BWA to map the reads and pairs from any platform against custom-made
databases created using NCBI as the source. Then, reads and pairs were classified into
the most specific taxonomic level using an in-house lowest common ancestor (LCA) al-
gorithm. Identity thresholds were applied to classify reads into species, genus, family,
phylum, and domain levels. Alpha and beta diversities were calculated using R software
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(v. 4.0.3) [39] and the phyloseq package [40]. The statistical significance was assessed using
the Kruskal–Wallis and permutational multivariate analysis of variance (PERMANOVA)
with 999 permutations for the alpha and beta diversities, respectively. Differential abun-
dance analysis was performed using DESeq2 [41]. Graphical representation was carried
out with the R package ggplot2 [42].

2.5. Statistical Analysis

Data were analyzed using StatSoft 6.0 [43] for analysis of variance (ANOVA) and mean
separation by Tukey’s honest significant difference (HSD) test. To investigate the level of
similarity between the genotypes, a K-mean cluster analysis was performed for the severity
index using the Factoextra package [44] implemented in R software (v. 4.0.3) [39]. The plots
were constructed using the R package ggplot2 [42].

Table 1. Susceptibility to olive knot disease of 36 Sicilian cultivars located at the IOGC “Villa Zagaria”
(Sicily, Enna province), revealed by visual assessment and according to disease intensity and cluster analysis.

Cultivar Disease Intensity * Cluster **

Giarraffa 3.92 A Highly susceptible
Nocellara del Belice, Gioconda, Randazzese 3.58 AB Highly susceptible
Riondello 3.42 ABC Highly susceptible
Nerba Catanese 3.33 ABCD Highly susceptible
Buscionetto 3.29 ABCD Highly susceptible
Nasitana 3.21 ABCD Susceptible
Cerasuola 3.17 ABCD Highly susceptible
Luminario, Tortella, San Benedetto 3.00 ABCD Highly susceptible
Biancolilla nana (992) 2.79 BCD Susceptible
Bottone di Gallo, Aitana 2.46 CDE Susceptible
Castriciana2 2.38 DEF Susceptible
Marmorina, Tonda Iblea 1.75 EFG Low resistant
Leucocarpa 1.54 FGH Low resistant
Minuta 1.50 EFGHI Low resistant
Virdisa 1.46 FGHI Low resistant
Santagatese 1.38 GHI Low resistant
Vaddarica 1.33 GHI Low resistant
Verdella 1.21 GHI Resistant
Biancolilla nana (1064), Biancolilla 1.08 GHI Low resistant
Nocellara messinese 1.04 GHI Resistant
Castriciana1, Calatina 1.00 GHI Resistant
Passalunara 0.96 GHIJ Resistant
Rizza 0.79 GHIJ Resistant
Calamignara 0.71 HIJ Resistant
Montonica, Zaituna 0.54 IJ Highly resistant
Verdello grosso, Turdunazza 0.00 J Highly resistant

* Disease intensity was calculated by the mean disease intensity (4 plants over 3 years of pooled data) using
a 0–4 scale, as described by Pyrowolakis and Weltzien [33]. Values indicated by different letters are significantly
different (p < 0.001) after ANOVA using Tukey’s HSD test. ** Cluster analysis was performed using the Factoextra
package [44] implemented in R (v. 4.0.3) software [39].

3. Results
3.1. Evaluation of Olive Knot Disease Susceptibility in Open Field

The evaluation of cultivar susceptibility to OKD of 36 Sicilian cultivars at the IOGC
“Villa Zagaria” was conducted on adult plants over 3 years (2018–2020) according to visual
assessment (number, shape, and location of knots). First symptoms started to appear on
the most sensitive cultivars in 2008–2010. In 2015, exceptional climatic events along with
particularly favorable climatic conditions favored an awful spread of the disease.

Examination of the olive trees revealed that olive knot symptoms were present in 95%
of the plants. Twelve out of thirty-six cultivars showed very severe symptoms (disease
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severity scores > 3), with high numbers of knots, often with large sizes (more than 4 cm in
diameter), located on all the branches and the trunk, frequently coalescing. By applying
cluster analysis to disease intensity, calculated as the mean of the 3-year assessment, the
36 cultivars were clustered in 5 groups: “highly resistant” (HR), “resistant” (R), “low
resistant” (LR), “susceptible” (S), and “highly susceptible” (HS) (Table 1, Figure 2).
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The Montonica, Zaituna, Verdello grosso, and Turdunazza cultivars were classified as
“highly resistant”, with disease intensity values ranging from 0 to 0.54 (Table 1, Figure 2).
In particular, the Verdello grosso and Turdunazza cultivars did not show any knots on
branches (DI: 0) and were statistically different (p ≤ 0.001) compared to all the cultivars,
except cvs. Rizza, Zaituna, Montonica, Calamignara, and Passalunara, which showed few
knots of small size. Six cultivars have been classified as “resistant”, showing intensity
values ranging from 0.71 to 1.21. Cvs. Marmorina, Tonda Iblea, Leucocarpa, Minuta,
Virdisa, Santagatese, Vaddarica, Biancolilla nana (1064), and Biancolilla were classified as
“low resistance”, with disease intensities of 1.08–1.75 (Table 1, Figure 2).

Additionally, cvs. Nasitana, Biancolilla nana (992), Bottone di Gallo, Aitana, and
Castriciana2 showed many knots well-separated or coalescing and were clustered as
susceptible. Highly susceptible cultivars included Giarraffa, Nocellara del Belice, Gioconda,
Randazzese, Riondello, Nerba Catanese, Buscionetto, Cerasuola, Luminario, Tortella, and
San Benedetto, with disease intensity ranging from 3.00 to 3.92. Cv. Giarraffa showed the
highest disease index (3.92), statistically different (p ≤ 0.001) from the cultivars belonging
to S (except ‘Nasitana’), LR, R, and HR clusters (Table 1).

Due to the high variability within the replicates, the disease intensity values of the
cvs. Nasitana (3.21) and Verdella (1.21) over the three years of monitoring were outside the
corresponding cluster ranges (“susceptible” and “resistant”, respectively) (Table 1).

Statistically significant increases in disease severity in both 2019 and 2020 were de-
tected in comparison to 2018 (p ≤ 0.05) (Figure 3).

Psv colonies were isolated from young knots of different sizes and ages on KB and
PVF-1 agar plates. Single colonies tested positive for PCRs according to Penyalver et al. [19].
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3.2. Endophytic Microbial Community in Susceptible and Resistant Cultivars

In order to unveil the possible role of the microbial endophytic community in the
disease process, we analyzed and compared the microbiomes of two cultivars, Giarraffa
and Zaituna, which were “highly susceptible” and” resistant” to OKD, respectively.

Next-generation sequencing was carried out on the 16S rRNA gene, resulting in
1,925,942 raw reads, nearly 72% of which (1,385,762) passed quality filtering. To investigate
the taxonomic compositions of the microbial communities, the bacterial and fungal OTUs
of known and identified taxa were assigned to five taxonomic levels (Table 2).

Table 2. Number of OTUs representing identified taxa from phylum to genus taxonomic levels.

OTUs Phylum Class Order Family Genus

16S 34 65 141 286 678
ITS 5 22 64 144 292

At the phylum level, considering the average relative bacterial abundance of both
cvs. Zaituna and Giarraffa, Proteobacteria (82.6%) was the dominant phylum, followed by
unidentified bacteria (12.4%), Actinobacteria (2.4%), and Firmicutes (1.5%) (Figure 4A). In
the fungal community, according to the average relative abundance in the cultivars, the
dominant phylum was Ascomycota (82%), followed by unidentified fungi (18%) (Figure 4B).
The most relatively abundant orders were Rhizobiales (10.9%), Micrococcales (5.3%), and
Rhodospirillales (2.6%) in cv. Zaituna, whereas Pseudomonadales (18.5%), Clostridiales (5.7%),
and Bacterioidales (3.0%) were more abundant in cv. Giarraffa (Figure 4C). Regarding the
taxonomic fungal orders, Sordariales (11%), Glomerallales, Ostropales, and Dothidedales (3%)
were more relatively abundant in cv. Zaituna samples, whereas Pleosporales (35.6%) was
more abundant in cv. Giarraffa samples (Figure 4D).

Alpha diversity was estimated by Chao1 richness and Shannon diversity indices. In
particular, the comparison between the cvs. Zaituna and Giarraffa bacterial communities
highlighted significantly increased richness (Figure 5A) in the shoots of the susceptible cv.
Giarraffa, although it showed lower diversity (Figure 5B) compared to the cv. Zaituna. The
opposite trend was observed for fungal components (Figure 5C,D).
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Figure 4. Relative abundances of the bacterial (A) and fungal (B) communities at the phylum level
and the bacterial (C) and fungal (D) communities at the order level. Bacterial and fungal phyla and
orders less abundant than 1% are reported as “Other Taxa”.

Figure 5. Alpha diversity of the bacterial (A,B) and fungal communities (C,D) in cvs. Zaituna
and Giarraffa using the Chao1 and Shannon indices to evaluate richness and diversity, respectively.
The Kruskal–Wallis test was performed considering the p-value (*, <0.05) to evaluate the statistical
significance between the two cultivars for both the Chao1 and Shannon indices.
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In order to assess the beta diversity in the two cultivars, the principal coordinates
analysis (PCoA) based on the Bray–Curtis dissimilarity index was not able to significantly
distinguish bacterial and fungal populations in two distinct clusters according to the
two cultivars (Supplementary Figure S1B).

The PCoA plot based on the Bray–Curtis dissimilarity index showed that fungal symp-
tomatic and asymptomatic samples formed two distinct clusters (Supplementary Figure S1B).

Differential abundance in bacterial communities, which were identified at the OTU
level, was assessed between the cvs. Zaituna and Giarraffa. According to a positive or
negative log fold change (logFC), significantly (p < 0.05) enriched or depleted bacteria were
considered, respectively (Figure 6).

Figure 6. Differentially abundant bacterial (A) and fungal (B) OTUs. Log fold change values and
negative log-transformed p-values were reported on the x-axis and y-axis, respectively. The orange
horizontal line represents the p-value threshold transformed into a negative logarithm (1.30). The
orange dotted vertical line represents the log2 fold change cut-off (0), which separates the significantly
enriched (green dots) and the depleted (red dots) bacterial and fungal OTUs from the nonsignificant
ones (grey dots).

In cv. Zaituna, bacterial OTUs representing endophytes as Amnibacterium (Actinobacteria)
(logFC 5.35 and logFC 4.21) and unidentified Mollicutes (Tenericutes) (logFC 1.07) were
found to be enriched, as well as Methylobacterium (logFC 4.87 and 1.95) and Sphingomonas
(Proteobacteria) (logFC 5.28). On the other hand, Pseudomonas (Proteobacteria) was highly
enriched in cv. Giarraffa (logFC 5.73 and 5.23) (Supplementary Table S1).

The same comparison performed for the fungal community showed that Alternaria
(logFC 6.20), Neofusicoccum (logFC 5.94), Ascoschyta (logFC 5.89), Elsinoe (logFC 4.69), Devriesia
(logFC 3.42), and Pseudocercospora (logFC 3.21) (all Ascomycota) were enriched in cv. Gia-
rraffa, whereas Neofabraea (Ascomycota) (logFC −7.50) and unidentified Tremellomycetes
(Basidiomycota) (logFC −5.56) were depleted in the same cultivar (Supplementary Table S2).
Moreover, the more susceptible cv. Giarraffa presented significant (p < 0.05) enrichment
(logFC 5.86) of Epicoccum nigrum (logFC 5.86) in comparison with cv. Zaituna. In addition,
cv. Zaituna was colonized by a higher quantity of Pithomyces chartarum (logFC 4.74).

4. Discussion

With this work, we attempted to investigate the susceptibility of 36 Sicilian olive
cultivars to Psv and to disclose the potential role of the Psv endophytic microbial community
in the development of OKD.

Currently, in the absence of efficient strategies that disregard the use of copper to
control Psv dissemination, the selection of cultivars that show some ability to resist the
disease represents a good starting point for future management [5]. New, efficient breeding
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programs for olive knot-resistant genotypes can benefit from the identification of candidate
cultivars only if data on disease progress under field conditions are available [19]. With
this aim, the evaluation of olive germplasm collections can be crucial, especially if located
in areas with favorable climatic conditions for the development of the disease.

Most olive oils produced in Sicily are extra-virgin oils, and 8 are recognized as Pro-
tected Designation of Origin (PDO), while 28 are certified as Protected Geographical
Indication (PGI). Olive cultivation in Sicily originated in ancient times and its germplasms
show high values of genetic variability [45,46].

However, very few data are available on resistance evaluations of Sicilian varieties [20,21,47].
To our knowledge, this is the first evaluation of the OKD susceptibility of Sicilian olive
varieties in the open field conserved at the International Germplasm Collection of “Villa
Zagaria”, one of the most important collections of the Mediterranean area, in which local
and indigenous cultivars showing high genetic variability and many fruit and oil traits are
well-maintained [45,48].

According to our evaluation, the results showed that the Calamignara, Montonica,
Zaituna, Verdello grosso, and Turdunazza cultivars were able to strongly resist OKD. To the
best of our knowledge, these cultivars have never been evaluated for OKD susceptibility.
They are very ancient Sicilian indigenous cultivars able to produce high-quality olive oils
whose cultivation has been reduced in recent years due to certain agronomical traits but
could become of strategic importance for future investigations.

The high susceptibility found for cvs. Giarraffa and Nocellara del Belice to OKD is
confirmed by previous data obtained by visual assessment of olive plants and by artificial
inoculation [20,47]. According to our investigation, cv. Biancolilla showed very slight symp-
toms (resistant), whereas no symptoms were detected by Catara et al. [20], confirming the
resistant behavior of this cultivar to OKD. However, after artificial inoculation, it produced
knots of medium size after 20 days, revealing susceptibility to these conditions [20]. These
data confirm that all cultivars are susceptible under experimental conditions, especially if
a high inoculum dose is used [19]. For this reason, more realistic data are yielded by field
observations, although they can be affected by several conditions and different variables.

Moreover, a parallel investigation on Sicilian cultivars was recently undertaken at the
IOGC “Villa Zagaria” to investigate anthracnose susceptibility [49]. Similar to OKD, cv.
Nocellara del Belice was highly susceptible to anthrachnose, while cvs. Biancolilla, Vaddar-
ica, and Santagatese were less sensitive after artificial inoculation with three Colletotrichum
species [49].

Different OKD susceptibility levels are the results of different factors (genetical, mor-
phological, and physiological) that contribute to the ability to better protect plants from
tissue damage provoked not only by pruning, but also by the exposure of olive trees to
some environmental stresses [22,50].

Previous studies have demonstrated that OKD incidence and severity are positively
correlated with frost-damaged organs and, in the case of damage by late winter frost,
susceptible cultivars showed symptoms after 6 months [22]. Unfortunately, to the best
of our knowledge, no data are available regarding the frost tolerance of Sicilian cultivars,
and we are confident that this aspect needs to be further investigated in relation to OKD
susceptibility. However, it is worth noting that the IOGC is located in an area characterized
by late or even intense cold in the spring, followed by increases in temperature.

The possible role of the endophytic community in OKD cannot be excluded, so to answer
this hypothesis, we undertook an investigation of two cultivars, Giarraffa and Zaituna, which
according to our investigation, showed contrasting susceptibilities to the disease.

An analysis of the twig endosphere resulted in microbial communities whose composi-
tions at the phylum level were in accordance with data obtained for other cultivars [31,32].
The significantly higher richness revealed in the twigs of the highly susceptible cv. Giar-
raffa is in accordance with previous similar data obtained for the susceptible cv. Verdeal
Transmontana, which resulted in greater bacterial abundance, diversity, and composi-
tion in comparison to the resistant cv. Cobrançosa [31], although we found a lower level
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of diversity. This revealed that the pathobiome community is influenced by the host
cultivar, which in response to pathogen invasion, activates a defense response that in-
volves the biosynthesis of defensive compounds [50]. In addition, differences in bacterial
compositions can be preceded by the presence of Psv, which could have a role in the
increase in bacterial richness in cv. Giarraffa as a result of the pathogen–bacteria interac-
tion [31]. Distinct endophytic communities seemed to colonize the two cultivars, suggesting
an interaction between the resident bacterial community and Psv. The enrichment of
Pseudomonas bacterial species in the cv. Giarraffa was similarly found in Verdeal Transmon-
tana, confirming that these bacteria represent a stable consortium that greatly contributes
to OKD disease in cooperation with Psv [31].

Moreover, our study demonstrated that there is great diversity in fungal endophytes in
the twigs of both cultivars. Gomes et al. [30] previously showed that the fungal communities
of OKD-symptomatic and -asymptomatic twigs varied depending on the cultivar and
the presence of disease, as well as that fungal abundance and diversity were higher in
the most tolerant cultivar, Cobrançosa. Similarly, we found that the effect of OKD on
fungal abundance and diversity was greater in cv. Zaituna than in the highly susceptible
cv. Giarraffa, although with less richness. These data support the hypotheses that the
host cultivar has an effect on microbial endophytic communities [32] and that specific
interactions between a cultivar and Psv can promote or inhibit the colonization of specific
fungal families, as previously described not only in twigs but also in knots [30].

Our comparative analysis between the two cultivars on the abundance of fungal
communities showed an enrichment in the highly susceptible cv. Giarraffa of genera such
as Alternaria, Neofusicoccum, Epicoccum, Ascochyta, Neocucurbitaria, and Elsinoe, which in-
clude many pathogenic species. Although considered a pathogen of minor importance
for olives, the genus Alternaria includes species such as A. alternata and has been de-
scribed as being responsible for fruit rot [51], leaf spot [52], and decline in cuttings [53].
A. alternata was found in knots of cv. Madural, and the Alternaria genus was found
to be indicative of asymptomatic twigs in cv. Cobrançosa [30]. Moreover, Alternaria is
frequently described in association with Epicoccum spp. within the endophytic fungal
consortium in olive trees [29]. However, the higher concentration of E. nigrum in the
cv. Giarraffa apparently contrasts with the ability of culture filtrates extracted from this
species to inhibit Psv in vitro [51,54]. Moreover, the higher level found in cv. Zaituna of
Pithomyces chartarum, described as a fungus with relevant enzymatic and antagonistic activ-
ity, has been similarly found on the sapwood of Leccino plants, hypothesizing a role also as
a biocontrol agent of Xylella fastidiosa [55]. P. chartarum was also described for its moderate
antimicrobial activity against A. alternata [56]. Thanks to their ability to produce diverse
toxins and antimicrobial compounds, these fungi were hypothesized to have a possible role
in olive tree defense against OKD.

As suggested by Gomes et al. [30], who found the plant pathogen of Pseudocercospora
at an increased quantity among endophytic fungi on olive knots, we can similarly hypoth-
esize that its enrichment in cv. Giarraffa could be the result of the production of specific
compounds by Psv that could benefit endophytic fungi, as described for other pathogenic
bacteria [57]. All these facts show that OKD is the result of more complex interactions
between microorganisms.

Moreover, with the fungal genera of Neocucurbitaria and Elsinoe, Alternaria was found
to be the most positively correlated to trees with high abundances of Xylella fastidiosa [32].
However, Neocucurbitaria has never been reported in the literature for an association with
plants [58], and Elsinoaceae is known to include plant pathogens, although it is not well-
studied [59].

5. Conclusions

The data obtained in this work described for the first time the susceptibility of Sicilian
olive cultivars to OKD in the open field. These data can be useful to help growers in the
process of cultivar selection for new productive and efficient olive plantations. Additionally,
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these results can be crucial for future programs of breeding, although as a longer-term
approach. The study of microbial communities associated with olive plants with different
levels of susceptibility needs to be considered an important tool for the future investigation
of the complex interactions between host plants, pathogens, and resident microbes, as well
as for the identification of potential biocontrol agents. All these data demonstrate that
detailed investigations on cultivar susceptibility, preferably in the open field, represent
a milestone to acquire important information useful for future OKD management programs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13020468/s1, Figure S1: PCoA plot of bacterial
(A) and fungal communities (B). Table S1: Differential abundance of the bacterial OTUs between cvs.
Giarraffa and Zaituna samples. Table S2: Differential abundance of the fungal OTUs between cvs.
Giarraffa and Zaituna samples.
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